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Abstract 

A comprehensive understanding of tRNA regulation is crucial in identifying the molecular 

factors responsible for human diseases associated with tRNA dysregulation, and for devising 

effective therapeutics based on mRNA and tRNA. Despite its vital role in accurate and efficient 

mRNA decoding, tRNA pool composition and regulation in human cells is poorly characterized 

due to technical limitations of conventional tRNA quantification methods in capturing these 

highly similar, structured, and extensively modified molecules. Using the mim-tRNAseq 

workflow we recently developed for accurate tRNA quantitation, we measured tRNA 

expression in a human induced pluripotent stem cell (hiPSC) model cell line and the 

differentiated neuronal and cardiac cells. Combined with high resolution ribosome profiling, 

we demonstrated that despite significant alterations in tRNA repertoires, the abundance of 

mature tRNAs with specific anticodons that drives decoding rates remains largely constant 

across different cell types. Using ChIP-Seq for RNA Pol III and TFIIIB, we found that 

predicted human tRNA genes can be divided into three classes: housekeeping, inactive, and 

repressed during differentiation. Housekeeping genes, which account for one-third of predicted 

tRNA genes, are robustly transcribed throughout differentiation, and encode tRNA transcripts 

that constitute the majority of mature tRNAs within each anticodon family. Using ATAC-Seq 

and ChIP-Seq for histone marks, we discovered that housekeeping tRNA genes are in 

nucleosome-free regions marked by H3K4me3. By motif searching and experimental 

validation with CRISPR editing, we found that housekeeping tRNA genes have conserved 

intragenic promoter A- and B-box sequences and 5' flanking sequences enriched with GC- and 

polyA stretches. Mechanistically, we ruled out a role of the stem cell-specific Pol III subunit 

RPC7α in expanding tRNA repertoires in hiPSC. Instead, housekeeping tRNA genes were 

largely resistant to the MAF1-directed Pol III transcription repression that mediates the 

silencing of tRNA loci with low Pol III occupancy upon mTORC1 signaling decrease during 

hiPSC differentiation. Our findings uncover the mechanisms by which tRNA anticodon pools 

are maintained to ensure consistent decoding speed independently of cell identity, and reveal 

the role of mTORC1 in driving the selective expression of specific tRNAs during 

differentiation. By analyzing tRNA pool dynamics in a range of isogenic cell types and 

dissecting the upstream regulatory mechanisms and downstream effect on translation, the 

results presented in this thesis significantly advance our understanding of the tRNA expression 

in human cells and provide a framework for future studies of this type. 
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Zusammenfassung 

Ein umfassendes Verständnis der tRNA-Regulierung ist von entscheidender Bedeutung für die 

Identifizierung von molekularen Faktoren, die für menschliche Krankheiten im 

Zusammenhang mit tRNA-Dysregulationen verantwortlich sind, und für die Entwicklung 

wirksamer Therapeutika auf der Grundlage von mRNA und tRNA. Trotz ihrer entscheidenden 

Rolle bei der genauen und effizienten mRNA-Dekodierung ist die Zusammensetzung und 

Regulierung des tRNA-Pools in menschlichen Zellen unzureichend charakterisiert, da 

herkömmliche tRNA-Quantifizierungsmethoden bei der Erfassung dieser hochgradig 

ähnlichen, strukturierten und stark modifizierten Moleküle technische Grenzen aufweisen. Mit 

Hilfe des mim-tRNAseq-Workflows, den wir kürzlich für eine genaue tRNA-Quantifizierung 

entwickelt haben, haben wir die tRNA-Expression in menschlichen induzierten pluripotenten 

Stammzellen (hiPSC) sowie in differenzierten neuronalen und kardialen Zellen gemessen. In 

Kombination mit hochauflösendem Ribosome profiling konnten wir zeigen, dass trotz 

signifikanter Veränderungen des tRNA-Repertoires die Häufigkeit reifer tRNAs mit 

spezifischen Anticodons, die die Dekodierungsraten vorantreiben, zwischen den verschiedenen 

Zelltypen weitgehend konstant bleibt. Mithilfe von ChIP-Seq für RNA Pol III und TFIIIB 

fanden wir heraus, dass die vorhergesagten menschlichen tRNA-Gene in drei Klassen eingeteilt 

werden können: Housekeeping, unterdrückte und inaktive Gene. Housekeeping-Gene, die ein 

Drittel der vorhergesagten tRNA-Gene ausmachen, werden während der gesamten 

Differenzierung robust transkribiert und kodieren tRNA-Transkripte, die die Mehrheit der 

reifen tRNAs innerhalb jeder Anticodon-Familie bilden. Mithilfe von ATAC-Seq und ChIP-

Seq für Histonmarker entdeckten wir, dass Housekeeping-tRNA-Gene in nukleosomfreien 

Regionen liegen und durch H3K4me3 markiert sind. Durch Motivsuche und experimentelle 

Validierung mit CRISPR-Editing fanden wir heraus, dass Housekeeping-tRNA-Gene 

konservierte intragenische A- und B-Box-Sequenzen des Promotors und 5'-flankierende 

Sequenzen besitzen, die mit GC- und PolyA-Abschnitten angereichert sind. Wir konnten 

mechanistisch eine Rolle der stammzellspezifischen Pol III-Untereinheit RPC7α bei der 

Erweiterung des tRNA-Repertoires in hiPSC ausschließen. Stattdessen waren Housekeeping-

tRNA-Gene weitgehend resistent gegen die MAF1-gesteuerte Pol-III-

Transkriptionsunterdrückung, die das Silencing von tRNA-Loci mit geringer Pol-III-

Besetzung bei Abnahme der mTORC1-Signalisierung während der hiPSC-Differenzierung 

vermittelt. Unsere Ergebnisse decken die Mechanismen auf, durch die tRNA-Anticodon-Pools 
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aufrechterhalten werden, um eine konsistente Dekodierungsgeschwindigkeit unabhängig von 

der Zellidentität zu gewährleisten, und zeigen die Rolle von mTORC1 bei der selektiven 

Expression spezifischer tRNAs während der Differenzierung auf. Durch die Analyse der 

tRNA-Pool-Dynamik in einer Reihe von isogenen Zelltypen und die Analyse der vorgelagerten 

Regulierungsmechanismen und der nachgelagerten Auswirkungen auf die Translation tragen 

die in dieser Arbeit vorgestellten Ergebnisse wesentlich zu unserem Verständnis der tRNA-

Expression in menschlichen Zellen bei und bieten einen Rahmen für zukünftige Studien dieser 

Art. 
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1.1 tRNA biology  

1.1.1 Eukaryotic tRNA biogenesis   

During translation, tRNAs help decode the genetic information into proteins by pairing their 

anticodons with matching codons in mRNA, thereby delivering amino acids to ribosomes, 

which incorporate them into the growing polypeptide chain. Given their central role in protein 

biosynthesis, tRNAs are highly conserved across organisms, and their biogenesis involves 

various processing steps and enzymes depending on the organisms. The order of processing 

events differs among the three kingdoms of life and for specific tRNA species, while the major 

steps are similar among eukaryotes and are outlined as follows (Figure 1.1, reviewed in 

(Hopper and Nostramo 2019): 

1) Nuclear-encoded tRNA genes are transcribed by RNA polymerase III (Pol III) into pre-

tRNAs. Pol III is recruited to tRNA genes through the interaction of transcription factor 

IIIC (TFIIIC) that recognizes two highly conserved promoter sequences named the A-

box and B-box, which reside inside tRNA genes and overlap with highly conserved 

structural elements (D-loop and T-loop) in the mature tRNA transcripts (Kessler and 

Maraia 2021). 

2) The 5’ leader sequence is removed by ribonuclease P (RNase P) (Lai et al. 2010). 

Complete processing of 3′ trailer sequences involves ribonuclease II, polynucleotide 

phosphorylase, and ribonucleases T and/or PH (Spickler and Mackie 2000; Cudny and 

Deutscher 1980; Deutscher, Marlor, and Zaniewski 1984). 

3) The non-templated 3′ CCA tail is then added by a nucleotidyltransferase. The CCA tail 

protrudes from the tRNA as a single-stranded motif and is later recognized by the 

aminoacylation enzymes (Betat and Mörl 2015). 

4) Mature tRNA transcripts are then recognized and exported from the nucleus into the 

cytoplasm by Los1/Xpo-t proteins as the so-called primary nuclear export. This 

recognition process is part of a quality control mechanism that ensures that 

incompletely processed and mutant RNAs are retained in the nucleus and degraded 

(Hellmuth et al. 1998). 

5) The introns located one base 3’ to the anticodon in some tRNA species are excised by 

tRNA-splicing endonucleases docked on the outer surface of the mitochondria. These 
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endonucleases are composed of the proteins Sen2, Sen34, Sen15, and Sen54 (Song and 

Markley 2007). The subsequent 5’ and 3’ exon ligation and removal of the residual 

phosphate at the splice junction is catalyzed by tRNA ligase Trl1 and 

phosphotransferase, respectively (Trotta et al. 2006).  

6) After the enzymatic addition of various chemical modifications to distinct nucleotides, 

spliced tRNA can undergo another round of transport between the nucleus and 

cytoplasm. The modified tRNA is trafficked back into the nucleus in a process called 

tRNA retrograde nuclear import and becomes the substrate for other modification 

enzymes. For the final step in tRNA maturation, the tRNA is transported back again to 

the cytoplasm, known as tRNA nuclear re-export, for further modification (Kramer and 

Hopper 2013).  

7) Once modifications are completed, a functional tRNA needs to be charged with an 

amino acid to participate in protein synthesis. This involves the recognition and 

attachment of the correct amino acids by aminoacyl-tRNA synthetases (aaRS). Unique 

synthetase enzymes are usually available for each amino acid, so there are 20 

synthetases in total. The synthetase-catalyzed reaction is coupled to the energy-

releasing hydrolysis of ATP, producing high energy bonds between tRNAs and amino 

acids. The energy of these bonds is then used at a later stage in protein synthesis to link 

amino acids covalently to the growing polypeptide chains (Kaiser et al. 2020). 
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Figure 1.1. Schematic representation of eukaryotic tRNA biogenesis. Major steps of tRNA biogenesis and 

maturation are illustrated, as described in the text. The order of processing is labeled in the brackets.  

1.1.2 tRNA structure  

Mature tRNA transcripts are only 70 to 100 nucleotides long but fold into a complex three-

dimensional structure. Base-pairing interactions lead to the formation of a cloverleaf-shaped 

molecule with four arms: the acceptor stem, to which amino acids are attached; the 

dihydrouridine (D) stem-loop that is involved in the recognition of the tRNA molecule by 

aminoacyl-tRNA synthetases; the anticodon stem-loop, which is responsible for recognizing 

mRNA codons, and the TψC (T) stem-loop that interacts with elongation factor and the 

ribosome during translation (ψ refers to pseudouridine) (Figure 1.2). tRNAs with a length of 

more than 76 nt often have an additional variable loop between the anticodon stem-loop and 

the T-loop. The cloverleaf undergoes further folding to form a compact L-shaped tertiary 

structure held together by additional hydrogen bonds between different regions. At one end of 

the L-shaped tRNA molecule is the anticodon domain, where a set of three consecutive 

nucleotides at positions 34, 35 and 36 pair with the complementary codon in an mRNA. At the 

other end of the tRNA sits a short single-stranded 3’-CCA region, where the amino acid that 

matches the mRNA codon is attached to the tRNA. The extensive chemical modifications and 
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secondary as well as tertiary structural contacts make tRNA molecules extremely stable, with 

a half-life of ~100 h for mature tRNAs in mammalian cells (Choe and Taylor 1972). 

In addition to nuclear-encoded tRNA genes that give rise to cytoplasmic tRNAs, eukaryotes 

also have 22 mitochondrially encoded (mt) tRNAs. These molecules are less conserved and 

exhibit a non-canonical structure due to their shortened D- and T-loops. They are also 

synthesized and processed by distinct mechanisms from cytoplasmic tRNAs and were therefore 

not the focus of the work described in this thesis.  

 

Figure 1.2. Various representations of a tRNA molecule specific for phenylalanine (Phe). a, Typical 

secondary structure and sequence of phenylalanine tRNA in the cloverleaf form. Highlighted from 5’ to 3’: 

acceptor stem, D-loop, anticodon-loop, anticodon, variable loop, T-loop acceptor stem and attached amino acid 

(Phe). Right bottom: A representative cloverleaf. b, View of a L-shaped tRNA molecule based on analysis using 

x-ray diffraction. Adapted from (Krahn, Fischer, and Söll 2020). c, Simplified tRNA icons used in this thesis (left: 

tRNA cloverleaf without amino acid; right: tertiary structure with amino acid). 

1.1.3 tRNA modifications 

During the processing of pre-tRNA transcripts (Section 1.1.1), several rounds of modification 

occur both in the cytoplasm and nucleus. To date, over 120 different types of tRNA 

modifications are known, with up to 39 of these identified in human cytosolic tRNAs (Suzuki 

2021; Boccaletto et al. 2021) (Figure 1.3).  
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Figure 1.3. Modifications of human cytoplasmic tRNAs. Nucleotides subject to modification are assigned 

numbers, and the corresponding alterations are marked. The abbreviation for each RNA modification aligns with 

the MODOMICS RNA modification database. Adapted from (Suzuki 2021).  

Nucleotides within the tRNA anticodon loop frequently undergo diverse modifications, which 

can regulate decoding by either facilitating or restricting wobble base pairing of tRNAs with 

non-cognate codons (Agris et al. 2018). For example, loss of modifications at the anticodon 

position 34, 5-methoxycarbonylmethyluridine (mcm5U34) and its derivatives 5-

methoxycarbonylmethyl-2-thiouridine (mcm5s2U34), has been demonstrated to slow down 

translation at cognate codons, triggering proteotoxic stress and protein misfolding (Nedialkova 

and Leidel 2015). I34 modifications, generated by hydrolytic deamination of adenosine at 

position 34 for recognizing U, C and A in codons, expands the decoding capacity. I34 is 

essential for T. brucei viability and its absence has been linked to various human diseases 

(Rubio et al. 2007; Torres et al. 2015; Torres et al. 2014). Decoding can also be modulated by 

modifications located beyond the tRNA anticodon region. For example, wybutosine (yW) 

modification and its derivatives hydroxywybutosine (OHyW) and peroxywybutosine (o2yW) 

at position 37 of tRNA-Phe were shown to enhance the stability of interaction between position 

36 and the first nucleotide in codon, maintaining the mRNA reading frames and enhancing the 

translation accuracy (Waas et al. 2007; Carlson et al. 1999), while lack of these modifications 

have been associated with cancer development (Rosselló-Tortella et al. 2020). N6-
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Threonylcarbamoyladenosine (t6A), another type of modification at the position 37 in 

cytoplasmic tRNAs, was found essential for imaginal discs cell survival in Drosophila and 

disruption of its biogenesis results in severe inherited human disorders (Rojas-Benítez, Eggers, 

and Glavic 2017; Thiaville, Iwata-Reuyl, and de Crécy-Lagard 2014). Failed introduction of 

the modification m3C at position 32 in tRNA-Arg is linked to developmental delay (Lentini et 

al. 2020). Hypermodification of 5-methyluridine (m5U) at tRNA position 54 of cytoplasmic 

tRNAs is linked to high recurrence of breast cancer (Hicks et al. 2010). The dependency of 

distinct symptoms on the loss of particular tRNA modifications suggest that various tissues and 

cell types exhibit different demands for modified tRNAs, which is of increasing interest to 

understand the cause, effects and mechanism of tRNA modification-related defects.  

1.1.4 Codon-anticodon pairing 

Successfully aminoacylated tRNAs can be used as "bridges” for linking the mRNAs and amino 

acids. In an mRNA, the instructions for building a polypeptide come in groups of three 

nucleotides called codons. Different combinations of the four nucleotides, adenine (A), uracil 

(U), cytosine (C), and guanine (G), give rise to 61 codons, including the AUG start codon 

which acts both as an initiation codon and also as the codon that specifies methionine, and three 

stop codons which mark the end of the coding sequence (Figure 1.4). The excess number of 

genetic codes (61) to amino acids (20) means that some amino acids are coded by more than 

one codon. The number of codons for each amino acid varies, while codons for the same amino 

acid mostly contain the same nucleotides at the first and second positions, and differ at the third 

position. The relationships between mRNA codons and amino acids are known as the genetic 

code (Figure 1.4). 

 

Figure 1.4. The genetic code. The three-letter abbreviation for each amino acid is shown below the corresponding 

one-letter abbreviation, together with the codons displayed with the 5ʹ-terminal nucleotide positioned on the left. 

Three codons serve as stop codons and do not encode any amino acid.  

The anticodon bases in tRNA can be chemically modified after transcription, thereby 

facilitating the recognition of appropriate mRNA codons by the tRNA molecules and extending 
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their binding properties. For example, Inosine (I), produced by deamination of adenosine (A) 

with adenosine deaminase acting on tRNAs (ADATs) (Figure 1.5), allows base-pairing with 

U, C and A (Crick 1966; Gerber and Keller 1999). 

  

Figure 1.5. Adenosine deamination in tRNAs. ADAT enzymes facilitate the hydrolytic deamination from 

adenosine (A) to Inosine (I), wherein an adenosine undergoes the removal of an amine group, converted to 

inosine. 

1.1.5 tRNA in translation  

During translation, mRNA codons are read from the 5' end to the 3' end by tRNAs which has 

an anticodon, a set of three nucleotides that binds to a matching mRNA codon through base 

pairing, so that the first position of mRNA codon at the 5’ end is pairing with the third position 

of tRNA anticodon on its 3’end, and vice versa (Figure 1.6a). Codon-anticodon matching is 

key in the decoding and follows the basic principle of Waston Crick base pairing rules (A with 

U, C with G).  

 

Figure 1.6. Base-pairing between mRNA codons and tRNA anticodons. a, Base-pairing between codon and 

anticodon exhibits higher stringency at codon positions 1 and 2, while unconventional pairing is permitted at the 

3' base of mRNA codon. Adapted from (Suzuki 2021). b, Table showing wobble base-pairing. Adapted from 
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(Murphy and Ramakrishnan 2004). The nucleotides in the left column at the third (wobble) position of mRNA 

codon can form base pairs with the nucleotides in the second column at first position in tRNA anticodon. 

However, bases do not always form pairs following the Watson-Crick base pairing rule and 

various non-Watson-Crick (or “wobble”) base pairs are present. With accurate Watson-Crick 

base-pairing at the first two positions of the codons, ribosome allows more relaxed pairing and 

mismatch tolerance (or “wobble base pairing”) at the third position of a codon (Figure 1.6a,b). 

For example, U at the first position of the tRNA anticodon pairs with G at the third position 

(wobble position) of the mRNA codon, in addition to the usual pairing with A. As a result, a 

single tRNA anticodon tRNA-Glu-UUC can decode multiple mRNA codons: 5’-GAA-3’ (by 

Watson-Crick base pairing rules) and 5’-GAG-3’ (by wobble pairing). While the basic concept 

of wobble pairing is consistent across most organisms, there can be some variations in the 

specific codon-anticodon interactions in certain species or organelles, such as mitochondria, 

some bacteria and archaea, which results in variations in the number of tRNA anticodons 

among different organisms, with more complex organisms generally having a larger set of 

tRNA anticodons to potentially fit their greater genetic and protein synthesis diversity (Santos 

and Del-Bem 2023). For example, while 57 anticodons are available in humans (Chan and 

Lowe 2009), bacteria makes it possible to accommodate the 20 amino acids to the 61 codons 

by utilizing as few as 31 distinct types of tRNA anticodons (Alamos et al. 2018).  

The absence of specific tRNA anticodons throughout evolution also obliges some tRNAs to 

recognize more than one codon via “wobble” base-pairing. For example, the mRNA codon 5’-

GCC-3’ is theoretically decoded by tRNA anticodon tRNA-Glu-GGC, which is not expressed. 

As a result, codon 5’-GCC-3’ can only be decoded by an tRNA-Ala-AGC with the adenine (A) 

post transcriptionally modified to inosine (I) at position 34, which can recognize U and C. The 

absence of tRNA anticodon tRNA-His-GUG requires codon 5’-CAU-3’ to be decoded by 

tRNA-His-GUG, in which G at the anticodon wobble position pairs with U in the 3’ end of the 

mRNA codon. Wobble base-pairing explains why so many of the alternative codons for an 

amino acid differ only in their third nucleotide.  

With complementary base pairing between the mRNA codons and tRNA anticodons, each 

amino acid carried by the tRNA is added to the growing end of a polypeptide chain and the 

next codon on the mRNA chain is read again. The decoding and polypeptide chain building 

follows the following basic cycle (Figure 1.7):   
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● Aminoacyl-tRNA binding: An aminoacyl-tRNA carrying the correct amino acid and 

GTP-bound elongation factor EF1A approaches the vacant A site (A for "aminoacyl" 

site) on the ribosome. The binding of aminoacyl-tRNA to the A site involves base 

pairing between the tRNA's anticodon and the mRNA's codon. Initially, the ribosome 

allows multiple tRNA molecules to transiently bind to the A site and sample the mRNA, 

which can include both correct and incorrect tRNAs. This step involves dynamic 

sampling of available tRNAs before commitment to peptide bond formation (Lake 

1977). 

● Aminoacyl-tRNA accommodation: During this step, the ribosome undergoes a 

conformational change to firmly accommodate the correct aminoacyl-tRNA in the A 

site. If the correct codon-anticodon interaction is established and stable, GTP is 

hydrolyzed into GDP, which locks the tRNA into place in the A site and triggers the 

release of EF1A-GDP, allowing the aminoacyl-tRNA to be used in protein synthesis. 

Incorrect codon–anticodon pairing does not cause this conformational change, resulting 

in the dissociation of these tRNAs. In this way, the ribosome ensures that the codon-

anticodon pairing is accurate and stable before proceeding to the next step (Valle et al. 

2003). 

● Peptide bond formation: A new peptide bond is formed between the existing peptide 

chain and the new amino acid at A site (Hiller et al. 2011). 

● Translocation: The large ribosomal subunit translocates relative to the small subunit 

towards the 3’ of mRNA. The newly bound tRNA is now at peptidyl site (P site) of the 

large subunit and A site of the small subunit, while the preceding tRNA reside at exit 

site (E site) of the large subunit and P site on the small subunit. The binding of GTP-

bound EF2 to the ribosome, followed by the hydrolysis of GTP facilitates the movement 

of tRNAs into their standard positions in the P and E sites, and was thought to be 

released from the post-translocation ribosome by the reverse rotation of the small 

ribosomal subunit (Frank et al. 2007). 

● Deacyl-tRNA ejection: The small subunit then translocates three nucleotides through 

the ribosome, which leaves the ribosome with a fully empty A site, ready for the next 

aminoacyl-tRNA molecule to bind. The preceding tRNA without amino acid binding is 

ejected from the E site (Valle et al. 2003). 

This cycle is repeated during the synthesis of a protein until stop codons are encountered, with 

each cycle adding one amino acid to the C-terminus of the polypeptide chain.  
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Figure 1.7. Schematic of translation elongation. The elongation process is as described in text. The E, P and A 

sites in the ribosome are labeled. The order of amino acids incorporated in the polypeptide chain is represented as 

numbers. GTP and GDP are labeled in green and red triangles, respectively. EF1A and EF2 are represented as 

orange and gray blocks, respectively. The blue-shaded arrow indicates the shifting direction of ribosome subunits. 

1.1.6 tRNA sequence diversity 

Because of the degeneracy of the genetic code, there can be multiple tRNA anticodon families 

that decode the same amino acid. Such tRNAs are referred to as “isoacceptors”. (Figure 1.8). 

The number of tRNA isoacceptors encoded by predicted tRNA genes in eukaryotes can vary 

from 42 in Saccharomyces cerevisiae to 57 in Homo sapiens. Apart from the anticodon, there 

can be sequence variation in the tRNA body region.  

  

Figure 1.8. Representation of the sequence diversity in proline-decoding tRNAs in Homo sapiens. 20 

transcripts of tRNA-Pro are grouped into three isoacceptor families, each of which contains the same anticodon 
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labeled as trapezoids with the same color. Different tRNA bodies are illustrated with different colors showing 

sequence variations within each anticodon family. 

tRNA anticodon families can further consist of different isodecoders, which are tRNAs with 

the same anticodon but sequence differences elsewhere (Figure 1.8) (Goodenbour and Pan 

2006). In contrast to the relatively similar number of isoacceptors, dramatic variations are 

displayed for the number of tRNA isodecoders among eukaryotes, ranging from 51 in 

Saccharomyces cerevisiae, 432 in humans and more than 3100 in zebrafish (Chan et al. 2021). 

With the same anticodon sequence, all isodecoders within each anticodon family read the same 

codon in translation, but different anticodons can have varied numbers of isodecoders in 

predicted tRNA genes. For example, in the human genome, there are 9 isodecoders encoded 

for the tRNA-Pro-AGG anticodon family, while only 4 for the tRNA-Pro-CGG family (Figure 

1.8). Whether sequence diversity among tRNA isodecoders reflects functional variability is an 

open question. The presence of various tRNA isodecoders in eukaryotes was first simply 

viewed as an evolutionary consequence of neutral drift coinciding with genome expansion 

(Goodenbour and Pan 2006), and the spatial separation of genomic domains by tRNA genes 

may lead to fragile sites that facilitate genome evolution (McFarlane and Whitehall 2009). 

Later, some study supports functional substitution among isodecoders by showing that 

overexpressing different isodecoders, either n-Tr21 (tRNA-Arg-TCT-3-1) or n-Tr22 (tRNA-

Arg-TCT-1-1), enhanced the overall tRNA-Arg-UCU abundance and successfully rescued the 

neurodegeneration caused by the mutations in n-Tr20 (tRNA-Arg-TCT-4-1) and the ribosome 

rescue factor Gtpbp2 (Kapur et al. 2020). While others proposed that differences in tRNA 

isodecoder expression can change the abundance of alternative products, such as tRNA 

fragments, pointing to non-canonical functions other than protein synthesis (Torres et al. 2019). 

Why vertebrate genomes contain so many tRNA genes remains largely unclear. Some studies 

have suggested that it is because different tRNA isodecoders exhibit varying rates of 

translational efficiency. For example, in Escherichia coli, mutation of A32-U38 nucleotide pair 

in the tRNA body to a more common U32-A38 allows tRNA-Ala-GGC to read normally on 

cognate codons, but exceptionally more efficient on the near-cognate codons containing a 

single-nucleotide mismatch (Ledoux, Olejniczak, and Uhlenbeck 2009). Work in yeast has 

revealed that position 37 is important for tRNA-Arg-CCG binding with ribosomes by deleting 

the chromosomal genes of tRNA-Arg-CCG isoacceptor family and individually expressing 

single isodecoder species with mutations (Geslain et al. 2003). These data suggest that subtle 
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differences in the sequences of the tRNA isodecoders may modulate their aminoacylation 

efficiency and their interactions with the ribosome.  

1.1.7 Cell type-specific regulation of tRNA abundance 

 
Our incomplete understanding of tRNA regulation largely arises from the multicopy nature and 

simple promoter structure of tRNA genes, which makes it difficult to determine how individual 

tRNA genes could be differentially regulated in specific cellular contexts. Several studies have 

attempted to determine whether tRNA abundance differs in a cell type- and tissue- specific 

manner. Quantification by cDNA-free microarray-based methods found that tRNA levels 

varied among eight different human tissues and suggested that tRNA pool exhibits two distinct 

patterns during proliferation and differentiation, based on tRNA anticodons that match codons 

over-represented in genes related to cell cycle (Gingold et al. 2014). Using reverse transcription 

quantitative polymerase chain reaction (RT-qPCR) to quantify tRNAs, another study suggested 

that  their levels change during stress in yeast (Torrent et al. 2018). However, these methods 

can only detect a subset of tRNAs but cannot distinguish among the highly similar ones 

(Dittmar et al. 2004), so the regulatory mechanisms of tRNA alterations among different 

cellular environments and states remain unclear.  

 

While Pol III occupancy is commonly used as a proxy to measure tRNA gene activity (Barski 

et al. 2010b; Oler et al. 2010b; Canella et al. 2012; Rudolph et al. 2016), it is an indirect 

assessment of tRNA gene expression due to the multiple steps involved in tRNA biogenesis, 

and downstream post-transcriptional processing could lead to changes in mature tRNA 

abundance (Wolin and Matera 1999). However, due to the lack of high-resolution tRNA 

quantification method, how much Pol III transcription contributes to mature tRNA abundance 

in different cellular contexts remains to be elucidated. 

The difference in abundance among tRNA isoacceptors can have functionally varying degrees 

of contribution in translation and some may have larger roles in gene expression regulation (Elf 

et al. 2003; Sørensen et al. 2005). Despite the lack of systematic comparison for involvement 

of isodecoders in specific cell type models, some hypotheses have been proposed In 

Saccharomyces cerevisiae, only about 3% of tRNA genes encode isodecoders, whereas in 

multicellular metazones such as human, nearly half of tRNA genes encode isodecoders 

(Orellana, Siegal, and Gregory 2022), suggesting that tRNA genes as well as isodecoders could 

be expressed in a tissue and cell type-specific manner. Indeed, studies have shown that a single 
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tRNA isodecoder can be specifically expressed in a particular tissue. This is the case for one 

of the five nuclear-encoded tRNA-Arg-TCT genes, n-Tr20, the mouse ortholog of human tRNA-

Arg-TCT-4-1. n-Tr20 is exclusively expressed in the mouse central nervous system (Ishimura 

et al. 2014). A single-nucleotide mutation of C-to-T at the nucleotide 50 located within the T 

stem loop of n-Tr20, together with loss of the ribosome rescue factor GTPBP2, causes ribosome 

stalling at the corresponding AGA codon and leads to neurodegeneration in mice (Ishimura et 

al. 2014). Human tRNA-Arg-TCT-4-1 is also specifically expressed in brain tissue (Torres et al. 

2019a). However, due to the heterogeneity of tissues and technical obstacles differentiating 

highly similar isodecoder sequences, the extent of variations among mature tRNA isodecoders 

among cell types and its functional impact is not understood. 

1.1.8 Codon demand and tRNA supply  

The redundancy of the genetic code gives rise to synonymous codons, which refer to different 

combinations of three nucleotides that can encode the same amino acid. This allows multiple 

distinct mRNA sequences to encode the same amino acid sequence. The unequal usage of 

synonymous codons in a particular organism or a specific gene is referred to as codon bias, 

which was suggested to coevolve with tRNA anticodon abundances to ensure accurate and 

efficient translation (Bulmer 1987; Rak, Dahan, and Pilpel 2018; Drummond and Wilke 2008). 

The elongation speed at which synonymous codons are decoded varies significantly, primarily 

based on two factors, codon usage and abundance of the matching tRNAs (Figure 1.9a,b). For 

example, the codon usage of Cys-TGC is less than its synonymous Cys-TGT (0.6 time), and 

the corresponding ribosome retention time at codon Cys-TGC is 1.5 times longer than codon 

Cys-TGT (Gardin et al. 2014). More commonly used codons are recognized by abundant 

tRNAs, which facilitates decoding and leads to more efficient translation than rarely used 

codons that have low transcriptome occurrence (Guimaraes et al. 2020). The balance between 

the codon demand and supply of tRNAs has been suggested to be crucial in determining 

optimal translation elongation rates, protein output, and protein folding (Rodnina et al. 2017) 

(Figure 1.9c). An imbalance between mRNA codon usage and tRNAs abundance supply can 

affect the translation elongation rate that may have wide implications for protein homeostasis 

and diseases (Orellana, Siegal, and Gregory 2022). For example, ribosomes were shown to 

pause at specific synonymous codons with loss of charging for tRNA-Arg-CGC and tRNA-

Arg-CGU during arginine limitation, which reduced protein output and induced premature 

translation termination (Darnell, Subramaniam, and O'Shea 2018). Other work has shown that 
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overexpression of tRNA-Glu-UUC enhances the translation of mRNAs enriched with the 

cognate codons GAA and GAG leads to cancer metastasis, highlighting the importance of 

tRNA abundance in translation regulation (Goodarzi et al. 2016). tRNA levels quantified by 

hybridization-based method shows that overexpression of specific tRNA isoacceptors 

correlated with increased levels of oncoproteins from genes enriched with cognate codons of 

the tRNAs (Goodarzi et al. 2016). The codon-specific reprogramming of mRNA translation 

suggests that changes in the abundance or function of some specific tRNAs can particularly 

affect certain sets of mRNAs which contain a specific codon in high frequency, thereby 

contributing to the development of certain human diseases (Gillen, Waldron, and Bushell 2021). 

However, the extent to which each individual human tRNA contributes to protein synthesis is 

not yet known or determined. Moreover, due to different types of regulatory information 

overlapping in mRNA sequences, codon bias could be a result of selection for mutational biases, 

GC content of genes or genome, efficient translation, as well as differential transcription factor 

binding, mRNA stability and splicing (Rudolph et al. 2016; Frumkin et al. 2018; Parmley et al. 

2007; Stergachis et al. 2013; Gu, Zhou, and Wilke 2010). 

 

Fig 1.9. Codon demand and tRNA supply determine elongation rates and protein folding. a, Representative 

illustration showing the relationship between mRNA codon demand and tRNA abundance. b, Schematic 
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demonstration showing imbalance between global codon usage and tRNA abundance leading to altered elongation 

rates. c, Depiction for the impact of altered elongation rates on protein folding. Elongation rates are labeled as 

“SLOW” and “FAST” at specific codons.  

The tRNA supply to codon demand balance can be influenced by multiple conditions, including 

tissue type, cellular state and environmental stress (Goodenbour and Pan 2006; Canella et al. 

2010; Gogakos et al. 2017). For example, study in Saccharomyces cerevisiae showed that 

tRNA abundance was selectively altered in response to stress, which affects the translation 

rates of specific transcripts to increase the amounts of required proteins (Torrent et al. 2018). 

However, several studies have failed to identify a positive correlation between codon usage 

and tRNA abundance in multicellular organisms (Kudla et al. 2009; Pop et al. 2014), making 

the role of tRNA in setting elongation rates at specific codons controversial (Gobet et al. 2020b; 

Quax et al. 2015). This can be explained by the fact that organisms with larger genomes, such 

as humans, have higher tRNA gene redundancy with multicopy gene families (except for the 

unique gene coding for tRNA-Sec-UCA) (Percudani, Pavesi, and Ottonello 1997), which 

would decrease selection for specific codons (Quax et al. 2015). Moreover, larger genomes 

such as metazones often encode tRNA sequences with extensive similarity, and most of the 

studies quantify tRNA pools with cDNA-free microarrays (Dittmar, Goodenbour, and Pan 

2006; Gingold et al. 2014), which only detect a limited number of tRNAs and cannot 

distinguish those with less than 8 nt difference (Dittmar et al. 2004), leading to challenges in 

accurately measuring tRNA abundance and understanding its impact on codon usage. Due to 

the lack of methods for accurate tRNA quantification, the exact tRNA repertoires in human 

cells are largely unknown, and whether changes in tRNA pools adjust the translation of specific 

genes in cell type-dependent manner also remains under debate (Gingold et al. 2014; Gao, 

Gallardo-Dodd, and Kutter 2022; Rudolph et al. 2016).  

1.1.9 High-resolution tRNA quantification by mim-tRNAseq 

The difficulties of quantifying tRNAs lies in the highly stable structure and abundant 

modifications of tRNAs, which often impede reverse transcription (RT) and yield truncated 

cDNA molecules with coverage bias towards the 3' end of the tRNA where RT is initiated. 

Moreover, the multicopy gene families and extensive sequence similarity among tRNAs, which 

can differ by as little as one nucleotide, can lead to considerable ambiguity during read 

alignment. Unlike hybridization-based microarray approaches, which suffer from limited 

accuracy and resolution, next-generation sequencing (NGS) has the potential to increase the 
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accuracy of tRNA quantification.  Several tRNA sequencing methods have been applied in 

various species, but all of them have potential drawbacks. For example, Hydro-tRNAseq 

hydrolyzes tRNA transcripts into smaller RNA fragments before cDNA synthesis to counteract 

the influence of tRNA secondary structure on RT efficiency, while not considering the 

modification-induced RT stops (Gogakos et al. 2017). This workflow can therefore result either 

in short read libraries due to prematurely aborted cDNA synthesis at modified nucleosides, or 

an overrepresentation of transcripts with lower frequency of modifications that lead to 

premature RT stops. ARM-Seq removes common tRNA base methylations by enzymatic 

treatment with AlkB, but the differences in demethylase efficiency among various types of 

modifications result in biases during RT (Cozen et al. 2015). The most promising advance in 

RT optimization on tRNA template was made with the discovery of thermostable group II 

intron RT TGIRT (Qin et al. 2016; Mohr et al. 2013). This enzyme can synthesize cDNA from 

highly structured intron elements. Despite the improved RT reaction with TIGRT in approaches 

such as TGIRT-Seq and DM-tRNAseq, TGIRT has demonstrated relatively low efficiency and 

yield when applied to highly modified endogenous tRNAs (Zhao, Liu, and Pyle 2018; Zheng 

et al. 2015).  

By optimizing the reaction conditions for TIGRT, our lab recently developed modification-

induced misincorporation tRNA sequencing (mim-tRNAseq) (Behrens, Rodschinka, and 

Nedialkova 2021). Its library construction workflow enables near-complete tRNA modification 

readthrough, dramatically improving cDNA yield and the fraction of full-length products from 

tRNA templates (Figure 1.10, step 2). After stepwise total RNA and tRNA isolation, adapters 

were ligated to tRNA 3’ ends and further served as the priming sites for cDNA synthesis with 

TGIRT. The reverse transcription efficiency of TIGRT was dramatically enhanced under lower 

reaction temperature, salt concentration and extended reaction time (Behrens and Nedialkova 

2022). The following cDNA circularization step provides a template for the final library 

construction by PCR amplification. 
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Figure1.10.Schematic of the experimental and computational workflows of mim-tRNAseq. Outline of four 

major steps in mim-tRNAseq, including toolkit environment setup with Bioconda, library construction, data 

generation and mim-tRNAseq running. Adapted from (Behrens and Nedialkova 2022).  

Downstream tRNA read analysis has been another major obstacle to accurate tRNA 

quantitation due to the alignment bias against reads with misincorporations induced by 

modification readthrough during RT and the multimapping of tRNA reads from nearly identical 

transcripts. To minimize alignment alignment bias, mim-tRNAseq leverages the extensive 

annotation of tRNA modifications available in MODOMICS and uses this information to 

incorporate position-specific mismatch tolerance in the alignment process (Figure 1.10, step 

4). This is combined with clustering of nearly identical tRNA genes that share an anticodon 

based on a sequence identity threshold (typically 95-97%), which nearly abolished 

multimapping (Behrens, Rodschinka, and Nedialkova 2021). The mim-tRNAseq 

computational pipeline also includes a deconvolution algorithm for restoring single-transcript 

resolution by assigning cluster-aligned tRNA reads to individual transcripts based on their 

unique mismatches to the cluster parent. 
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Thanks to the optimized experimental conditions and multiple advances in the sequencing data 

analysis workflow, sequencing bias was substantially alleviated and the number of full-length 

c DNA reads increased from 11% in DM-tRNAseq to 65%–83% in mim-tRNAseq (Behrens, 

Rodschinka, and Nedialkova 2021). Thus, mim-tRNAseq enables efficient and unbiased 

quantification of tRNA pools at single-transcript resolution, presenting an important solution 

to the long-lasting challenges in tRNA quantification and a major advance towards profiling 

mature tRNA abundance in different organisms and cell types.  

1.2 tRNA transcription by RNA polymerase III 

1.2.1 RNA polymerase III 

tRNA genes are transcribed by RNA Polymerase III (Pol III), which is specialized in high level 

transcription of very short genes (<200nt) and also synthesizes other non-coding RNAs, 

including 5S ribosomal RNA (5S rRNA), the U6 spliceosomal RNA, and the 7SL signal 

recognition particle RNA (Schramm and Hernandez 2002). 

Pol III is a 17-subunits complex containing a 9-subunit core that is decorated by three 

peripheral subcomplexes: the C8-C9 stalk, the C4-C5 heterodimer, and the C3-C6-C7 

heterotrimer (Figure 1.11). The conserved core contains the two biggest catalytical DNA-

interacting subunits RPC1 and RPC2 that are unique for Pol III, surrounded by five subunits 

(RPABC1, RPABC2, RPABC3, RPABC4, RPABC5) shared between Pol I, Pol II and Pol III 

(Table 1.1). Two additional subunits (RPAC1 and RPAC2) are shared between Pol I and Pol 

III  (Wang et al. 2021).  

 

Figure 1.11. Schematic representation of human Pol III. The subunits of human Pol III complex are categorized 

based on their homology to Pol II counterparts and grouped into subcomplexes, represented in color code. Adapted 

from (Girbig et al. 2021a). 
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Table 1.1. Conservation between the human RNA Polymerase I, II, and III subunits. Human polymerase I, 

II and III subunits are listed. Subunits are grouped into subcomplexes based on their functional and structural 

similarity to Pol II subunits.  

The surrounding stalk subcomplex C8-C9 is anchored to the Pol III core via extensions of the 

largest Pol III subunit RPC1 (Hoffmann et al. 2015). The C9 subunit also interacts with the 

TFIIIB subunit BRF1 and interacts with initiation factors (Khoo et al. 2014). C4 and C5 are 

tethered to the lobe of Pol III with dimerization, similar to the Pol II general transcription factor 

TFIIF (Vannini and Cramer 2012; Fernández-Tornero et al. 2013). The peripheral TFIIE-like 

C3-C6-C7 heterotrimer is specific to Pol III and is important for interaction with TFIIIB as 

well as for promoter melting (Khoo et al. 2014; Wei and Chen 2018). Notably, as the only 

mammalian Pol III subunit variants identified, RPC7 was found in two isoforms based on 

database searches, RPC7α and RPC7β, encoded by two paralogous genes, POLR3G and 

POLR3GL, which are spatiotemporally regulated during development (Haurie et al. 2010; 

Wong et al. 2011). The subunit C10 mediates RNA cleavage in the catalytic center in Pol III 

pausing. It is homologous to the Pol II elongation and RNA cleavage factor TFIIS (Chédin et 

al. 1998).  

1.2.2 Type 1, 2 and 3 Pol III promoters 

There are three different types of promoters for Pol III transcription initiation (Figure 1.12). 

Type 1 promoters enable transcribing the 5S rRNA, a structural and functional component of 

the ribosome large subunit. tRNA transcription is initiated by type 2 promoters, and type 3 

promoters are used to generate the U6 spliceosomal RNA, which catalyzes the excision of 

introns from pre-mRNA, and the 7SL signal recognition particle (SRP) RNA. Both type 1 and 

2 promoters reside within the gene body without a TATA-box, with A-box and C-box in type 
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1 promoters, or A-box and B-box in type 2 promoters. The A-box in type 2 promoters is 

homologous to the type 1 promoter A-box, and in some species can be exchanged (Ciliberto et 

al. 1983). Transcription from type 1 promoter starts with the zinc finger protein TFIIIA binding 

to the A- and C-boxes (Engelke et al. 1980; Sakonju et al. 1981), which then directs TFIIIC 

recruitment and subsequently binding of TFIIIB and Pol III (Lassar, Martin, and Roeder 1983; 

Schramm and Hernandez 2002). A- and B-boxes containing type 2 promoters are recognized 

by TFIIIC, which then serves to recruit TFIIIB to the upstream region of the transcription start 

site (TSS) (Marzouki et al. 1986; Kassavetis et al. 1990). This is followed by Pol III recruitment 

and transcription initiation. The A- and B-boxes in tRNA genes overlap the highly conserved 

structural elements D and T stem loops in mature tRNA transcripts (Allison, Goh, and Hall 

1983). Type 3 promoters are external and contains a TATA-box for recognition by TFIIIB 

component TBP (Schramm and Hernandez 2002), as well as a proximal sequence element (PSE) 

that is bound by snRNA activator protein complex (SNAPC), after which Pol III can be 

recruited.   

 

Figure 1.12. Three types of RNA polymerase III promoters and associated transcription factors. Cartoons 

illustrating Pol III promoter type 1, 2 and 3 (from top to bottom). Major elements depicted are intragenic promoters 

(A- and C-boxes for type 1, A- and B-boxes for type 2); PSE (Proximal Sequence Element) and TATA-box (for 

type 3); TFIIIA (for type 1); TFIIIC (for type 1 and 2); TFIIIB consisting of BDP1, TBP and BRF1 (for type 1 

and 2) or BRF2 (for type 3) and SNAPC (SNRNA Activating Protein Complex) (for type 3). 
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1.2.3 Pol III transcription factors  

TFIIIC is the largest Pol III transcription factor with a total mass of 520 kDa. It is composed 

of six subunits: TFIIIC220, TFIIIC110, TFIIIC102, TFIIIC90, TFIIIC63 and TFIIIC35. These 

subunits form two subcomplexes, τA and τB, which recognize the short intragenic A- box and 

B-box, respectively (Marzouki et al. 1986). While the position of the A-box and B-box 

elements is fixed relative to the 5' and 3' ends of the tRNA gene, the distance between them 

can vary due to the presence of introns and flexible tRNA arms (Marck et al. 1993). TFIIIC 

can assume different conformations according to the distance between the A-box and B-box, 

either in a compact globular shape when they are closely spaced, or extended as “dumb-bell 

shaped” with the two domains connected by a flexible linker when they are separated (Schultz 

et al. 1989). Given that τB binds to the B-box with higher affinity, it contributes the largest part 

of the affinity of TFIIIC interaction with DNA, and serves as an anchoring platform that 

facilitates the binding of τA to the A-box and subsequent recruitment of Pol III (Stillman and 

Geiduschek 1984).  

Human TFIIIB comprises 3 proteins: TATA-box binding protein (TBP), TFIIB-related factor 

1 or 2 (BRF1 or BRF2) and B double prime 1 (BDP1), which are only stably associated with 

each other when bound to DNA. TBP is shared by Pol I, II and III (Cormack and Struhl 1992; 

White, Jackson, and Rigby 1992) and was found to bend DNA itself or together with BRF1 in 

type 1 and 2 promoters (Kassavetis et al. 1990). It binds to a TATA-box in type 3 promoters 

(Hernandez 2001), which recruits a different TFIIB-related factor, BRF2. BRF1 contains a zinc 

ribbon domain and two cyclin repeats in its N terminal domain, characteristic of the TFIIB-

related transcription factor family (Schramm and Hernandez 2002). BRF1 directly interacts 

with multiple TFIIIC subunits and Pol III subunits (Moir, Puglia, and Willis 2002; Khoo et al. 

2014), and is essential for TFIIIB and Pol III function. Facilitated by binding of TFIIIC subunits 

and BRF1, BDP1 binds upstream of the TFIIIB-DNA complex ~8 bp from the TSS (Shah et 

al. 1999) opposite to BRF1, which is located downstream of the TBP-DNA core. BDP1 is 

involved in unpairing the upstream sequences (Kassavetis, Letts, and Geiduschek 2001). 

1.2.4 Pol III transcription complex assembly on a tRNA gene 

Bound TFIIIC directs the recruitment of TFIIIB by recruiting BRF1 through TFC102, followed 

by TBP binding (Hsieh et al. 1999). This complex facilitates the assembly of BDP1, which 

activates the initial melting of DNA sequences upstream of the TSS. The complete assembly 
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of TFIIIC and TFIIIB on type 2 promoters initiates the recruitment of Pol III. Pol III is bound 

to BRF1 through RPC9, which binds the non-transcribed strand upstream of the TSS, and 

RPC6, which interacts with both BRF1 and TBP. Once recruited, the Pol III-specific 

heterotrimer C3-C6-C7 activates the DNA double strands melting and transcription bubble 

formation, which extend downstream facilitated by BRF1 (Kassavetis et al. 1992). 

Transcription terminates when Pol III encounters a stretch of 7-8 Ts in the non-template strand 

(Turowski and Tollervey 2016). The binding of subunits C4, C5 and C10 transforms the 

elongation complex into a pre-termination complex, enabling termination signal recognition 

(Braglia, Percudani, and Dieci 2005; Landrieux et al. 2006).  

 

Figure 1.13. Pol III transcription complex assembly on a tRNA gene. The schematic illustration depicting the 

stepwise recruitment of TFIIIC, TFIIIB and Pol III to a tRNA gene. The major steps include primary and 

secondary binding by TFIIIC at A- and B-boxes, TFIIIC-directed recognition of TFIIIB, and Pol III recruitment 

of RNA. Order of the steps are marked as numbered arrows.  

Interestingly, in the absence of TFIIIC at type 3 promoters, TFIIIB alone can also allow Pol III 

binding in S. cerevisiae, indicating that TFIIIB is the minimal transcription factor for Pol III 

transcription (Kassavetis et al. 1990). Indeed, for type 1 and 2 promoters, although TFIIIC is 

necessary for the initial round of transcription, it is dispensable once TFIIIB is bound and 

TFIIIC is thought to be removed from the promoter to make space for Pol III transcription 

(Kassavetis et al. 1990). In vitro studies support this hypothesis by demonstrating the high 

affinity between Pol III and TFIIIB even under stringent salt conditions, which disrupt TFIIIC-

Pol III interaction (Cloutier et al. 2001; Stillman and Geiduschek 1984). Moreover, after the 

first cycle of synthesis, TFIIIB can retain Pol III for multiple rounds of transcription from the 

same locus through facilitated recycling (Ferrari and Dieci 2008; Ferrari et al. 2004; Jahn, 

Wingender, and Seifart 1987), a process in which the terminating Pol III quickly reattach to the 

same transcription unit with the TFIIIB pre-assembled on the DNA. The Pol III re-initiation 
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rate was shown to be faster than the initial transcription cycle due to the bending of DNA by 

TFIIIB (Dieci and Sentenac 1996; Ferrari et al. 2004).  

1.3 Regulation of tRNA abundance by RNA polymerase III 

transcription  

Given the functional and structural overlap between the internal tRNA promoters (A-box and 

B-box) with the conserved structural regions in mature tRNA (D-loop and T-loop) (Galli, 

Hofstetter, and Birnstiel 1981), it had been widely assumed that tRNA expression is exclusively 

regulated by these intrinsic promoter elements, and that no mechanisms for spatial and temporal 

control of tRNA gene expression exist. Accordingly, tRNA gene copy number is widely used 

as a measure of tRNA expression levels (dos Reis, Savva, and Wernisch 2004; Tuller et al. 

2010; Mario dos Reis, Nucleic Acids Res. 2004; Tamir Tuller, Cell, 2010). However, recent 

studies have challenged this model, since tRNA genes with identical A- and B-boxes were 

found to be differentially expressed in diverse cell types, developmental stages and cellular 

conditions (Kutter et al. 2011b; Ishimura et al. 2014; Sagi et al. 2016). Notably, while nearly 

all predicted tRNA loci are occupied by Pol III in yeast, nearly half of the tRNA genes are 

inactive in murine and human cells (Torres 2019). All this evidence collectively points to the 

existence of various cis- and/or trans- factors modulating tRNA gene expression in 

multicellular organisms.  

1.3.1 Regulation of Pol III transcription by cis-elements  

A-box and B-box 

In tRNA genes, the 11-bp A-box is located 12-20 nt downstream of the TSS, and the 11-base 

B-box is usually located 30-60 bp downstream (Galli, Hofstetter, and Birnstiel 1981). By 

comparing all bases with a frequency above 60% at A- and B-box in more than 80 different 

eukaryotic tRNAs, the consensus sequences for A- and B-boxes were initially extracted as 5’-

TGGCNNAGTGG-3’ and 5’-GGTTCGANNCC-3’, respectively (Galli, Hofstetter, and 

Birnstiel 1981), which were later generalized to 5’-TRGYnnAnnnG3’, and 5’-GWTCRAnnC-

3’ (n = any base, R = purine, Y = pyrimidine, W = A or T) (Marck et al. 2006). In yeast, the B-

box was suggested to determine the binding strength to TFIIIC and initiation levels because of 

its high affinity to TFIIIC, while the A-box selects the correct TSS, supported by the finding 

that A-box sequences are more degenerate than B-box (Geiduschek and Tocchini-Valentini 
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1988). The A- and B- boxes were thought to be highly conserved, partly attributed to their 

encoding of the D and T loops in mature tRNA (Galli, Hofstetter, and Birnstiel 1981; Hofstetter, 

Kressman, and Birnstiel 1981). In line with the conservation, variation of the intragenic 

promoters was reported to be unrelated to tRNA gene expression in human HeLa and IMR90 

cell lines (Canella et al. 2010; Oler et al. 2010b). However, in the mouse liver, minor 

differences at the variable positions in the A- and B-box were observed between tRNA genes 

with high or no Pol III occupancy (Canella et al. 2012). Another study also demonstrated that 

the sequence motif of the B-box differed between two subsets tRNAs that were enriched either 

during differentiation or proliferation, suggesting that internal promoter elements may 

contribute to tRNA expression regulation (Gingold et al. 2014). 

5’ and 3’ flanking sequences 

TFIIIC binding to internal tRNA promoters is followed by TFIIIB recruitment upstream of the 

TSS. Despite the central importance of TFIIIB binding to DNA for tRNA transcription 

mechanism, the 5’ flanking sequences of tRNA genes vary dramatically (Arnold et al. 1986; 

Dingermann et al. 1982; Schramm and Hernandez 2002; Thornlow et al. 2018). Therefore, the 

contact between TFIIIB and the upstream DNA binding sequence was initially thought to be 

non-specific (Geiduschek and Kassavetis 2001). However, several have studies suggested that 

the upstream regions of certain tRNA genes contain conserved sequence elements with a 

regulatory role that influence promoter function in eukaryotes (Raymond, Raymond, and 

Johnson 1985). For example, a conserved sequence pattern with composite nature consisting 

of multiple motifs has been proposed to exist upstream of tRNA genes in Saccharomyces 

cerevisiae, and upstream sequences of tRNA genes with this pattern boost tRNA gene 

transcription by enhancing TFIIIB binding (Giuliodori et al. 2003). A TCAACA sequence 

motif was found spanning the TSS and was correlated with Pol III transcription initiation in 

both Arabidopsis thaliana and Saccharomyces cerevisiae (Yukawa et al. 2011). It is widely 

accepted that Pol III transcription terminates at well-conserved polyT stretches containing 4 or 

more consecutive thymidine residues that are locate around 20 bp downstream of the 3′ end of 

the mature tRNA coding sequence, and is bound by the La-protein (Orioli et al. 2012). The 

quality and strength of this terminator sequence can contribute to Pol III transcription efficiency 

and has been proposed to be part of Pol III promoters (Canella et al. 2012). Together, these 

findings indicate the presence of sequence patterns upstream and downstream of tRNA genes 

that may modulate their expression levels.   
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1.3.2 Trans-regulating factors of tRNA transcription  

Apart from the core basal transcription factors, several trans-acting regulators have been 

implicated in the global regulation of Pol III in mammals, such as extracellular signal-regulated 

kinase (ERK). ERK functions through the Ras-Raf-MEK pathway and plays an important role 

in integrating external signals, such as epidermal growth factor (EGF), promoting cell growth 

and proliferation in various mammalian cell types (Downward 2003). ERK was shown to 

enhance tRNA synthesis by directly binding and phosphorylating the BRF1 subunit of TFIIIB 

(Felton-Edkins et al. 2003). In Drosophila, Erk signaling regulates Pol III output by inhibiting 

the nuclear localization and function of the Pol III repressor Maf1, thereby enhancing protein 

synthesis to promote cell growth (Sriskanthadevan-Pirahas et al. 2018).  

The proto-oncogene protein c-Myc was also shown to be involved in the activation of Pol III 

transcription. c-Myc enhances cell growth and cell division by increasing ribosome biogenesis 

and translation (Campbell and White 2014). Chromatin immunoprecipitation (ChIP) has 

suggested that endogenous c-Myc may be present at tRNA and 5S rRNA loci in cultured 

mammalian cells and be recruited through binding to TFIIIB with its N-terminal transactivation 

domain (Gomez-Roman et al. 2003).  

Casein kinase II (CK2), a Ser/Thr protein kinase, was also shown to regulate Pol III 

transcription through Maf1 (Graczyk et al. 2011) or TFIIIB (Ghavidel and Schultz 2001; 

Johnston et al. 2002) in both human and yeast cells. CK2 is involved in cell cycle control and 

DNA repair and has been associated with cell proliferation and transformation (Meggio and 

Pinna 2003; Homma and Homma 2008). CK2 can phosphorylate BRF1, leading to enhanced 

recruitment of TFIIIB (Landesman-Bollag et al. 2001; Faust et al. 1996; Yenice et al. 1994).  

General negative regulators of Pol III transcription include the retinoblastoma tumor-

suppressor protein (RB) and down-regulator of transcription 1 (DR1). Under limited nutrient 

availability, RB blocks the transition from G1 into S phase through binding to Pol II factor E2F. 

Unlike its role as histone deacetylases in Pol II transcription regulation, RB was shown to 

repress Pol III by binding and deactivating TFIIIB through disrupting its interaction with 

TFIIIC and Pol III (Sutcliffe et al. 2000). DR1 was also found to be associated with BRF1, 

which facilitates its recruitment to Pol III templates in mammalian cells, together with its 

dimerization partner DRAP1 (Kantidakis and White 2010). However, none of these proteins 

have been shown to have tRNA gene-specific effects on Pol III activity. 
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1.3.3 Regulation of Pol III transcription by the epigenetic environment  

DNA methylation is an epigenetic process involving the addition of a methyl group to the fifth 

carbon atom of a cytosine ring in DNA by DNA methyltransferases (DNMTs), converting the 

cytosine bases to 5-methylcytosine (Figure 1.14). In humans, DNA methylation is found 

mainly on CpG dinucleotides, where it blocks the recruitment of transcription factors and 

results in gene silencing (Antequera and Bird 1999; Loyfer et al. 2023). During development, 

the patterns of DNA methylation change dynamically, which serves to regulate cell- and tissue- 

specific gene expression (Ghosh et al. 2010). Although DNA methylation has been profiled 

genome-wide with the advent of various high-throughput techniques (Yong, Hsu, and Chen 

2016), its presence at tRNA genes and functional impact are not well understood. It is therefore 

not clear so far whether and to what extent DNA methylation regulates Pol III transcription and 

tRNA expression.  

  

Figure 1.14. DNA methylation reaction catalyzed by DNMT. Schematic representation of the covalent transfer 

of a methyl group by DNA Methyltransferase (DNMT) to the fifth carbon of cytosines, which becomes 5-

methylated cytosine. The added methylation group is highlighted in red.   

Apart from DNA, histone proteins can also be methylated or acetylated on diverse lysine 

positions. Depending on the specific lysine residues being modified and the number of methyl 

groups added, histone methylation is linked to either repressed or active chromatin. 

H3K4me1/2/3 and H3K36me3 mark open chromatin (Pekowska et al. 2011; Wagner and 

Carpenter 2012), while H3K9me3 and H3K27me3 are associated with repressive chromatin 

and facultative heterochromatin, respectively (Kim and Kim 2012). H3K4me3 forms two peaks 

bracketing the TSS in Pol II genes, while it accumulates upstream of the TSS in human Pol III 

genes (Canella et al. 2012). The simultaneous deposition of H3K4me3 and H3K27me3 

chromatin marks is a hallmark of bivalent Pol II genes preserved in a poised state, preventing 

them from being silenced while maintaining their potential for prompt activation in 

differentiation (Bernstein et al. 2006). H3K27me3 was reported to be positively correlated with 

Pol II pausing (Liu et al. 2017), the accumulation of transcriptionally engaged but paused Pol 

II proximal to promoters, generating a short transcript of 20–60 nucleotides (Rasmussen and 
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Lis 1993). However, whether these regulatory functions extend to Pol III genes is still not fully 

understood despite some correlation has been suggested between histone modifications and Pol 

III gene activity. For example, histone acetylation that marks open chromatin and active Pol II 

transcription, such as H3K9ac and H3K27ac, were also found on Pol III-transcribed non-

coding RNA genes in Jurkat cells (Barski et al. 2010b). Similarly, Pol III–occupied tRNA loci 

were correlated with active Pol II histone marks (e.g., H3K36ac) and anticorrelated with 

repressive histone modifications (e.g., H3K36me3) in HeLa cells (Oler et al. 2010a). Actively-

transcribed Pol III genes were found in close proximity to Pol II–dependent histone marks, 

such as H3K4me3, H3K4me2, H3K27ac and H3K9ac, in K562 cells (Moqtaderi et al. 2010b). 

Human embryonic stem cells H1 (H1 ES) also show a peak of H3K4me3 between the 

H3K27me3 and Pol III binding peaks, suggesting the role of H3K4me3 in “insulating” Pol III 

gene activity from the neighboring repressive H3K27me3 (Alla and Cairns 2014). Moreover, 

human TFIIIC has also been proposed to relieve chromatin-mediated repression of Pol III 

transcription via its intrinsic histone acetyltransferase (HAT) activity (Kundu, Wang, and 

Roeder 1999).  

1.3.4 Regulation of Pol III transcription by genomic context 

Similar to Pol II genes, many Pol III-transcribed genes are also found in nucleosome-free 

regions (NFR) (Bhargava 2013). tRNA genes have been proposed to prevent spreading of 

heterochromatin in both yeast and human cells (Raab et al. 2012). This was first supported by 

the finding that deletion of a tRNA gene located next to a transcriptionally silent chromatin 

region led to repression of a downstream gene (Donze and Kamakaka 2001). Just like insulators, 

which tend to cluster at specific sites in the genome, tRNA genes were also found to coalesce 

in the human nucleus (Raab et al. 2012). During macrophage development, tRNA gene 

transcription was found to be regulated in domains based on DNA loops, suggesting a role of 

maintaining chromosome structure and organization in tRNA gene regulation (Van Bortle, 

Phanstiel, and Snyder 2017).  

Due to the general overlapping functions of histone modifications between Pol II and Pol III 

genes, as well as the association of tRNA genes with Pol II transcription factors such as c-myc, 

it has been proposed that Pol III transcription is positively influenced by the actively transcribed 

Pol II genes nearby (Oler et al. 2010b). Conversely, tRNA gene transcription by Pol III was 

found to suppresses transcriptional activity of nearby Pol II genes in Saccharomyces cerevisiae, 

due to clustering of tRNA genes in the proximity to the nucleolus (Pratt-Hyatt et al. 2006). 
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Some studies have proposed that rather than the linear distance of tRNA genes to active Pol II 

genes, long-range regulatory DNA interactions could actually alter the expression of specific 

tRNA genes in defined cellular contexts (Dekker and Misteli 2015). In  Drosophila, 80% of 

Pol III-bound genes overlap with enhancer-like chromatin, marked by both H3K4me1 and 

H3K27Ac, while only 20% reside in Pol II promoters with H3K4me3, H3K4me2, H3K9ac 

(Alla and Cairns 2014). As the major gene-regulatory elements, enhancers control cell-type-

specific gene expression through long distances looping to vicinity of their target gene 

promoters (Levine, Cattoglio, and Tjian 2014). However, whether human tRNA genes are 

associated with characterized Pol II enhancer elements has not been investigated to date.  

Eukaryotes exhibit a significant variation in the distribution of tRNA genes. In mammalian 

genomes, they are often present in distinct clusters on specific chromosomes, such as 

chromosome 1 and 6 for humans, chromosome 13 for mice, and chromosome 5 for gorilla 

(Dixon et al. 2012; Raab et al. 2012; Hughes et al. 2023). This non-random arrangement raises 

the question as to whether tRNA gene expression is influenced by nearby tRNA gene activity, 

given that the spatial proximity of active genes to each other could raise the concentration of 

active polymerases in the distinct Pol III transcription “factories' observed in human cells, 

which could enable Pol III recycling (Pombo et al. 1999). 

1.3.5 Regulation of Pol III transcription by changes in protein composition 

In mammals, the Pol III subunit RPC7 is present in two forms, RPC7α and RPC7β, encoded 

by POLR3G on chromosome 5 and POLR3GL on chromosome 1 in humans. The two 

paralogous genes were predicted to derive from gene duplication in a common ancestor of 

vertebrates and encode proteins that have 46% amino acid identity (Renaud et al. 2014). RPC7α 

is highly abundant in stem cells, immortalized cancer cell lines, and at early developmental 

stages. Accordingly, the pluripotency transcription factors OCT4 and NANOG have been 

reported to bind the POLR3G TSS in humans (Wong et al. 2011). RPC7α was also suggested 

to maintain stem cell renewal, since decreased POLR3G expression results in loss of 

pluripotency and drives stem cell differentiation (Wong et al. 2011). During development, 

RPC7α levels drop substantially, and RPC7β becomes the predominant isoform in 

differentiated cells (Haurie et al. 2010; Wong et al. 2011; Lund et al. 2017). It has been 

hypothesized that dynamic variation of RPC7α abundance responds to growth cues, while 

RPC7β, which is maintained at a relatively low but stable level, provides a constitutive baseline 

for Pol III availability (Renaud et al. 2014).  
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RPC7α/RPC7β is incorporated into the ternary RPC3-RPC6-RPC7 subcomplex, which 

functions in Pol III transcription initiation by binding the Pol III clamp domain through RPC7 

and interacting directly with TFIIIB through RPC6 (Kenneth, Marshall, and White 2008). 

ChIP-seq with IMR90 cells demonstrates that substitution of these two subunits in Pol III 

complex was not involved in gene target specificity, since Pol III with either RPC7α or RPC7β 

was detected with highly similar localization genome-wide (Renaud et al. 2014). In line with 

this, POLR3GL (RPC7β) was shown to functionally replace POLR3G (RPC7α) in mouse ESCs, 

based on that overexpression of POLR3GL rescues the differentiation deficiency in mouse 

ESCs with POLR3G knockout (Wang et al. 2020).  

Given the seemingly functional equivalence between RPC7α and RPC7β, what could lead to 

the disparity in expression between these two forms during differentiation? Cryo-EM structures 

suggested that the human RPC1 clamp domain bound by RPC7 overlaps with the recently 

resolved structure of Pol III repressor Maf1 in Saccharomyces cerevisiae, and this interaction 

is only tightly formed with two residues exclusive to RPC7α, but not RPC7β, suggesting the 

inability of RPC7α-containing Pol III to be repressed by Maf1 (Vorländer et al. 2020; Girbig 

et al. 2021b). This evidence may provide bases for the enrichment of RPC7α in embryonic 

stem cells and cancer (Durrieu-Gaillard et al. 2018; Enver et al. 2005), as well as the increased 

tumor transformation with RPC7α overexpression (Haurie et al. 2010). However, this 

hypothesis has not been experimentally tested, so whether and how the loss of RPC7α-

containing Pol III is related to MAF1 in differentiation remains elusive.  

1.4 Regulation of Pol III transcription by MAF1 

1.4.1 MAF1 

Among the trans-factors with a negative influence on tRNA gene transcription, MAF1 is the 

most well-characterized and conserved Pol III repressor. Its regulation and mode of action have 

been documented in yeast (Graczyk, Cieśla, and Boguta 2018), fruit fly (Rideout, Marshall, 

and Grewal 2012), plants (Oliveira Andrade et al. 2020), mouse (Bonhoure et al. 2020), and 

human cells (Orioli et al. 2016). Human MAF1 is 28 kDa, while yeast Maf1 is 45 kDa. While 

yeast Maf1 undergoes phosphorylation on at least 6 sites (S90, S101, S177, S178, S209, S210) 

(Lee, Moir, and Willis 2009; Moir et al. 2006), human MAF1 is phosphorylated at three major 

residues (S60, S68, S75) by the mammalian target of rapamycin complex 1 (mTORC1) 

(Michels et al. 2010; Shor et al. 2010). In yeast, Pol III repression upon starvation, rapamycin 



Chapter 1 - Introduction 
 

 34 

treatment and various stress conditions is mediated by Maf1 (Boisnard et al. 2009; Upadhya, 

Lee, and Willis 2002), which is dephosphorylated mainly by PKA and Sch9 (Moir et al. 2006; 

Huber et al. 2009). Under normal growth conditions with high mTORC1 activity in human 

cells, phosphorylated MAF1 is inactive, while in response to limited nutrient availability such 

as serum starvation, MAF1 is dephosphorylated and can repress Pol III transcription (Michels 

et al. 2010). In contrast to the well characterized nuclear translocation of yeast Maf1 upon 

dephosphorylation (Moir et al. 2006), there is no convincing evidence that supports the nuclear 

transport of human MAF1  (Michels et al. 2010), such as in HeLa cells which were found lack 

of MAF1 nuclear export upon changes in mTOR signaling (Kantidakis et al. 2010). This is 

supported by the fact that yeast Maf1 has two nuclear localization sequences (NLS) located at 

both the N-terminus and C-terminus, while no such NLS was identified in human MAF1 (Pluta 

et al. 2001).  

This repression is most likely not via direct binding to DNA, as attempts to pull down Maf1 in 

ChIP have been unsuccessful in yeast (Desai et al. 2005) and in a mouse cell line expressing a 

tagged version of MAF1 protein (Bonhoure et al. 2015). Moreover, ChIP-Seq with an antibody 

directed against endogenous MAF1 in the liver from wild-type and Maf1−/− mice yielded 

similar DNA profiles, which did not correspond to any known Pol III loci (Bonhoure et al. 

2015). Instead, cryo-EM structure of Saccharomyces cerevisiae Maf1 indicates that it binds to 

Pol III and allosterically repositions the C82/34/31 heterotrimer subcomplex, which would 

precludes Pol III to TFIIIB-bound promoters, thereby repressing transcription (Vannini et al. 

2010). Yeast pull-down assays suggested that Maf1 binds to Brf1, which would block the 

recruitment of Brf1 to Pol III genes (Desai et al. 2005). 

While MAF1 is not essential for cell viability, the phenotypes of its depletion can vary 

considerably in different organisms and experimental systems. For example, while MAF1 is 

associated with tumor suppression in PTEN-deficient cancer cells (Li et al. 2016), Maf1−/− 

mice are not tumor-prone, but instead have an extended lifespan, a lean phenotype and obesity 

resistance due to increased energy consumption (Bonhoure et al. 2015). Overexpression of 

MAF1 has also been reported to extend lifespan through mTORC1 in worms and flies (Cai and 

Wei 2016), which recapitulate the hypothesis that dietary restriction promotes health and leads 

to longer lifespan in animals (Mattison et al. 2017). Interestingly, recent data has also 

implicated MAF1 in cellular differentiation. For example, MAF1 promotes mesoderm 

induction of mouse embryonic stem cells (ESC) (Chen et al. 2018). Apart from lineage directed 

differentiation by MAF1 loss, at least one mechanism by which MAF1 functions to stimulate 
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adipogenesis is through its ability to repress Pol III-dependent transcription (Chen et al. 2018), 

although how this is achieved at a molecular level given MAF1’s inability to bind DNA is 

unknown.  

1.4.2 mTORC1 

MAF1 is regulated by mTORC1, a key downstream effector of the phosphatidylinositol 3-

kinase (PI3K)-AKT pathway, which promotes cell growth in response to nutrient availability 

and other environmental cues (Figure 1.15) (Bhaskar and Hay 2007; Laplante and Sabatini 

2012). mTORC1 is inhibited under stress conditions, such as nutrient deprivation, resulting in 

MAF1 dephosphorylation (Michels et al. 2010). TSC1/TSC2 functions as the upstream 

inhibitors for mTORC1, and the major downstream targets of mTORC1 include the ribosomal 

protein S6 kinase 1 (S6K1) and 4EBP1, which binds to the eukaryotic translation initiation 

factor 4E (eIF4E) (Hay and Sonenberg 2004). Phosphorylation by mTORC1 activates S6K1, 

thereby promoting protein and lipid synthesis. mTORC1 phosphorylates 4EBP1 and releases 

it from eIF4E, which allows incorporation of eIF4E into translation initiation complexes and 

facilitates protein synthesis.  

  

Figure 1.15. Schematic illustration of mTORC1 signaling pathways. mTORC1 stimulates phosphorylation of 

S6K1 at T389, which phosphorylates rpS6 (ribosomal protein S6) and eIF4B, and suppresses phosphorylation of 

4EBP1, together promoting protein translation. mTORC1 phosphorylates and deactivates Pol III transcription 

repressor MAF1. mTORC1 activity can be repressed by rapamycin, Torin-1 and TSC1/TSC2. PTEN negatively 

regulates PI3K signaling by converting PIP3 to PIP2 and deactivates PDK1, subsequently inhibiting S6K1 

phosphorylation. P indicates phosphorylation; PIP2 and PIP3 represent phosphatidylinositol-4,5-bisphosphate and 

phosphatidylinositol 3,4,5-trisphosphate, respectively. 
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High mTORC1 activity is necessary for the expression of key pluripotency genes, such as 

POU5F1 and NANOG, and therefore for maintaining pluripotency in human ESC (Zhou, Su, 

et al. 2009). Reduced mTORC1 activity was shown during differentiation of neuronal cells and 

T cells from stem cells or specific progenitors (Zhang et al. 2022). How this reduction of 

mTORC1 activity impacts MAF1 and Pol III transcription upon differentiation is not 

understood.  

1.5 tRNA and Pol III dysregulation and human diseases 

Given their central role in protein synthesis, defects in tRNA function have been associated 

with numerous human diseases. The multiple steps in tRNA biogenesis can contribute to 

distinct human pathologies. Apart from the modification-related diseases that are briefly 

summarized in Section 1.1.3, dysregulated tRNA abundance has been implicated in a wide 

range of diseases. For example, altered tRNA pools and charging levels in multiple myeloma 

(MM) have been proposed to accommodate for the varied demand in protein translation (Zhou, 

Goodenbour, et al. 2009). Overexpression of tRNA-Glu-UUC and tRNA-Arg-CCG was shown 

to promote breast cancer metastasis by enhancing ribosome occupancy at specific mRNAs with 

an overrepresentation of their cognate codons, which shift the cells towards pro-metastatic state 

(Goodarzi et al. 2016). Recently, changes in tRNA abundance was also identified as a marker 

for acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and severity (Katanski 

et al. 2022). Mutations in Pol III subunits and Pol III transcription factors have also been linked 

to a wide range of diseases. For example, mutations of POLR3A and POLR3B, which encode 

the core Pol III subunits RPC1 and RPC2, decrease the levels of Pol III in the brain and are 

linked to leukodystrophies, which are characterized by demyelination and developmental 

defects of neurons (Bernard et al. 2011; Saitsu et al. 2011). Mutations in POLR1C and POLR1D, 

two subunits shared between Pol I and Pol III, are associated with Treacher Collins syndrome, 

which is characterized by bone and tissue underdevelopment (Noack Watt et al. 2016). BRF1 

mutations reduce BRF1 recruitment at tRNA target genes and alter Pol III transcription, thereby 

causing neurodevelopmental anomalies (Borck et al. 2015). Increased levels of Pol III subunits, 

TFIIIB and TFIIIC have also been found in different tumors (Fang et al. 2017; Winter et al. 

2000), and in some cases were associated with poor prognosis (Zhong et al. 2016). Interestingly, 

Pol III has been detected in the cytoplasm, where it has been suggested to recognize and 

transcribe AT-rich DNA from foreign pathogens into intermediate RNAs, which activate innate 

immune responses (Ablasser et al. 2009; Chiu, Macmillan, and Chen 2009). As one of the 
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downstream targets of the growth regulator mTORC1, Pol III was found to restrict lifespan and 

survival in worms and flies (Filer et al. 2017). Collectively, these studies suggest that Pol III 

dysregulation is a hallmark of neurological diseases and cancer. 

1.6 Studying cell type-specific tRNA regulation in hiPSC-based 

models 

Much of what we currently know about eukaryotic tRNA biology is derived from studies with 

model organisms or tissues, or from work with primary or transformed cells, which have 

considerable disadvantages. Tissues are highly heterogeneous, and often contain multiple cell 

types, which can confound data analysis and interpretation. Primary cells are difficult to obtain 

and grow under laboratory conditions, whereas immortalized aneuploid cell lines are mostly 

tumor-derived and are characterized by dramatic genomic imbalances and gene expression 

abnormalities (Hanahan and Weinberg 2011). This makes their value questionable for 

understanding normal cell physiology, especially in the case of tRNA regulation, given that 

mature tRNA levels are in part controlled by gene copy number (dos Reis, Savva, and Wernisch 

2004). Recently, human induced pluripotent stem cells (hiPSC) have become valuable research 

models for understanding human biology. hiPSC are reprogrammed from somatic cells by 

transducing four transcription factors: OCT4, KLF4, SOX2, and c-MYC (Takahashi and 

Yamanaka 2006). If somatic cells from healthy individuals are used, this enables the derivation 

of diploid hiPSC lines with a normal karyotype. The Human Induced Pluripotent Stem Cells 

Initiative (HipSci) has made several highly qualified reference hiPSC lines freely available for 

research use (Kilpinen et al. 2017). Genomic editing and gene expression manipulation in 

hiPSC have been largely facilitated by recent advances in the development of CRISPR/Cas9 

system and inducible CRISPR interference (CRISPRi) (Mandegar et al. 2016). Moreover, 

highly efficient protocols have been established to differentiate hiPSC into a wide range of 

diverse cell types (Zakrzewski et al. 2019). These protocols recapitulate the natural process of 

somatic cell differentiation and have greatly facilitated the study of developmental processes. 

The differentiated cultures are isogenic and have purer cell composition than tissues, 

eliminating the genome instability and tissue heterogeneity as major confounding factors in 

gene expression studies with transformed cell lines. This makes hiPSC-derived cells a powerful 

model system for studying the regulation of gene expression during differentiation and in 

diverse cell types (Drubin and Hyman 2017).  
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1.7 Scope of this thesis  

The work described in this thesis was aimed at gaining a quantitative and mechanistic 

understanding of how tRNA pools are regulated in distinct human cell types and during 

differentiation. 

In chapter 2.1, we first set up a well-controlled model system, in which hiPSC are differentiated 

into cardiomyocytes (CM) or neuronal progenitor cells (NPC), which are further differentiated 

into neurons using small molecule-based approaches. We performed a quantitative 

characterization of tRNA pools across these cell types using mim-tRNAseq, and we analyzed 

the downstream effects of changed tRNA expression on translation elongation rates with 

ribosome profiling in chapters 2.2 and 2.3.   

In chapter 2.4, we first optimized ATAC-Seq and ChIP-Seq workflows to enable the analysis 

of genome-wide occupancy of the Pol III subunit RPC1 and the TFIIIB subunit BRF1 in the 

hiPSC-based model system. We correlated Pol III occupancy with mature tRNA quantification 

from chapter 2.1 data to understand how Pol III transcription contributes to tRNA expression 

during differentiation. We also analyzed how chromatin status contributes to tRNA gene 

activity.  

In chapter 2.5, we defined the sequence determinants governing Pol III occupancy at tRNA 

genes. The motifs we identified were validated experimentally by CRISPR/Cas9 genome 

editing. We also identified a potential mechanism for the dramatic upregulation of tRNA-Arg-

TCT-4-1 in neurons by identifying an overlapping enhancer of the nearby CADM3 gene.  

In chapter 2.6, we used inducible CRISPRi to show that the changes in tRNA transcription 

during differentiation are not due to loss of the Pol III subunit RPC7α. Instead, we identified 

mTORC1 activity changes upon differentiation activate the Pol III repressor MAF1, which 

restricts Pol III to highly occupied “housekeeping” tRNA genes in differentiated cells.  

Chapter 3 presents a summary of the work in this thesis, compares to previous studies and 

offers a comprehensive discussion about impact and future insights of this research. Chapter 4 

provides the detailed information of the methods in this work, and chapter 5 lists the 

abbreviations and supplementary tables.
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The results described in this chapter have been accepted for publication:  
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Selective gene expression maintains human tRNA anticodon pools during differentiation. 
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2.1 Human tRNA pools are extensively remodeled at transcript 

level but remain largely stable at anticodon level during 

differentiation 

2.1.1 Derivation of homogeneous cultures of cardiomyocytes, neuronal 
progenitor cells, and neurons by directed hiPSC differentiation  

To define the repertoires of human tRNA pools in physiological settings across differentiation, 

we created culture models of cell types with vastly diverse proteomes from neuronal and 

cardiac lineages by establishing a workflow using a reference hiPSC line (kucg-2) that is 

karyotypically normal and obtained from a healthy individual (Kilpinen et al. 2017). With small 

molecule-based protocols, we differentiate hiPSC into CM (Zhang, Guo, et al. 2015; Tohyama 

et al. 2013), and into proliferating neuronal progenitor cells (NPC), which were then further 

derived into mature neurons (Reinhardt et al. 2013; Marrone et al. 2019). This workflow yields 

cell types from the central nervous system and the heart that are particularly sensitive to tRNA 

defects and protein misfolding, and are selectively damaged in diseases linked to tRNA 

dysregulation (e.g. familial dysautonomia, amyotrophic lateral sclerosis, Parkinson's disease, 

and diverse cardiomyopathies) (Henning and Brundel 2017; Labbadia and Morimoto 2015; 

Sarin and Leidel 2014). 

NPC derivation from hiPSC was initiated through embryoid bodies (EBs) formation with small 

molecules that stimulate Wnt and Hedgehog signaling pathways to promote dorsal and ventral 

brain development (Figure 2.1a). After seven days of priming, EBs were dissociated to obtain 

ventral NPC that are capable of differentiating into cells of the neural tube and the neural crest. 

At this stage, the NPC culture is still a mixture of different cell types and must be purified by 

sequential digestion of the different cell types for two more passages to get more homogenous 

cultures. Once purified, the resulting homogeneous NPC culture can be maintained as the NPC 

line, or further directed towards differentiation into motor neuron-like cells. For this, NPC are 

patterned by inhibiting proliferation with retinoid acid (RA) while enhancing hedgehog 

signaling by adding PMA and neuronal survival with neutrophins (BDNF. GDNF). After six 

days, patterned neurons are matured by inhibiting gliogenesis with TGF-B3 and supplemented 

with compounds that enhance survival and growth of neurons (dbcAMP, BDNF, GDNF). 
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Figure 2.1. Schematic representation of differentiation protocols. Schematic workflow of (a) NPC derivation 

from hiPSC, neurons derivation from NPC, and (b) CM derivation from hiPSC.  

hiPSC differentiation into CM was initiated in medium containing CHIR99021, which 

activates Wnt signaling to induce mesodermal commitment, as well as growth factors that 

induce lateral mesoderm (Activin A, FGF2b, BMP4) and a combination of 

insulin/transferrin/selenium (ITS) that boosts cell metabolism and protein synthesis and 

reduces excessive toxic oxygen radicals (Figure 2.1b). After one day of priming, the 

stimulation of Wnt signaling was discontinued by substituting the growth factors with ascorbic 

acid (AA), which enhances proliferation of cardiac progenitor cells. One day later, Wnt 

signaling was actively inhibited with C59 to promote cardiac mesoderm formation. First 

beating was observed between day 5 and 6 after the start of differentiation. 9 days after starting 

CM derivation, cells were deprived of glucose and supplemented with lactate for 24 hours, 

since CM but not other cells are able to metabolize lactate in the absence of glucose 

(Fuerstenau-Sharp et al. 2015). Cells were further matured in the presence of FCS 

supplemented for another 5 days.  

Immunostaining for known protein markers of specific cell types demonstrated the successful 

differentiation of homogenous populations of NPC, neurons and CM from hiPSC. The 

pluripotency marker proteins POU5F1 and SOX2 were expressed uniformly in hiPSC, while 

NPC were positive for the neural progenitor markers PAX6 and NESTIN. Neurons stained at 
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day 21 of derivation were positive for the neuronal markers MAP2 and CHAT, and CM showed 

high levels of cardiac troponin T (CTNT) and cardiac-specific alpha-actinin-2 (ACTN2) at day 

15 (Figure 2.2).  

 

Figure 2.2. Successful derivation of homogenous population of NPC, neurons and CM from hiPSC. 

Fluorescence microscopy images depicting immunostaining of cell type-specific protein markers (green) in CM, 

hiPSC, NPC and neurons. DAPI (blue) is utilized as a nuclear counterstain. The scale bar represents 10 μm. 

We next generated RNA samples in biological duplicates from hiPSC and NPC, as well as 

neurons at day 21 and CM at day 15. RNA sequencing (RNA-Seq) analysis showed distinct 

transcriptomic profiles in these cell lines  (Figure 2.3a), as represented in the heatmap by z 

score, which measures how much the expression level of a gene deviates from the average 

expression level across all samples, and log2 fold change (log2FC) calculated with DESeq2 

(Love, Huber, and Anders 2014), which measures the relative difference in gene expression 

between two samples. 
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Figure 2.3. Cell type-specific mRNA transcript profiles in hiPSC, NPC, neurons and CM. a, Heatmap of the 

dynamic expression patterns of mRNA transcripts highlighting only those differentially expressed (Wald test; 

FDR ≤ 0.05) in at least one cell line compared to hiPSC. Left panel: heatmap of hierarchically clustered expression 

presenting scaled Z scores of normalized mRNA transcript counts in neurons, CM, hiPSC and NPC (n = 2). Right 

panel: differential expression in CM, neurons and NPC relative to hiPSC, represented as log2 fold changes. b, 

Heatmaps of gene expression patterns for known markers specific to each cell type and proliferative state in hiPSC, 

NPC, neurons, and CM, with 2 biological replicates for each cell line. The scale represents the standardized Z 

score based on DESeq2 normalized RNA-Seq raw gene counts across all samples. 

The pluripotency-associated POU5F1, NANOG, DNMT3B, PRDM14, FOXH1 and FOXD3 

were strongly downregulated in all differentiated cells (Figure 2.3b). Common markers of cell 

proliferation such as polo-like kinase 1 (PLK1), cyclin B1 (CCNB1), the cell cycle regulator 

E2F1, and replication-initiation complex genes (MCM3-MCM6) (Whitfield et al. 2006) were 

expressed in hiPSC and NPC and strongly downregulated in neurons and CM. NPC expressed 

neuronal progenitor markers (PAX6, SOX1, HES5and NES), while NES was also upregulated 

in CM, consistent with its high expression in heart (Karlsson et al. 2021). Cardiac markers such 

as sarcomere component-encoding genes (MYL2, MYH4, MYH7, TNNT2, ACTN2) and titin 

(TTN) were highly expressed in CM, while genes encoding neuron-specific cytoskeletal 

proteins (MAP2, TUBB3, MAPT) and other markers of mature neurons (ELAVL3, SYP, CHAT 
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and SLC5A7) were specifically upregulated in neurons (Figure 2.3b). Collectively, these data 

demonstrate a robust and successful derivation of highly homogeneous populations of NPC, 

neurons, and CM from hiPSC.  

2.1.2 Analysis of mature tRNA abundance in hiPSC-derived models with 

mim-tRNAseq 

We next profiled mature tRNA abundance in the four isogenic cell types using mim-tRNAseq 

(Behrens, Rodschinka, and Nedialkova 2021). We generated an alignment reference of 435 

mature tRNA transcripts based on a curated set of 600 predicted nuclear-encoded and 22 

mitochondrial tRNA genes (Methods) (Chan et al. 2021; Jühling et al. 2009). Unique 

transcripts within each anticodon family were then clustered by a sequence identity threshold 

of 97%, followed by indexing of known misincorporation-inducing modified sites, which 

generates a reference of modified sites that can cause errors during reverse transcription. We 

then aligned the tRNA-derived sequencing reads to this reference with GSNAP in SNP-tolerant 

mode, which substantially increases accuracy and limits multi-mapping (Behrens, Rodschinka, 

and Nedialkova 2021). We obtained ~80% uniquely mapped reads and minimal multi-mapped 

reads (≤ 2%) for all samples (Figure 2.4a). A large proportion of all tRNA-mapped reads were 

full-length (median of 79%–81%) (Figure 2.4b). More than 95% of reads originate from 

transcripts containing the 3’ CCA tail, a stretch of ubiquitous nucleotides added post-

transcriptionally to the 3′ end of tRNA molecules prior to their export from the nucleus for 

aminoacylation (Figure 2.4c), indicating that they are from translationally competent and 

mature tRNAs.  96.2%–97.3% of the uniquely mapped reads were from nuclear-encoded 

tRNAs (Figure 2.4d), on which we focused the rest of our analyses.  
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Figure 2.4. mim-tRNAseq generates full length reads from mature tRNA transcripts. a, The alignment 

statistics for reads from mim-tRNAseq in hiPSC, NPC, neurons and CM. The bars and percentages represent mean 

values in each cell type. The dots indicate the individual sample values, with two biological replicates for each 

cell line. b, Boxplot of full-length fraction per tRNA transcript in datasets (center line and label: median; box 

limits: upper and lower quartiles; whiskers: 1.5×interquartile range). Boxplots displaying the distribution of full-

length proportion per tRNA transcript in the mim-tRNAseq datasets. The center line and label represent the 

median value, while the box limits represent the upper and lower quartiles. The whiskers extend to 1.5x the 

interquartile range. c, Boxplot illustrating the distribution of full 3'-CCA end fraction for each tRNA transcript. d, 

Barplot depicting the fractions of cytosolic and mitochondrial tRNA reads per cell type. The bars represent the 

mean values for each cell type, while the percentages indicate the mean mitochondrial proportion for 2 biological 

replicates. e, Full transcript sequences for human hg38 tRNA-Pro-AGG-1 and tRNA-Pro-AGG-2. The box 

indicates the anticodon, and the single mismatch is highlighted in bold. The mismatch coincides with the modified 

m1G37 position of tRNA-Pro-AGG-2. 

Cluster-aligned reads were deconvoluted and assigned to individual tRNA transcripts based on 

unique mismatch patterns to the parent reference (Behrens, Rodschinka, and Nedialkova 2021; 

Behrens and Nedialkova 2022). With this, mismatches between the reads and the reference 

sequence are identified and used to assign the read to the appropriate tRNA transcript, ensuring 

identification and quantification of individual tRNA transcripts. With this workflow, we could 
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analyse 373 out of the 413 predicted human nuclear-encoded tRNA transcripts (90%) at single-

transcript resolution. Some of the remaining 40 transcripts (n=7) had low coverage with less 

than 10 reads, and most others differ from the parent reference only at sites with 

misincorporation-inducing nucleotide modifications, precluding accurate deconvolution 

(Behrens and Nedialkova 2022). For example, tRNA-Pro-AGG-1 and tRNA-Pro-AGG-2 differ 

only by one nucleotide at position 37 (adenine for tRNA-Pro-AGG-1, guanine for tRNA-Pro-

AGG-2), and either of these two nucleotides could be modified in a way that would introduce 

a mismatched nucleotide during RT (Figure 2.4e). 

To validate the capability of our workflow to detect known instances of tRNA abundance 

variation, we measured the levels of tRNA-Arg-UCU-4 during differentiation in the four cell 

lines. As one of the 6 nuclear-encoded human tRNA-Arg-UCU isodecoders, tRNA-Arg-UCU-

4 is highly abundant in brain tissues (Torres et al. 2019). The expression of n-Tr20 (mouse 

homolog of tRNA-Arg-UCU-4-1) is constrained specifically to the mouse central nervous 

system, while the other four isodecoders are expressed in all tissues (Ishimura et al. 2014). This 

strong cell type-dependent isodecoder expression pattern was successfully recapitulated with 

mim-tRNAseq in our experimental system, in which the number of reads mapped to tRNA-

Arg-UCU-4 was 64-fold higher in neurons compared to all the other cell types, hiPSC, NPC, 

and CM (Figure 2.5).  

 

Figure 2.5. mim-tRNAseq detects the upregulation of tRNA-Arg-UCU-4 specifically in neurons. The 

expression of neuron-specific tRNA-Arg-UCU-4 in four human cell lines was assessed by examining the 

proportions of tRNA-aligned reads from mim-tRNAseq. The line in the graph represents the mean value from 2 

biological replicates, while the dots display individual sample values.  

2.1.3 tRNA transcript levels vary greatly across differentiation 

We next analyzed the variation in tRNA transcript levels across differentiation. The high 

reproducibility among biological replicates was evidenced by the principal component (PC) 

analysis (Figure 2.6a), which identifies the main axes of variance and the key variables within 
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a data set. The first PC that reflects cell differentiation comprises 89% of the variation, 

indicating the distinct composition of tRNA transcripts pools in proliferating hiPSC and NPC, 

as well as in NPC and neurons. Cardiomyocytes were also reproducibly distinguished from 

hiPSC and differentiated neuronal cell lines, with 6% variation across the PC2, indicating that 

variation in tRNA transcript abundance can faithfully discriminate different human cell types 

and individual stages of cell differentiation (Figure 2.6a). 

Figure 2.6. tRNA transcript pools are highly dynamic 

across differentiation. a, Principal component analysis 

(PCA) performed on count data transformed with variance 

stabilization for tRNA transcripts in DESeq2 from each 

cell line with 2 biological replicates. The variance 

explained by principal components is indicated in 

parentheses within the axis titles. b, Heatmap of the 

dynamic expression patterns of tRNA transcripts, showing 

only the tRNA transcripts with differential expression in at 

least one of differentiated cell types compared to hiPSC. 

Differential expression was determined using the Wald test 

with a false discovery rate (FDR) threshold of ≤ 0.05. Left 

panel: expression heatmap with hierarchically clustered 

data, showing the scaled Z scores of normalized transcript 

counts in CM, hiPSC, NPC and neurons, each with two 

biological replicates. Middle panels: differential tRNA 

transcript expressions of CM, NPC and neurons relative to 

hiPSC, presented as log2 fold changes. Right panel: base 

mean values normalized for each tRNA transcript across 

all of the samples. 

 

 

 

 

We then analysed the differential expression of tRNA transcripts in NPC, neurons, and CM 

compared to hiPSC with DESeq2. Of the 373 nuclear-encoded tRNA transcripts we could 

resolve by mim-tRNAseq, 161 showed significantly differential expression (up to ~70-fold) in 

differentiated cells compared to hiPSC (p-adj ≤ 0.05, Figure 2.6b, Table S1). From the 
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remaining 212 tRNA transcripts, 205 had zero or very low counts (<0.005% of tRNA-mapped 

reads). Besides the pronounced increase of tRNA-Arg-UCU-4 in neurons (Figure 2.5), the 

transcripts with low expression (low base mean in Figure 2.6b, right panel) exhibit the 

strongest magnitude changes. These transcripts were significantly downregulated upon 

differentiation in both neuronal and cardiac cultures (Figure 2.6b). The alteration of tRNA 

abundance identified by mim-tRNAseq were highly concordant with the levels of three tRNA 

transcripts in Northern blotting analysis (tRNA-Arg-UCU-4, tRNA-Asn-GUU-1 and tRNA-

Gly-CCC-2; Figure 2.7), validating the quantitative nature of our mim-tRNAseq 

measurements. Collectively, these data show that human tRNA transcript pools are extensively 

remodeled during differentiation.  

 

Figure 2.7. mim-tRNAseq accurately quantifies changes in tRNA abundance during differentiation. a, 

Northern blot analysis for tRNA-Arg-UCU-4, tRNA-Asn-GUU-1, and tRNA-Gly-CCC-2 across all cell types, 

each with 3 biological replicates. Matched samples that corresponded to those for mim-tRNAseq were used. b, 

Relative levels of tRNA-Arg-UCU-4, tRNA-Asn-GUU-1, and tRNA-Gly-CCC-2 quantified with mim-tRNAseq 

(Figure 2.6b, 2 biological replicates) and Northern blotting (a) from matched samples, with values normalized to 

the mean in hiPSC. 

2.1.4 tRNA anticodon and isotype pools vary to a much lesser extent 

To define how this extensive reprogramming of tRNA transcripts impacts anticodon pools, 

uniquely mapped tRNA reads were summed within each anticodon family prior to differential 

expression analysis by DESeq2. Out of the 57 anticodon families encoded by the full set of 

predicted human tRNA genes, 9 were not expressed in any of the cell types we profiled (Table 

S2). 47 of the remaining 48 anticodon families were shown to be robustly expressed in all cell 

types, and tRNA-Ile-GAU was only detectable at very low levels in hiPSC (0.002% of uniquely 

mapped reads, compared to 2.9% and 0.8% for tRNA-Ile-AAU and tRNA-Ile-UAU, 

respectively; Table S2). PC analysis showed that different cell types can be well resolved by 

anticodon-based tRNA abundance, while maintaining high reproducibility between duplicates 
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(Figure 2.8a). DESeq2 analysis revelaed that 46 tRNA anticodon families were regulated 

differentially in at least one of the differentiated cell types compared to hiPSC (p-adj ≤ 0.05, 

Figure 2.8b, Table S2). 

Figure 2.8. tRNA anticodon and isotype 

pools are largely stable during 

differentiation. a, PCA as conducted in 

Figure 2.6a using variance stabilizing-

transformed counts aggregated by tRNA 

anticodon. b, Heatmap as in Figure 2.6b 

for count data aggregated by tRNA 

anticodon. Anticodon families linked to 

proliferating ("P") or differentiated ("D") 

cells, as presented in Gingold et al. 2014, 

are labeled. c, Differential expression as in 

Figure 2.6b and (b) middle, count data 

summed by tRNA isotype for CM, neurons 

and NPC relative to hiPSC, reported as log2 

fold changes.  

 

 

 

 

 

In contrast to the large fold changes we found for individual tRNA transcripts, the differences 

for tRNA abundance at the anticodon level were of a much smaller magnitude. A strong 

decrease was observed for tRNA-Ile-GAU, which was only detectable in hiPSC. Besides this, 

the largest differences in differentiated cells relative to hiPSC were for tRNA-Gly-CCC that 

was upregulated by 1.5 to 2.5-fold, and the selenocysteine-inserting tRNA-SeC-UCA, with a 

3-fold increase. Changes of the remaining tRNA anticodons were to a markedly smaller extent, 

only up to 0.7 to 1.7-fold (Figure 2.8b, Table S2). Moreover, we did not find a distinct 

segregation of anticodon pools between actively dividing cells (hiPSC and NPC) and non-

dividing post-mitotic cells (neurons and CM). Likewise, there was no substantial overlap 

among the tRNA anticodon families that exhibited significant changes in abundance in NPC, 
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neurons or CM lines, whether they were associated with differentiation ("D") or proliferation 

("P") tRNAs identified in prior studies (Figure 2.8b, Table S2). When tRNA-mapped reads 

were summed based on their isotypes (tRNAs recognizing one or more codons but carrying the 

same amino acid), the differences in tRNA abundance between cell types were even less 

pronounced (Table S3). Thus, despite extensive remodeling of tRNA transcript pools, human 

cells maintain largely unchanged tRNA anticodon availability during differentiation. 

2.2 tRNA anticodon availability correlates with a stable codon 

usage and decoding rate across cell types. 

We asked whether the modest differences of tRNA abundance at anticodon level are associated 

with differences in codon demand in the highly distinct transcriptomes of the four cell types 

(Figure 2.3a). To determine the codon demand in each cell line, we calculated codon frequency 

by counting the number of each codon and dividing it by the total number of codons in the 

coding sequence. Then we weighted codon frequencies by multiplying the codon frequency 

with normalized expression of transcripts from RNA-Seq data, and summed the weighted 

codon usages from all transcripts to get the overall weighted codon usage. Examination for all 

61 sense codons revealed a striking lack of variance in codon demand among all four cell types 

(coefficient of variation 0.77 - 13.22%; Figure 2.9), in line with prior studies showing 

relatively stable codon demand in different mammalian tissues and developmental stages 

(Kutter et al. 2011a; Schmitt et al. 2014). 

 

Figure 2.9. Codon usage is stable across differentiation. Codon usage aggregated and weighted by transcript 

expression (TPM) using RNA-Seq data across all transcripts. The values displayed per codon represent the mean 

weighted codon frequencies from two biological replicates per cell type, shown as proportions out of the total 

codon usage values. The range of coefficient of variation (CV) for each codon is shown in the top right corner. 

The x-axis labels the codon sequence. The corresponding amino acids are represented in single-letter codes.  
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Across different cell types, we observed robust positive correlations between mRNA codon 

usage and the abundance of tRNA anticodons, with similar magnitude (Pearson’s r= 0.57 - 

0.63; Figure 2.10a). Interestingly, the codon usage of mRNAs with universally high abundance 

across all four cell types exhibited a stronger correlation with tRNA anticodon levels compared 

to the codon usage observed in highly abundant transcripts specific to individual cell types 

(median Pearson’s median Pearson’s r=0.39 - 0.45 vs r=0.36 - 0.42; Figure 2.10, b-c). This 

could be due to the fact that mRNAs that are commonly abundant across different cell types 

may be under stronger selection pressure to optimize their codon usage to match the available 

tRNA anticodon pools. We conclude that across different human cell types, tRNA anticodon 

abundance is equally well adjusted to the relatively stable codon demand.   

 

Figure 2.10. tRNA abundance correlates with codon usage in human cells, showing optimization in specific 

transcript sets. a, The correlation between the mean weighted codon usage and the mean tRNA anticodon 

abundance measured with mim-tRNAseq method scaled to proportions of the total tRNA-mapping reads from 

two biological replicates for each cell line. The solid blue lines represent the linear regression model. The shaded 

gray area indicates the 95% confidence interval (CI). b, The size and overlap of the gene sets with the highest 

expression (top 5%) examined using mean TPM values from two biological replicates for each cell type. The 

categorized cell-type or state-specific gene sets are indicated, as well as shared sets showing overlap between 

different cells. c, Violin plots illustrating the Pearson's correlation coefficient distributions between the mean 

weighted codon usage and mean tRNA anticodon abundance for each transcript, as determined in (b). The center 

lines represent the median values. P-values were computed using the Kruskal-Wallis test based on ranks. 
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The ratio of codon demand to tRNA supply should remain constant in different cell types if 

both variables change concordantly during differentiation. However, with a stable usage of 

different codons across differentiation, the small but significant changes of tRNA anticodon 

levels we detected upon differentiation led to divergent supply to demand ratios between cell 

types (Figure 2.11). For example, with an invariant usage of its cognate GGG codon (Figure 

2.9), the most strongly up-regulated anticodon family tRNA-Gly-CCC (1.8 - 2.5-fold; Table 

S2) resulted in a higher tRNA supply to codon demand ratio in differentiated cells than hiPSC 

(Figure 2.11). To test whether these variations in tRNA anticodon abundance impact decoding 

rates, we measured codon dwell times of the 61 sense codons in hiPSC and NPC with ribosome 

profiling.  

 

Figure 2.11. tRNA supply to demand ratios across cell types. Log2 tRNA supply to codon demand ratios per 

codon. Mean tRNA anticodon abundance as a proportion of all tRNA-mapped reads from mim-tRNAseq for each 

cell type (n = 2) were divided by proportional mean weighted codon usages for corresponding codons (as in 

Figure 2.9). X-axis labels: codon sequence and corresponding amino acid in single-letter code. 

Codon dwell time refers to the time that a ribosome spends at a particular codon during 

translation of mRNA into protein. It is influenced by various factors, such as the codon usage 

patterns in the mRNA, the abundance and availability of tRNA molecules, and the interactions 

between the ribosome and mRNA (Gobet et al. 2020a; Weinberg et al. 2016). Codon dwell 

time can be measured in vivo with ribosome profiling, which relies on the protection of a short 

segment of mRNA by a translating ribosome from nuclease digestion (Ingolia et al. 2009), 

generating ribosome-protected fragments (RPFs). If a particular codon is translated slowly, the 

ribosome will remain at that position for a longer period, and footprints generated by ribosomes 

at this position would be more prevalent in sequencing libraries. Therefore, the number of 

ribosome footprints generated along an mRNA can provide insight into the rates of translation 

of individual codons in living cells.  
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In ribosome profiling, two widely used translation inhibitors for eukaryotic cells are 

cycloheximide (CHX) and tigecycline (TIG). CHX binds to the exit (E)-site of the large 

ribosomal subunit (Klinge et al. 2011). This inhibits elongation by preventing the release of 

deacylated tRNA from the E-site and trapping peptidyl-tRNA in the 40S A site (aminoacyl-

tRNA site or acceptor site), impeding subsequent ribosomal translocation (Schneider-Poetsch 

et al. 2010). Tigecycline (TIG) is an antibiotic similar to tetracycline that has been shown to 

obstruct tRNA accommodation by binding to and inhibit GTPases, such as eEF1A and eIF5A, 

thereby reducing aminoacyl-tRNAs binding at A site (Jenner et al. 2013). To avoid disrupting 

ribosome dynamics (Hussmann et al. 2015), translation inhibitors were not used to pre-treat the 

cells prior to lysis, but were rather directly added to the lysates during sample preparation (Wu 

et al. 2019). In yeast, compared to samples supplemented with only CHX, a cocktail of CHX 

and tigecycline (TIG) enriches short footprints from ribosomes in the process of decoding (Wu 

et al. 2019). Therefore, we compared the effect of CHX alone and CHX together with TIG on 

codon dwell time measurements by ribosome profiling in human cells. Both treatments 

generated ribosome footprints with two predominant sizes in human cells: 20-23 nt (short) and 

28-33 nt (long) (Figure 2.12a,b), which likely represent ribosomes with two distinct elongation 

states, open and occupied ribosomal A sites, respectively (Lareau et al. 2014; Wu et al. 2019). 

Interestingly, the inclusion of CHX and TIG in lysates did not alter the ratio of short to long 

footprints in comparison to CHX only.  
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Figure 2.12. tRNA anticodon levels correlate with decoding rates across cell types. a-b, Representative 

distributions of read lengths in (a) ribosome footprints derived from extracts of hiPSC supplemented with CHX 

only, and (b) ribosome footprints obtained from extracts of hiPSC and NPC supplemented with both CHX and 

TIG. c-d, The correlation between codon dwell time assessed with Scikit-ribo and the reciprocal of tRNA 

anticodon abundance for short (20-22 nt) and long (28-32 nt) footprints obtained from (c) hiPSC libraries (single 

replicate) prepared with only CHX, as well as (d) hiPSC and NPC extracts (two biological replicates shown as 

rep1 and rep2) supplemented with both CHX and TIG. The solid blue lines represent the linear regression models. 

The shaded gray area indicates 95% confidence interval (CI). The Pearson's correlation coefficients are provided. 

Codon dwell times were then calculated with Scikit-ribo, an analysis tool for predicting 

ribosome A-site locations with a random forest classifier (Fang et al. 2018). We found that in 

hiPSC with CHX treatment alone, codon dwell times were only modestly correlated with the 
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reciprocal of tRNA anticodon levels (1/tRNA) for short footprints (Pearson’s r=0.32; p=0.01), 

and no significant correlation was detected for long footprints (Pearson’s r=-0.047; p=0.72; 

Figure 2.12c). However, when treated with CHX and TIG together, both hiPSC and NPC show 

strong anti-correlation between codon dwell times and the cognate tRNA anticodon abundance, 

with a Pearson’s r of 0.44-0.55 for long footprints and 0.38-0.48 for short footprints (Figure 

2.12d). These findings demonstrate the importance of tRNA anticodon availability in driving 

ribosome decoding rates in human cells.  

However, individual codon dwell times in hiPSC and NPC were strongly correlated (Pearson’s 

r=0.9, p=2.6e-23) and showed no clear dependence on the differences of cognate tRNA 

abundance between these cell types (Figure 2.13a). For example, tRNA-Gly-CCC is 

upregulated by 1.7-fold in NPC but the ribosome dwell time at the matching GGG codon 

increases by only 5%. Ribosome dwell times at codons GGC and GGU remain identical in 

hiPSC and NPC despite a 1.6-fold decrease in the abundance of their cognate tRNA-Gly-GCC 

in NPC (Figure 2.13b, Table S4). These data suggest that the variation in tRNA anticodon 

pools between NPC and hiPSC is insufficient to cause a substantial change in decoding speed. 
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Figure 2.13. Divergence in tRNA anticodon abundance does not substantially alter the decoding rate. a, The 

correlation between the mean codon dwell time (long footprints in Fig. 12d) in hiPSC and NPC. The data points 

were colored based on the log2 fold changes in tRNA anticodon abundance measured in NPC compared to hiPSC. 

Gray dots indicate non-significant changes (adjusted p-value ≤ 0.05). b, The codon dwell times assessed using 

long footprint fragments (28-33 nt) obtained from two biological replicates of hiPSC and NPC extracts 

supplemented with both CHX and TIG. The size of each dot indicates the absolute log2 fold change of tRNA 

abundance aggregated at anticodon level in NPC compared to hiPSC (FDR ≤ 0.05). The direction of change is 

represented by the color of the codon label, where green indicates upregulation of the matched tRNA anticodon 

in NPC, and purple indicates anticodon levels downregulated.  

2.3 tRNA anticodon levels are buffered through the stable 

expression of major isodecoders 

Next, we sought to elucidate the molecular mechanisms underlying the differences in 

magnitude that we observed between alterations in tRNA transcript abundance and anticodon 

levels (Figure 2.6b, 8b). We hypothesized that this may be due to the uneven contribution of 

various isodecoders to the mature tRNA pools. In order to test this, we first determined the 

count of isodecoders within each anticodon family using all predicted human tRNA genes 

(Chan et al. 2021). Subsequently, we counted the isodecoders that collectively accounted for 

90% or more of the total reads mapped to mature tRNAs for each anticodon family, which we 

referred to as "major isodecoders". Although the number of isodecoders for predicted human 

tRNA genes exhibit a range of 1 to 26 per anticodon family, the majority of mature tRNA 

anticodon families in hiPSC consists of one to four major isodecoders (Figure 2.14a, b; Table 

S5). This number declines upon differentiation, resulting in most anticodon families being 

composed of just one to two major isodecoders in NPC and neurons (Figure 2.14c). For 

example, a total of nine isodecoders for tRNA-Ala-UGC are encoded by the human genome, 

and six of them are identified in mature hiPSC tRNA pools with varying levels of abundance. 

Two of the most abundant ones tRNA-Ala-UGC-3 and tRNA-Ala-UGC-4 are preferentially 

used and become the major isodecoders for this anticodon family in CM, NPC, and neurons 

(Figure 2.14c). Likewise, out of the five predicted isodecoders for tRNA-Pro-UGG, three are 

expressed in hiPSC and the two most abundant isodecoders dominate the mature tRNA-Pro-

UGG population following differentiation (Figure 2.14c).  
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Figure 2.14. Human anticodon pools are buffered via stable expression of major tRNA isodecoders. a, The 

distribution of tRNA gene copy numbers per isodecoder within each anticodon family across all predicted tRNA 

genes in the human hg38 genome. b, The distribution of isodecoder count per tRNA anticodon family 

accumulatively comprising at least 90% of each anticodon in each of the four cell types. The isodecoder abundance 

represents the average proportions of reads per unique transcript obtained from mim-tRNAseq (n = 2) for 

anticodon families where unique transcripts have been fully resolved. c, The changes in proportional isodecoder 

composition for tRNA-Ala-UGC (left) and tRNA-Pro-UGG (right) during the differentiation. The values 

represent the mean proportions of tRNA-mapped reads for each isodecoder obtained with mim-tRNAseq from 

two biological replicate samples. The isodecoders are ordered from top to bottom in ascending order based on the 

unique isodecoder number in its gene name. d, Box plots representing the log2 fold change in tRNA transcript 

expression between differentiated cells and hiPSC (p-adj ≤ 0.05) for transcripts that exhibited measurable 

expression in at least one cell line (≥0.005% of tRNA-mapped reads). The transcripts were further categorized 

based on their major or minor occupancy in the anticodon pools in each cell type. The labels include the total 

count of transcripts ("n") and the number of transcripts that exhibit significant differential expression ("DE") in 

each group. The center line and label represent the median value, while the box limits represent the upper and 

lower quartiles. The whiskers extend to 1.5x the interquartile range. 

Globally, in differentiated cell types, the vast majority of minor isodecoders (71 - 87%) 

exhibited significant downregulation compared to hiPSC, with fold changes of up to 70-fold 

(Figure 2.14d). By contrast, the abundance of most major isodecoders shows an increase in 

differentiated cells compared to hiPSC, although the magnitude of this increase is relatively 
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modest, ranging from approximately 1.2 to 4-fold (excluding the exceptional 63-fold 

upregulation of tRNA-Arg-UCU-4 in neurons). These data show that isodecoders contribute 

unevenly to the pool of translationally competent tRNAs in human cells.  

2.4 Pol III transcription is restricted to housekeeping tRNA genes 

during differentiation 

2.4.1 Optimization of Pol III ChIP-Seq  

To elucidate the mechanisms underlying the stable expression of major isodecoders, we asked 

whether mature tRNA abundance in human cells is driven by the transcriptional activity of 

tRNA genes. To test this, we analysed genome-wide Pol III occupancy landscapes by 

chromatin immunoprecipitation sequencing (ChIP-Seq). Although being extensively used as a 

powerful tool to map DNA-binding protein profiles and histone modifications across the 

genome, ChIP-Seq is still hindered by the lack of standardization in the first chromatin shearing 

step of the experimental workflow. The traditional nuclei extraction and chromatin shearing 

processes face three major challenges:   

1. Large input material requirements, which makes ChIP cost-ineffective and labor-intensive, 

especially for differentiated cells.  

2. Lysis of cell membrane with hypotonic buffers and homogenization with mechanical 

dounces often fail to effectively extract the nuclei of fixed cells.  

3. Depending on the variable extent of nuclei extraction by the traditional workflow, the 

chromatin shearing steps (e.g., buffer composition and shearing strength) often need to be 

optimized for individual input materials to ensure the quality of chromatin and guarantee the 

sequencing results. Shearing conditions also vary largely among distinct samples, such as 

different types of cultured cell lines and primary tissues.  

Together, these issues undermine ChIP reproducibility and make data comparison among 

different cell types challenging.  

Nuclei extraction optimization with NEXSON 

To avoid these drawbacks, we used Nuclei EXtraction by SONication (NEXSON) (Arrigoni et 

al. 2016). Instead of the typical chemical and mechanical treatment in the nuclei extraction step, 
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this method introduces a brief sonication to disrupt the cell membrane and release the nuclei. 

This ensures nuclei isolation with high quality and purity from a wide range of formaldehyde-

fixed cells, tissues, and organisms. For efficient nuclei isolation and complete removal of 

cytoplasm, we first tried a range of sonication period of 60 seconds, 90 seconds and 120 

seconds in mESC cells (Figure 2.15a), one of the model cell lines included in the 

recommended NEXSON protocol (Arrigoni et al. 2016). We found that 120 seconds of 

sonication gave the cleanest nuclei isolation (Figure 2.15a). To exclude a negative effect of 

cell clustering on nuclei isolation, given the large cell cluster patches in the untreated sample 

without sonication (Figure 2.15a, left panel), we also compared the sonication with and 

without prior cell singularization by accutase. The cells were either crosslinked in culture plate 

in monolayer, named as “ plates” (Figure 2.15b, upper panels), or first singularized by accutase 

then crosslinked by resuspension in tubes, named as “singularized” (Figure 2.15b, lower 

panels). Surprisingly, singularization did not enhance the nuclei isolation efficacy, but instead 

decreased the sheared chromatin quality by leaving fragments > 1000 bp, above the optimal 

100-1000 bp length for ChIP (Figure 2.15c). Therefore, we used crosslinking in plates with 

120 seconds sonication for nuclei extraction throughout the rest of this work. With this 

optimised NEXSON protocol, we were able to substantially scale down the number of cells 

required to ~ 10,000 per histone mark ChIP reaction,  and ~100,000 per Pol III ChIP reaction. 
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Figure 2.15. Nuclei extraction by sonication (NEXSON) from cells fixed with formaldehyde. a, 

Formaldehyde-fixed mESCs were sonicated in nuclei extraction buffer for 60s, 90s and 120s. Images in the DAPI 

(blue, nuclei) channel and differential interference contrast (DIC) channel were captured before (untreated) and 

after sonication. b, hiPSC were crosslinked with formaldehyde in plates (upper) or singularized with accutase 

before crosslinking (lower), followed by sonication for 90s and 120s. Images were captured in DAPI (blue, nuclei)  

and differential interference contrast (DIC). c, Size distribution determined by Agilent 2100 Bioanalyzer for 

hiPSC with treatment in (b). 100bp and 1000bp were highlighted and labeled in red. 

Crosslinking and chromatin shearing optimization 

To achieve the 100-1000 bp DNA fragment size that is recommended for ChIP-Seq (Landt et 

al. 2012), we tested different combinations of formaldehyde concentration and chromatin 

shearing time. Using 0.5% and 0.8% of formaldehyde (FA), with 10 minutes crosslinking in 

“plate” and 120 seconds sonication for nuclei isolation, 10 minutes shearing results in a left-

shifted size distribution for 0.8% formaldehyde (Figure 2.16a, right panel) compared to 0.5% 

(Figure 2.16a, left panel). This indicates that the lower concentration of formaldehyde (0.5%) 

is less efficient in crosslinking, and 10 minutes is insufficient for chromatin shearing to the 

required fragment size. With 15 minutes shearing, a left shifting of fragment size was shown 

in 0.8% and 1% FA (Figure 2.16b, middle and right panels) compared to 0.5% FA (Figure 

2.16b, left panel), with reduced proportion of large fragments. Therefore, we used 10 minutes 

crosslinking with 0.8% PA, and 18 minutes of sonication for chromatin shearing to generate 

the desired DNA fragment size for ChIP-Seq. Combined with an identical shearing buffer 

composition and sonication power, this greatly enhanced reproducibility across different input 

samples.  
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Figure 2.16. Optimization of formaldehyde concentration and chromatin shearing time for ChIP. Size 

distribution using different formaldehyde concentrations at 0.5%, 0.8% and 1% ( left to right panels) and 

chromatin sheared with 10 min (a) and 15 min (b), with the same time of 10 minutes crosslinking and 120 seconds 

sonication for nuclei isolation. DNA size distribution was analyzed using capillary electrophoresis and generated 

with Agilent expert 2100 software. The x-axis represents base pairs (bp), and the y-axis represents fluorescence 

units (FU). 

ChIP-Seq normalization with spike-in 

Normalization is a critical step that accounts for systematic biases and technical variability that 

can arise during sample preparation, sequencing, and data processing of ChIP-Seq (Angelini et 

al. 2015). One commonly used normalization method is reads per million mapped reads (RPM). 

This method normalizes the read counts by dividing the number of reads mapping to a specific 

genomic location with the total number of mapped reads in the sample, and then multiplying 

by a scaling factor of one million. This adjusts for differences in sequencing depth between 

samples. However, this normalization method assumes that the number of protein-DNA 

interactions is proportional to the total number of reads in the sample. If there are differences 

in the number of peaks between samples, this assumption may not hold true, leading to 

inaccurate normalization. Normalization can also be done using internal control regions, which 

involves using regions of the genome that are known to be devoid of protein-DNA interactions. 

However, although processed in the same manner as the ChIP-enriched DNA, the non-enriched 

DNA lack specific antibodies binding in the ChIP reaction, indicating that input DNA may not 

reflect the same chromatin structure as the ChIP-enriched DNA, thus cannot represent the 

binding proportionally.  

To circumvent these disadvantages, we opted for using spike-in normalization. For this, we 

added a small amount of Drosophila melanogaster chromatin and antibody at the same ratio in 

all chromatin samples from human cell lines at the beginning of the ChIP. Drosophila 

melanogaster chromatin is the most well-studied spike-in source for ChIP-Seq because of the 

high quality of its sequence assembly and the minimal overlapping of Drosophila genome to 

mouse and human genomes (~0.05%). This reduces cross-reactivity and background signals in 

downstream ChIP-Seq mapping (Orlando et al. 2014). Moreover, high-quality spike-in 

chromatin and antibodies of Drosophila are commercially available, eliminating the batch-to-

batch variations that can arise from culturing cells and cell number estimation (Orlando et al. 

2014). After library generation and sequencing, the reads are mapped to the human and 

Drosophila genomes, and the number of Drosophila-mapped reads can be used to correct for 
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technical variation and to identify global changes in protein-DNA interactions (Greulich et al. 

2021). Generally, a spike-in concentration of 0.5-5% of the total experimental chromatin input 

is recommended. We used a ratio of 0.5% in this work and it ensures the detectability of spike-

in in ChIP while maintaining a high signal-to-noise ratio. The resulting sequencing reads from 

spike-in were also sufficient for mapping and statistical analysis, while accounting for minimal 

proportion in the total sequencing reads.  

Antibodies for ChIP-Seq of endogenous Pol III 

For ChIP with RNA polymerase III (pol III), we tried various antibodies for different Pol III 

subunit proteins, including RPC4 (a gift from Nouria Hernandez), RPC7 (Santa Cruz, #21754) 

and RPC1 (Abcam; #ab96328). However, although some of the antibodies were validated by 

immunoblotting following immunoprecipitation and mass spectrometry, none of these 

antibodies gave specific ChIP-Seq signals, as shown by the random and even distribution of 

the example RPC4 ChIP-Seq reads in human genome, and detected peaks are not associated 

with annotated genes, similar to the input libraries without ChIP pull down (Figure 2.17a,b). 

This discrepancy of antibody efficacy could be derived from the difference of ChIP workflows 

used. In contrast to the non-specific signal from these antibodies in our workflow, the Pol III 

antibody we used for ChIP-Seq throughout this work (Cell signaling technology, #12825) 

recognizes the largest DNA-interacting Pol III subunit RPC1, and yields strong and specific 

ChIP-Seq signal at known Pol III target genes (Figure 2.17c). Our chromatin shearing and 

sequencing protocol also yielded exceptionally high resolution even at closely spaced tRNA 

genes (Figure 2.17d).  
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Figure 2.17. Endogenous Pol III ChIP-Seq optimization.  Example IGV views with (right) or without zooming 

(left) for ChIP-Seq or input libraries with nonspecific RPC7 (Santa Cruz, #21754; a,b) and specific RPC1 (Cell 

signaling technology, #12825; c,d) antibodies. The corresponding annotated coding genes and tRNA genes are 

shown overlapped. All ChIP-Seq libraries were prepared with the TECAN library preparation kit. 

Endogenous BRF1 ChIP-Seq optimization  

Despite the strong enrichment of RPC1 at tRNA genes, the same chromatin shearing and ChIP 

protocol didn’t yield specific peaks with a BRF1 antibody (Abcam, #ab264191). Since 

extended crosslinking could mask the target epitopes, or their integrity could be compromised 

by extensive sonication, we compared shorter crosslinking and chromatin shearing (5 minutes 

crosslinking and 9 minutes shearing versus 10 minutes crosslinking and 15 minutes shearing). 

All these variations still produce sheared fragments in the desired size range (100-1000 bp; 

Figure 2.18). Therefore, for BRF1 ChIP, we used 10 minutes crosslinking and 9 minutes 

chromatin shearing, which dramatically improved ChIP signal.  
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Figure 2.18. Optimization of crosslinking and chromatin shearing time for BRF1 ChIP. hiPSCs were 

crosslinked for 5min (left panels) and 10min (right panels), and sheared for 9min (top panels) and 15min (bottom 

panels), respectively. The size distribution of sheared chromatin fragments was analyzed using capillary 

electrophoresis and generated with 4200 TapeStation System. The x-axis represents base pairs (bp), and the y-

axis represents fluorescence units (FU).  

ChIP-Seq library construction optimization  

We tested two kits for ChIP-Seq library construction: Ovation® Ultralow V2 DNA-Seq Library 

Preparation Kit from TECAN (“TECAN”; Figure 2.19a) and NEB Ultra II DNA library prep 

kit (“NEB”; Figure 2.19b) using the same amount of starting material from either ChIP DNA 

(Figure 2.19a,b left panel) or input chromatin samples (Figure 2.19a,b right panel). The 

TECAN kit yielded libraries with a single peak for both ChIP DNA and input (Figure 2.19a), 

while the NEB kit gave an extra peak indicative of primer dimers (Figure 2.19b). In addition, 

the same starting amount of DNA produced higher library yields with the TECAN kit than the 

NEB kit (Figure 2.19). Therefore, we used the TECAN kit for constructing ChIP-Seq libraries 

throughout this work.  
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Figure 2.19. Comparison of TECAN and NEB library preparation kits. Size distribution of libraries using 

TECAN (a) and NEB (b) preparation kits. Same amount of material was used for library preparation, with either 

mouse RPC4 ChIP DNA (left) or human input (right). DNA size distribution was analyzed using capillary 

electrophoresis and generated with Agilent expert 2100 software. The x-axis represents base pairs (bp), and the 

y-axis represents fluorescence units (FU). 

2.4.2 Pol III occupancy at tRNA genes predicts mature tRNA levels in human 

cells 

We then performed ChIP-Seq for the Pol III catalytic core subunit RPC1 (Sepehri and 

Hernandez 1997) and the TFIIIB subunit BRF1, which recruits Pol III to tRNA genes. We 

performed 110-bp paired-end sequencing to maximize alignment accuracy due to the repetitive 

nature of tRNA genes. We found both RPC1 and BRF1 to be highly enriched at predicted tRNA 

genes (Figure 2.20a). As expected, BRF1 ChIP signal was absent from RNAU6-1, the 

spliceosomal snRNA gene that recruits Pol III through a BRF2-containing TFIIIB (Figure 

2.20b) (Schramm and Hernandez 2002). 
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Figure 2.20. RPC1 and BRF1 are specifically enriched at predicted tRNA genes. a, The ChIP-Seq signal for 

RPC1 and BRF1 at predicted tRNA genes (represented by blue tick marks) is shown at a genomic locus (indicated 

by a red line) on human chromosome 6. The data is representatively shown from one biological replicate of hiPSC 

and has been normalized for estimated library sizes based on counts over extended tRNA features (±125 bp). The 

ChIP signal is scaled to reads-per-million (rpm). The insets highlighted in blue shadow display enlarged regions 

focusing on closely spaced tRNA genes. b, Representative view of normalized ChIP-Seq enrichment of RPC1 

and BRF1 at the U6 RNA gene (RNU6-1) on human chromosome 15 from single biological replicate of hiPSC. 

The y-axis values represent the ChIP signal normalized and scaled similarly as in (a).  

Unlike Pol II, Pol III is generally not found in an arrested state, as its occupancy at tRNA genes 

strongly correlates with ongoing pre-tRNA transcription (Orioli et al. 2016). To test whether 

Pol III enrichment at tRNA genes is a good predictor for the levels of mature tRNAs in different 

cellular contexts, we determined the proportion of RPC1 ChIP-Seq reads at tRNA genes, and 

compared it to ttRNA transcript abundances measured by mim-tRNAseq. We obtained an 

almost perfect linear correlation between the strength of RPC1 ChIP-Seq signal and the levels 

of tRNA in all four cell types (R2=0.88 - 0.9, Figure 2.21). These data indicate that nearly all 

the variations in human mature tRNA levels can be explained by differences in Pol III 

occupancy, and post-transcriptional regulation has minimal impact on controlling individual 

tRNA levels in hiPSC and across their differentiation. 

 

Figure 2.21. RPC1 occupancy is highly correlated with tRNA levels in all cell types. The correlation between 

the mean tRNA abundance per deconvoluted transcript determined with mim-tRNAseq analysis (total of 373 
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unique transcripts) and the average reads of RPC1 ChIP-Seq aligned to tRNA features extended by ±125 bp in 

two biological replicates of hiPSC, NPC, neurons and CM. Measurements are scaled to the proportions of total 

tRNA-mapping reads for all datasets and methods. The solid blue lines represent the linear regression models, 

The shaded gray area indicates the 95% confidence interval (CI). The correlation coefficients are calculated using 

Pearson's correlation. 

2.4.3 Pol III binding is restricted to housekeeping tRNA genes during 

differentiation 

In order to gain insights into the changes of tRNA repertoires during differentiation, we 

determined RPC1 and BRF1 enrichment at predicted tRNA genes by peak calling. tRNA genes 

with ≥25% of multimapped reads were excluded from further analysis, which enabled us to 

analyze the occupancy of Pol III during differentiation across 558 out of the predicted 619 

human tRNA genes (90%) at single-gene resolution. With two biological replicates for each 

cell line, we then identified consensus peaks at the predicted tRNA genes by considering the 

overlap between peak sets in the ChIP-Seq libraries. We found a substantial overlap between 

ChIP-Seq peaks at tRNA genes for the same protein target RPC1 in biological replicates 

(Figure 2.22a). Moreover, consensus peaks for RPC1 and BRF1 almost completely overlap in 

the same cell line (Figure 2.22b), consistent with prior study suggesting that TFIIIB is 

necessary and sufficient for Pol III recruitment (Kassavetis et al. 1990). 

 

Figure 2.22. Highly reproducible ChIP-Seq data show RPC1 and BRF1 overlap at tRNA genes. a, The Venn 

diagram illustrating the overlap of tRNA peaks in the two replicates of RPC1 ChIP-Seq datasets. The shared peaks 

indicate the number of consensus peaks in each cell type. b, The Venn diagram displaying the overlap of tRNA 

peaks between two replicates of RPC1 and BRF1 ChIP-Seq consensus peak sets for each cell type. 

We found that RPC1 accumulates in the vicinity of the transcription start sites (TSS) for a 

subset of predicted tRNA genes (Figure 2.23a). Moreover, we found a remarkable decrease of 

Pol III peak numbers at tRNA genes during differentiation. Based on this, we categorized tRNA 
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genes into three distinct classes. We defined the first class of tRNA genes (n=205) as 

"housekeeping", as they exhibited Pol III occupancy in all cell populations. Transcripts 

encoded by this set of genes correspond to the same 47 tRNA anticodon families that exhibited 

measurable expression with mim-tRNAseq (Table S2). When examining the isodecoder level, 

these housekeeping tRNA genes comprised 70% of the major isodecoders in hiPSC, and in 

neurons, they constituted 94% (Figure 2.23b). The second set consisted of tRNA genes (n=159) 

that did not display Pol III binding across any cell type, and we referred to them as "inactive". 

The third set (n=194) comprised tRNA genes where a notable RPC1 ChIP peak observed in 

hiPSC that was absent in one or more differentiated cell types. These genes were labeled as 

"repressed" (Figure 2.23a).  
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Figure 2.23. RPC1 ChIP-Seq reveals Pol III restriction at housekeeping tRNA genes which constitute major 

isodecoders during differentiation. a, The RPC1 ChIP-Seq heatmaps showing normalized signal surrounding 

the start sites of tRNA genes (±1 Kbp) in each cell type with single replicate. The tRNA genes are categorized as 

housekeeping, repressed, or inactive based on significant peaks in the RPC1 ChIP-Seq data (FDR ≤0.05). tRNA 

genes are sorted in descending order within each group according to the mean value for the respective region 

across all cell lines. b, Venn diagrams illustrating the overlap between the housekeeping tRNA gene sets 

determined by consensus RPC1 tRNA peaks in all four cell lines, and the major isodecoders comprising 90% of 

the anticodon pools measured with mim-tRNAseq data in hiPSC, NPC, neurons and CM. Housekeeping tRNA 

genes were consolidated based on identical transcripts to facilitate alignment with data for major isodecoders at 

transcript-level. 

We observed the largest number of RPC1 peaks overlapping with tRNA genes in hiPSC 

(n=397), whereas subsets of these peaks are present in differentiated cells (Figure 2.24a). We 

did not identify any tRNA genes that gained extra RPC1 ChIP peaks in CM. However, from 

NPC and neurons, each peak set contained an additional gene with one peak that was not 

detected in all the other cell types (Figure 2.24a). Consistently, no mature tRNA transcripts 

were found to be absent in hiPSC (<0.005% of tRNA-mapped reads) but present in any of the 

differentiated cell types. 

 

Figure 2.24. Comparison of RPC1 ChIP-Seq peaks at tRNA genes among datasets. UpSet plots of (a) the 

number of significant consensus RPC1 peaks located within 125 bp for annotated tRNA genes in each cell type 

(FDR ≤ 0.05), with the green set representing housekeeping tRNAs and the blue set representing hiPSC-specific 

tRNAs; (b) the significant consensus RPC1 peaks of annotated tRNA genes (located within 125 bp) from two 

replicates in each cell type (FDR ≤ 0.05); and (c) the numbers of tRNA genes in three tRNA activity groups and 

the active tRNA genes predicted in (Thornlow et al. 2020). Bar plots on the lower left shows the total count 

number of detected consensus tRNA peaks per cell type/group/publication. Bar plots on the right depict the size 

of consensus peaks (upper) for specific intersection sets (lower).  

To rule out cell line-specific effects, we conducted RPC1 ChIP-Seq in two additional human 

cell lines. Out of the 397 RPC1 tRNA peaks identified in the kucg-2 hiPSC line, 362 were 

observed in another reference hiPSC line, wijb-2, and also in HEK293T cells (Figure 2.24b). 
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In the RPC1 ChIP-Seq datasets obtained from kucg-2 and wibj-2 hiPSC, we identified 24 tRNA 

peaks that were not detected in HEK293T cells. Conversely, only 10 tRNA genes met the peak 

calling threshold in wibj-2 hiPSC or HEK293T but not in the kucg-2 hiPSC line (Figure 2.24b). 

Around one third of all predicted tRNA genes are therefore not occupied by Pol III in two 

distinct hiPSC lines or the immortalized HEK293T cell line. Notably, 97% of the housekeeping 

tRNA genes (199 out of 205) were suggested to be active based on predictions with a random 

forest classifier that determines the gene activity by training on gene body sequence and 

genomic context of tRNA genes (Thornlow et al. 2020) (Figure 2.24c). However, nearly half 

of the tRNA genes detected with Pol III binding in hiPSC and were repressed upon 

differentiation were not predicted to be active with this method, emphasizing the limitations of 

relying solely on computational methods to define tRNA gene expression. 

We reasoned that during differentiation, changes in Pol III occupancy at tRNA genes can occur 

both in a gene-specific manner and at a global level. Due to the limitations of standard ChIP-

Seq workflows in capturing global changes, we employed DiffBind analysis to assess 

differential occupancy of RPC1 at tRNA genes after spike-in normalization (Ross-Innes et al. 

2012). This analysis discovered that a considerable number of tRNA genes exhibited a 

significant reduction of Pol III occupancy in differentiated cells compared to hiPSC. More 

specifically, Pol III enrichment decreased at 197 genes in CM, 397 genes in NPC, and 403 

genes in neurons, respectively (FDR ≤ 0.05; Figure 2.25a; Table S6-8). The most prominent 

effect size was observed in genes with relatively low to medium RPC1 enrichment, which 

mirrored the substantial decrease in the tRNA transcripts with low abundance in differentiated 

cells (Figure 2.6b). This reduction is not attributed to an overall reduction in Pol III abundance, 

as the levels of its core subunits RPC1 and RPC2 were stable in hiPSC and NPC, with only a 

modest decrease observed in neurons and CM (Figure 2.25b). In CM, RPC1 enrichment was 

found to be increased at 117 tRNA genes that exhibited mid- to high-occupancy, mainly by a 

small magnitude (less than three-fold). In contrast, there were only two tRNA genes that show 

significantly higher occupancy in neurons when compared to hiPSC. One of these genes did 

not pass the peak calling threshold due to low read counts, and the other gene, tRNA-Arg-TCT-

4-1, encodes the neuron-specific isodecoder tRNA-Arg-UCU-4 (Ishimura et al. 2014) (Figure 

2.5, Table S7). Taken together, these data suggest that differentiation is accompanied by a 

general decrease of Pol III occupancy at tRNA genes, primarily affecting the genes with lower 

occupancy.  
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Figure 2.25. Global RPC1 occupancy is reduced 

at the tRNA genes upon differentiation. a, The 

MA plots generated with DiffBind depicting the log2 

fold-change in RPC1 occupancy against the spike-in 

normalized RPC1 ChIP-Seq read counts over tRNA 

features (±125bp) from two biological replicates of 

CM, NPC and neurons relative to hiPSC (from top to 

bottom). Occupancies that are significantly higher 

and lower (FDR ≤ 0.05) are highlighted in green and 

purple, respectively. b, Immunoblot analysis for 

RPC1 and RPC2 proteins in three biological 

replicates of hiPSC, NPC, neurons, and CM.  

 

 

 

 

 

2.4.4 Optimization of the ATAC-Seq experimental workflow 

We then asked whether chromatin states correlate with the Pol III activity loss at specific tRNA 

genes upon differentiation. For this, we wanted to analyze chromatin accessibility the Assay 

for Transposase-Accessible Chromatin using sequencing (ATAC-Seq) (Buenrostro et al. 2013). 

In this assay, the insertion of sequencing adapters into open chromatin regions by the Tn5 

transposase enzyme generates DNA fragments that can be sequenced to identify accessible 

regions. We found that the widely used Illumina TDE1 enzyme efficiently tagmented 

chromatin in hiPSC when using directly upon arrival, generating clear nucleosome patterns 

with the majority enriched in the regions of nucleosome-free, one and two nucleosomes 

(“early”; (Figure 2.26a, left panel). However, digestion with the same batch of enzyme after 

storage (-25°C to -15°C without aliquoting, according to manufacturer’s instructions) led to 

very poor transposition, as shown by the exceptional high signal corresponding to multiple 

nucleosomes (“late”; Figure 2.26a, right panel). By contrast, the ATAC-Seq kit from Active 
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Motif consistently produced libraries with clear nucleosomal patterns in both hiPSC and 

differentiated cells such as neurons, without yielding fragments > 1000bp, irrespective of the 

reaction time (Figure 2.26b). Therefore, we opted for the Active Motif ATAC-Seq kit for 

generating libraries from all cell lines, and obtained comprehensive genome-wide profiles of 

nucleosome-free regions (NFRs) and chromatin accessibility at high resolution. The ATAC-

Seq signals generally overlap with RPC1 ChIP-Seq signals at tRNA genes, and simultaneously 

disappear with RPC1 signals at selected loci upon differentiation (Figure 2.26c).  

 

Figure 2.26. Active Motif ATAC-Seq kit generates genome-wide profiles of nucleosome-free regions (NFRs) 

and chromatin accessibility at high resolution. a-b, Size distribution of ATAC-Seq libraries prepared with 

Illumina Tn5 transpose for hiPSC directly upon arrival (a, left) or after storage (a, right), and Active Motif kit for 
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hiPSC and neurons (b). DNA size distribution was analyzed using capillary electrophoresis and generated with 

Agilent expert 2100 software. The x-axis represents base pairs (bp), and the y-axis represents fluorescence units 

(FU). c,The ATAC-Seq signal (shaded blue squares) is depicted below the corresponding RPC1 ChIP-Seq signals 

(normalized and scaled to rpm) at genomic regions (indicated by a red line) on human chromosome 6 including 

predicted tRNA genes (represented by blue tick marks) from one biological replicate of hiPSC, NPC, neurons and 

CM.  

2.4.5 Remodeling of chromatin at tRNA genes during differentiation 

Due to the previously reported co-localization of Pol II-associated histone marks with active 

tRNA genes (Moqtaderi et al. 2010b; Barski et al. 2010a; Van Bortle, Phanstiel, and Snyder 

2017), we performed ChIP-Seq in hiPSC, NPC, neurons and CM for H3K4me3, which is 

positioned adjacent to the transcription start sites (TSS) of actively transcribed Pol II genes 

(Barski et al. 2007). We also profiled H3K27me3, which serves as a marker for Pol II genes 

that are repressed under specific cellular states (Bernstein et al. 2006). We observed a 

significant correlation between the presence of H3K4me3 and RPC1 enrichment at tRNA genes, 

consistent with previous studies in transformed human cell lines (Barski et al. 2010b; 

Moqtaderi et al. 2010b). The NFR (Nucleosome-Free Region) signal obtained from ATAC-

Seq also coincided with tRNA genes bound by RPC1 (Figure 2.27a), but these measurements 

demonstrated lower predictive accuracy for mature tRNA levels compared to RPC1 ChIP 

occupancy, especially in differentiated cells (R2 of 0.56 for NFR ATAC-Seq in neurons versus 

0.9 for RPC1 ChIP-Seq, Figure 2.21 and 2.27b). Upon differentiation, the selective loss of 

RPC1 at repressed tRNA loci was accompanied by the loss of H3K4me3 and NFR ChIP signal, 

and the acquisition of H3K27me3, suggesting the occurrence of chromatin condensation and 

the establishment of facultative heterochromatin. In contrast, permanently inactive tRNA genes 

were within closed chromatin regions that lacked the presence of both H3K4me3 and 

H3K27me3 marks (Figure 2.27a).  
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Figure 2.27. Pol III occupancy at tRNA genes is coupled with chromatin status. a, Heatmaps and metagene 

profile plots displaying the ChIP-Seq occupancy signal for RPC1, H3K4me3, nucleosome-free regions (NFR) 

obtained from ATAC-Seq data and H3K27me3 surrounding tRNA gene start sites (±1 Kbp) from for single 

biological replicate of CM, hiPSC, NPC and neurons, The tRNA genes are categorized based on tRNA activity. 

The signal is normalized for estimated library sizes based on counts over extended tRNA features (±125 bp) and 

is scaled to reads-per-million (rpm). The tRNA genes (n=558) were categorized into housekeeping, repressed, and 

inactive according to significant RPC1 ChIP-Seq peaks (FDR ≤ 0.05), and were arranged in a descending order 

based on the mean value per region. b, The correlation (depicted as Pearson's correlation coefficients) between 

the tRNA abundance per transcript (n=373) measured by mim-tRNAseq and the mean ATAC-Seq NFR read 

counts aligned to extended tRNA features (±125 bp) in two biological replicates of each cell type. Both values are 

scaled proportionally to the total number of tRNA-mapped reads. The solid blue lines represent the linear 

regression models. The shaded gray area indicates 95% confidence interval (CI). 

Most human tRNA genes are found in multiple clusters on six different chromosomes, and 

almost half localize on chromosomes 1 and 6. The clusters typically contain multiple copies of 

the same tRNA gene or related tRNA genes with slight sequence variations, which has been 

suggested to allow for the coordinated expression and regulation of the tRNA genes, as well as 

efficient processing of precursor tRNA transcripts into mature tRNAs (Bermudez-Santana et 

al. 2010; Pai and Engelke 2010). Given this non-random clustering and the association of 
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H3K4me3 with Pol II activity, we wondered whether the presence of neighboring tRNA or Pol 

II genes affects RPC1 occupancy. Approximately 80% of housekeeping (166/204) and 

repressed (151/194) tRNA genes were found to be located near other active tRNA genes based 

on the presence of RPC1 ChIP peaks, with median distances of 0.96 Kbp and 3.69 Kbp, 

respectively (Figure 2.28a). The close spatial arrangement of active tRNA genes may facilitate 

the formation of transcription "factories" where active Pol III molecules are concentrated, as 

revealed in HeLa cells, which enables the efficient Pol III recycling during transcription 

processes (Pombo et al. 1999). By contrast, inactive tRNAs tended to be located at greater 

distances from their nearest tRNA neighbors (median distance of 380.5 kbp), and also showed 

no preference for clustering with other active or inactive tRNAs (Figure 2.28b).  
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Figure 2.28. Pol III occupancy at tRNA genes is related to activity of nearby tRNA genes but not Pol II 

genes. a, Boxplot illustrating the distribution of distances (represented as log10) between tRNA genes in distinct 

activity classes and their closest neighboring tRNA gene. The data is divided into groups based on whether the 

closest neighboring tRNA gene aligns with a RPC1 ChIP-Seq peak from two biological replicates of one or more 

cell types. The numbers represent the sample size in each respective group. b, Boxplot illustrating the distribution 

for mean counts of RPC1 ChIP-Seq reads mapped to extended tRNA features (±125 bp) based on the distance 

between tRNA genes with different activities and their closest neighboring coding gene. The data is categorized 

based on tRNA activity and whether the closest coding gene is predicted active by the presence of ATAC-Seq 

NFR peaks and upstream H3K4me3. Single replicate was included for H3K4me3 in NPC. Two biological 

replicates were used for all other cell types. a-b, The center line and label represent the median. The box limits 

indicate the upper and lower quartiles. The whiskers extend to 1.5x the interquartile range. 

To determine the potential influence of nearby Pol II transcription on the activity of tRNA 

genes, we evaluated RPC1 occupancy at tRNA genes based on their proximity to the nearest 

coding genes. Potentially active coding genes were defined by the presence of upstream 

H3K4me3 and NFR peaks in our H3K4me3 ChIP-Seq and ATAC-Seq datasets. Despite half 

of the tRNA genes with gene-specific RPC1 ChIP data being either intragenic (234 out of 558, 

42%) or near the coding genes (≤500 bp; 44 out of 558, 8%), the linear distance of these tRNAs 

to active or inactive Pol II genes did not show any association with RPC1 occupancy (Figure 

2.28b). Therefore, while active human tRNA genes often localize in close proximity to one 

another, Pol III occupancy strengths are not globally associated with nearby Pol II gene activity. 

2.5 tRNA gene body and upstream sequences regulate differential 

Pol III recruitment 

2.5.1 tRNAScan-SE scores alone are not sufficient to predict tRNA gene 

transcription 

We next investigated whether sequence-dependent regulatory mechanisms drive the selective 

expression of tRNA genes we observed during differentiation. To this end, we first assessed 

the correlation between RPC1 occupancy and the overall bit scores from tRNAScan-SE, the 

most widely used tRNA gene prediction tool (Chan et al. 2021). The bit score is calculated 

based on the sequence and secondary structure of the predicted tRNA gene, and it reflects how 

well the predicted gene matches the known characteristics of tRNA genes. Higher bit scores 

reflect a greater degree of conservation in consensus tRNA features, including congruence 

between the anticodon and isotype, matching of A- and B-box consensus sequences, and 
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preservation of secondary structures, and thereby a higher confidence in the prediction. All 

housekeeping tRNA genes surpassed the 55 bit-score threshold suggested to distinguish 

functional tRNA genes from pseudogenes. By contrast, out of the 159 inactive genes, 131 (82%) 

had bit scores that fell below this threshold (Figure 2.29). However, 45 tRNA genes with 

detectable RPC1 occupancy in hiPSC fell below the 55-bit threshold and conversely, at 28 loci 

with bit scores exceeding 55, we did not detect any noticeable RPC1 peaks (Figure 2.29a). 

Therefore, the tRNAScan-SE score alone does not accurately predict the potential for tRNA 

gene expression in different human cell types (Thornlow et al. 2020). 

 

Figure 2.29. tRNAScan-SE alone is not sufficient to predict tRNA gene transcription. a, The correlation 

between mean RPC1 enrichment at tRNA genes and predicted tRNAScan-SE scores, categorized by tRNA gene 

activity in two biological replicates of hiPSC and neurons. Dashed black horizontal and vertical lines represent 

the median RPC1 occupancy and tRNAScan-SE scores for each cell line and gene group, respectively. Solid blue 

lines represent the 55-bit score threshold employed for the prediction of functional tRNAs. b, The violin plot 

displaying the distribution of tRNAScan-SE scores for tRNA genes (n = 558) categorized by tRNA activity. The 

center line represents the median value. 

2.5.2 A- and B-box sequences within tRNA gene body are linked to Pol III 

occupancy  

To quantify the impact of the known intragenic promoters A- and B-boxes on differential RPC1 

occupancy at tRNA genes, we compared sequence logos of the promoters, segregating them 

by tRNA activity status - housekeeping, repressed and active, based on RPC1 ChIP-Seq 

datasets (Figure 2.30a). Consistent with previous analyses in mouse liver (Canella et al. 2012), 

we observed high sequence similarity among the three tRNA gene groups, with only minor 

variations in the internal promoter sequences. Compared to repressed or inactive genes, 

housekeeping tRNA genes exhibited lower levels of variation at A-box positions 3 and 7, as 
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well as positions 4, 5, and 7 in B-box. To quantify this, a consensus sequence, which represents 

the most commonly occurring nucleotide sequence pattern at these two promoters, was then 

defined for each promoter with the online prediction tool MEME (Bailey et al. 2009), based on 

all 619 predicted tRNAs in the hg38 genome from GtRNAdb (Chan and Lowe 2009) (Figure 

2.30b). We then quantified the occurrence of each predicted consensus pattern in tRNA gene 

sequences. This analysis unveiled a significantly higher density of both A-box and B-box 

consensus sequences in housekeeping tRNAs compared to repressed and inactive tRNA genes 

(Figure 2.30c). These findings indicate that subtle differences in A- and B-box promoters can 

contribute to the variation in Pol III occupancy of tRNA genes across different human cell 

types.  

 

Figure 2.30. A- and B-box sequences contribute to differential Pol III recruitment. a, The sequence logos 

depicting the promoter sequences of A- and B-boxes from aligned mature hg38 tRNA, categorized by tRNA 

activity. b, MEME analysis prediction of human A- and B-box consensus sequences throughout the entire hg38 

tRNA gene set consisting of 619 genes. c, Violin plots displaying the maximum density distribution of A- and B-

box motifs for tRNA genes (a total of 558 genes) categorized by tRNA activity. The center line represents the 
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median. The color of the dots differentiates tRNAs based on whether the tRNAScan-SE score exceeds the 

threshold for predicting functionality. P-values were calculated with the Kruskal-Wallis test by rank. 

To experimentally validate the importance of tRNA gene body sequences for expression, we 

chose to genetically modify the hiPSC cell line by replacing the tRNA-Pro-TGG-2-1 gene on 

chromosome 11 with the tRNA-Pro-TGG-1-1 gene sequence. These two genes differ only by 

three nucleotides, one of which resides in the A-box (Figure 2.32a). Genome editing was 

enabled by the CRISPR/Cas9 technology, which is based on the naturally occurring clustered 

regularly interspaced short palindromic repeats (CRISPR) RNA system in Streptococcus 

pyogenes. CRISPR/Cas9 depends on the nuclease activity of the Cas9 protein together with its 

associated guide RNAs (gRNAs), which specifically binds to the target genomic location 

directly upstream of a protospacer adjacent motif (PAM) sequence of “NGG”. DNA cleavage 

then generates double-strand DNA breaks, which activate endogenous DNA repair pathways. 

Precise genome editing can be achieved with homology-directed repair (HDR) when supplying 

cells with a repair DNA template (Figure 2.31).  

 Figure 2.31. Schematic representation of 

genome editing with Alt-R CRISPR-Cas9. 

Specific sgRNA containing crRNA and tracrRNA 

forms a ribonucleoprotein (RNP) complex with 

Cas9 endonuclease and generates double-stranded 

breaks at genomic DNA. The cleavage is then 

repaired by homology-directed recombination 

(HDR) with oligodeoxynucleotides (ssODN), 

resulting in a modified sequence.  

 

The Alt-R CRISPR-Cas9 System is more efficient than plasmid-based CRISPR-Cas9 as it 

exhibits enhanced genome editing potency, low off-target effects and low toxicity. With Alt-

R, research-optimized CRISPR RNA (crRNA) that is complementary to the target sequence is 

annealed with the uniform transactivating crRNAs (tracrRNAs) that stabilize and guide the 

crRNA. This annealed oligo is mixed with the Alt-R HiFi Cas9 nuclease to form 

ribonucleoprotein (RNP) complex, which is then delivered to the cells by nucleofection, 

together with a short single-stranded oligodeoxynucleotides (ssODNs, 75-100 nt) harboring the 

desired mutations within the sequence homologous to the target sequence that serves as 

template for HDR (Figure 2.31). ssODNs were designed from both sense and antisense strands 

to increase the chances of finding a complementary strand. The nucleofected single cells were 
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maintained until colonies were ready to be picked. Single colonies were then picked for further 

culturing and evaluation of mutations by PCR on the genomic DNA. For this, screening primer 

pairs include one primer annealing to the expected mutation sequence, and another binding the 

intact regions outside the mutation site (Table 4.4). Heterozygous clones were further ruled 

out by PCR amplifying with one primer binding outside of the mutation site and one binding 

to the target sequence region, which gives a PCR product with at least one of the alleles 

unmutated. Potential homozygous clones were validated by Sanger sequencing on the PCR 

products. The homozygous hiPSC colonies with the desired mutations were preserved and 

differentiated to NPC harboring the edits, followed by further culturing for 8 passages.  

ChIP-Seq analysis of CRISPR edited hiPSC and the corresponding derived NPC demonstrated 

a significant decrease in RPC1 occupancy at the edited tRNA-Pro-TGG-2-1 genomic locus in 

hiPSC and NPC. By contrast, the strength of ChIP occupancy at the adjacent non-edited tRNA-

Pro-AGG-2-4, which is also upregulated during differentiation, was similiar in both the wild-

type and edited hiPSC and NPC samples. The signal at the unedited tRNA-Pro-TGG-1-1 also 

remained unchanged (Figure 2.32b). These data confirm the importance of tRNA gene body 

sequences for Pol III occupancy. 

 

Figure 2.32. CRISPR editing validates the importance of the tRNA gene body sequence for Pol III 

recruitment. a, Schematic illustration of CRISPR-Cas9 editing to substitute the gene body sequence of tRNA-

Pro-TGG-2-1 with tRNA-Pro-TGG-1-1, which exhibits a difference of three nucleotides represented by vertical 

orange lines. b, The RPC1 enrichment at tRNA-Pro-TGG-2-1 locus of wild-type ("WT") and CRISPR-edited 

("Edit") in two biological replicates of hiPSC and NPC. Bars represent the median. The RPC1 signal of the 

neighboring tRNA-Pro-AGG-2-4 gene (from chromosome 11) and the unedited tRNA-Pro-TGG-1-1 (from 

chromosome 14) are presented for comparison. 
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2.5.3 5’ flanking regions contribute to differential Pol III occupancy at 

tRNA genes   

A modest increase in RPC1 occupancy was still detected at the edited tRNA-Pro-TGG-2-1 

locus in NPC compared to hiPSC (Figure 2.32b), suggesting that tRNA gene body sequences 

are not the exclusive factor influencing transcriptional activity. Indeed, we found numerous 

instances where identical tRNA genes with distinct flanking sequences exhibited selective 

occupancy by Pol III during differentiation, which are categorized into different activity classes. 

For example, while all the 5 gene copies of Tyr-GTA-5 share the same sequence, their Pol III 

occupancies are highly variable within cells and among cell types (Figure 2.33). We reasoned 

that differences in upstream 5’ flanking sequence might account for differential RPC1 

recruitment to tRNA genes by TFIIIB.  

 

Figure 2.33. RPC1 occupancy at identical tRNA bodies varies 

dramatically among different cell types. The mean RPC1 ChIP-Seq 

reads mapped to extended tRNA features (±125 bp) for five tRNA-Tyr-

GTA-5 isodecoders in all cell types. The sequences of all tRNA-Tyr-GTA-

5 genes are identical. The color bars below the gene names indicate tRNA 

activity class, with green representing housekeeping, orange for repressed 

and purple for inactive. Bars indicate the mean values from two biological 

replicates. Dots represent values for individual samples. 

 

 

 

 

 

Due to the variability in the distance at which transcription initiates from tRNA gene TSS, 

traditional position weight matrix models like MEME are inappropriate for accurately 

identifying overrepresented sequence motifs associated with TSS. Deep convolutional neural 

networks (CNNs) can predict the sequence preferences and specificity of DNA-binding factors 

using the genome wide binding sites data from ChIP-Seq as an input for training the model. It 

has been used to predict the sequence preferences of a wide range of DNA-binding factors, 
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including transcription factors, chromatin regulators, and epigenetic marks. Novel DNA-

binding motifs can also be identified. To predict BRF1 binding directly from sequences 

upstream of tRNA genes, we developed a CNN called tRNet by modifying the Binding and 

Expression Prediction Network (BPNet) architecture (Avsec et al. 2021), which models and 

predicts TF binding and gene expression from DNA sequence data (Figure 2.34). For this, 

tRNet was built with an initial convolutional layer with filter width of 20 bp to learn local 

sequence motifs. An additional eight convolutional layers with filter width of 10 bp combining 

residual skip connections and exponential dilation in every layer allowed for progressively 

more complex sequence features and motifs in a ~250 bp receptive field to be learned. Max 

pooling and two fully-connected layers combine learned sequence features for the separate 

prediction of tRNA activity status (Figure 2.34).  

 

Figure 2.34. Schematic representation of tRNet architecture and training. 

Next, we trained tRNet with the 200-bp sequence upstream of tRNA genes, incorporating their 

respective activity status (housekeeping, repressed or inactive) based on the BRF1 ChIP-Seq 

enrichment. Upon evaluation using 5-fold cross-validation, tRNet exhibited excellent accuracy 

in predicting tRNA activity, achieving a high level of precision ranging from 75% to 78% 

across all folds. The evaluation of tRNet using the area under the receiver operating 
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characteristic curve (AUROC) demonstrated its ability to effectively differentiate genes with 

different activity classes. Specifically, tRNet confidently distinguished housekeeping (AUROC 

= 0.91) and inactive (AUROC = 0.92) genes from other classes. However, the classification of 

repressed tRNAs based on the BRF1 upstream sequence alone was relatively more challenging 

(AUROC = 0.81) (Figure 2.35a).  

 

Figure 2.35. tRNet identified upstream GC and polyA sequences contributing to Pol III occupancy. a, The 

receiver operating characteristic (ROC) curve illustrating the performance of tRNet for the test data in each task. 

The curves for each task were generated with the One vs Rest macro-average scores. b-c, The top three sequence 

motif patterns generated by TF-Modisco for prediction in the housekeeping tRNA task (b) and inactive tRNA task 

(c). The number of seqlets contributing to each motif pattern is shown. 

We found that the predictive capability of tRNet for housekeeping tRNAs is primarily driven 

by the presence of GC-rich and polyA stretches in the BRF1 upstream regions using TF-

Modisco (Figure 2.35b), which detects sequence motifs and their associated cis-regulatory 

elements (CREs) through learning a set of motif grammars that best explain the variation in the 

activity scores across the BRF1 ChIP-Seq sequences (Figure 2.34). In line with this, 

predictions for tRNA gene activity based on chromatin states identified a potential role of GC 

content near tRNA loci (Thornlow et al. 2020), whereas a polyA stretch potentially enhances 

TFIIIB recruitment with the TATA-box binding protein (TBP) subunit. In contrast, the regions 

upstream of inactive tRNA genes exhibited significant enrichment of polyT stretches (Figure 

2.35c). polyT stretches also serve as Pol III termination signals and impede tRNA transcription 

in vitro (Girbig et al. 2022). To test if tRNA upstream sequences can alter Pol III binding, we 

used CRISPR-Cas9 to insert the 100-bp sequence upstream of tRNA-Pro-TGG-1-1 to the 

region directly preceding tRNA-Pro-TGG-2-1 in hiPSC (Figure 2.36a). This editing decreased 

the GC content of the tRNA-Pro-TGG-2-1 upstream region from 60% (GC content for 100bp 

sequence upstream of tRNA-Pro-TGG-2-1) to 30% (GC content for 100bp sequence upstream 

of tRNA-Pro-TGG-1-1). Accordingly, this editing reproducibly reduced the RPC1 ChIP 
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occupancy at tRNA-Pro-TGG-2-1 in NPC carrying this edit, while not affecting the signal of 

ChIP occupancy at the adjacent non-edited tRNA-Pro-AGG-2-4 or the unedited tRNA-Pro-

TGG-1-1 (Figure 2.36b). These experimental results corroborate the predictions from tRNet. 

Taken together, our data indicate that the combination of intragenic and upstream sequence 

features plays a crucial role in determining Pol III occupancy at human tRNA genes.  

 

Figure 2.36. CRISPR editing verified upstream sequence modifies Pol III transcription. a, The schematic 

illustration showing CRISPR-Cas9 genome editing to introduce 100-bp sequence upstream of tRNA-Pro-TGG-1-

1 gene to upstream of tRNA-Pro-TGG-2-1 gene. b, The RPC1 enrichment at tRNA-Pro-TGG-2-1 locus of wild-

type ("WT") and CRISPR-edited ("Edit") in two biological replicates of hiPSC and NPC. Bars represent the 

median. The RPC1 signal of the neighboring tRNA-Pro-AGG-2-4 gene (from chromosome 11) and the unedited 

tRNA-Pro-TGG-1-1 (from chromosome 14) are presented for comparison. 

2.5.4 The expression of tRNA-Arg-TCT-4-1 mirrors that of its neighbouring 

CADM3 gene in neurons 

We next investigated the mechanism underlying the specific upregulation of tRNA-Arg-TCT-

4-1 in neurons, which stood out as a rare instance of pronounced selectivity despite the marked 

reduction of RPC1 enrichment at all other tRNA genes (Figure 2.25a). tRNA-Arg-TCT-4-1 

was categorized as a housekeeping gene given that a substantial RPC1 peak is consistently 

present in consensus sets across all cell types, suggesting that it is not inactive in non-neuronal 

cells. Its A-box and B-box sequences are also the same as tRNA-Arg-TCT-1-1, tRNA-Arg-TCT-

3-1 and tRNA-Arg-TCT-3-2. We therefore asked whether the genomic context contributes to 

its enhanced expression in neurons. The tRNA-Arg-TCT-4-1 locus is notably distant from other 

human tRNA genes at a distance of more than 2.25 Mbp, whereas there are two coding genes 

in its vicinity: AIM2 (TSS 9.4 kbp distance) and CADM3 (TSS 30 kbp away). While AIM2 

shows expression in B cells and plasma cells, CADM3 (Cell Adhesion Molecule 3) expression 
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is remarkably high in neuronal cells within the brain and eye (Human Protein Atlas 

proteinatlas.org) (Karlsson et al. 2021), facilitating the formation and maintenance of synapses 

and the proper function of retinal pigment epithelium (RPE). Moreover, CADM3 and tRNA-

Arg-TCT-4-1 consistently colocalize in the genome of various vertebrate species. We found a 

remarkable correspondence between the mRNA levels of the well conserved CADM3 and the 

observed expression pattern of tRNA-Arg-TCT-4-1 by mim-tRNAseq during hiPSC 

differentiation, both of which were specifically upregulated in neurons (Figure 2.37).  

 

Figure 2.37. CADM3 is specifically expressed in neurons. Transcript abundances are represented as TPM 

(transcripts per million) values calculated using RSEM. The line represents the mean abundance from two 

biological replicates. The dots indicate individual sample values. 

We therefore wonder whether tRNA-Arg-TCT-4-1 gene overlaps with a distally located cis-

regulatory sequence element of CADM3. Enhancers are specific DNA sequences that play a 

crucial role in driving cell type- and tissue- specific gene expression and undergo Pol II 

transcription upon activation. These elements, which are evolutionarily conserved, are 

positioned between 5 Kbp and 1 Mbp away from the Pol II promoters they control (Panigrahi 

and O’Malley 2021; Heinz et al. 2015). In contrast, tRNA loci exhibit high mutation rates, with 

the gene body but not flanking regions subject to purifying selection (Thornlow et al. 2018). 

The location of tRNA genes is also prone to rapid turnover and the majority of tRNA genes 

exhibit divergent genomic positions, while only very few tRNA genes, such as tRNA-Arg-TCT-

4-1, maintain conserved synteny between mice and humans (Bermudez-Santana et al. 2010; 

Kutter et al. 2011b). Alignment of the tRNA-Arg-TCT-4-1 locus in mice and humans 

demonstrated a remarkable conservation not only in the tRNA gene body sequence, but also in 

the 140 bp upstream region, with a sequence identity of 99% (Figure 2.38a).  
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Figure 2.38. The tRNA-Arg-TCT-4-1 gene overlaps with a predicted enhancer of CADM3. a, Pairwise 

sequence alignment for tRNA-Arg-TCT-4-1 loci from the human (hg38) and mouse (mm39), encompassing 200 

bp upstream of the tRNA gene start site and 150 bp downstream. The tRNA-Arg-TCT-4-1 gene sequences are 

highlighted in blue. The bold black region represents approximately 140 bp of upstream sequences with nearly 

identical sequence composition. b, Representative normalized ChIP-Seq occupancy of RPC1 and H3K4me3, and 

RNA-Seq peaks around tRNA-Arg-TCT-4-1 and CADM3 genes on chromosome 1 from single replicate of hiPSC, 

NPC, and neurons. Values in y-axis represent the genome-wide signal normalized with library sizes estimated 

with read counts at extended tRNA features (±125 bp). The values are scaled to reads-per-million (rpm). Coding 

genes, annotated tRNA genes, and enhancers sourced from the GeneHancer database are shown. 

In the GeneHancer database, we discovered the presence of an enhancer that overlaps with the 

human tRNA-Arg-TCT-4-1 gene, annotated by FANTOM5 CAGE data. The enhancer is 

specifically transcribed in neurons in vivo, with CADM3 identified as one of its potential target 

genes (Andersson et al. 2014; Fishilevich et al. 2017) (Figure 2.38b). Overall, we found 55 

annotated enhancers overlapping with predicted human tRNA genes, although only 27 of these 

enhancers demonstrate in vivo transcriptional activity according to FANTOM5 CAGE data. 

Remarkably, 37 of these (67%) are housekeeping tRNA genes, and only 4 (7%) are inactive 

tRNA genes based on the lack of RPC1 peaks in our ChIP-Seq datasets. 

Consistent with the regulatory role of enhancers, very low levels of CADM3 mRNA expression 

were detected in RNA-Seq datasets of hiPSC and NPC, despite the presence of a strong 

H3K4me3 ChIP signal at the TSS of the CADM3 gene (Figure 2.37, 38b). We deduced that 

this could be attributed to the Pol II pausing at the CADM3 promoter region, which potentially 

protects it from the accumulation of repressive histone marks until its activation becomes 
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necessary in neurons. Pol II pauses near the promoter region, where it can await further signals 

to either resume transcription or terminate and release the RNA transcript. This allows for rapid 

and precise control over the timing and level of gene expression. Indeed, analysis of publicly 

available ChIP-Seq data in NPC isolated from the cortical region of developing mice identified 

paused Pol II at the CADM3 promoter, and this pausing was relieved in the subsequent daughter 

neurons (Liu et al. 2017). This suggests that the activation of a neuron-specific CADM3 

enhancer facilitates the Pol III transcription of the overlapping tRNA-Arg-TCT-4-1 gene by 

establishing a chromatin state permissive for transcription. This rare regulatory mechanism 

would explain the remarkable high levels of tRNA-Arg-UCU-4 in neurons. Similar to tRNA-

Arg-TCT-4-1 that overlaps with CADM3 enhancer in neurons (Figure 2.39a), two other genes 

tRNA-Lys-TTT-3-1 and tRNA-Lys-TTT-3-2 within the tRNA genes that overlap with transcribed 

enhancers might also be co-regulated with specific enhancers in NPC and neurons (Figure 

2.39b), but this regulatory mechanism appears to be rare based on our dataset.  

 

Figure 2.39. Heatmaps showing the proportion of RPC1 ChIP reads mapped to tRNA genes and the scaled Z 

scores from normalized transcript read counts (DESeq2) for enhancer target genes with RNA-Seq data from two 

biological replicates of hiPSC, NPC, neurons and CM for tRNA-Arg-TCT-4-1 (a), tRNA-Lys-TTT-3-1 and tRNA- 

Lys-TTT-3-2 (b).   

2.6 Reduced mTORC1 signaling triggers MAF1-dependent 

repression of a tRNA gene subset upon differentiation 

2.6.1 The repression of specific tRNA genes upon hiPSC differentiation is not 

caused by the loss of RPC7α 

We next investigated whether variations in Pol III composition are linked to the selective 

repression of a subset of tRNA genes upon differentiation. The human Pol III complex consists 

of 17 subunits. Among these subunits, RPC7 that mediates transcription initiation in complex 
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with RPC3 and RPC6 (Wang and Roeder 1997; Lefèvre et al. 2011) is noteworthy as it has two 

isoforms, RPC7α and RPC7β, which are encoded by two gene paralogs, POLR3G and 

POLR3GL, respectively. High levels of RPC7α are characteristic of cancer cells, embryonic 

stem cells as well as early developmental stages, while in differentiated cells, RPC7α is largely 

substituted by RPC7β (Haurie et al. 2010; Lund et al. 2017; Wang et al. 2020; Wong et al. 

2011). Our experimental workflow also faithfully recapitulated the differentiation-induced 

switch of expression from POLR3G to POLR3GL. We observed markedly high levels of 

POLR3G mRNA and RPC7α protein in hiPSC, which exhibited a significant decrease in NPC 

and were almost undetectable in CM and neurons (Figure 2.40). In contrast, mRNA level of 

POLR3GL remains relatively low in hiPSC, NPC and neurons, with a subtle increase upon 

neuronal differentiation, while it substantially increases in CM (Figure 2.40a). 

 

Figure 2.40. RPC7α is lost during hiPSC differentiation. a, Heatmaps representing gene expression levels of 

POLR3G and POLR3GL in two biological replicates of hiPSC, NPC, neurons, and CM. The scale represents the 

standardized Z score determined with raw gene counts across all samples from RNA-Seq. b, Immunoblots for 

RPC7α in three biological replicates of hiPSC, NPC, neurons, and CM. 

We therefore wondered whether the temporal switch from RPC7α to RPC7β in the Pol III 

complex is associated with the selective repression of Pol III transcription during 

differentiation (Figure 2.23a), as these two processes coincide. Due to the poor performance 

of commercial RPC7β antibodies in immunoblotting and ChIP experiments (Van Bortle et al. 

2022), our focus was on analyzing the repertoire of tRNA genes bound by RPC7α in hiPSC.  

Recent structural studies of Pol III bound to a DNA template revealed that RPC7α makes 

limited contacts with the DNA, primarily through interactions with the minor groove, 

suggesting that the role of RPC7α in Pol III may be more focused on stabilizing the overall 

structure of the enzyme and assembly of the subunits, rather than directly interacting with the 

DNA template (Girbig et al. 2021b; Wang et al. 2021; Ramsay et al. 2020). Due to the limited 

contacts between RPC7α and DNA in Pol III, we were able to identify a total of 294 consensus 
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peaks that overlapped with tRNA genes from the RPC7α ChIP-Seq datasets. Remarkably, 292 

of these peaks were found to be shared with the RPC1 consensus peaks (Figure 2.41a). While 

98% (200 out of 205) of the housekeeping tRNA genes showed significant RPC7α peaks in 

hiPSC, only 48% (93 out of 194) of the repressed tRNA loci are enriched with RPC7α (Figure 

2.41b,c). This discrepancy is likely due to factors such as reduced epitope accessibility or lower 

affinity to the RPC7α antibody, given that many repressed tRNA loci generally exhibit lower 

Pol III enrichment (Figure 2.25a). Nevertheless, these findings indicate that RPC7α-containing 

Pol III does not preferentially occupy tRNA genes that undergo selective repression during 

differentiation. 

 

Figure 2.41. RPC7α does not preferentially occupy repressed tRNA genes. Venn diagrams depicting overlap 

between consensus RPC7α ChIP-Seq peaks at tRNA genes in kucg-2 hiPSC and (a) consensus RPC1 ChIP-Seq 

peaks at tRNA genes in kucg-2 hiPSC, (b) housekeeping tRNA genes across all cell types, and (c) repressed tRNA 

genes during differentiation.  

To directly examine the impact of RPC7α loss on Pol III occupancy at tRNA genes, we 

repressed POLR3G transcription with inducible CRISPR interference (CRISPRi), in which the 

catalytically dead Cas9 (dCas9) fused with a Krüppel-associated box (KRAB) domain 

sterically blocks transcription initiation and interferes with gene expression under the guidance 

of a specific sgRNA targeting the gene promoter regions (Mandegar et al. 2016).  

We used a CRISPRi hiPSC line that was previously generated in the lab by stably integrating 

the inducible TetO promoter-driven KRAB-dCas9-2A-mCherry cassette into the human 

AAVS1 “safe harbor” locus in the kucg-2 line (Figure 2.42). sgRNAs were chosen near the 

transcription start site (TSS) and selected based on ATAC-Seq data for the nucleosome free 

region which allows binding of TFs, as well as dCas9. sgRNAs were then expressed from a U6 

promoter in a lentiviral vector containing EGFP an a pruromycin resistance gene. sgRNA 

plasmids were packaged into lentivirus, which were then used to transduce the CRISPRi hiPSC. 

The transduction efficiency was evaluated by determining the percentage of GFP-positive cells 

and a GFP percentage of 80% is aimed after puromycin selection. Transduced cells were 
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induced with or without 2 µM doxycycline for desired time. RNA, protein and chromatin 

samples were harvested and compared between doxycycline-induced and uninduced cells.  

 

Figure 2.42. Schematic representation of inducible CRISPRi for gene knockdown. The inducible CRISPRi 

expression cassette contains a constitutive CAG promoter controlling the activity of the doxycycline-inducible 

transcriptional activator (rtTA), KRAB-dCas9-mCherry (CRISPRi) driven by the doxycycline-response element 

(TetO) positioned in the opposite direction of the transactivator to avoid unintended expression without 

doxycycline, Neomycin resistance cassette for stable selection, left and right homology arms of human AAVS1 

locus. This cassette is stably integrated into hiPSC or NPC by TALENs engineering to produce CRISPRi lines. 

The sgRNA construct contains U6 promoter-driven sgRNA, which can be visualized by EGFP expression under 

EF1α promoter and Puromycin resistance cassette for stable selection. Individual sgRNAs are introduced into 

CRISPRi cells by lentiviral transduction, followed by antibiotic selection of transduced cells. Supplementation of 

doxycycline triggers the expression of KRAB-dCas9, repressing the transcription of the target gene.  

For POLR3G knockdown in hiPSC, to avoid prolonged silencing of this gene, which can result 

in a loss of pluripotency and spontaneous differentiation (Wong et al. 2011), we obtained 

samples following a 2-day induction of KRAB-dCas9. The knockdown was highly efficient, 

demonstrated by a drastic decrease in POLR3G expression but an unperturbed POLR3GL 

mRNA level (Figure 2.43a). Stable NANOG expression was also maintained, indicating that 

knockdown did not impact stem cell pluripotency. Despite efficient RPC7α depletion at the 

protein levels, we did not detect any significant changes in Pol III occupancy at tRNA loci 

(Figure 2.43b,c). By contrast, the depletion of the core catalytic Pol III subunits RPC2 results 

in a substantial number of tRNA genes (n=400) with significantly decreased RPC1 occupancy 

(Figure 2.43d,e), validating our ability to detect global changes in Pol III signal. Taken 

together, we conclude that the selective repression of tRNA genes during differentiation is not 

primarily driven by the loss of RPC7α. 
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Figure 2.43. RPC7α depletion does not direct Pol III transcription repression. a, RT-qPCR showing mRNA 

levels of POLR3G, POLR3GL and NANOG in two biological replicates of hiPSC CRISPRi cells carrying sgRNA 

targeting POLR3G. Gene knockdown was induced by addition of 2 µM doxycycline for 2 days. Single replicate 

of hiPSC and NPC were used as controls. Each sample was normalized to the reference gene B2M in three 

technical replicates for relative mRNA quantification. b and d, Immunoblot analysis of RPC7α (b) or RPC2 (d) 

from on two biological replicates of hiPSC CRISPRi cells carrying a single-guide RNA (sgRNA) targeting 

POLR3G (b) or POLR3B (d). Gene knockdown was achieved by treating the cells with 2 μM doxycycline for a 

duration of 2 days. c and e, MA plots generated with DiffBind depicting spike-in normalized RPC1 ChIP-seq 

counts over tRNA features (±125 bp) on the x-axis versus log2 fold-change on the y-axis for doxycycline-induced 

hiPSC targeting (c) POLR3G/RPC7α or (e) POLR3B/RPC2 compared to uninduced controls. Two biological 

replicates are included. Gray dots indicate non-significant tRNA genes (FDR>0.05).  

Recent structural work has suggested that RPC7α, but not RPC7β, may bind to a surface on 

RPC1 that overlaps with the docking site of MAF1, which would prevent it from binding and 
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inhibiting Pol III transcription (Girbig et al. 2021b). To experimentally test this hypothesis, we 

treated control and RPC7α-depleted hiPSC with the mTORC1 inhibitor rapamycin, which 

represses tRNA transcription via MAF1 (Orioli et al. 2016) (Figure 2.44a). With this, in 

RPC7α-depleted hiPSC, the binding site on RPC1 that is shared between MAF1 and RPC7α is 

released for potential binding of dephosphorylated MAF1 under rapamycin treatment. In 

treated cells, Thr389 phosphorylation in ribosomal protein S6 kinase beta-1 (S6K1) 

phosphorylation was lost, reflecting a decreased activity of mTORC1. A downward shift in gel 

migration of MAF1 indicated its dephosphorylation (Figure 2.44a). We identified 341 tRNA 

loci with significantly reduced RPC1 binding in rapamycin-treated control hiPSC, where 

RPC7α is highly abundant and RPC7β is not expressed (Figure 2.44b, upper panel). RPC7α 

depletion marginally increased this number (n=399) without changing effect sizes (Figure 

2.44b, lower panel). MAF1 can thus efficiently repress Pol III transcription in the presence of 

RPC7α.  

 

Figure 2.44. RPC7α does not interfere with MAF1-directed Pol III transcription repression. a, Immunoblots 

of RPC7α, MAF1, S6K1 and phospho-S6K1 in two biological replicates of hiPSC CRISPRi cells targeting 

POLR3G. Gene knockdown was induced by addition of 2 µM doxycycline for 1.5 days, followed by treatment 

with 10 nM rapamycin or a DMSO-only control for 8 hours. b, MA plots generated with DiffBind depicting spike-

in normalized RPC1 ChIP-Seq counts over tRNA features (±125 bp) on the x-axis versus log2 fold-change on the 

y-axis for (upper) uninduced hiPSC carrying a sgRNA against POLR3G and treated with 10 nM rapamycin for 8 

hours relative to untreated controls (n=2), (lower) doxycycline-induced hiPSC targeting POLR3G and treated with 

10 nM rapamycin for 8 hours relative to untreated controls (n=2). Green and gray dots represent significantly 

higher (FDR ≤ 0.05) and non-significant (FDR > 0.05) tRNA genes, respectively. 
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2.6.2 Decreased mTORC1 signaling activates MAF1 in differentiated cells 

In search of an alternative mechanism for the selective tRNA gene repression during 

differentiation, we next focused on Pol III repressor MAF1. The gel migration pattern of MAF1 

shows that it is predominantly present as phosphorylated in hiPSC (Figure 2.44a), which 

impairs its ability to repress Pol III (Michels et al. 2010). This is consistent with high mTORC1 

activity as it is required for the expression of key pluripotency genes, such as SOX2, NANOG, 

and POU5F1, and thus the maintenance of pluripotency for human embryonic stem cells 

(hESC) (Zhou, Su, et al. 2009). mTORC1 signaling was reported to be suppressed upon 

differentiation of hESC into NPC and neurons (Blair et al. 2017). Similar downregulation of 

mTORC1 activity has also been reported at later neurogenesis stages in the mouse cortex 

(Harnett et al. 2022b). In line with these reports, examination of the phosphorylation status of 

direct mTORC1 substrates S6K1, and 4E-BP1 (Michels et al. 2010; Battaglioni et al. 2022) 

revealed a significant reduction in mTORC1 activity across all differentiated cell types 

compared to hiPSC, shown by the dephosphorylation of these targets (Figure 2.45a). 

 

Figure 2.45. mTORC1 activity decreases during differentiation. a, Immunoblots for the protein levels of 

MAF1, phospho-S6K1, S6K1 and phospho-4E-BP1 and 4E-BP1 in three biological replicates of hiPSC, NPC, 

neurons, and CM. Samples from untreated HEK293T cells and HEK293T cells treated with Torin 1 at 250 nM 

for 1 hour were used as positive controls for mTOR inhibition. b, Immunoblot analysis of MAF1 on Phos-tag gel 

from two biological replicates of hiPSC, NPC, and hiPSC subjected to 10 nM rapamycin treatment for 8 hours. 

Vinculin (VCL) is used as the loading control. 

Notably, with a reduced mTORC1 activity, the downstream mTORC1 target MAF1 was 

dephosphorylated upon differentiation, represented by the downward shifted single band 

(Figure 2.45a). Interestingly, while Thr389 S6K1 phosphorylation was completely abolished 

in rapamycin-treated hiPSC (Figure 2.44a), this treatment resulted in partial MAF1 
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dephosphorylation and a small portion of MAF1 remained partially phosphorylated, which was 

also observed for MAF1 from NPC (Figure 2.45b). This may be related to the fact that MAF1 

phosphorylation at one or more of the specific target sites (Ser60, Ser68, and Ser75) exhibit 

low sensitivity to mTORC1 suppression. This incomplete dephosphorylation, however, does 

not interfere with MAF1’s ability to inhibit Pol III transcription upon rapamycin treatment 

(Figure 2.44b). We conclude that reduced mTORC1 activity during differentiation activates 

MAF1 by modifying its phosphorylation status.  

2.6.3 MAF1 depletion relieves selective tRNA gene repression in 

differentiated cells  

To experimentally examine the role of MAF1 activation in mediating selective tRNA gene 

repression during differentiation, we repressed MAF1 with inducible CRISPRi in hiPSC and 

NPC. MAF1 was also depleted in hiPSC preceding NPC derivation, followed by differentiation 

into NPC in the absence of MAF1 (Figure 2.46a,b). Depletion of MAF1 did not result in 

changes in RPC1 levels in any of the cell lines (Figure 2.46b). In hiPSC, MAF1 knockdown 

led to a slight increase in Pol III occupancy at 39 tRNA genes (Figure 2.46c, top panel). In 

contrast, NPC derived without MAF1 or depleted of MAF1 after its derivation showed 

significantly higher RPC1 occupancy strength at 109 and 110 tRNA genes, respectively, with 

effect sizes predominantly >4-fold and up to approximately 30-fold (Figure 2.46c, middle and 

bottom panel). Importantly, nearly all these loci belong to the subset of tRNA genes that are 

repressed upon differentiation (Figure 2.46d, left panel). In MAF1-depleted NPC, no inactive 

tRNA loci showed significant increase in RPC1 ChIP signal, and only 8 gained RPC1 ChIP 

peaks in hiPSC (Figure 2.46d). MAF1 depletion also had minimal impact on the strength of 

RPC1 ChIP signal at housekeeping tRNA genes. 



Chapter 2 - Results  

 96 

 

Figure 2.46. MAF1 depletion relieves selective tRNA gene repression in NPC differentiation. a, Schematic 

representation for CRISPRi mediated MAF1 knockdown in hiPSC, NPC and derived CRISPRi NPC-MAF1. b, 

Immunoblots of MAF1 and RPC1 in two biological replicates of CRISPRi cell lines targeting MAF1. Gene 

knockdown was achieved by treating cells with 2 μM doxycycline (Dox) for three cell doubling times (left: 3 days 

for hiPSC; right: 6 days for NPC). For derived NPC-MAF1 (hiPSC>NPC) samples (middle), hiPSC  harboring 

MAF1 sgRNA was treated with 2 μM Dox for 3 days, NPC derivation was subsequently carried out under 

continuous Dox treatment. c, MA plots displaying spike-in normalized RPC1 ChIP-Seq counts over tRNA features 

(±125 bp) on the x axis versus log2 fold-change on the y axis for doxycycline-treated hiPSC, hiPSC>NPC and 

NPC (from top to bottom) targeting MAF1 compared to uninduced controls generated by DiffBind. Two biological 

replicates are included for each cell type. Green and purple dots indicate significantly higher or lower occupancies 

(FDR ≤ 0.05), respectively. d, The RPC1 ChIP-Seq heatmaps showing normalized signal changes for two 

biological replicates of MAF1 knockdown by inducible CRISPRi (+ Dox) compared to uninduced CM controls (-

Dox). Left panel depicts ChIP-Seq counts of RPC1 over extended tRNA features (±125 bp). The normalized signal 

that takes into account estimated library sizes was calculated from these read counts and scaled proportionally to 

one million reads (rpm). Right panel illustrates differential occupancy analysis by DiffBind with spike-in 

normalization for 2 biological replicates of induced (+ Dox) samples relative to corresponding uninduced controls 

(-Dox) represented as log2 fold changes ( FDR ≤ 0.05). tRNA genes were categorized into housekeeping, 

repressed, and inactive according to significant RPC1 ChIP-Seq peaks (FDR ≤ 0.05), and were arranged in a 

descending order based on the mean value per region. 
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Collectively, these data demonstrate that human cell type-specific tRNA repertoires during 

differentiation are established through a process dependent on MAF1 and mTORC1 (Figure 

2.47). 

 

Figure 2.47. Model illustrating the selective expression of tRNA genes during hiPSC differentiation. 
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Previous research has demonstrated significant diversity in the position and intensity of Pol III 

occupancy at tRNA genes among different mammalian tissues and immortalized human cell 

lines (Orioli 2017). However, the mechanisms responsible for this variability and the resulting 

implications for mature tRNA populations remained unclear. By the integration of Pol III ChIP-

Seq data with accurate quantification of mature tRNAs in isogenic, non-transformed human 

cell types, here we discovered that differences in Pol III occupancy strength account for nearly 

all of the variations observed in mature tRNA levels (R2=0.9). Our findings also provide 

compelling evidence that during normal growth, post-transcriptional regulation, the potential 

difference in tRNA stability among isodecoders (Guy et al. 2014) or mechanisms downstream 

of polymerase recruitment such as those known for Pol II (Guenther et al. 2007) play only a 

minor role in controlling mature tRNA levels. The remarkable consistency between the two 

entirely distinct approaches (Pol III ChIP-Seq and mim-tRNAseq) further emphasizes the 

accuracy and quantitative nature of mim-tRNAseq. While Pol III ChIP-Seq relies on specific 

antibodies that are often not available for many organisms, the use of mim-tRNAseq for 

profiling mature tRNA repertoires is much more widely applicable. We expect that this method 

will contribute to the discovery of essential elements regarding tRNA regulation in diverse 

biological contexts. 

We found that 205 out of the 619 predicted human tRNA genes, which we refer to as 

“housekeeping”, exhibited detectable Pol III ChIP peaks across all four cell types we examined. 

“Housekeeping” genes of Pol II are characterized by highly abundant and stable transcription 

across cell states and types (Joshi et al. 2022). The robust expression we observed of 

housekeeping tRNA genes implies the existence of a basal tRNA gene subset that represents 

each isotype and may be resistant to shutdown in stress conditions, such as nutrient deprivation, 

similarly to what has been observed for some tRNA genes in yeast (Turowski and Tollervey 

2016). It is also reflected in early Pol III ChIP-Seq studies showing that a set of 120 tRNA 

genes are consistently expressed in various immortalized cell lines and fibroblasts, whereas 

varying number of other genes exhibited cell type-specific expression, potentially matching the 

distinct translational demand in each particular cell type (Oler et al. 2010b). It is also in line 

with a study in the livers of mice, which showed stable Pol III binding at high-occupancy tRNA 

genes in fasted or fed animals (Bonhoure et al. 2020). High-resolution mapping of Pol III in 

mouse liver and brain tissues across various developmental stages also identified one group of 

tRNA genes that remained consistent in expression during development and another group that 
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exhibited changes, but did not reveal any specific sequence features or regulatory mechanisms 

that could explain this difference (Schmitt et al. 2014). 

Here, we discovered that the robust binding of Pol III at housekeeping tRNA genes is accounted 

for by their distinct internal promoters (A- and B-boxes), as well as GC-rich and polyA 

stretches present in their 5’ flanking sequence regions. Consistent with the notion that TFIIIC 

binding to the B-box with higher specificity (Stillman and Geiduschek 1984), we found that B-

box sequences display clearer separations among three tRNA gene groups in their density of 

consensus sequence. In vitro studies also show that mutations within the variable positions in 

the A- and B-boxes alter Pol III binding, with a stronger influence of the B-box (Canella et al. 

2012). Similarly, it has been reported that a substantial portion of the sequence variations 

observed among human tRNA isodecoders is in the intragenic A- and B-box promoters 

(Goodenbour and Pan 2006). In line with our findings, high GC content has been associated 

with human Pol III occupancy given that Pol III-occupied tRNA loci reside in CpG islands and 

contain high CpG promoters (HCPs) (Oler et al. 2010b; Canella et al. 2012), potentially due to 

the DNA hypomethylation in the CpG island. Moreover, blocks of A-rich motif were also 

identified 22 bp upstream of tRNA genes with striking evolutionary conservation ranging from 

insects to mammals, suggesting its potential role in transcription (Giuliodori et al. 2003), 

corroborating the polyA stretch we identified upstream of human housekeeping tRNA genes.  

In the future, it will be important to determine whether tRNA gene body and upstream regions 

function independently or synergistically. However, the edit in the tRNA gene body in hiPSC 

already leads to a a 2-fold reduction in the occupancy of tRNA-Pro-TGG-2-1, which encodes a 

major isodecoder. It is possible that an additional decrease in its expression, which might be 

caused by simultaneously editing its upstream region, would have a detrimental impact on cell 

viability. Therefore, instead of editing endogenous tRNA genes, future research to elucidate 

the regulatory interplay between gene body and upstream regions could avoid such cellular 

tRNA pool perturbations by inserting "designer tRNA genes" containing different 

combinations of gene body and upstream regions to the vicinity of  active tRNA genes.  

The sequence determinants of tRNA transcription discovered here will boost the development 

of therapeutics based on suppressor tRNAs for treating human diseases characterized by 

nonsense mutations that introduce premature termination codons in mRNA (Dolgin 2022). So 

far, the design of suppressor tRNAs has primarily focused on identifying transcripts capable of 

being effectively charged in vivo while not causing readthrough of normal stop codons (Porter, 
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Heil, and Lueck 2021; Wang et al. 2022). Our findings demonstrate that the effectiveness of 

DNA-based suppressor tRNA therapeutics will be strongly influenced by the selection of 

intragenic promoters, 5’ flanking sequence, and the insertion site of the transgene. 

Incorporating A- and B-boxes, as well as 5′ flanking elements of housekeeping tRNAs, along 

with precise targeting of the transgene near active tRNA loci, will potentially enhance the 

expression of a therapeutic tRNA in various cell types. On the other hand, incorporating 

sequence features of repressed tRNA genes could enable the design of transgenes that exhibit 

lower expression levels or that can be turned off upon differentiation in diseases where such 

regulation is desirable. 

All these sequence determinants could maintain the observed high Pol III occupancy at 

housekeeping tRNA loci irrespective of the cellular context, potentially allowing them to 

escape from MAF1-mediated repression. Similar mechanisms could also explain the 

safeguarding of a subset of extensively transcribed tRNA genes against stress-mediated MAF1 

inhibition during nutrient deficiency in yeast and mice (Bonhoure et al. 2020; Turowski et al. 

2016). It also aligns with the pattern of MAF1-mediated repression of in human cells exposed 

to serum starvation, which dislocate Pol III from majority of tRNA genes through a MAF1-

dependent manner while leaving stable Pol III occupancy at a selective subset (Orioli et al. 

2016). Interestingly, of the 39 tRNA genes that did not exhibit a decrease in Pol III occupancy 

in serum-starved fibroblasts (Orioli et al. 2016), we found that 37 of them fall into the 

housekeeping tRNA set in our classification. Apart from the sequence determinants, the lower 

sensitivity of housekeeping tRNA genes to MAF1 repression in differentiated cells can be 

attributed to the relatively high Pol III levels compared to MAF1, which exhibits a four- to ten-

fold lower abundance compared to most of the Pol III-specific subunits (Beck et al. 2011; Kulak 

et al. 2014). The Pol III occupancy at these genes under differentiation could also be stabilized 

by the facilitated recycling, during which the elongation of transcriptionally engaged Pol III is 

not affected by its association with MAF1 (Cabart, Lee, and Willis 2008). 

In cells with high mTORC1 activity, including hiPSC and HEK293T, we observed notable Pol 

III ChIP-Seq peaks at a second subgroup of “repressed” tRNA genes. We find the intragenic 

promoters and 5' flanking sequences of these genes render their lower favorability to Pol III 

recruitment or retention. This leads to reduced Pol III occupancy, which likely explains their 

MAF1-mediated suppression during differentiation. Previous structural and in vitro studies 

have indicated that MAF1 impedes the recruitment of Pol III by competing with TFIIIB 

(Vorländer et al. 2020); however, it is unable to obstruct transcription reinitiation (Cabart, Lee, 
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and Willis 2008). Indeed, we find that most of these repressed tRNA sites yield mature tRNAs 

when bound by Pol III, albeit with generally lower abundance compared to housekeeping 

tRNAs. This mechanism of more promiscuous transcription generates tRNA pools with a 

broader range of isodecoder composition in cells with high mTORC1 activity, such as 

pluripotent stem cells and cancers (Saxton and Sabatini 2017). Therefore, loss of MAF1 

activity, in addition to tRNA gene copy number variations, may be potentially involved in the 

restructuring of tRNA repertoires within cancer cells (Goodarzi et al. 2016). 

Besides mTORC1-mediated MAF1 inactivation, the high occurrence of open chromatin, 

coupled with abundant Pol III, could help explain the promiscuous transcription of tRNA genes 

observed in hiPSC. In line with this notion, the genome of mouse embryonic stem cells exhibits 

a globally pervasive state of highly transcriptional activity, which undergoes substantial 

silencing as the cells differentiate (Efroni et al. 2008). Although H3K4me3 and RPC1 ChIP 

signals at tRNA genes strongly correlate with each other, both in our datasets and previous 

studies (Moqtaderi et al. 2010a), we did not find a clear association between tRNA gene activity 

and Pol II transcription of neighboring coding genes.  

Why do active tRNA gene sets get restricted upon differentiation? Given that the synthesis of 

highly abundant tRNA is energetically costly, and considering the central role of Pol III 

repressor MAF1 in growth and nutrient consumption, the MAF1-dependent Pol III 

transcription restriction to housekeeping tRNA genes and expression of minimal isodecoder 

pools in differentiated cells likely serves to preserve unaltered tRNA anticodon pools while 

saving cellular resources. Consistently, mice lacking Maf1 are viable but display a lean 

phenotype and high levels of energy expenditure (Bonhoure et al. 2015). In support of this idea, 

we found that levels of Pol III subunits, including core subunits RPC1 and RPC2, are lower in 

neurons and CM, as compared to hiPSC and NPC. Given that Pol III is also responsible for the 

synthesis of 5S ribosomal rRNA, and ribosome levels decrease during neurogenesis due to a 

combination of reduced Pol I rRNA transcription and decreased synthesis of ribosomal proteins 

(Chau et al. 2018; Harnett et al. 2022a), one could envision that this coupling through Pol III 

might assist in regulating the total levels of ribosomes and tRNAs in response to growth signals 

while preserving their balance and overall stoichiometry under differentiated status with unique 

global translation demands. However, it will be a challenge to decipher whether dysregulated 

differentiation is attributed to alternations of tRNA repertoires, given that MAF1 also prevents 

Pol III recruitment to non-tRNA genes, such as 5S ribosomal RNA (Schramm and Hernandez 

2002). 
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Notably, we show that the remodeling of tRNA repertoires across differentiation does not 

involve Pol III recruitment to tRNA loci that are inactive in hiPSC. Their remarkably 

degenerate intragenic A- and B-box sequences found in both hiPSC and differentiated cells, 

coupled with the upstream polyT sequences, may impede Pol III recruitment irrespective of the 

cellular contexts. These tRNA loci lack essential sequence motifs necessary for Pol III 

transcription, but they still possess certain tRNA-like characteristics that facilitate their 

recognition by tRNA gene prediction tools (Chan et al. 2021). Moreover, their longer distance 

from adjacent tRNA genes may also play a part in their inactivation, as we found that the 

proximity to active tRNA loci is critical in determining the tRNA transcriptional activity. It 

would be interesting to further investigate whether inactive tRNA genes have a high degree of 

DNA methylation, given its important role in regulating Pol II target genes (Moore, Le, and 

Fan 2013).  

The tRNA gene tRNA-Arg-TCT-4-1 has been discovered as a prominent example of tissue-

specific expression among tRNA isodecoders in the field (Ishimura et al. 2014). Following 

revealing of its central role in central neural system, subsequent studies found that the 

phenotypes induced by the processing deficiency in tRNA-Arg-TCT-4-1 can be rescued by the 

overexpression of other tRNA-Arg-UCU isodecoders, implying that the phenotypes are caused 

by a reduction in the tRNA-Arg-UCU anticodon levels, and not due to isodecoder-specific 

functions unique to tRNA-Arg-TCT-4-1 (Kapur et al. 2020). We find that tRNA genes with 

highly cell context-specific expression, like tRNA-Arg-TCT-4-1 (Ishimura et al. 2014), are very 

rare. The overlap of this gene with a neuron-specific enhancer element we discovered here may 

lead to an increased Pol III occupancy in neurons despite the general trend of decreased 

expression for all other tRNA genes. Therefore, instead of the physical proximity to Pol II 

genes (Gerber et al. 2020), long-range interactions of regulatory DNA sequences may modify 

the expression of specific tRNA genes. It is possible that the remaining tRNA genes we 

identified to overlap with enhancers may potentially exhibit differential expression in cells 

where the respective enhancers are active, and this enhancer-driven regulation may occur for 

other tRNA genes in cellular contexts beyond those analysed in our work. 

Our ribosome profiling data suggest that the variations in the composition of isodecoders 

between hiPSC and NPC have minimal impact on decoding speed. Instead, translation 

elongation rates at individual codons in human cells are determined by the relative abundance 

of the corresponding tRNA anticodon families, which remains relatively consistent across 

various cell types. In physiological conditions, the stable tRNA anticodon availability mediated 
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through housekeeping tRNA gene transcription ensures consistent decoding rates and accuracy 

during development. This stability minimizes the risk of ribosome errors and protein 

misfolding that could arise from fluctuations in codon translation rates (Nedialkova and Leidel 

2015; Mordret et al. 2019). In the future, our discovery of the outsized significance of 

housekeeping tRNA genes for determining mature tRNA pools in human cells will help 

elucidate the mechanisms through which tRNA dysregulation causes neurological disorders 

and cancers. 
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4.1 Materials 

Table 4.1. Cell lines used in this study. 

Cell line Source Identifier 

cDN003_kucg_wt_ips HipSci HPSI0214i-kucg-2 

cDN001_wibj_wt_ips HipSci HPSI0214i-wibj-2 

cDN013_CRISPRi_kp6c2_ips This study; genetically 
modified from cDN003 to 
express doxycylcine- 
inducible KRAB-dCas9 
(Mandegar et al. 2016) 

N/A 

cDN057_Lenti-X™_293T Takara #632180 

HEK 293T/17 ATCC CRL-11268 

ES-E14TG2a ECACC #08021401 

 

Table 4.2. Antibodies used in this study. 

Antibody Source Identifier 

rabbit anti-POLR3A/RPC1 Abcam #ab96328 

Mouse anti-Pol III 
RPC32/RPC4 

Santa Cruz #sc-21754 

rabbit anti-POLR3A/RPC1 Cell Signaling #12825 

mouse anti-POLR3B/RPC2 Santa Cruz #sc-515362 

mouse anti-Pol III 
RPC32/RPC7α 

Santa Cruz #sc-21754 

mouse anti-MAF1 Santa Cruz #sc-515614 X 

anti-phospho-p70 S6 Kinase Cell Signaling #9206S 

anti-phospho-S6 Santa Cruz sc-293144 

rabbit anti-phospho-4E-BP1 Cell Signaling #2855T 

rabbit anti-vinculin Cell Signaling #13901 
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anti-rabbit IgG-HRP Dianova #111-035-003 

anti-mouse IgG-HRP Dianova #115-035-003 

anti-4E-BP1 Cell Signaling #9644 

anti-S6 Ribosomal Protein 
(5G10) 

Cell Signaling 2217T 

anti-p70 S6 Kinase Cell Signaling #2708T 

POU5F1 C-10 Santa Cruz #sc-5279 

SOX2 E-4 Santa Cruz #sc-365823 

Nanog P1-2D8 Millipore #MABD24 

PAX6 Abcam #ab5790 

Nestin R&D Systems #MAB1259 

goat anti-mouse Alexa Fluor 
488 

Thermo Scientific #A-11001 

goat anti-rabbit Alexa Fluor 
488 

Thermo Scientific #A-11034 

goat anti-mouse Alexa Fluor 
633 

Thermo Scientific #A-21052 

MAP2 Abcam #ab92434 

CHAT Abcam #ab6168 

goat anti-rabbit A633 Thermo Scientific #A-21070 

goat anti-chicken A488 Thermo Scientific #A-11039 

ACTN2 Sigma-Aldrich #A7811 

cTNT DSHB CT3 

TSC2 (D93F12) Cell Signaling #4308 

anti-BRF1 Abcam #ab264191 

anti-POLR3G/RPC7α Santa Cruz #sc21754 

anti-H3K4me3 Active Motif 39159 

anti-H3K27me3 Millipore 07-449 
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Spike-in Antibody Active Motif 61686 

 

Table 4.3. Plasmids used in this study. 

Plasmids  Source Identifier 
pAAVS1-PDi-CRISPRn Mandegar et al. 2016 Addgene #73500 
pAAVS1-TALEN-F Mandegar et al. 2016 N/A 
pAAVS1-TALEN-R Mandegar et al. 2016 N/A 
pMDLg/pRRE Didier Trono Lab Addgene #12251 
pMD2.G Didier Trono Lab Addgene #12259 
pRSV-Rev Didier Trono Lab Addgene #12253 
pU6-sgRNA-EF1α-Puro-T2A-
BFP 

Jonathan Weissman 
Lab 

pDN064; Addgene plasmid 
#60955 

pU6-sgRNA-EF1α-Puro-GFP 
This study; from 
pDN064 pDN115 

pU6-sgRNA(POLR3G)-EF1α-
Puro-GFP 

This study; from 
pDN115 pDN307 

pU6-sgRNA(POLR3B)-EF1α-
Puro-GFP 

This study; from 
pDN115 pDN416 

pU6-sgRNA(MAF1)-EF1α-Puro-
GFP 

This study; from 
pDN115 pDN160 

 

Table 4.4. Oligonucleotides used in this study. 

Purpose  Source Sequence (or Identifier) 

RT-qPCR 
(NANOG) 

This 
study 

5’-CCTGTGATTTGTGGGCCTG-3’; 
5’-GACAGTCTCCGTGTGAGGCAT-3’ 

RT-qPCR 
(POLR3G) 

This 
study 

5’-CACTTCGGCTGCAGAGTTTT-3’; 
5’-AGTGGGCAAATTCTGAAAG-3’ 

RT-qPCR 
(POLR3GL) 

This 
study 

5’-AGAGCTACGAGGAGCCATGA-3’; 
5’-TTGTCTGAATAACGCTCCACA-3’ 

RT-qPCR (B2M) This 
study 

5’-TGCTGTCTCCATGTTTGATGTATCT-3’; 
5’-TCTCTGCTCCCCACCTCTAAGT-3’ 

PCR screening for 
heterozygous 
insertion at 
AAVS1 locus 

This 
study 

5′-CGAGAGCTCAGCTAGTCTTC-3′; 
5′-CTCTCCCTCCCAGGATCC-3′; 
5′-GTTCATTCAGGGCACCGGAC-3′ 
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crRNA for tRNA-
Pro-TGG-2-1 gene 
body swap 

This 
study; 
Synthe
sized 
at IDT 

5′-
UGUGGGCCAAGGCUAGGGAGGUUUUAGAGCUAU
GCU 

crRNA for tRNA-
Pro-TGG-2-1 
upstream sequence 
edit 

This 
study; 
Synthe
sized 
at IDT 

5′-
UUGCUCAGCAGAUGGCUCGUGUUUUAGAGCUAUG
CU-3′ 

tracrRNA IDT 
Alt-
R®  

N/A 

HDR donor 
ssODN_1 for 
tRNA-Pro-TGG-2-
1 gene body swap 

This 
study; 
Synthe
sized 
at IDT 

G*C*T CTG TGC ATA GGG GCC ATT TGT TCT TGA 
CCG ACT TCA CTC CAA GGA TCT GGT GTG GGC 
CAA GGC TAG ACT ACA AGG ACC ACG ACG GCG 
ATT ATA AGG ATC ACG ACA TCG ACT ACA AAG 
ACG ACG ATG ACA AGG GGA GTG GGC AGA AGG 
CGA TGG CTG GTT GGA GAG AAG CCA GGC CGT 
CTA GTG GGG GAG GAT GG*T* T 

HDR donor 
ssODN_2 for 
tRNA-Pro-TGG-2-
1 gene body swap 

This 
study; 
Synthe
sized 
at IDT 

A*A*C CAT CCT CCC CCA CTA GAC GGC CTG GCT 
TCT CTC CAA CCA GCC ATC GCC TTC TGC CCA 
CTC CCC TTG TCA TCG TCG TCT TTG TAG TCG 
ATG TCG TGA TCC TTA TAA TCG CCG TCG TGG 
TCC TTG TAG TCT AGC CTT GGC CCA CAC CAG 
ATC CTT GGA GTG AAG TCG GTC AAG AAC AAA 
TGG CCC CTA TGC ACA GA*G* C 

HDR donor 
ssODN_1 for 
tRNA-Pro-TGG-2-
1 upstream 
sequence edit 

This 
study; 
Synthe
sized 
at IDT 

A*T*C GCC TCT AGT AAA TTC GAG GAG ACC TTG 
CTC AGC AGA TGA AAA TCA CTA GAT TCT AAA 
GGA ATC AAA ACT GTT CAA GTG TTG TGC TAC 
AAC TAA AAA AAT AAA TGA ACA CTC TTA AAG 
AAT AGA ATC TCT CCA GTT CTG GCT CGT TGG 
TCT AGG GGT ATG ATT CTC GGT TTG GGT CCG 
AG*A* G 

HDR donor 
ssODN_2 for 
tRNA-Pro-TGG-2-
1 upstream 
sequence edit 

This 
study; 
Synthe
sized 
at IDT 

C*T*C TCG GAC CCA AAC CGA GAA TCA TAC CCC 
TAG ACC AAC GAG CCA GAA CTG GAG AGA TTC 
TAT TCT TTA AGA GTG TTC ATT TAT TTT TTT AGT 
TGT AGC ACA ACA CTT GAA CAG TTT TGA TTC 
CTT TAG AAT CTA GTG ATT TTC ATC TGC TGA 
GCA AGG TCT CCT CGA ATT TAC TAG AGG CG*A* 
T 

PCR screening for 
tRNA-Pro-TGG-2-
1 gene body swap 

This 
study 

5′-CAGCCAGGGTGCAAAAACCG-3′; 
5′-GCACTTGCTGTATGCCGAGC-3′ 
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PCR screening for 
tRNA-Pro-TGG-2-
1 upstream 
sequence edit 

This 
study 

5′-GGATCAGGGATTCCAAGGCG-3′; 
5′-GGTGCAAAAACCGCTTGCTC-3′ 

sgRNAs 
(POLR3G) 

This 
study;i
nsert 
into 
pDN11
5 

5′- GGACTCGCCGGAGCGCTCTG-3′ 

sgRNAs (MAF1) This 
study; 
insert 
into 
pDN11
5 

5′-GGTGCCGGCCGGCAAGGAAA-3′ 

sgRNAs 
(POLR3B) 

This 
study; 
insert 
into 
pDN11
5 

5’-GAGGCACGCAGGGAGCGTCA-3′ 

Northern blotting 
(tRNA-Arg-UCU-
4) 

This 
study;l
abeled 
with 
32P at 
the 5' 
end 

5′-
CGGAACCTCTGGATTAGAAGTCCAGCGCGCTCGTC
C-3′ 

Northern blotting 
(tRNA-Gly-CCC-
2) 

This 
study;l
abeled 
with 
32P at 
the 5' 
end 

5′-CGGGTCGCAAGAATGGGAATCTTGCATGATAC-3′ 

Northern blotting 
(tRNA-Asn-GUU-
1) 

This 
study;l
abeled 
with 
32P at 
the 5' 
end 

5′-CGTCCCTGGGTGGGATCGAACC-3′ 
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tRNA sequencing 
and ribosome 
profiling (RT 
primer) 

This 
study 

5′-
pRNAGATCGGAAGAGCGTCGTGTAGGGAAAGAG/iS
p18/GTGACTGGAGTTCAGACGTGTGCTC-3′ 

tRNA sequencing 
and ribosome 
profiling (library 
construction PCR) 

This 
study 

Forward: 5′-
AATGATACGGCGACCACCGAGATCTACACTCTTTC
CCTACACGACGCT∗C-3′; 
Reverse: 5′-
CAAGCAGAAGACGGCATACGAGATNNNNNNGTGA
CTGGAGTTCAGACGTGT∗G-3′ 

 
 

4.2 Methods 

4.2.1 Cell culture  

Cell culture and maintenance  

hiPSC were cultured in mTeSR Plus medium on plates coated with Geltrex at 37°C/5% CO2. 

To maintain the cells, the medium was replaced every other day, and every five days the cells 

were passaged as clusters using 0.5 mM EDTA/PBS solution at a ratio of 1:20. To perform 

single-cell splitting, the cells were detached with Accutase and then resuspended in mTeSR 

Plus containing 10 µM of Y-27632 ROCK inhibitor. Cells were counted using the Cell 

Countess II system and then centrifuged at 200g for 5 minutes. Cells were resuspended in 

mTeSR Plus medium containing 10 µM of Y-27632. On the following day, the medium was 

replaced with Y-27632-free mTeSR Plus medium. 

mESCs (ES-E14TG2a) were cultured in mESC medium with freshly added inhibitors (CHIR: 

GSK3β inhibitor; PD: MEK/ERK-pathway inhibitor) and LIF (leukemia inhibitory factor) on  

plates coated with 0.2% Gelatine solution (Sigma-Aldrich) at 5.0% CO2 and 37°C. Medium 

was changed every day and the cells were passaged with accutase (Gibco) every 2 - 3 days as 

single cells.  

Lenti-X™ 293T cells (#632180, Takara) and HEK 293T/17 cells (ATCC® CRL-11268™) 

were maintained in DMEM high glucose medium with 10% FCS, cultured at 37°C/5% CO2. 

Cell passaging was carried out every two days using 0.25% Trypsin/EDTA, with a ratio of 1:20 

to 1:10. 
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hiPSC differentiation  

NPC and neurons were differentiated from HPSI0214i-kucg-2 by adding small molecules, 

following established protocols (Reinhardt et al. 2013; Marrone et al. 2019). To derive NPC, 

hiPSC were cultivated until they reached 90% confluency. A checkered pattern was created on 

the dish by scratching it with a cannula, after which the cells were incubated with Collagenase 

IV at 37°C for 10-15 minutes. The cell clusters were gently scraped from the plate and 

transferred to a 15-ml tube containing N2B27 medium consisting of a mixture of Neurobasal 

medium (Gibco, #21103049) and DMEM/F12 (Gibco, #21331020) in a 50:50 ratio, 

supplemented with N2 Supplement (0.5x; Thermo Fisher Scientific, #17502048), B27 

Supplement (0.5x; Thermo Fisher Scientific, #12587010), and GlutaMAX™ (2 mM; Gibco, 

#35050061). The cell suspension was then pelleted by centrifugation. The cell clusters were 

rinsed once with N2B27 medium and subsequently transferred to a sterile dish without coating. 

They were then resuspended in NPC-induction medium (NPC-IM; N2B27 supplemented with 

ascorbic acid (200 µM; AA; Sigma Aldrich, #A4403), CHIR99021 (3 µM; Axon Medchem, 

#Axon1386), PMA (0.5 µM; Santa Cruz Biotechnology, #sc-202785A), Dorsomorphin (150 

nM; Absource, #S7306), and SB431542 (10 µM; Biomol, #Cay12031), along with Y-27632 (5 

µM). This was incubated at 37°C/5% CO2, allowing embryoid bodies (EBs) formation. the 

medium was replaced every other day with NPC-IM without ROCK inhibitor Y-27632. On day 

six, the embryoid bodies were dissociated into individual cells by pipetting and then seeded 

onto a Geltrex-coated well containing NPC expansion medium (NPC-EM; N2B27 

supplemented with ascorbic acid (200 µM; AA), CHIR99021 (3 µM), and PMA (0.5 µM)). 

The medium was replaced every two days. In order to eliminate non-NPC cells, a sequential 

digestion process was conducted during the initial passages using Accutase. For regular 

passaging, the cells were treated similarly to single-cell passaging of hiPSC, carried out every 

5 days at a 1:10 ratio. 

To induce the differentiation of neurons from NPC (Marrone et al. 2019), the cells were first 

singularized using Accutase. Subsequently, one million cells were plated into a 6-well 

containing the patterning medium (PM; N2B27 supplemented with AA (200 µM), retinoic acid 

(1 µM; Sigma Aldrich, #R2625), PMA (0.5 µM), and GDNF/BDNF (10 ng/ml; Peprotech, 

#450-10 and #450-02). The cells were cultured for six days, with the medium being replaced 

every two days. On the sixth day, the medium was replaced with maturation medium (MM; 

N2B27 supplemented with AA (200 µM), dbcAMP (100 µM; Sigma Aldrich, #D0627), 
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GDNF/BDNF (5 ng/ml), TGF-β3 (1 ng/ml; Peprotech, #AF-100-36E), and Activin A (5 ng/µl; 

Life Technologies, #PHG9014). Two days later, the medium was changed to MM excluding 

Activin A. The cells were maintained for additional ten days, with regular medium changes 

every two or three days. On day 16, the cells were dissociated using Accutase and resuspended 

in MM, then centrifuged for 5 minutes at 200g. The cell pellets were transferred to a fresh plate. 

On day 19, the medium was supplemented with CompE (0.1 µM; Merck, #565790) to promote 

neuronal maturation. The cells were harvested on day 21. 

Cardiomyocytes were differentiated from hiPSC line using a previously described method with 

some modifications (Zhang, Schulte, et al. 2015). hiPSC were singularized using Accutase, and 

then seeded on Matrigel-coated plates containing day 0 differentiation medium (KO-DMEM 

(Gibco #10829-018) supplemented with L-Glutamine (2 mM; Gibco #25030-024), each 

insulin/transferrin/selenious acid (5 µg/ml, ITS - Corning#354351), FGF2 (10 ng/ml; 

Peprotech #100-18B-250), CHIR 99201 (1 µM; Axon #Axon 1386), BMP-4 (1 ng/ml; R&D 

#314-BP-010), Activin A (5 ng/ml; Life Technologies #PHG9014), ROCK inhibitor (10 µM; 

Y-27632; Stemcell Technologies #72305)). After one day, medium was replaced with 

transferrin/selenium (TS) medium (KO-DMEM supplemented with L-Glutamine (2 mM), 

human transferrin (5.5 µg/ml; Sigma-Aldrich #TS8158-100mg), sodium selenite (6.7 ng/ml; 

Sigma-Aldrich #214485), ascorbic acid (250µM; Sigma #A4403-100mg)). On both day 2 and 

3, the medium was changed to TS medium containing WNT-inhibitor C59 (0.2 µM; Tocris 

#5148). Daily medium exchanges were performed until day 9. To enrich the population of 

cardiomyocytes, cells were subjected to glucose deprivation for one day with TS-minus glucose 

medium (DMEM w/o Glucose (Gibco #A13320-01)supplemented with L-Glutamine (2 mM), 

human transferrin (5.5 µg/ml), sodium selenite (6.7 ng/µl) , ascorbic acid (250 µM), Lactic 

Acid (4 mM; Sigma L4263-100ml)). On day 10, the cells were detached using Accutase and 

seeded on Matrigel-coated wells in CM-Maturation medium (KO-DMEM supplemented with 

FCS (2%; Gibco #16000-044), L-Glutamine (2 mM), ROCK inhibitor (10 µM). On the 

following day, the medium was changed with fresh CM-MMwithout the ROCK inhibitor. 

Subsequent medium exchanges were performed every other day until the cells were harvested 

on day 15. 

4.2.2 Molecular cloning  

DNA Digestion and fragments clean-up 
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1 µg plasmids were digested with 2-5 units of enzyme (NEB)at 37°C for 2 hours, Backbone 

dephosphorylation was performed by adding 5 units of Antarctic phosphatase 30 minutes 

prior to the end of the incubation. PCR products were purified with the Zymo DNA Clean & 

Concentrator kit. plasmid digestions were purified through agarose gel size selection, gel 

excision, and subsequent gel extraction using the Gel Extraction Kit from Analytics Jena. 

Ligation and Gibson Assembly 

Ligation of the backbone to the insert was conducted at a molar ratio of 1:3 with T4 Ligase 

(M0202S) following the manufacturer’s instruction. Subsequently, 2 μl of the ligation mix 

was used for the transformation step. 

Gibson assembly was performed using a custom-made Gibson Master Mix obtained from the 

Core Facility at MPI Biochemistry. Assembly of backbone with the insert was conducted at a 

molar ratio of 1:3, incubated for 2 hours at 50°C. 2 μl of the assembly mix was used for the 

transformation step. 

Bacterial transformation, purification and Sanger sequencing  

Top10 competent bacteria were thawed while being kept on ice. 50 μl of the thawed competent 

bacteria cells was mixed with plasmid DNA and incubated on ice for 30 minutes. The cells 

were incubated at 42°C for 45 seconds for heat shock, and immediately placed on ice for 5 

minutes. The cells were supplemented with 200 μl of SOB medium and incubated at 37°C for 

at least one hour. The cells were spread onto LB plates containing Carbenicillin antibiotics and 

then incubated overnight at 37°C. Next day, colonies were picked for culturing overnight and 

DNA was purified with innuPREP Plasmid Mini Kit (Analytik Jena) and sent for Sanger 

sequencing at Eurofins Genomics using Tube-to-Seq service, with plasmid diluted to 50 ng/μl 

in 15 μl and 2 μl 10 μM sequencing primer combined. 

Plasmid construction  

The vector plasmid for single guide RNA knockdown (pDN115 pU6-sgRNA-EF1α-Puro-GFP) 

was cloned from pDN064_pU6-sgRNA EF1α-Puro-T2A-BFP by replacing the BFP with a 

GFP cassette. To insert the sgRNA, the expression vectors pDN115 were digested using BstXI 

and BlpI, then assembled by Gibson assembly using sgRNA oligos harboring 30bp overhangs 

Successful insertion was confirmed through Sanger sequencing. All primers used were listed 

in Table 4.4. 



Chapter 4 - Materials and Methods 

 115 

4.2.3 CRISPRi workflows 

Generation of inducible CRISPRi hiPSC line 

HPSI0214i-kucg-2 cells were genetically modified by Geradline Rodschinka to incorporate a 

doxycycline-inducible promoter-driven KRAB-dCas9 construct at the human AAVS1 locus. 

The plasmid pAAVS1-PDi-CRISPRn was generously provided as a gift from Bruce Conklin 

(Addgene plasmid #73500; RRID: Addgene_73500). After nucleofection together with 

forward and reverse TALEN arms, cultures were subjected to antibiotic selection using G418 

(100 µg/ml) until stable colonies emerged from single cells. Following the selection, individual 

colonies were picked and subjected to PCR screening for heterozygous insertion with two 

primers flanking the human AAVS1 locus (5′-CGAGAGCTCAGCTAGTCTTC-3′ and 5′-

CTCTCCCTCCCAGGATCC-3′) along with an extra primer that binds to the insert (5′-

GTTCATTCAGGGCACCGGAC-3′). Flow cytometry and immunoblotting analyses were 

performed to assess the expression of KRAB-dCas9 in positive clones, following the addition 

of doxycycline (2 µM). Expanded clones were subjected to G-band analysis to confirm the 

integrity of the genome. 

CRISPRi library design 

An adapted workflow for the CRISPRiaDesign protocol was utilized to design sgRNAs that 

specifically target the transcription start sites (TSS) of genes with the GENCODE v19 

annotation. For incorporating SNPs information in the genome of HPSI0214i-kucg-2, GATK 

haplotype calls were used for the cell line, and variant sites were extractedexclusively using 

the gvcftools extract_variants v0.17.0. The generated genomic variant call format (GVCF) file 

was then indexed and the genotypes were called with GATK GenotypeGVCFs v4.1.0.0. To 

preserve the genomic context and theposition information in GRCh37 and our customized 

genome, only SNPs were retained. GATK SelectVariants v4.1.0.0was used for this with the 

parameter "-select-type SNP". To replace nucleotides in the GRCh37 reference genome 

usingthe called genotype SNPs, a sequence dictionary was first created from the reference 

genome with Picard CreateSequenceDictionary v2.17.10. The SNP VCF file was then supplied 

to GATK FastaAlternateReferenceMakerv4.1.0.0 in order to generate the altered reference 

genome. For training a linear regression model using elastic net to predict sgRNA activity, the 

custom genome was combined with additional training data obtained from the CRISPRia 

pipeline, including TSS predictions and sgRNA activity scores, as well as our own ATAC-Seq 
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data obtained from the HPSI0214i-kucg-2 cells as a representative measure for chromatin 

accessibility. Following the prediction of activity scores, the identification of off-targets per 

sgRNA was performed as described. 

CRISPRi knockdown 

Single guide RNAs were cloned into pU6-sgRNA EF1α-Puro-T2A-GFP using Gibson 

assembly. This construct was generated by replacing BFP (Blue Fluorescent Protein) with GFP 

(Green Fluorescent Protein) in pU6-sgRNA EF1α-Puro-T2A-BFP, a gift from Jonathan 

Weissman (Addgene plasmid #60955), and verified with Sanger sequencing. Lentivirus stocks 

containing sgRNAs were generated by co-transfecting the resulting plasmid with three 

lentiviral packaging plasmids, pRSV-Rev (Addgene plasmid #12253), pMDLg/pRRE 

(Addgene plasmid #12251;), and pMD2.G (Addgene plasmid #12259), using TransIT®-Lenti 

Transfection Reagent (Mirus, # MIR6603) into Lenti-X™ 293T cells, according to the 

manufacturer’s instructions. The viral supernatant was collected 48-72 hours post-transfection 

and filtered using a PVDF syringe filter (0.45 μm). The supernatant was then precipitated 

overnight at 4°C using Lentivirus precipitation solution (Alstembio, #VC125). The virus stocks 

were concentrated by ten fold using cold PBS, divided into smaller aliquots, and then stored at 

-80°C.  

hiPSC were transduced by mixing thawed lentivirus stock and fresh medium onto the plates, 

incubated for 10 minutes at 37°C/5% CO2, followed by adding the trypsinized cells to the 

plates containing lentivirus. The hiPSC were cultured with lentivirus for two days, after which 

they were split and selected with puromycin (2.5 μg/ml) for 2-3 days until the proportion of 

GFP-positive cells surpassed 80%. NPC transduction was similar to hiPSC, except that 

lentivirus incubation was shortened to one day, and was carried out without doxycycline. 

Transduced cells were subjected to antibioticselection with puromycin (2.5 μg/ml) in the 

absence or presence of doxycycline, respectively, until the proportion of GFP-positive cells 

exceeded 80%. 

4.2.4 Genome editing with CRISPR-Cas9 RNP 

The tracrRNA, crRNA and ssODN templates were acquired from IDT. The gRNAs were 

generated by annealing the crRNA (5′- 

UGUGGGCCAAGGCUAGGGAGGUUUUAGAGCUAUGCU-3′ for the tRNA-Pro-TGG-2-

1 gene body swap; 5′- UUGCUCAGCAGAUGGCUCGUGUUUUAGAGCUAUGCU-3′ for 
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the tRNA-Pro-TGG-2-1 upstream sequence edit) with tracrRNA in equal molar ratios at 95°C 

for 5 minutes following the manufacturer's instructions. The Ribonucleoprotein (RNP) 

complex was formed by combining gRNA (100 pmol) with Alt-R HiFi Cas9 (50 pmol; IDT), 

followed by incubation for 20 minutes at room temperature. HPSI0214i-kucg-2 cultures were 

singularized using Accutase and then nucleofected with the preassembled RNP and HDR donor 

oligo using the CA137 program with P3 solution (Lonza) in Nucleocuvette™ Strips. The cells 

were subsequently transferred to new culture plates and replated in mTeSR Plus medium, 

supplemented with CloneR™ (1:10 dilution; Stem Cell, #05888). Medium was replaced with 

mTeSR™ Plus every other day until colonies are ready to be picked. Colonies were 

individually picked and expanded. Homozygously edited clones were screened out by PCR 

amplifying genomic DNA with primers that flank the target region. Sanger sequencing was 

then carried out to confirm the sequence modifications. 

4.2.5 RNA workflows 

RNA isolation  

The cells were lysed using LiDS/LET buffer (5% LiDS in solution containing 20 mM Tris; 2 

mM EDTA; 100 mM LiCl; 5 mM DTT, pH 7.4). Proteinase K was supplemented at 100 μg/ml 

fresh in the buffer prior to lysis reaction. The lysates were incubated for 10 minutes at 60°C, 

followed by pushing 10 times through a 26G needle fitted in 1ml syringe andvortexing. Two 

volumes of ice-cold acid phenol (pH 4.3) were added to the lysates, along with 1/10 volume of 

1-Bromo-3-chloropropane, as well as 50 µg glycogen (Thermo Fisher Scientific #AM9510). 

The samples were thoroughly mixed by vigorous vortexing, and centrifuged at 10,000g, 4°C. 

The upper aqueous phase was carefully transferred to a fresh tube. The phenol/BCP extraction 

was then repeated to ensure efficient separation and purification. For RNA precipitation,3 

volumes of 100% ice-cold ethanol were added to the aqueous phase, and incubated at -20°C 

for at least 30 minutes. The RNA pellets were carefully washed with 80% ethanol, followed by 

gentle air-drying. Finally, the pellets were reconstituted in RNase-free water. The concentration 

of RNA was determined using a Nanodrop spectrophotometer, and the samples were 

subsequently stored at a temperature of -80°C for long-term preservation. 

DNase treatment 

10 μg RNA was digested with Turbo DNase (Thermo Scientific) for 30 minutes at 

37°C/1500rpm. For RNA extraction, acid phenol (pH 4.3) of one volume, BCP and 3M NaOAc 
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(pH 4.5) at one-tenth of the volume and 10μl of Glycogen were added and thoroughly mixed. 

The samples were then centrifugated at 10,000xg for five minutes at 4°C. The aqueous phase 

was then transferred to a fresh tube and washed with an equal volume of BCP by mixing, 

followed by centrifugation at 10,000xg/4°C for 5 minutes. The RNA was then precipitated by 

adding three volumes of 100% ice-cold ethanol, and the resulting pellets were subsequently 

resuspended in water.  

Quantitative RT-PCR 

For reverse transcription, 1 μg of the DNase-treated RNA was reverse transcribed to cDNA 

with the Protoscript II First Strand cDNA Synthesis Kit from NEB, with the  20 μl reaction 

volume diluted to 50 μl by adding water and then stored at -20°C. The KAPA SYBR Fast qPCR 

Mix from Roche was utilized for quantitative RT-PCR, with primers listed in Table 4.4. ΔΔCt 

values relative to the control samples were calculated. 

Northern blotting 

0.5 µg total RNA was separated on 10% denaturing polyacrylamide/7M urea/1×TBE gels. 

RNA was then transferred onto the Immobilon-Ny+ membranes (Millipore) using 1×TBE 

buffer at a constant current of 4mA/cm2 for 40 minutes in the TransBlot Turbo transfer system 

(Bio-Rad). The transferred RNA was crosslinked using a Stratalinker UV crosslinker at 0.04 J. 

The membranes were incubated for one hour at 80°C, followed by pre-hybridization for 4 hours 

at 55°C in hybridization buffer (Na2HPO4 (20 mM; pH 7.2), 5× SSC, 7% SDS, 2× Denhardt 

solution, sheared salmon sperm DNA (40 μg/ml)). The membranes were incubated overnight 

with 10 pmol of probes labeled with 32P at the 5' end (tRNA-Arg-UCU-4: 5′-

CGGAACCTCTGGATTAGAAGTCCAGCGCGCTCGTCC-3′; tRNA-Gly-CCC-2: 5′-

CGGGTCGCAAGAATGGGAATCTTGCATGATAC-3′; tRNA-Asn-GUU-1: 5′-

CGTCCCTGGGTGGGATCGAACC-3′). The membranes were subjected to three washes with 

solution containing Na2HPO4 (25 mM; pH 7.5), 5% SDS, 3×SSC and 10×Denhardt, followed 

by one time wash in 1×SSC and 10% SDS. The membranes were then exposed to Phosphor 

screens and scanned using a Typhoon FLA 9000 (GE Healthcare). Intensity of the bands was 

quantified using ImageJ software. 

RNA-Seq library construction 
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250 ng total RNA (same samples as used for preparing mim-tRNAseq library) was used to 

construct mRNA-Seq library using Zymo-Seq RiboFree Total RNA Library Kit (Zymo 

Research, #R3000). Libraries were quantified using the Qubit dsDNA HS assay and the 

fragment size was determined using an Agilent TapeStation. Subsequently, Sequencing of the 

libraries was performed on the Illumina NovaSeq platform with120 cycles, generating at least 

21 million reads for each library. 

RNA-Seq data analysis 

The preprocessing of RNA-Seq datasets involved removal of potential 3' adapters with Trim 

Galore v0.6.4 using default settings, and only reads with a length of 20 or more were retained. 

Alignment of reads to the human GRCh38 genome was carried out using STAR v2.6.1c with 

the following settings, only retaining uniquely mapped reads containinga maximum of one 

mismatch as well as gene-level quantification of the sequencing reads: --outSAMtype BAM 

SortedByCoordinate --outFilterMultimapNmax 1 --outFilterMismatchNmax 1 --quantMode 

TranscriptomeSAM GeneCounts. In addition, featureCounts v1.6.2 was employed to count 

reads that overlapped with a filtered subset of protein-coding gene annotations obtained from 

the basic gene annotation database GENCODE. Differential gene expression analysis was 

conducted with DESeq2 v1.38.1 using default settings and the gene counts obtained 

fromfeatureCounts. The gene expression heatmaps were created with standardized gene read 

counts and the values of significant log2 fold-change (p-adj ≤ 0.05) obtained from DESeq2 

were combined using ComplexHeatmap v2.14.0116.Using the same scaled read counts matrix, 

heatmaps for specific gene subsets were created by subsetting specific gene lists before plotting. 

Construction of tRNA sequencing libraries  

The preparation of tRNA-Seq libraries was carried out with the mim-tRNAseq workflow. In 

brief, total RNA samples from two biological replicates of each cell line was combined with 

synthetic E.coli tRNAs (tRNA-Lys-UUU-CCA and tRNA-Lys-UUU-CC) in a ratio of 3:1, 

dephosphorylated using T4 PNK (NEB, #M0201S) and precipitated with ethanol.RNA was 

separated on denaturing gels consisting of 10% polyacrylamide, 7M urea, and 1× TBE buffer. 

RNA with length of 60 -100 nt was extracted by gel excision and elution, followed by ethanol 

precipitation. Next, preadenylated, barcoded 3'-adapters was ligated to the gel-purified tRNA 

in 1× T4 RNA ligase buffer, 20 U Superase In (Thermo Scientific, #AM2696), 25% PEG-8000, 

and 1 µl T4 RNA Ligase 2, truncated KQ (NEB, #M0373S). The mix was incubated at 25°C 
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for 3 hours, and the resulting ligation products were then purified by size selection using a 10% 

polyacrylamide gel containing 7M urea and 1× TBE buffer. 100 ng of the adapter-ligated tRNA 

was then annealed by combining with 1 µl 1.25 µM RT primer (5′-

pRNAGATCGGAAGAGCGTCGTGTAGGGAAAGAG/iSp18/GTGACTGGAGTTCAGAC

GTGTGCTC-3′)  and incubating for 2 minutes at 82°C, followed by 5 minutes incubation at 

25°C. Reverse transcription was carried out with TGIRT (500 nM; InGex, #TGIRT50) in a 

reaction mixture containing Tris-HCl (50 mM; pH 8.3), KCl (75 mM), MgCl2(3 mM), DTT (5 

mM; prepared from a freshly made 100 mM stock), dNTPs (1.25 mM) and Superase In (20 U) 

for 16h at 42°C. Following reverse transcription, the RNA samples were added with NaOH 

(0.1 M) and hydrolyzed by incubating at 90°C for 5 minutes. The cDNA products were 

separated from the unextended primer by resolving on a 10% polyacrylamide gel containing 

7M urea and 1× TBE buffer. Following staining with SYBR Gold, the gel regions containing 

cDNAs that were at least 10 nucleotides longer than the RT primer were carefully excised. The 

gel slices were then crushed using a pestle, and the DNA was eluted in 1× TE buffer at 1500 

rpm and 70°C for 60 minutes. Gel debris was eliminated by centrifugation through a Spin-X 

filter and the cDNA was purified with ethanol precipitation. For cDNA circularization, the gel-

purified cDNA samples were incubated with CircLigase ssDNA ligase (Lucigen) in 1× reaction 

buffer containing1 mM ATP, 50 mM MgCl2 and 1M betaine at 60°C for 3 hours. After 10 

minutes incubation at 80°C for enzymeinactivation, 1/5 of the circularized cDNA was utilized 

for library construction PCR using a common forward primer (5′-

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT∗C-3′) and 

reverse primers with unique indexes (5′-

CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTGT∗G-

3′, NNNNNN represents the reverse complement for Illumina index sequence; 

phosphorothioate bonds are denoted by asterisks) in 1× GC buffer with KAPA HiFi DNA 

Polymerase (Roche). The PCR reaction was initiated with an denaturation step of 3 minutes at 

95°C, followed by five cycles of 20 seconds at 98°C, 30 seconds at 62°C, and 30 seconds at 

72°C, with a ramp rate of 3°C per second. The PCR products were purified using the DNA 

Clean&Concentrator 5 kit (Zymo Research), followed by quantification using Qubit dsDNA 

HS kit (Thermo Scientific, #Q32851). The libraries were sequenced on the Illumina NextSeq 

550 platform for 150 cycles, generating at least 2.5 million reads for each library. 

tRNA sequencing data analysis 
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For demultiplexing and removal of 3' sequencing adapters, cutadapt v3.5 was utilized. During 

the process, indels were not allowed (--no-indels), and quality trimming with a minimum score 

of 30 (-q 30,30) was applied to both read ends.Considering that the sequencing was conducted 

with more cycles compared to the length of any fragment sequenced, all reads should contain 

adapters and only the trimmed reads were retained using the "--trimmed-only" option. 

Subsequently, reads were trimmed further to eliminate the two 5'-RN nucleotides resulting 

from circularization by the RT primer, using the parameter -u 2. During both processing steps, 

reads < 10 nt were excluded from further analysis using the parameter -m 10. Analysis of tRNA 

expression and modification was performed using the computational package v 1.2 of mim-

tRNAseq (https://mim-trnaseq.readthedocs.io/en/latest/index.html). In brief, the analysis used 

the pre-compiled GtRNAdb human hg38 reference with the species parameter set to Hsap (--

species Hsap). The clustering was performed with a cluster ID of 0.97, allowing a maximum 

mismatch tolerance at a proportion of 7.5% of the read length for the first round of alignment 

and 5% of the read length for realignment. The deconvolution coverage ratio was set to 0.4 at 

mismatch sites to enable accurate cluster deconvolution. A minimum coverage threshold was 

set to 0.05% of the total reads per transcript for filtering the low coverage transcripts (mimseq 

--species Hsap --cluster-id 0.97 --threads 40 --min-cov 0.0005 --max-mismatches 0.075 --

control-condition kiPSC --deconv-cov-ratio 0.4 -n hg38_diff --out-dir 

hg38_WTdiff_2rep_deconv0.4_ID0.97_0.075_remap0.05_v12/ --max-multi 6 --remap --

remap-mismatches 0.05 sampleData_ht_diff_2rep.txt.). 

4.2.6 Protein workflows 

Immunoblotting 

Cell lysis was performed using RIPA buffer containing 20 mM Tris pH 7.5, 1% NP-40, 0.5% 

sodium deoxycholate, 150 mM NaCl, 0.1% SDS, 20 µM leupeptin, 10 µg/ml aprotinin, 0.5 

mM AEBSF, 2.5 µM pepstatin A and 1x Phosphatase Inhibitor Cocktail (Cell Signaling, 

#5870). The protein concentration was determined using the Pierce™ BCA Protein Assay Kit 

(Thermo Scientific, #23225). 20 μg of total protein was separated by 10% homemade SDS-

PAGE gel supplemented with 2,2,2-Trichloroethanol (TCE; 0.5%; Sigma, #T54801), or 4%–

12% precast Bis-Tris gels (Life Technologies) using Bolt™ MES SDS Running Buffer (1x; 

Invitrogen, #B0002). TCE-stained total protein was visualized by UV illumination using a 

ChemiDoc system (Bio-Rad). The proteins were subsequently transferred onto the 

nitrocellulose membrane (Amersham, #10600015). To visualize total protein in the precast gels, 
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the membranes were gently shaken in Ponceau S solution (0.5% Ponceau S, 1% acetic acid) 

for 3 minutes at room temperature to stain the total protein. After rinsing with distilled water 

and PBST (0.1% Tween-20), the membranes were imaged on BioRad. The membranes were 

incubated in a blocking solution of 5% milk/PBST (0.1% Tween-20) for 1 hour, followed by 

overnight incubation at 4°C with primary antibodies. Primary antibodies used in 

immunoblotting include rabbit anti-POLR3A/RPC1 (1:1000 diluted; Cell Signaling; #12825), 

mouse anti-POLR3B/RPC2 (1:1000 diluted; Santa Cruz; #sc-515362), mouse anti-Pol III 

RPC32/RPC7α (1:1000 diluted; Santa Cruz; #sc-21754), mouse anti-MAF1 (1:1000 diluted; 

Santa Cruz; #sc-515614 X), anti-phospho-p70 S6 Kinase (1:1000 diluted; Cell Signaling, 

#9206S), rabbit anti-phospho-4E-BP1 (1:1000 diluted; Cell Signaling, #2855T), and rabbit 

anti-vinculin (1:1000 diluted; Cell Signaling; #13901). HRP-conjugated secondary antibodies 

were then added to the membranes and incubated for 1 hour at room temperature. The 

secondary antibodies used include anti-rabbit IgG-HRP (1:4000 diluted; Dianova, #111-035-

003) or anti-mouse IgG-HRP (1:4000 diluted; Dianova, #115-035-003). Proteins were detected 

using chemiluminescence with SuperSignal West Pico Plus substrate (Thermo Scientific, 

#34577) and captured using iBright imaging system (Thermo Scientific). 

For immunoblotting of S6K1 and 4EBP1, the membranes were first incubated with phospho 

antibodies including anti-phospho-4E-BP1 (1:1000 diluted; Cell Signaling, #2855T), anti-

phospho-p70 S6 Kinase (T389), (1:1000 diluted; Cell Signaling, #9206S). The membranes 

were stripped by gently shaking at at room temperature in Restore Western Blot stripping buffer 

(Thermo Scientific, #21059) for twice of 15 minutes. After blocking again, the membranes 

were re-probed with primary antibodies against total proteins including anti-4E-BP1 (1:2000 

diluted; Cell Signaling, #9644) and anti-p70 S6 Kinase (1:2000 diluted; Cell Signaling, 

#2708T). 

To perform Phos-tag immunoblotting, 20 μg of total protein was combined with 4x Laemmli 

Sample Buffer (1x; Biorad #161-0747) containing 25 mM DTT. The mixture was then heated 

at 95°C for 10 minutes. The denatured samples were loaded onto Phos-tag gels (8% 

Acrylamide/Bis solution 29:1; 20 µM Phostag (Wako #AAL-107); 0.375 M Tris-Cl, pH 8.8; 

40 µM MnCl2) and the electrophoresis was performed in Tris/Glycine/SDS running buffer (1x; 

Biorad, #1610732). The gels were subject to two times of 10 minutes gentle shaking in transfer 

buffer (25 mM Tris, 192 mM glycine, 10% methanol) supplemented with 1 mM EDTA, 

followed by two additional 10-minute washes in the transfer buffer lacking EDTA. 
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Transferring of protein to PVDF membranes (Amersham, #10600021) was carried out 

overnight at room temperature intransfer buffer (25 mM Tris, 192 mM glycine, 10% methanol) 

at 35V. The membrane was blocked with 5% milk/PBST solution (0.1% Tween-20) for 1 hour 

at room temperature, and then incubated overnight at 4°C with primary mouse anti-MAF1 

antibody (1:1000 diluted; Santa Cruz; #sc-515614 X) and secondary anti-mouse IgG-HRP 

antibody (1:4000diluted; Dianova, #115-035-003) for 1 hour at room temperature. Protein 

visualization was performed with SuperSignal West Femto Maximum Sensitivity Substrate 

(Thermo Scientific, #34094) and captured using iBright system. 

Immunostaining 

Cells were cultured on µ-Slide 8 Well glass bottom (ibidi, #80827). Cultured cells were rinsed 

with PBS and then fixed with 3.7% formaldehyde by gently shaking at room temperature for 

10 minutes. Formaldehyde was gradually replaced with PBST (0.02% Tween-20), and this was 

followed by three complete rinses with PBS to ensure complete removal. hiPSC and NPC were 

subsequently subjected to permeabilization for 10 minutes using 0.5% Triton-X100/PBST, 

followed by one hour incubation in blocking solution (PBS containing 3% BSA and 0.1% 

Triton-X100). Cells were then incubated overnight at 4°C with primary antibodies diluted in 

the blocking solution (POU5F1 C-10, 1:400 diluted, Santa Cruz, #sc-5279; SOX2 E-4, 1:200 

diluted, Santa Cruz, #sc-365823; Nanog P1-2D8, 1:200 diluted, Millipore #MABD24; PAX6, 

1:200 diluted, Abcam #ab5790; Nestin, 1:200 diluted, R&D Systems, #MAB1259). Following 

three washes with PBST, cells were exposed to secondary antibody diluted with blocking 

solution at room temperature for one hour (goat anti-mouse Alexa Fluor 488, 1:2000 diluted, 

Thermo Scientific, #A-11001; goat anti-rabbit Alexa Fluor 488, 1:2000 diluted, Thermo 

Scientific, #A-11034; goat anti-mouse Alexa Fluor 633, 1:500 diluted, Thermo Scientific, #A-

21052). Cells were subjected to three washes with PBST prior to imaging, with DAPI added at 

1:1000 dilution during the second washingstep. Neurons were permeabilized with 0.7% 

Tween-20/PBS for 10-minute, followed by blocking in neurons blocking solution (PBS 

supplemented with 1% BSA, 0.1% Triton-X100, and 10% FCS) for one hour. After washing 

in 0.1% BSA/PBS, cells were incubated overnight at 4°C with the primary antibodies in 1% 

BSA/PBS (MAP2, 1:1000 diluted, Abcam, #ab92434; CHAT, 1:200 diluted, Abcam, #ab6168). 

Following three times of wash with 0.1% BSA/PBS solution, the cells were incubated with 

secondary antibodies diluted in 1% BSA/PBS at room temperature for one hour (goat anti-

rabbit A633, 1:500 diluted, Thermo Scientific #A-21070; goat anti-chicken A488, 1:2000 
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diluted, Thermo Scientific, #A-11039). Cells were then washed again for three times with 0.1% 

BSA/PBST solution (containing 0.05% Tween-20), with DAPI added at 1:1000 during the 

second wash. The cardiomyocytes were blocked and permeabilized by incubating in blocking 

solution (3% BSA and 0.1% Triton-X in PBS) at room temperature for one hour. Following 

three washes in PBS-T (PBS with 0.1% Tween), cells were incubated together with primary 

antibodies (ACTN2, 1:800 diluted, Sigma-Aldrich #A7811; cTNT, CT3, 1:5 diluted, DSHB) 

diluted with staining solution (1 % BSA and 0.1 % Tween in PBS) overnight at 4°C. Following 

three times wash with PBST (PBS with Tween-20), cells were incubated with secondary(goat 

anti-mouse Alexa Fluor 488, 1:2000 diluted, Thermo Scientific, #A-11001) and DAPI (1:1000) 

diluted with staining solution at room temperature for one hour in the dark. After three times 

wash with PBS containing 0.1% Tween, cells were then imaged in PBS. 

4.2.7 ChIP-Seq and ATAC-Seq workflows  

ChIP-Seq library construction 

Cultured cells in 6-wells were fixed using 0.8% methanol-free formaldehyde solution (Thermo 

Scientific, #28906) in DMEM at room temperature for 10 minutes with gentle shaking. The 

crosslinking was then quenched by adding 0.125 M glycine and shaking at room temperature 

for 5 minutes. After two washes with ice-cold PBS, cells were resuspended using Farnham 

buffer (5 mM PIPES, pH=8.0; 85 mM KCl; 0.5% IGEPAL-CA 630) and snap-frozen in liquid 

nitrogen. Before use, all buffers were added with cOmplete™ EDTA-free Protease Inhibitor 

Cocktail (Roche, #1187358000). Isolation and shearing of chromatin were carried out 

following the NEXSON protocol. Frozen cell pellets were gently thawed on ice and sonicated 

in 1 ml tubes (Covaris, #520130) for 2 minutes on Covaris S220 sonicator with the following 

parameters: peak power = 75W, duty factor = 2%, and cycles/burst = 200. The resulting isolated 

nuclei were rinsed once with Farnham buffer and then resuspended with shearing buffer (10 

mM Tris-HCl, pH 8.0; 0.1% SDS; 1 mM EDTA). All chromatin was sheared using a Covaris 

S220 sonicator in 1ml tubes for 18 minutes with the following parameters: peak power = 140W; 

duty factor = 5%; cycles/burst = 200, except that chromatin used for BRF1 ChIP was sheared 

for 9 minutes with the same settings. The sheared chromatin was clarified through 

centrifugation at 16,000g for 10 minutes. 10 µl of the sheared chromatin was utilized for quality 

control analysis on the Agilent TapeStation system. Size distribution of DNA fragments 

ranging from 100 to 800 bp was regarded as appropriate for ChIP reaction. After shearing, the 

chromatin was rapidly frozen in liquid nitrogen, divided into aliquots, and then stored at -80°C. 
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10µl aliquot was used for DNA concentration determination. For this, the samples were 

decrosslinked by incubating with 0.2 M NaCl at 65 °C overnight, then incubated with 50 µg/ml 

RNaseA (Thermo Scientific, #EN0531) for 30 minutes at 37 °C, followed by incubation with 

200 µg/ml Proteinase K (Sigma-Aldrich, #P2308) for 1 hour at 65 °C. DNA purification was 

carried out using the DNA ChIP Clean & Concentrator kit (Zymo Research, #D5205), eluting 

in 10 µl of the Elution buffer (10 mM Tris, pH 8.5 and 0.1 mM EDTA. 

Sheared chromatin was placed on ice after thawing. For RPC1 ChIP, 5 μg of chromatin was 

diluted at a 1:8 ratio using ChIP Dilution buffer (23 mM Tris-HCl, pH=8.0; 200 mM NaCl; 

2.3 mM EDTA;1.3% Triton X). Magna ChIP™ Protein A+G Magnetic Beads (Merck, #16-

663) were blocked in 5 mg/ml BSA in PBS at room temperature for 2 hours on a rotating 

platform, followed by resuspending in ChIP Dilution buffer. Chromatin was supplemented with 

0.5% D. melanogaster chromatin (Active Motif, #53083) as spike-in and pre-cleared by 

incubating with 10 µl BSA blocked magnetic beads at 4°C for 1 hour on a rotating platform. 

Following the removal of beads, pre-cleared chromatin was incubated with 5 μg 

POLR3A/RPC1 antibody (Cell Signaling Technology, #12825) and 0.2 µg of spike-in 

Drosophila antibody (Active Motif, #61686) on a rotating platform overnight at 4°C. For 

H3K4me3 and H3K27me3, each ChIP was performed with 2 µg of pre-cleared chromatin and 

5 µl of H3K4me3 antibody (Active Motif, #39159) or H3K27me3 antibody (Millipore, #07-

449). The spike-in chromatin or antibody was not included in these experiments. The samples 

were incubated with 60 µl of BSA-blocked magnetic beads at 4 °C for 2 hours on a rotating 

platform. The chromatin-antibody-beads complexes were sequentially washing using low-salt 

buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA pH=8.0, 20 mM Tris-HCl pH=8.0, 150 mM 

NaCl), high-salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA pH=8.0, 20 mM Tris-HCl 

pH=8.0, 500 mM NaCl), lithium chloride buffer (0.25 M LiCl, 1% IGEPAL-CA 630, 1% 

sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH=8.0) and Tris-EDTA buffer (10 mM 

Tris-HCl, 1 mM EDTA pH=8.0).Each wash step was repeated twice, 10 minutes each, on a 

rotating platform at 4°C. DNA was then eluted from the beads in ChIP elution buffer (1% SDS, 

50mM NaHCO3) for two times of 30 minutes on a rotating platform at room temperature. 

Reverse crosslinking and DNA purification was following the same procedure as for the input 

chromatin. 

For BRF1 and POLR3G/RPC7α ChIP, 5 μg of sheared chromatin was diluted with ChIP RIPA 

buffer (50 mM Tris-HCl pH=8.0, 150 mM NaCl, 2 mM EDTA pH=8.0, 1% NP-40, 0.5% 
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sodium deoxycholate, 0.1% SDS) at a ratio of 1:8 and pre-cleared as mentioned above. The 

magnetic beads were blocked with 5 mg/ml BSA in PBS as described for RPC1 ChIP, but then 

resuspended with ChIP RIPA buffer. 5 µg of precleared chromatin was incubated with 10 µl 

of anti-BRF1 antibody (Abcam, #ab264191) or 20 µl of anti-POLR3G/RPC7α antibody (Santa 

Cruz, #sc21754) on a rotating platformovernight at 4°C. Then the chromatin-antibody 

complexes were incubated with 60 µl of BSA-blocked magnetic beads while rotating at 4 °C 

for 6 hours. The beads were washed three times in low salt buffer buffer (0.1% SDS, 1% Triton 

X-100, 2 mM EDTA pH=8.0, 20 mM Tris-HCL pH=8.0, 150  mM NaCl) and one time in high 

salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA pH=8.0, 20 mM Tris-HCl pH=8.0, 

500 mM NaCl) by rotating at 4°C for 10 minutes each time. DNA was eluted with two 

consecutive incubations in RIPA elution buffer (1% SDS, 100mM NaHCO3) while rotating at 

room temperature for 30 minutes. Reversal of crosslinking and DNA purification was carried 

out following the same procedure as that for input chromatin. 

Eluted DNA samples were used to prepare sequencing libraries using the Ovation® Ultralow 

V2 DNA-Seq Library Preparation Kit (Tecan, #0344NB) and SPRIselect beads (Beckman 

Coulter, #B23318) following the manufacturer's instructions. The concentration of the library 

was measured using the Qubit dsDNA HS assay (Thermo Scientific), and the distribution of 

fragment size was evaluated using the Agilent TapeStation system. Sequencing was conducted 

on Illumina NovaSeq platform with 110-bp paired-end, generating at least 30 million reads for 

each library. 

ATAC-Seq library construction 

ATAC-Seq was conducted using ATAC-Seq Kit (Active Motif, #53150), following the 

manufacturer’s instructions. In brief, 50,000 cells of each cell type (n=2 biological replicates) 

were tagmented for 60 minutes at 37°C. Once a nucleosomal banding pattern was verified with 

an Agilent Tapestation, the libraries were quantified using the KAPA Library Quantification 

Kit (Kapa, # KK4854). The sequencing was on Illumina NextSeq 550 platform with 75bp 

paired-end, generating read counts ranging from 21.5 to 46 million reads for each library. 

ChIP-Seq read alignment and analysis of multimapping  

The ChIP-Seq and ATAC-Seq datasets were first preprocessed to eliminate potential 3' 

adapters with Trim Galore v0.6.4 using default settings, and only reads with a length ≥ 20 were 

retained. Considering the high occurrence of tRNA gene duplication that can also include 
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flanking sequences, we first focused on evaluating the extent of multi-mapping in RPC1 ChIP-

Seq reads aligned to predicted tRNA genes. Paired-end reads with 2x 110 bp from the RPC1 

ChIP-Seq libraries were aligned to the human reference genome GRCh38 with STAR v2.6.1c, 

allowing a maximum of one mismatch per read (--outFilterMismatchNmax 1), and up to 10 

alignment positions (--outFilterMultimapNmax 10). The alignment was performed in end-to-

end mode, with introns in reads being explicitly prohibited (--alignEndsType EndToEnd --

alignIntronMax 1). To eliminate read duplicates, Picard Tools MarkDuplicates v2.17.10 was 

used, with the parameter REMOVE_DUPLICATES=true to directly filter the duplicates in the 

resulting BAM (Binary Alignment Map) file. For read counting, we used mmquant v1.3, which 

assessed the overlap of reads with the 619 predicted human tRNA genes and each gene was 

extended by 125 bp of both upstream and downstream sequences. With a custom Python script, 

we parsed the mmquant output to generate library-specific outputstRNA genes represented as 

rows, and columns for uniquely mapped read counts, multi-mapped read counts, and proportion 

of the total reads per tRNA that were accounted for by multi-mapping reads. To identify tRNA 

genes that cannot be distinguished in ChIP-Seq data, we defined a consensus tRNA gene list 

using those with at least 25% multi-mapping reads and a minimum of 50 aligned reads in the 

RPC1 ChIP-Seq libraries ( in total 61 tRNA genes from 16 anticodon families and 27 

isodecoders; Supplementary Table 4). As anticipated, 20 out of the 23 tRNA genes fall into 

the this group. These genes, including Glu-CTC, Gly-TCC, Asp-GTC, Leu-CAG, are present 

in four tandem repeats of a tRNA gene cluster on chromosome 1. All gene-level analysis 

forChIP-Seq and ATAC-Seq excluded this set of 61 tRNA genes identified. Since the majority 

of multi-mapped reads were aligned to the same gene copies that encode identical tRNA 

transcripts, a random alignment position was selected and reported for these reads in the 

analysis of tRNA transcript-aggregated Pol III occupancy and chromatin accessibility.  

Peak calling and annotation for ChIP-Seq and ATAC-Seq  

After adapter trimming, ChIP-Seq libraries and ATAC-Seq libraries were aligned to the 

GRCh38 human reference genome with the STAR aligner using the following settings: 

allowing a maximum of one mismatch per read and up to 10 alignment positions, performing 

end-to-end alignment and prohibiting introns, and reporting only one alignment per 

read(outFilterMismatchNmax 1, --outFilterMultimapNmax 10, --alignEndsType EndToEnd, -

-alignIntronMax 1, and --outSAMmultNmax 1). The reads originating from libraries 

containing spike-in were also aligned to the r6.39 D. melanogaster genome using the same 
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alignment settings, except that only uniquely-mapped reads were kept (--

outFilterMultimapNmax 1). Subsequently, read duplicates were eliminated with Picard Tools 

MarkDuplicates v2.17.10, following the same procedure as described earlier, alignments to 

mitochondrial genome were also filtered out for the ATAC-Seq libraries. To accommodate the 

transposon dimerization before insertion, we additionally shifted the filtered ATAC-Seq reads 

by +4 bp for positive strand alignments, and -5 bp for negative strand alignments using the 

deepTools alignmentSieve v3.4.0. Simultaneously, alignmentSieve was utilized to split 

fragments into segments representing nucleosome-free regions (NFRs) with a maximum of 100 

nt in length. Both operations, namely the shifting of reads and the splitting of fragments into 

NFRs, were carried out concurrently using the parameters --ATACshift and --

maxFragmentLength 100. The ATAC-Seq alignments for NFR were converted to BEDPE 

format using alignmentSieve with the parameter --BED for peak calling. 

Peaks calling was performed with MACS callpeak v2.2.6, using the HPSI0214i-kucg-2  input 

samples for the kucg-2 hiPSC and CM datasets, HPSI0214i-wibj-2 input sample for the wibj-2 

hiPSC datasets, HPSI0214i-kucg-2-derived NPC input samples for the NPC and neuron 

datasets, with the fragment sizes specified (--extsize) and the building of shifting model 

disabled (--nomodel). The calculation of dynamic lambda uses a small region size of 500 bp (-

-slocal 500), with peak summits reported (--call-summits). Peak calling with MACS was 

performed on all reads without removingduplicates (--keep-dup all) since these were previously 

filtered with Picard Tools for duplicates. Peak calling for ATAC-Seq was performed using the 

BEDPE files generated as mentioned above (-f BEDPE), without including the corresponding 

input control samples, and not disabling the shifting model building or specifying the fragment 

sizes. In addition, for all peak calling analyses, normalized signal to per million reads was saved 

in bedgraph format to visually inspect the datasets (-B and -SMPR). Significant peaks were 

called for both types of data with FDR-adjusted Poisson distribution p-values less than or equal 

to 0.05. To further filter the set of predicted peaks, the bed file 

(https://www.encodeproject.org/files/ENCFF356LFX/) containing unified GRCh38 blacklist 

regions in the ENCODE project was used to identify overlaps with bedtools intersect v2.29.2.  

To annotate the peak region summits that passed the blacklist filter, we searched for the nearest 

predicted tRNA locus using bedtools closest in the filtered tRNA gene set, excluding those 

tRNA genes that exhibited significant "within isodecoder" multi-mapped reads in hiPSC, as 

defined previously. For each sample, peaks with tRNA "hits" were identified as those located 
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within 125 bp from annotated tRNA genes. tRNA hits that were shared by both replicates for 

each cell type or experiment condition were utilized to define the consensus tRNA peaks for 

the corresponding condition. With the RPC1 tRNA peak datasets, we designated housekeeping 

tRNAs as those present in the consensus sets across all cell types. The tRNAs that were absent 

from all consensus gene lists were identified as persistently inactive tRNAs.Repressed tRNA 

genes were characterized with occupancy in any cell type but were not included in the 

housekeeping tRNA set. This was determined by taking the difference between the union of all 

tRNA gene peaks across all cell types and the set of housekeeping tRNAs. 

Normalization and visualization of ChIP-Seq coverage  

To visually analyze the ChIP-Seq datasets, the BAM files with duplicate filtered were 

transformed into normalized bigWig tracks with deepTools v3.5.1. For calculating the 

normalization factors for each individual library, mmquant was utilized to count the ChIP-Seq 

reads that overlapped with the annotated hg38 human tRNA genes, extending by 125 bp at both 

ends to ensure comprehensive coverage of the regions of interest. Normalization factors were 

computed using the obtained counts as input with the "calcNormFactors" function from the 

edgeR v3.34.1 package, with the "RLE" method. The relative library sizes were determined by 

summing the reads that were assigned to tRNA features and scaling them per million reads, 

allowing for a normalized comparison across samples. The library size factors were then 

multiplied with the edgeR normalization factors, then the reciprocal of the resulting product 

was used for generating normalized signals. To generate the normalized signal files, deepTools 

bamCoverage was implemented with a normalization bin size set to 1 bp (--binSize 1), the 

previously calculated scale factors (--scaleFactor), and read extension based on the fragment 

lengths estimated by Phantompeakqualtools (--extendReads). The plotting of the signal was 

carried out using deepTools computeMatrix, specifically in the reference-point mode and the 

plotHeatmap function, with tRNA gene start as the reference point (--referencePoint TSS), and 

the regions of interest (-R) defined using BED files of housekeeping, repressed, and inactive 

tRNAs, including either 500 bp or 1000 bp upstream and downstream flanking the tRNA gene 

start (-a 500 -b 500 or -a 1000 -b 1000, respectively). 

DiffBind analysis 

To perform the differential occupancy analysis, we used DiffBind v3.2.7 and specifically 

included 560 filtered human tRNA genes, excluding the 49 tRNA genes that were identified in 
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the above-mentioned multi-mapping analysis. With this, we obtained occupancy results for all 

tRNA genes irrespective of whether a ChIP peak was present or absent. In brief, we first created 

a BED file including all 560 tRNA genes, with each gene extended by 200 bp on both ends to 

capture the complete ChIP signal surrounding each tRNA gene. To prevent peak merging 

during the DiffBind analysis, we identified the overlapping regions within the extended 

features with bedtools intersect for tRNAs that were separated by no more than 200 bp, The 

overlapping regions were subsequently removed from the extended features with bedtools 

subtract. DiffBind analysis were provided with sample sheets containing the duplicate-filtered 

bam files specifically used for aligning reads to the human genome and the D. melanogaster 

genome (the "BamReads" column and "SpikeIn" column, respectively), the tRNA regions 

extended and processed ("Peaks" column), as well as metadata including condition and 

replicate. Following read counting (dba.count), the filtering of blacklisted regions was not 

performed since it had already been conducted after peak calling, while non-redundant greylist 

regions were identified and excluded in the analysis using the dba.blacklist function with 

blacklist set to FALSE. Analysis of normalization and differential occupancy was carried out 

using the dba.normalize function using RLE normalization in DESeq2 which used the 

Benjamini-Hochberg-adjusted Wald test p-value in combination with spike-in normalization 

(normalize=DBA_NORM_RLE and spikein=TRUE) and dba.analyze function. Finally, the 

results for each individual contrast were obtained using the dba.report function inDiffBind. To 

restore the annotation information, such as the tRNA gene name, the annotatePeakInBatch 

function from ChIPpeakAnno v3.26.4 was used, allowing for associating the identified peaks 

with specific tRNA genes. 

4.2.8 Ribosome profiling and codon usage analysis 

Construction of ribosome profiling libraries 

Ribosome footprint libraries were generated following the previously described protocol with 

minor modifications. Cell culture medium was replaced 2 hours before harvesting. Cells were 

rapidly rinsed with ice-cold PBS containing cycloheximide (CHX, 100 µg/ml, Sigma Aldrich, 

#C1988) and immediately frozen in liquid nitrogen. 

For libraries prepared in the lysis buffer with cycloheximide (CHX), plates were thawed and 

kept on ice, and cells were harvested by scraping them off the plate using 400 µl of polysome 

lysis buffer (20 mM Tris pH=7.4, 5 mM MgCl2, 150 mM NaCl, 1 mM DTT, 1% Triton-X100, 
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100 µg/ml CHX, 0.1% NP-40, 25 U/ml Turbo DNase (Thermo Scientific, #AM2238), 20 µM 

leupeptin, 10 µg/ml aprotinin, 0.5 mM AEBSF, 2.5 µM pepstatin A, and 1x Phosphatase 

Inhibitor Cocktail (Cell Signaling, #5870)). The samples were vigorously vortexed, followed 

by trituration through a 26G needle, and centrifuged at 16,000xg for 7 minutes at 4°C. The 

resulting supernatant was carefully transferred to a fresh tube, and the concentration of RNA 

was quantified using the Qubit RNA HS Kit. Aliquoted samples containing 20 µg of RNA in 

200 µl of polysome lysis buffer were rapidly frozen and preserved at -80°C. 20 µg of RNA in 

200 µl of polysome lysis buffer was subjected to digestion using 50 U of RNase I (Thermo 

Scientific, #AM2295) at 2,000 rpm, 22°C for 45 minutes.  

For libraries prepared in the lysis buffer containing both CHX and tigecycline (TIG), upon 

thawing the plates, cells in 10-cm dish were added with 15 ml of polysome lysis buffer 

containing 0.1% NP-40 and 100 µg/ml of TIG (Sigma Aldrich, #PZ0021). After 5 minutes 

incubation on ice, the extracts were centrifuged at 3,000 g for 5 minutes at 4°C. Ribosomes 

were separated by pelleting through a 3 ml sucrose cushion (1 M sucrose, 20 mM Tris pH=8.0, 

140 mM KCl, 5 mM MgCl2, 1 mM DTT) by centrifuging the layered solutions with Type 70 

Ti rotor at 50,000 rpm for 120 minutes at 4°C.Ribosome pellets were washed once and 

resuspended in 200 µl of polysome lysis buffer without drugs, followed by incubation with 200 

U of RNase I for hiPSC or 300 U RNase I for NPC, at 2,000 rpm for 45 minutes at 22°C.  

100 U of Superase In (Thermo Scientific, #AM2694) was added to stop the RNase I digestion. 

The extracts were then loaded to a sucrose cushion. For this, 0.9 ml of 1 M sucrose in the 

polysome lysis buffer was layered below the digested extract (200 µl), and then centrifuged at 

120,000 rpm for 75 minutes at 4°C using a S120AT2 rotor (Thermo Scientific).The pellet was 

resuspended in 400 µl of LiDS/LET lysis buffer, and RNA extraction was performed following 

the protocol for total RNA isolation. 3 µg RNA were combined with the loading dye, boiled at 

90°C for 3 minutes, and then loaded on 15% polyacrylamide gels containing 7M urea and 

1×TBE. Fragments with lengths ranging from 19 to 32 nt were carefully excised from the gel 

and then crushed using a pestle. RNA was extracted by incubating in 400 µl of gel elution 

buffer (containing 0.3 M NaOAc pH=4.5, 0.25% SDS, 1 mM EDTA pH=8.0) at 65°C for 10 

minutes. The eluted RNA was snap-frozen on dry ice for 10 minutes, then thawed at 65°C for 

5 minutes, and incubated overnight at room temperature on a rotating wheel. The gel debris 

was eliminated by centrifuging through a Spin-X filter (Corning), and the RNA was purified 

with ethanol precipitation. The size-selected RNA was then dephosphorylated using T4 PNK 
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(NEB, #M0201S) at 37°C for 45 minutes.The dephosphorylated RNA was combined with pre-

adenylated adapters harboring 5 random nucleotides at the 5' ends in a mixture containing 25% 

PEG-8000, 1x T4 RNA ligase buffer, Superase In and 1 µl T4 RNA Ligase 2, truncated KQ 

(NEB, #M0373S), incubated at 25°C for 3 h. The ligation products were separated by size 

selection on a 12% polyacrylamide gel containing 7M urea and 1×TBE. The concentration of 

the purified RNA ligated with adapters was determined using a Nanodrop spectrophotometer. 

For samples treated with CHX only, 50 ng linker-ligated samples weresubjected to rRNA 

depletion with the Ribo-Seq riboPOOL h/m/r depletion kit from siTOOLs, according to the 

manufacturer's instructions. For CHX+TIG treated samples, the legacy RiboZero Gold kit from 

Illumina was used for rRNA depletion. rRNA-depleted footprints were then annealed with the 

RT primer for 5 minutes at 65°C(5′-

pRNAGATCGGAAGAGCGTCGTGTAGGGAAAGAG/iSp18/GTGACTGGAGTTCAGAC

GTGTGCTC-3′), followed by reverse transcription at 50°C for 30 minutes with RT master mix 

(0.5 mM dNTPs, 1x Protoscript II Buffer, 10 mM DTT, 20 U Superase In and 200 U Protoscript 

II (NEB, #E6560S)). Following reverse transcription, samples was treated with 0.1 M NaOH 

at 90°C for 5 minutes for RNA hydrolysis. The cDNA products were separated by size selection 

using a 12% polyacrylamide gel containing 7M urea and 1×TBE. The excised gel slices were 

thoroughly crushed using a pestle, the DNA was then eluted in 1x TE buffer at 1500 rpm for 

60 minutes at 70°C. The removal of gel debris was achieved by centrifuging through a Spin-X 

filter, followed by the purification of cDNA with ethanol precipitation. To perform cDNA 

circularization, the gel-purified reverese transcription (RT) product was combined with 3 µM 

of recombinant TS2126 RNA ligase 1 (also known as CircLigase) in circularization buffer (50 

µM ATP, 50 mM MOPS (pH=7.5), 2.5 mM MnCl2, 5 mM MgCl2, 10 mM KCl, 1 mM DTT 

and 1 mM Betaine) for a reaction mix of in total 20 µl, incubated at 60°C for 3 hours, followed 

by 10 minutes heat inactivation at 80°C. 

Libraries were generated from the circularized cDNA using a universal forward primer (5′-

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT*C-3′) and a 

reverse primer containing index sequence (5′-

CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAGACGTGT*G-

3′).Amplification was performed in 1× HiFi buffer using KAPA HiFi DNA Polymerase (Roche) 

with an initial denaturation step for 3 minutes at 95°C, followed by six to ten cycles of 20 

seconds at 98°C, 30 seconds at 62°C, and 15 seconds at 72°C with a ramp rate of 3°C per 

second. The PCR products were separated by size selection on an 8% polyacrylamide gel in 1× 
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TBE. After excision, gel slices were crushed using a pestle, and DNA was eluted in 300 µl of 

DNA elution buffer (300 nM NaCl, 10 mM Tris-Cl pH=7.5, 0.2% Triton-X 100) with overnight 

rotation. On the following day, the removal of gel debris was achieved by centrifuging through 

a Spin-X filter, and the DNA was ethanol precipitated.Libraries were quantified using the Qubit 

dsDNA High Sensitivity kit, and sequencing was performed on Illumina NextSeq 550 platform 

with single-end 75 - 86 bp, generating at least 19 million reads for each library. 

Codon usage analysis 

For the calculation of transcripts per million (TPM) for coding-gene expression, RSEM v1.3.1 

was used. A customized reference transcriptome annotation was first constructed, based on the 

APPRIS annotations. From these, we extracted the MANE-annotated transcript for each coding 

gene, representing a precise match for the exonic regions between transcripts in the RefSeq and 

the corresponding counterparts in the Ensembl/GENCODE annotation. We retained only 

MANE-annotated transcripts that met specific criteria: they must have a coding sequence (CDS) 

that starts with an AUG codon, and end with a UAG, UAA, or UGA stop codon, with a length 

that is a multiple of three, and do not contain any unidentified bases. Out of these, each coding 

sequence (CDS) was translated into its corresponding amino acid sequence. And sequences 

that did not have a perfect match to protein sequences in UniProtKB/SwissProt were excluded, 

resulting in a reference dataset with 16,731 transcripts. 

To create an RSEM reference with STAR for read alignment, the RSEM tool "rsem-prepare-

reference" was used, enabling the "--star" option. We specified the human GRCh38 reference 

genome along with the custom transcriptome that was described earlier. To calculate transcripts 

per million (TPM) for each sample, we used the reference generated previously and adapter-

trimmed RNA-Seq reads using "rsem-calculate-expression". From each isoform results file 

obtained, the transcript ID and TPM columns was extracted and then merged into the final table 

with transcript-level TPM values for all the samples. 

For calculating the codon usage within each sample, we employed a weighting approach. 

Specifically, we multiplied the frequencies of the 61 sense codons for each transcript in our 

customized annotation by the corresponding transcript's TPM expression level in that specific 

sample. To distinguish between dynamics at start codons and the coding methionine codons, 

we separately counted the occurrence of start AUG codons and coding AUG codons. 

Furthermore, the raw codon usages were aggregated by summing them across all transcripts, 
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generating an aggregated codon usage value for each codon. To normalize the codon usage 

values, we divided them by the sum of all codon usages within each sample, reflecting 

proportional codon usage. To perform gene subset analysis, we first subsetted the raw values 

per transcript and then summed the values per codon and converted them to proportional codon 

usage within the specific gene subset. 

 To compare with tRNA anticodon abundance, we used raw read counts from mim-tRNAseq 

that were summed based on the anticodon and converted into proportions of the total tRNA-

aligned reads, similar to the process used for codon usage analysis. Each codon usage value 

was then matched to the corresponding abundance for the cognate anticodon. In cases where a 

perfect match between the codon and anticodon was not available because of wobble pairing, 

we replicated the anticodon abundance of the tRNAs known to wobble pair with such codons, 

to ensure that all 61 sense codons had the corresponding values for tRNA anticodon abundance. 

Ribosome profiling data analysis 

The sequencing libraries were first demultiplexed and adapters were trimmed with Cutadapt 

v2. To prevent indels during the alignment to the adapter sequence, the option --no-indels was 

used, and low-quality bases were eliminated from both the 5' and 3' ends using -q 30,30. Reads 

lacking adapters were excluded from further analysis using the --trimmed-only option. After 

demultiplexing, additional trimming was performed on the reads using the -u 2 option to 

eliminate the two 5'-RN nucleotides generated by circularization with the RT primer. Trimmed 

reads with a length greater than 10 nt were aligned to a reference of human ribosomal RNA 

with Bowtie v1.2.2. using option -p 40 -S --best. 

The reads filtered for ribosomal RNA (rRNA) were aligned to the GRCh38 human genome 

using STAR v2.6.1c with the following options: --outFilterMultimapNmax 1 --outSAMtype 

BAM SortedByCoordinate --outFilterMismatchNmax 0 --outFilterMatchNmin 20 --

alignEndsType Local --seedSearchStartLmax 14 --alignIntronMax 10000 --sjdbOverhang 28 -

-outFilterIntronMotifs RemoveNoncanonicalUnannotated --quantMode TranscriptomeSAM --

outSAMattributes NH HI AS nM NM MD. Approximately 5.3 to 21.9 million of preprocessed 

reads were aligned to the coding regions in the human GRCh38 transcriptome. 

To determine the A-site location within each mapped read, we used Scikit-ribo that utilizes a 

random forest algorithm with recursive feature selection as well as a generalized linear model 

for accurately predicting the A-site position using matched datasets of ribosome profiling and 
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RNA-Seq. To calculate Transcripts Per Million (TPM) for transcript abundances in RNA-Seq 

data, we used Kallisto 0.44.0 with the following parameters: -b 100 --single -l 180 -s 20 -t 40, 

with a reference MANE-annotated transcripts set, as described in the Codon usage analysis 

section. To prevent memory errors caused by the large human genome size and the existence 

of multiple transcript isoforms, we omitted RNAfold dependencies from Scikit-ribo and we 

built separate indexes for each chromosome. To ensure the compatibility of hg38 GTF (Gene 

Transfer Format) file with Scikit-ribo, transcript and UTR (Untranslated Region) annotations 

were removed from the file. To accurately represent the start and end coordinates of each 

transcript, adjustments were made to the start codon of the first exon and the stop codon of the 

last exon by taking into consideration the gene strand information. To assess codon dwell times, 

ribosome footprints of different lengths (20-22 nucleotides shorter footprints and 29-32 

nucleotides longer footprints) were analyzed separately. 

4.2.9 Motif analysis and convolutional neural network 

Sequence motif analysis 

For comparing the sequences of A- and B-box in three activity groups of tRNAs identified 

from the RPC1 ChIP-Seq data, we performed multiple sequence alignments for all hg38 human 

tRNA genes with the cmalign command ofInfernal v1.1.2, based on tRNA covariance models. 

We next extracted the A- and B-box sequences from the generated alignments (positions 9-21 

and 75-85 for A- and B-box, respectively). We created sequence logos for the extracted 

subsequences, which were categorized based on the tRNA activity class, with the logomaker 

v0.8 package from Python. 

To characterize the motifs present in A- and B-box promoter sequences throughout the genome, 

we utilized the MEME prediction tool available online and uploaded the predicted tRNA 

sequences of all 619 tRNAs in the hg38 humangenome from GtRNAdb. Motif was predicted 

in classic mode, allowing for One Occurrence Per Sequence (oops) foe eachmotif, which is 

anticipated for A- and B-boxes in the tRNA sequences. The search was restricted to two motifs 

with a length of 9-11 nucleotides, as determined from previous predictions of the consensus 

motif lengths for A- and B-boxes.Finally, motif searching was restricted to the specified strand 

only, as the provided sequences were mature tRNA instead of DNA. MEME identified exactly 

a total of two motifs from the input sequences, and the consensus sequence for each motif 

matched the known consensus sequences of A- and B-box. 
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The XML format results were downloaded and imported to R v4.2.2 with read_meme, and 

visualized using the view_motifs function in the universalmotif package v1.16.0. The motif 

instances were converted to position weight matrices (PWMs) with the convert_type function 

from the universalmotif package. Motif densities in each sequence were computed using a 

customized version of the seqPattern function, called plotMotifDensityMap. In brief, 

motifScanHits is utilized with the imported PWMs to identify motif hits with motif counting 

score at a minimum of 90% (minScore = 90%). Next, 2D binned kernel density estimates were 

computed on these motif hits with the bkde2D function from the KernSmooth v2.23 package, 

with a bandwidth of 1 bp applied in both coordinate directions. The maximum density score 

was obtained for each sequence and used to compare the distributions of motif densities among 

each tRNA activity group. 

tRNet architecture 

tRNet is a convolutional neural network (CNN) developed in Keras v2.2.4 (with a Tensorflow 

v1.15.5 backend) for predicting the tRNA gene classes (housekeeping, repressed, or inactive) 

based on genomic input sequences provided in a one-hot-encoded format (A = [1,0,0,0], 

C = [0,1,0,0], G = [0,0,1,0], T = [0,0,0,1]). Conceptually, the tRNet architecture is inspired by 

the BPNet model, with slight modifications to the receptive field size and the output (Extended 

Data Fig. 5f). In summary, tRNet comprises an initial convolutional layer with a total of 128 

filters and a width of 20bp, which is followed by eight sequential dilated layers with 128 filters 

and a width of 10bp, with the dilation rate doubled at each layer. By employing exponential 

dilation rates, the number of skip positions within the convolutional filter is doubled,resulting 

in an increased complexity for pattern learning and receptive field in the sequence space visible 

to the network.Following each convolutional layer, a rectified linear activation (ReLU) 

function is applied (f(x) = max(0, x)). A global max pooling operation is then performed, 

followed by a fully-connected hidden layer with 32 neurons. The final tRNet output is 

generated by a fully-connected layer with activated softmax, producing three outputs 

representing the probabilities of input tRNA gene sequences belonging to each tRNA gene 

class. 

tRNet transfer learning approach 

During the training of tRNet, a transfer learning approach was employed by leveraging a pre-

trained network that was initially trained for a binary classification task. In this network, the 
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architecture is exactly the same as that of tRNet, with the only difference being the final output 

layer, which consists of a single sigmoid activation to predict whether the input sequences 

belong to housekeeping tRNAs. Inputs for this model were limited to sequences from tRNA 

genes in the housekeeping and inactive groups. Due to the more pronounced sequence 

differences between these two groups, the classification problem becomes simpler, allowing 

for learned features to be effectively utilized in the resulting multi-class model with improved 

generalization. Transfer learning was done by training the modified model using input 

sequences obtained from the housekeeping and inactive genes, along with their respective gene 

group labels derived from the called peaks in the ChIP-Seq data. Subsequently, all layers were 

frozen to avoid retraining of the previously trained layers, and the model architecture was 

modified by replacing the output layer with a new layer that generates three outputs with 

softmax activation, as mentioned earlier. Following that, the model was retrained using one-

hot-encoded sequence from all the three groups along with their respective tRNA gene group 

labels. The last convolutional layer in the network was then unfrozen and the model was trained 

again to optimize the weights in this layer specifically for new multi-class model. 

CNN training and evaluation 

All networks were trained using the same approach with 80% of the input data, and 20% was 

held out for validation. To assess the performance of the models, a K-fold cross-validation with 

k = 5 was conducted on the training data. The validation accuracy and loss were measured for 

each fold, allowing for a comparison of performance across the five folds. The initial binary 

classification model that transferred learning was trained using the Adam optimizer with a 

learning rate of 0.00025, determined with parameter hypertuning. The model utilized a loss 

function of binary cross-entropy and implemented early stopping using a patience of ten epochs. 

For the final model training, following transfer learning, identical training setting were used, 

with the only difference being the use of a categorical cross-entropy loss function that is 

specifically designed for the multi-class output for this model. Performance of the final model 

was assessed using held-out testing data. The model's prediction accuracy for each class was 

evaluated by calculating the area under the receiver operating characteristic curve (auROC) 

and plotting the macro-average scores One vs Rest (OvR). 

Calculation of nucleotide contribution score and TF-Modisco motif analysis 
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To determine the contribution scores for each nucleotide in the input sequences towards the 

final prediction, we utilized the SHAP DeepExplainer module, which is an extension of 

DeepLift and allows for the calculation of SHAP contribution scores. The contribution scores, 

which are calculated in every input sequence for each nucleotide, are derived from the 

difference in the output between the model when provided with shuffled input sequences and 

when provided with the actual sequences upstream to tRNA genes. Ten dinucleotide-shuffled 

sequences were provided for each input sequence to calculate the contribution scores. The 

generated hypothetical DeepExplainer contribution scores were multiplied by the one-hot 

encoded matrix for individual sequence, resulting in a final contribution scores for 

everysequence. The hypothetical as well as the final contribution scores were then separately 

calculated for each output or task in the model, corresponding to the sequence classification as 

housekeeping, repressed, or inactive tRNAs. TF-Modisco v0.5.14.1 was then utilized to 

calculate the contribution scores from SHAP DeepExplainer individually for each task to 

identify the enriched sequence or motifs among nucleotides with high contributions to the 

model output. Significant high-importance windows, referred to as seqlets, were identified by 

applying a sliding window with a size of 15bp, incorporating a 5bp flanking sequence, and 

applying a seqlet FDR threshold at 0.01(TfModiscoWorkflow(sliding_window_size=15, 

flank_size=5, target_seqlet_fdr=0.01). The final patterns were generated by assembling the 

detected seqlets, using a 20bp window size, a 10bp flanking sequence, and requiring at least 20 

seqlets per cluster (TfModiscoSeqletsToPatternsFactory(trim_to_window_size=20, 

initial_flank_to_add=10, final_min_cluster_size=20). 
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5.1 Abbreviations 

4EBP1                  eukaryotic translation initiation factor 4E binding protein 1 
5S rRNA              5S ribosomal RNA  
AA                         ascorbic acid   
ACTN2                alpha-actinin-2  
aaRS                     aminoacyl-tRNA synthetases 
A site                    aminoacyl site  
ATAC-Seq          Assay for Transposase-Accessible Chromatin sequencing 
AUROC                area under the receiver operating characteristic curve  
BDNF                   Brain-derived neurotrophic factor 
BDP1                     B double prime 1  
BFP                       Blue Fluorescent Protein  
BMP4                   bone morphogenetic protein 4 
bp                         base pairs  
BPNet                  Binding and Expression Prediction Network  
BRF1 or BRF2       TFIIB-related factor 1 or 2  
CADM3                 Cell Adhesion Molecule 3  
CCNB1                 cyclin B1 
CDS                       coding sequence  
ChIP-Seq                chromatin immunoprecipitation sequencing  
CHX                     cycloheximide  
CI                         confidence interval 
CK2                       Casein kinase II  
CM                        cardiomyocytes  
CNNs                  convolutional neural networks  
CNS                     central nervous system  
CpG                     Cytosine-phosphate-Guanine  
CREs                    cis-regulatory elements  
CRISPR         clustered regularly interspaced short palindromic repeats  
CRISPRa                 CRISPR activation 
CRISPRi                 CRISPR interference  
crRNA                      CRISPR RNA  
CTNT                      cardiac troponin T  
CV                          coefficient of variation  
dbcAMP                  dibutyryl cyclic adenosine monophosphate  
DIC                        differential interference contrast  
DNMTs                   DNA methyltransferases  
Dox                         doxycycline  
Dr1                          down-regulator of transcription 1 
E site                          exit site  
EBs                         embryoid bodies  
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EGF                      epidermal growth factor 
eIF4E                       Eukaryotic Translation Initiation Factor 4E 
ERK                    extracellular signal-regulated kinase 
FA                          formaldehyde  
FDR                          false discovery rate  
FGF2b                      fibroblast growth factor 2 
FU                         fluorescence units  
GDNF                        glial cell line-derived neurotrophic factor  
GFP                             Green Fluorescent Protein 
GTPBP2                      GTP-binding protein 2   
GVCF                           genomic variant call format  
HAT                         Histone Acetyltransferase  
HCPs                       high CpG promoters  
HDGC                           hereditary diffuse gastric cancer  
HDR                              homology-directed repair  
hESC                            human embryonic stem cells  
HipSci                            Human Induced Pluripotent Stem Cells Initiative 
hiPSC                          human pluripotent stem cells 
IFNs                            interferons  
ITS                               insulin/transferrin/selenium 
KRAB                           Krüppel-associated box 
log2FC                    log2 fold change  
MM                               maturation medium 
MM                                multiple myeloma  
MPS1                          mucopolysaccharidosis type 1  
mRNA                         messenger RNA  
mt tRNA                         mitochondria tRNAs 
ncRNA                            non-coding RNA 
NEXSON                   Nuclei EXtraction by SONication  
NFR                               nucleosome free regions 
NLS                                 nuclear localization sequences  
NPC-EM                        NPC expansion medium  
NPC-IM                         NPC-induction medium  
oops                                One Occurrence Per Sequence  
OPP                               O-propargyl-puromycin  
P site                                   peptidyl site 
PAM                                protospacer adjacent motif 
PCA                                principal component analysis 
Phe                                     phenylalanine   
PLK1                        polo-like kinase 1  
PM                              patterning medium 
Pol III                         RNA polymerase III 
Pro                                    Proline  
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PSE                                proximal sequence element  
PTC                              premature termination codon  
PWMs                                 position weight matrices  
RA                                    retinoid acid 
rAAV                                 recombinant adeno-associated virus  
RB                                       retinoblastoma tumour-suppressor protein 
ReLU                             rectified linear unit 
RNAi                                 RNA interference  
RNA-Seq                        RNA sequencing 
RNase P                            ribonuclease P 
RNP                              ribonucleoprotein  
RPE                                 retinal pigment epithelium 
RPFs                                  ribosome-protected fragments  
RPM                             reads per million 
rpS6                                     ribosomal protein S6 
rRNA                                 ribosomal RNA  
RT                                        reverse transcription  
rtTA                                    reverse tetracycline-controlled transactivator 
S6K1                                 ribosomal protein S6 kinase 1  
SARS-CoV-2                       severe acute respiratory syndrome coronavirus 2 
sgRNA                              single-guide RNA 
SRP                                    signal recognition particle  
ssODN                                 single-stranded oligodeoxynucleotides  
sup-tRNAs                          suppressor tRNAs  
SNAPc                               snRNA activator protein complex 
TBP                                   TATA-box binding protein 
TCE                                    2,2,2-Trichloroethanol  
TetO                                    tetracycline operator  
TPM                                      transcripts per million  
tRNAScan-SE              tRNAScan-Search Engine 
tRNA-Seq                          tRNA sequencing 
TGF-β                                  transforming growth factor-β  
TIG                                  tigecycline  
TSC2                                     tuberous sclerosis complex 2  
TSS                                  transcription start site 
TTN                                   titin 
tracrRNAs                       transactivating crRNAs 
UTR                                  untranslated region 
VCL                                      Vinculin  
WT                                        wild type 
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5.2 Supplementary tables 

Table S1. Differential expression analysis at tRNA transcript level using DESeq2 in differentiated cell 
lines relative to hiPSC. 

  NPC vs hiPSC Neurons vs hiPSC CM vs hiPSC 

Unique tRNA Base mean log2FoldChange 
Adjusted  
p-value log2FoldChange 

Adjusted  
p-value log2FoldChange 

Adjusted 
 p-value 

Homo_sapiens_tRNA-
Asp-GTC-1 12209,92759 1,666397205 9,81E-131 2,398474373 

4,7122E
-269 1,209683816 1,26884E-69 

Homo_sapiens_tRNA-
Glu-TTC-2 37195,12218 1,681249398 3,51E-114 1,998683895 3,2656E-161 0,962550133 4,18831E-38 
Homo_sapiens_tRNA-
Leu-CAA-4 7889,884106 1,422613867 1,47E-76 2,098125163 7,0844E-165 0,791412975 9,59656E-25 
Homo_sapiens_tRNA-
Trp-CCA-2 13213,94031 1,841949822 2,24E-74 2,310203228 6,413E-117 1,262355822 1,42018E-35 
Homo_sapiens_tRNA-
Ser-TGA-1 21175,0473 1,905167386 2,58E-70 2,752392022 1,3746E-146 1,178331494 1,3781E-27 
Homo_sapiens_tRNA-
Leu-CAG-2 25687,74651 1,46684462 1,89E-69 1,870938082 8,6288E-113 0,697581704 1,24788E-16 
Homo_sapiens_tRNA-
Leu-CAG-1 36474,21661 0,816674776 4,77E-68 0,925704169 1,37448E-86 0,623639833 2,68039E-40 
Homo_sapiens_tRNA-
Glu-TTC-1 30725,76213 1,663357259 6,00E-68 2,901317509 2,1954E-205 1,076454813 5,02448E-29 
Homo_sapiens_tRNA-
Gly-CCC-2 61219,41342 2,000005782 5,09E-64 3,024359353 7,2957E-146 1,662927697 2,64992E-44 
Homo_sapiens_tRNA-
Ala-TGC-5 2758,454969 -2,264836486 3,01E-63 -2,69736234 1,14337E-79 -0,105753961 0,552199588 
Homo_sapiens_tRNA-
Gly-GCC-1 36107,38699 -1,356319619 4,09E-62 -2,14850092 7,6983E-152 -1,755689579 4,3571E-103 
Homo_sapiens_tRNA-
Ala-AGC-8 42332,92675 1,722212533 8,47E-62 2,143023245 1,49532E-95 1,151296184 4,29489E-28 
Homo_sapiens_tRNA-
Leu-CAA-1 10301,47975 1,147757303 2,14E-60 1,432071121 2,86526E-92 0,451300325 2,22286E-10 
Homo_sapiens_tRNA-
Leu-TAA-1 16493,6109 1,85567546 5,38E-60 2,598928701 6,413E-117 1,036222366 1,94974E-19 
Homo_sapiens_tRNA-
Arg-TCG-1 18855,57289 1,690144453 1,69E-58 2,194505097 4,98405E-98 1,094698405 3,81201E-25 
Homo_sapiens_tRNA-
Lys-CTT-1 34606,22052 1,694908257 4,85E-58 2,19151242 1,36424E-96 1,154319403 2,21205E-27 
Homo_sapiens_tRNA-
Pro-TGG-2 16944,08225 1,883160417 1,86E-57 2,877693379 5,8996E-133 1,432530075 1,57823E-33 
Homo_sapiens_tRNA-
Tyr-GTA-4 812,5581737 -4,519068797 7,88E-57 -4,39021803 1,04212E-48 -4,198014929 5,80052E-53 
Homo_sapiens_tRNA-
Glu-TTC-4 7974,263643 -1,978668347 8,56E-57 -2,548038104 1,00664E-89 -1,029106992 2,29558E-16 
Homo_sapiens_tRNA-
Cys-GCA-13 717,273401 -5,706070486 2,62E-56 -5,553073798 5,6235E-47 -5,368472557 4,16407E-56 
Homo_sapiens_tRNA-
Ala-AGC-4 27803,58283 1,806712694 2,67E-54 2,542260323 1,2238E-106 1,125693632 1,18623E-21 
Homo_sapiens_tRNA-
Lys-TTT-6 3491,402313 -2,05902552 4,49E-53 -3,19678157 4,2109E-112 -1,820435187 3,26857E-42 
Homo_sapiens_tRNA-
Gly-GCC-2 79439,31533 1,657056587 1,18E-51 2,619271196 1,4079E-127 1,485759783 2,23514E-41 
Homo_sapiens_tRNA-
Cys-GCA-9 2768,304901 -2,966375411 2,85E-51 -2,544149367 1,57616E-36 1,225636224 1,82568E-10 
Homo_sapiens_tRNA-
Ile-TAT-3 1183,114786 -5,591195553 5,09E-50 -4,907857635 9,524E-38 -2,74534187 2,70483E-14 
Homo_sapiens_tRNA-
Gln-CTG-3 2631,664182 -3,81443047 2,17E-49 -3,750750026 5,89205E-46 -0,894806241 0,000708956 
Homo_sapiens_tRNA-
Ala-TGC-3 35487,28689 1,477452522 1,38E-46 1,856067509 4,18203E-73 0,852546692 3,1336E-16 
Homo_sapiens_tRNA-
Trp-CCA-4 11849,29485 1,452328893 1,43E-46 1,981341843 1,69062E-85 1,413090081 7,32622E-44 
Homo_sapiens_tRNA-
Val-CAC-3 11495,98034 1,623062839 7,44E-46 2,115167466 4,96095E-77 0,942986836 3,27167E-16 
Homo_sapiens_tRNA-
Ile-AAT-1 823,1841166 -4,676139331 2,67E-45 -4,325806636 8,69981E-37 -4,640707742 1,11883E-46 
Homo_sapiens_tRNA-
Arg-TCG-3 17671,59146 1,394552901 8,95E-44 1,764596789 2,09311E-69 0,960421244 3,04235E-21 
Homo_sapiens_tRNA-
Lys-CTT-4 1849,141406 -2,374958353 9,86E-44 -2,802461466 1,77842E-54 -0,534449383 0,002224259 
Homo_sapiens_tRNA-
Arg-CCT-4 19323,05659 1,739603641 2,44E-42 2,573109003 2,20953E-91 1,451775183 1,67421E-29 
Homo_sapiens_tRNA-
Pro-CGG-2 1920,650468 -1,718518515 1,31E-41 -1,615014598 1,72622E-34 -0,36309724 0,004981199 
Homo_sapiens_tRNA-
Ala-CGC-3 14022,76117 1,463774811 2,63E-41 2,204551319 3,94966E-92 1,148754118 1,0564E-25 
Homo_sapiens_tRNA-
Ile-TAT-2 17527,92876 1,294976743 7,43E-41 2,224035706 5,1482E-118 0,93578165 9,79288E-22 
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Homo_sapiens_tRNA-
Leu-TAG-3 16692,05255 1,672533956 1,99E-39 2,323974304 3,81027E-75 0,825422164 1,93809E-10 
Homo_sapiens_tRNA-
Ser-GCT-5 1585,702805 -2,177690112 2,10E-39 -1,456983028 3,84645E-18 -0,263338413 0,145414793 
Homo_sapiens_tRNA-
Met-CAT-6 19165,01042 1,666699471 1,87E-38 2,358402806 6,3332E-76 1,103326954 2,32437E-17 
Homo_sapiens_tRNA-
Arg-TCT-1 17439,85197 1,71247034 6,33E-38 0,834241493 4,49157E-10 1,077235983 1,26468E-15 
Homo_sapiens_tRNA-
Gln-CTG-1 73095,33807 1,335561499 7,35E-35 1,769462146 1,55922E-60 1,034329073 3,41155E-21 
Homo_sapiens_tRNA-
Arg-CCG-2 19189,63084 1,579452598 1,49E-34 2,160552661 9,31829E-64 0,976323694 7,17012E-14 
Homo_sapiens_tRNA-
Leu-AAG-1 4675,068436 -4,135922107 1,49E-34 -4,232079552 1,11527E-35 -1,853553012 5,98316E-08 
Homo_sapiens_tRNA-
Arg-CCT-2 6498,689878 1,245973713 1,08E-32 1,403830806 8,66841E-41 1,131320838 4,48388E-27 
Homo_sapiens_tRNA-
Met-CAT-1 15261,56667 1,641498721 1,08E-32 2,752002557 7,2425E-90 1,445727961 2,02826E-25 
Homo_sapiens_tRNA-
Asn-GTT-5 397,8984804 -3,1969003 1,30E-32 -2,540064588 2,87264E-20 -1,213107163 1,67576E-06 
Homo_sapiens_tRNA-
Ser-CGA-4 7926,112094 1,455144077 4,71E-32 2,186863824 7,71925E-71 0,8288311 3,80082E-11 
Homo_sapiens_tRNA-
Arg-TCG-5 4621,453872 -1,219636913 2,32E-31 -1,602092409 2,07872E-49 0,329602693 0,002206991 
Homo_sapiens_tRNA-
Ser-TGA-4 1820,362424 -3,171088747 4,83E-29 -3,696347236 5,05915E-37 -2,044394922 5,79803E-13 
Homo_sapiens_tRNA-
Ile-AAT-6 1590,649993 -1,542216457 5,52E-29 -2,195027174 3,06961E-50 -0,84773326 5,82931E-10 
Homo_sapiens_tRNA-
Ala-AGC-13 862,1992748 -5,082228937 7,34E-29 -5,785293849 2,72223E-32 -4,215072131 4,81329E-21 
Homo_sapiens_tRNA-
Ile-AAT-4 5317,215455 1,507388417 1,58E-28 1,288729605 4,1563E-21 1,192978885 3,50266E-18 
Homo_sapiens_tRNA-
Leu-AAG-2 49165,76648 1,039830856 1,58E-28 1,597996948 7,98978E-66 0,827193339 2,70099E-18 
Homo_sapiens_tRNA-
Arg-ACG-1 46865,66693 1,0883475 2,23E-28 1,85907265 1,62373E-80 0,763813831 1,7626E-14 
Homo_sapiens_tRNA-
Gln-TTG-1 18163,75574 1,423042299 1,38E-27 1,910068796 8,04906E-49 0,941001417 1,15166E-12 
Homo_sapiens_tRNA-
Thr-AGT-1 33661,36024 1,21360101 2,87E-27 1,487845473 1,64395E-40 0,823129222 4,24841E-13 
Homo_sapiens_tRNA-
Cys-GCA-6 844,1444102 -2,452013663 4,95E-27 -1,166239413 2,36653E-07 1,696452312 2,4639E-16 
Homo_sapiens_tRNA-
Arg-TCG-4 733,3985424 -4,444805095 7,66E-25 -4,706988034 3,17007E-25 -1,478901328 0,000646028 
Homo_sapiens_tRNA-
Lys-TTT-3 109445,9166 1,343884738 2,15E-24 1,605360772 1,53712E-34 0,485950027 0,000384849 
Homo_sapiens_tRNA-
Thr-CGT-4 10261,83794 1,364060496 2,39E-24 1,620149378 6,25843E-34 0,959028541 1,38789E-12 
Homo_sapiens_tRNA-
Thr-AGT-4 971,1748998 -4,998852654 2,61E-24 -4,476415191 1,93544E-19 -2,878782581 3,5463E-09 
Homo_sapiens_tRNA-
Cys-GCA-2 23741,93952 1,235206657 1,16E-23 1,77636941 9,40026E-48 1,019252809 2,44036E-16 
Homo_sapiens_tRNA-
Thr-CGT-2 17517,22359 1,109490615 1,86E-23 1,788531281 4,92668E-59 0,829824445 1,43245E-13 
Homo_sapiens_tRNA-
Cys-GCA-4 21379,09502 1,371481056 2,50E-23 1,964228055 1,04783E-46 1,076371148 1,04876E-14 
Homo_sapiens_tRNA-
Ala-AGC-6 721,4821788 -3,429681597 1,75E-22 -3,980088619 1,15317E-26 -1,095254769 0,002166567 
Homo_sapiens_tRNA-
Ala-AGC-2 22633,24825 0,896190359 3,51E-22 1,000092383 2,23414E-27 0,586158063 4,08201E-10 
Homo_sapiens_tRNA-
Ala-AGC-5 2581,12528 -1,402358265 6,25E-22 -2,783001895 3,6333E-73 -1,638204089 2,11201E-29 
Homo_sapiens_tRNA-
Ala-AGC-24 546,0179784 -5,403210585 8,99E-22 -4,87425102 1,77378E-17 -4,373980657 1,5766E-15 
Homo_sapiens_tRNA-
Val-TAC-1 16220,58272 1,158285353 3,28E-21 1,555660575 2,42677E-37 0,55853683 8,64611E-06 
Homo_sapiens_tRNA-
Gln-TTG-2 807,5343777 -1,878532916 5,98E-21 -1,499904011 2,50388E-13 -0,456903362 0,027672266 
Homo_sapiens_tRNA-
Ala-AGC-10 191,5053916 -5,397982677 6,27E-21 -5,458988085 7,27738E-18 -5,734914866 1,58054E-25 
Homo_sapiens_tRNA-
Arg-TCT-3 4397,474778 -1,359677021 2,10E-20 -1,295667791 1,91963E-18 -0,804656181 5,94132E-08 
Homo_sapiens_tRNA-
Pro-CGG-1 16147,43556 0,889279651 5,10E-20 1,14968757 1,28731E-32 0,621614884 2,55371E-10 
Homo_sapiens_tRNA-
Ser-GCT-1 1578,01671 -2,742343224 8,36E-20 -2,969208629 3,01592E-22 -0,792880605 0,011842889 
Homo_sapiens_tRNA-
Ala-CGC-1 11953,84689 0,981230141 1,29E-19 1,085281826 9,37039E-24 0,318980916 0,004979598 
Homo_sapiens_tRNA-
Ala-CGC-2 9528,72087 0,995984908 3,03E-19 1,01096558 8,56544E-20 0,583306138 2,42036E-07 
Homo_sapiens_tRNA-
Ala-TGC-4 11410,90528 0,932522847 7,22E-19 1,354855124 2,3996E-38 0,625173878 4,38378E-09 
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Homo_sapiens_tRNA-
Ile-AAT-8 1714,591257 -1,203747527 8,55E-19 -1,739550076 5,01769E-34 -0,399044228 0,004188725 
Homo_sapiens_tRNA-
Ala-TGC-1 3586,189988 -1,357270868 2,55E-18 -2,357403012 4,76706E-49 -0,345391613 0,038660735 
Homo_sapiens_tRNA-
SeC-TCA-1 6648,603081 1,450532677 5,83E-18 2,714495573 6,60791E-60 1,067034891 3,42E-10 
Homo_sapiens_tRNA-
Thr-AGT-3 1547,801396 -4,760997465 2,00E-17 -4,811547834 1,70405E-17 -2,33385873 4,07319E-05 
Homo_sapiens_tRNA-
Gln-CTG-4 1190,140116 -1,627641956 4,07E-17 -1,731496293 2,77001E-18 -0,903464469 3,30957E-06 
Homo_sapiens_tRNA-
Thr-TGT-5 14799,21951 0,901265508 1,14E-16 1,254541774 3,59911E-31 0,642516148 5,30224E-09 
Homo_sapiens_tRNA-
Glu-TTC-14 337,7935002 -2,399859413 1,43E-16 -1,866910775 3,26586E-10 -1,501538907 1,09919E-07 
Homo_sapiens_tRNA-
Ala-CGC-4 3865,161428 -1,399139119 1,51E-16 -1,922818015 5,81176E-29 0,210751463 0,2933793 
Homo_sapiens_tRNA-
Ile-AAT-12 1194,479816 -2,066249478 2,38E-15 -3,086381558 3,06184E-30 -2,206408677 2,66841E-17 
Homo_sapiens_tRNA-
Met-CAT-3 14883,54805 0,767005156 4,39E-15 0,312764824 0,001718196 0,642962117 7,43106E-11 
Homo_sapiens_tRNA-
Cys-GCA-14 416,4530054 -1,918893582 5,63E-15 -2,212383503 1,34794E-17 -2,158699967 4,65602E-19 
Homo_sapiens_tRNA-
Ala-TGC-6 689,5766148 -2,711398382 9,61E-15 -3,424897433 6,24641E-21 -1,470031666 3,02032E-05 
Homo_sapiens_tRNA-
Ala-AGC-9 446,6675805 -5,130537498 2,47E-14 -5,753527166 8,00007E-16 -3,353324329 4,52565E-07 
Homo_sapiens_tRNA-
Pro-TGG-3 17317,09556 0,676224376 2,62E-14 0,770624084 2,96014E-18 0,527532212 4,18296E-09 
Homo_sapiens_tRNA-
Ser-GCT-2 4014,776031 -0,987390215 6,43E-14 -1,423942375 1,41483E-26 -0,662556634 6,19151E-07 
Homo_sapiens_tRNA-
Arg-TCT-4 3230,8158 1,5322649 1,45E-13 5,986600688 9,8069E-199 1,084185289 1,90457E-07 
Homo_sapiens_tRNA-
Asn-GTT-2 53450,66063 0,778179344 2,40E-13 1,523126508 1,02879E-47 0,885044834 1,15629E-16 
Homo_sapiens_tRNA-
Leu-TAA-2 678,7619781 -4,28718568 3,11E-13 -4,403311655 1,94017E-13 -1,831340067 0,002306863 
Homo_sapiens_tRNA-
Leu-AAG-3 970,9759366 -1,552714666 5,16E-13 -2,344730773 2,18379E-25 -0,968638876 7,35794E-06 
Homo_sapiens_tRNA-
Val-TAC-3 636,4073503 -1,607894773 7,89E-13 -2,221471922 5,19173E-21 -1,769290414 1,66184E-15 
Homo_sapiens_tRNA-
Val-TAC-2 11220,15369 0,83204724 9,25E-13 1,029083779 6,27508E-19 0,491814799 3,55839E-05 
Homo_sapiens_tRNA-
Gly-CCC-1 2401,242874 -2,925639137 2,19E-12 -4,456577266 4,92652E-26 -1,587280626 0,000205935 
Homo_sapiens_tRNA-
Asp-GTC-2 91968,51576 0,325878724 2,70E-12 0,763517994 1,16199E-61 -0,029911468 0,661855977 
Homo_sapiens_tRNA-
Thr-CGT-1 353,7153173 -3,410261161 1,20E-11 -3,631366686 6,10463E-12 -0,067287603 0,942733647 
Homo_sapiens_tRNA-
Ala-AGC-14 136,8280867 -4,381208562 2,21E-11 -4,869008507 1,3909E-11 -4,821264506 5,05651E-14 
Homo_sapiens_tRNA-
Arg-TCG-2 3150,760915 -0,813004669 3,77E-11 -1,342357755 1,40059E-26 -0,348692194 0,006014556 
Homo_sapiens_tRX-
Ala-AGC-5 100,36175 -4,604038605 4,11E-11 -5,976008772 2,39204E-11 -3,535625553 5,94132E-08 
Homo_sapiens_tRNA-
Val-TAC-4 828,1772754 -4,494843932 1,10E-10 -5,519986627 1,24551E-14 -2,594839148 0,000254122 
Homo_sapiens_tRNA-
Ser-AGA-4 150,7763646 -2,504410686 2,58E-10 -2,412954473 6,02593E-09 -2,430100782 2,59962E-10 
Homo_sapiens_tRNA-
Cys-GCA-8 1323,308124 -1,173553567 3,56E-10 -0,853214469 7,00502E-06 -0,340491972 0,092000912 
Homo_sapiens_tRNA-
His-GTG-1 64519,29391 0,784363324 3,96E-10 1,306850495 4,10209E-26 0,776060734 7,78734E-10 
Homo_sapiens_tRNA-
Leu-TAG-2 3060,113061 -1,886715809 5,40E-10 -2,854821813 7,33316E-21 -0,443285319 0,200372697 
Homo_sapiens_tRNA-
Leu-CAA-3 1004,684409 -3,145543532 6,15E-10 -4,126795401 1,1779E-15 -2,170158943 2,56997E-05 
Homo_sapiens_tRNA-
Val-CAC-1 44068,87192 0,459489902 1,63E-09 1,10026818 1,04212E-48 0,442805086 7,52523E-09 
Homo_sapiens_tRNA-
Ile-AAT-3 1539,810773 -0,858277791 1,82E-09 -0,330985228 0,025592475 -0,623421659 1,23478E-05 
Homo_sapiens_tRNA-
Glu-TTC-3 1653,440435 -3,206025052 2,06E-09 -4,527058296 4,78718E-17 -1,455881949 0,009089984 
Homo_sapiens_tRNA-
Arg-ACG-2 35561,64241 0,542174763 4,17E-09 1,062087015 1,47548E-31 0,408516766 1,29997E-05 
Homo_sapiens_tRNA-
Ser-CGA-3 340,1637886 -2,645288811 1,05E-08 -3,178474273 2,67401E-11 -2,172592366 2,5145E-06 
Homo_sapiens_tRNA-
Ile-TAT-1 6849,595183 1,024127649 7,04E-08 1,991946285 1,22392E-26 0,993455393 1,95334E-07 
Homo_sapiens_tRNA-
Thr-TGT-1 2481,479975 -1,051058486 2,31E-07 -2,120879461 7,60478E-25 0,216045641 0,381927171 
Homo_sapiens_tRNA-
Glu-CTC-1 116642,4631 0,44202607 2,86E-07 0,879642733 1,83526E-25 0,095006182 0,364571333 
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Homo_sapiens_tRNA-
Leu-TAA-3 2255,431132 0,858674424 3,48E-07 0,175597695 0,340959692 0,322334738 0,077710768 
Homo_sapiens_tRNA-
Ala-TGC-2 2702,91058 -0,581611701 6,20E-07 -1,525764417 1,07597E-36 -0,490720071 2,64017E-05 
Homo_sapiens_tRNA-
Tyr-GTA-1 28545,34593 0,702442211 8,84E-07 1,245042497 5,61573E-19 0,468280743 0,001416727 
Homo_sapiens_tRNA-
Ala-AGC-15 981,0059408 -1,022295465 1,16E-06 -1,03129133 1,24072E-06 -0,698328084 0,00102688 
Homo_sapiens_tRNA-
Thr-AGT-2 13613,28501 0,455427619 1,37E-06 0,568742196 1,01143E-09 0,297218991 0,002166567 
Homo_sapiens_tRNA-
Pro-TGG-1 1184,933445 -1,343326532 1,85E-06 -1,725337615 9,69068E-10 -0,616953452 0,038660735 
Homo_sapiens_tRNA-
Ala-AGC-19 48,44180073 -5,237388001 2,12E-06 -6,122144671 6,15496E-06 -4,247578306 2,64114E-05 
Homo_sapiens_tRNA-
Ala-AGC-1 4461,762946 -0,768525067 2,34E-06 -3,054096962 4,75195E-74 -0,327719264 0,060336272 
Homo_sapiens_tRNA-
Cys-GCA-1 73,41348635 -3,115278792 2,59E-06 -0,903790806 0,155089601 0,580975257 0,406743788 
Homo_sapiens_tRNA-
Arg-CCT-1 7914,751008 0,64230983 3,11E-06 0,531601832 0,000108738 0,652618168 2,38953E-06 
Homo_sapiens_tRNA-
Asn-GTT-9 45,97642863 -4,016010346 4,55E-06 -5,961186181 4,3405E-06 -0,877755444 0,339289245 
Homo_sapiens_tRNA-
Leu-CAA-2 1582,791749 -1,845796225 3,24E-05 -2,493642974 1,2498E-08 -0,569828187 0,267109552 
Homo_sapiens_tRNA-
Arg-CCG-1 22013,48918 0,448815459 5,01E-05 0,870568452 5,60015E-16 0,404204661 0,000295139 
Homo_sapiens_tRNA-
Cys-GCA-10 33,67660077 -4,083123682 7,61E-05 -3,872394296 0,000402489 -1,597290849 0,106262934 
Homo_sapiens_tRNA-
Gln-CTG-6 198,0151258 -1,576898714 0,000102987 -2,402966734 1,74316E-08 -1,230510011 0,002309001 
Homo_sapiens_tRNA-
Val-CAC-4 69,89747512 -2,132160378 0,000654018 -1,483117371 0,019469834 -0,463722033 0,548017098 
Homo_sapiens_tRNA-
Lys-TTT-1 573,2548718 -0,874586267 0,000762057 -1,058376981 4,87096E-05 -0,224122609 0,485806176 
Homo_sapiens_tRNA-
Asn-GTT-3 15644,84366 0,287327173 0,001396576 0,881464453 8,798E-25 0,477319687 4,59763E-08 
Homo_sapiens_tRNA-
Cys-GCA-11 5952,130529 0,415341188 0,002348221 0,761371777 5,52872E-09 0,237945469 0,097836445 
Homo_sapiens_tRNA-
Leu-TAG-1 6984,441389 0,255136728 0,003515556 -0,330952825 0,000115757 0,005143634 0,980580662 
Homo_sapiens_tRNA-
Lys-CTT-2 38705,02169 0,229157495 0,003773462 0,032344101 0,700775628 0,007790025 0,954846643 
Homo_sapiens_tRNA-
Cys-GCA-5 834,3517306 -0,633581657 0,003881402 -0,946599746 1,23689E-05 -0,353890791 0,12410949 
Homo_sapiens_tRNA-
Gln-CTG-5 51,07060156 -2,625874255 0,011016142 -4,499879813 7,87312E-05 -2,096733923 0,04046494 
Homo_sapiens_tRNA-
Tyr-GTA-7 138,8631056 -1,11036927 0,011772411 -0,870368397 0,048368195 -1,744477014 3,02032E-05 
Homo_sapiens_tRNA-
Val-AAC-3 1422,606864 0,386884499 0,018166234 -1,121033089 3,90251E-12 -0,193533981 0,282297256 
Homo_sapiens_tRNA-
Asn-GTT-4 2056,568048 -0,381616089 0,019411916 0,536439251 0,000467546 0,277558053 0,092000912 
Homo_sapiens_tRNA-
Ser-AGA-3 106,8018068 -1,080297579 0,024979745 -0,243166151 0,624466972 -0,960891034 0,039761304 
Homo_sapiens_tRNA-
Thr-CGT-3 2437,645903 0,410247494 0,033822373 -0,155977909 0,427908259 0,443139535 0,018131541 
Homo_sapiens_tRNA-
Cys-GCA-12 17,42920862 -2,526669518 0,04210655 -2,980255701 0,020733056 -1,675993541 0,166862516 
Homo_sapiens_tRNA-
Cys-GCA-18 14,68350071 -3,055056943 0,047243492 -2,569080088 0,096056967 0,90138879 0,579305151 
Homo_sapiens_tRNA-
Thr-AGT-5 2840,793208 0,207929294 0,053916722 -0,45522468 8,41735E-06 -0,126644005 0,267109552 
Homo_sapiens_tRX-
Lys-CTT-3 40,9970552 1,513664864 0,057298122 1,804342206 0,016385178 0,632192359 0,501272112 
Homo_sapiens_tRNA-
Ala-AGC-12 755,112747 -1,36428037 0,059146758 -2,446109154 0,000218258 -4,771398947 5,81393E-13 
Homo_sapiens_tRNA-
Leu-TAA-4 14,33395359 -2,763640207 0,059146758 -4,077826056 0,012353138 -2,376632779 0,08924896 
Homo_sapiens_tRNA-
Ile-GAT-1 8,390042589 -5,701209591 0,060317276 -3,105148363 0,255069937 -5,238036215 0,055738605 
Homo_sapiens_tRNA-
Thr-AGT-6 1940,385772 -0,264559555 0,060362028 -0,35592704 0,007978809 0,255122173 0,061542383 
Homo_sapiens_tRNA-
Asn-GTT-1 4142,187352 -0,357434392 0,062853335 -1,525100453 5,68806E-18 0,800282006 5,66491E-06 
Homo_sapiens_tRNA-
Cys-GCA-3 6,755936546 -5,294863315 0,084046327 -0,886608855 0,743447614 0,72343129 0,867991381 
Homo_sapiens_tRNA-
Asn-GTT-8 6,116766732 -4,4926215 0,092736735 -3,620376435 0,135848126 -0,269300199 0,942733647 
Homo_sapiens_tRNA-
Thr-TGT-2 4231,89799 -0,339029107 0,145978737 0,890213916 9,16109E-06 0,315475166 0,162683667 
Homo_sapiens_tRNA-
Asn-GTT-27 6,029676281 -4,345524112 0,169088766 -4,724772295 0,097771973 0,082722213 0,98872343 
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Homo_sapiens_tRNA-
Cys-GCA-19 8,515594854 -2,961503334 0,175199552 -3,156602271 0,132197222 1,299007332 0,529593503 
Homo_sapiens_tRNA-
Asp-GTC-3 1824,923537 0,210036772 0,196711417 0,126244569 0,406402101 -0,413694564 0,003488256 
Homo_sapiens_tRNA-
iMet-CAT-3 17,43726556 1,665446981 0,20588917 1,677630116 0,158727844 1,343206822 0,301149116 
Homo_sapiens_tRNA-
Glu-CTC-2 139,2358039 0,590459807 0,250853224 0,847411907 0,056098167 -0,083696064 0,922245391 
Homo_sapiens_tRNA-
Lys-TTT-5 34,2744664 1,056731908 0,250908062 1,315395558 0,102353465 0,377893297 0,739059623 
Homo_sapiens_tRNA-
Cys-GCA-15 12,17144801 -1,673825869 0,379086356 -2,680573059 0,126873975 0,767818512 0,701486964 
Homo_sapiens_tRNA-
Arg-CCT-3 4551,473952 0,113460692 0,383718001 -0,241852568 0,018066304 -0,558979189 1,23474E-08 
Homo_sapiens_tRNA-
Val-AAC-5 98,07815835 0,612053838 0,399092722 1,079350194 0,056098167 0,305149686 0,701486964 
Homo_sapiens_tRNA-
Arg-TCT-5 4,669160311 -2,009201118 0,431674287 -0,540413607 0,782265182 -0,357124835 0,917739776 
Homo_sapiens_tRNA-
Ala-AGC-3 6361,180167 -0,118539382 0,448784414 0,578383873 2,36653E-07 0,654302965 5,30224E-09 
Homo_sapiens_tRNA-
Gln-TTG-3 11299,97615 -0,108274614 0,482938971 -0,022971623 0,841119695 0,097906893 0,482748018 
Homo_sapiens_tRNA-
Gln-CTG-2 6454,568665 -0,193122229 0,493579714 -1,668966517 1,10646E-17 -0,020788955 0,954846643 
Homo_sapiens_tRNA-
Thr-TGT-6 16,6053634 1,00432099 0,505653929 1,20891531 0,293383536 0,46024471 0,779196873 
Homo_sapiens_tRNA-
Asn-GTT-6 2,981433004 -2,236658965 0,521549688 -2,457719901 0,359334076 -0,382674035 0,922245391 
Homo_sapiens_tRNA-
Thr-TGT-3 2810,415471 0,151485489 0,532114865 -0,113249552 0,527019478 0,336020273 0,055738605 
Homo_sapiens_tRNA-
Gly-CCC-4 2,348439919 -3,322858145 0,533004715 -4,012834288 0,309900433 -2,125552978 0,665473345 
Homo_sapiens_tRNA-
Gln-CTG-9 1,546584744 2,925681567 0,589884319 1,418031397 0,722321295 2,525415275 0,591825734 
Homo_sapiens_tRNA-
Gly-TCC-5 0,781369952 4,051373109 0,615632525 3,083933087 NA 2,091084185 0,791204113 
Homo_sapiens_tRNA-
Lys-CTT-11 0,790114391 4,051372993 0,615632525 3,083932977 NA 2,177104652 0,784024112 
Homo_sapiens_tRNA-
Arg-CCT-6 0,593143339 3,941052051 0,629079037 0 NA 2,177089211 NA 
Homo_sapiens_tRNA-
Cys-GCA-16 2,320809475 -2,363270711 0,629079037 -2,285946278 0,490147288 -0,864196978 0,867991381 
Homo_sapiens_tRX-
Trp-CCA-1 0,748698486 3,665426639 0,677684933 3,083932192 NA 2,790806188 0,702016233 
Homo_sapiens_tRNA-
Gln-TTG-4 9,625399988 -0,988144427 0,684806301 0,686310112 0,639548244 -0,249433893 0,922245391 
Homo_sapiens_tRNA-
Asn-GTT-11 1,486587731 -2,875283582 0,691287053 -3,237914177 0,466876911 -1,567210764 0,79481645 
Homo_sapiens_tRNA-
Asn-GTT-24 3,610538211 1,619487231 0,72466744 1,390975373 0,615778277 1,379369922 0,701486964 
Homo_sapiens_tRNA-
Leu-TAA-5 0,373565808 3,348278186 0,72466744 0 NA 1,148170801 NA 
Homo_sapiens_tRNA-
Cys-GCA-20 0,524344752 -3,032277048 0,773431115 -2,049616498 NA -2,653769543 NA 
Homo_sapiens_tRNA-
Arg-TCT-2 4881,028175 -0,068130811 0,777016392 -0,847918639 2,50388E-13 0,193097123 0,124640699 
Homo_sapiens_tRNA-
Asn-GTT-10 0,827373786 -2,932726587 0,777016392 -1,950066037 NA -0,033534858 1 
Homo_sapiens_tRNA-
Gly-GCC-3 3,889631333 1,447630273 0,777016392 3,524714316 0,154319911 2,242784375 0,450690175 
Homo_sapiens_tRNA-
Leu-AAG-4 54,67956392 0,378522762 0,777016392 1,121762111 0,088985809 0,133290958 0,917739776 
Homo_sapiens_tRNA-
His-GTG-2 6,231644108 0,984980544 0,779254682 1,808697008 0,325670488 0,928118577 0,702016233 
Homo_sapiens_tRNA-
Gly-CCC-5 0,604346263 -2,875821775 0,780268596 -1,893161225 NA -1,005869042 NA 
Homo_sapiens_tRNA-
Ala-AGC-20 0,355805399 -2,702024135 0,804868567 -1,719363585 NA -3,833019463 NA 
Homo_sapiens_tRNA-
Asn-GTT-7 1,93149785 1,572023835 0,804868567 2,037168136 0,525470041 0,015222748 1 
Homo_sapiens_tRNA-
Val-CAC-6 8,63805006 0,773898477 0,804868567 0,511661848 0,748891292 0,539048417 0,807643068 
Homo_sapiens_tRNA-
Ala-AGC-11 6337,892297 -0,057419491 0,809877311 -0,115316144 0,326838174 0,019283769 0,922245391 
Homo_sapiens_tRNA-
Val-CAC-9 0,19548629 2,597609731 0,827631276 0 NA 0 NA 
Homo_sapiens_tRNA-
Trp-CCA-1 3004,893955 0,063894618 0,853019629 -0,310653753 0,025570197 0,609814613 4,93521E-06 
Homo_sapiens_tRNA-
Asp-GTC-4 24,46653729 0,437104028 0,858758747 0,698938468 0,50028406 0,265408624 0,878530542 
Homo_sapiens_tRNA-
Lys-TTT-9 2,074436623 -1,289162969 0,873125274 -3,25882094 0,326838174 -0,767093156 0,878530542 
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Homo_sapiens_tRNA-
Gln-CTG-7 1,217107604 1,34009376 0,88060964 0,619531308 NA 1,497084881 0,739059623 
Homo_sapiens_tRNA-
Glu-TTC-12 0,242039106 2,203619583 0,88060964 0 NA 2,091048859 NA 
Homo_sapiens_tRNA-
Thr-TGT-4 0,451406745 2,203615587 0,88060964 0 NA 3,48137656 NA 
Homo_sapiens_tRNA-
Leu-CAA-6 1,116577652 -2,083649807 0,883097018 1,901907406 NA -3,214615358 0,661219211 
Homo_sapiens_tRNA-
Val-CAC-2 5513,91191 0,051746629 0,883097018 -0,39618153 0,001489307 0,413820178 0,000958498 
Homo_sapiens_tRNA-
Val-CAC-8 0,661140537 2,056287485 0,883097018 0,089972756 NA 0,335273287 NA 
Homo_sapiens_tRX-
Val-AAC-1 7,122116095 0,729160067 0,917807505 1,368063681 0,521827944 0,414640741 0,917739776 
Homo_sapiens_tRNA-
Lys-CTT-3 16,82223533 0,398640057 0,923378509 0,054917731 0,961000668 -0,112105033 0,954846643 
Homo_sapiens_tRX-
Cys-GCA-3 1,698563063 1,321814469 0,923378509 3,401135306 0,370864936 1,770172307 0,739059623 
Homo_sapiens_tRX-
Glu-CTC-1 15,2021508 0,431290791 0,927989868 0,965683993 0,475771144 0,088107969 0,975581723 
Homo_sapiens_tRNA-
Glu-CTC-7 0,714750874 1,59083282 0,942897888 -0,228813465 NA 0,658491356 NA 
Homo_sapiens_tRNA-
Gly-GCC-4 0,419101432 1,592488021 0,942897888 0,089995297 NA -2,023652142 NA 
Homo_sapiens_tRNA-
Lys-CTT-13 0,680107147 -1,628082072 0,942897888 1,579524637 NA -1,343017786 NA 
Homo_sapiens_tRX-
Asp-ATC-1 0,171072758 -1,628084072 0,942897888 -0,645423522 NA -2,75909281 NA 
Homo_sapiens_tRNA-
Ser-GCT-6 30,66751906 -0,247560864 0,945381821 0,283462116 0,747621134 -0,48725217 0,665473345 
Homo_sapiens_tRNA-
Lys-CTT-6 2,62039431 1,16120456 0,948802344 3,568439252 0,375039679 -2,752320656 0,623921982 
Homo_sapiens_tRNA-
Ala-CGC-5 0,123155094 -1,211477106 0,995389799 -0,228816555 NA -2,342491046 NA 
Homo_sapiens_tRNA-
Cys-GCA-17 2,194670707 0,68587068 0,995389799 1,317154078 0,669726557 0,754898569 0,878530542 
Homo_sapiens_tRNA-
Tyr-ATA-1 0,123155094 -1,211477106 0,995389799 -0,228816555 NA -2,342491046 NA 
Homo_sapiens_tRNA-
Val-AAC-6 0,123155094 -1,211477106 0,995389799 -0,228816555 NA -2,342491046 NA 
Homo_sapiens_tRNA-
Ala-AGC-16 0,366559047 0,106399417 1 -0,645422889 NA -2,759070518 NA 
Homo_sapiens_tRNA-
Ala-AGC-17 1,141465879 -0,345130603 1 -2,550720582 NA -4,664326265 0,462247129 
Homo_sapiens_tRNA-
Ala-TGC-7 0,134281573 -0,471232944 1 0,511427607 NA -0,092780336 NA 
Homo_sapiens_tRNA-
Arg-CCT-5 1,468579239 0,665072466 1 1,442454928 NA 1,458108388 0,785339492 
Homo_sapiens_tRNA-
Arg-TCG-6 0,063959587 0 1 0 NA 1,148148088 NA 
Homo_sapiens_tRNA-
Asn-GTT-14 0,061577547 -0,471237391 1 0,511423159 NA -1,602260576 NA 
Homo_sapiens_tRNA-
Asn-GTT-17 0,145408052 0 1 0 NA 2,259072129 NA 
Homo_sapiens_tRNA-
Asn-GTT-25 0,109495211 -0,892665633 1 0,089994917 NA -2,023683555 NA 
Homo_sapiens_tRNA-
Asp-GTC-10 2,543956558 0,38884176 1 1,3394776 0,606205522 -1,773026484 0,601973887 
Homo_sapiens_tRNA-
Asp-GTC-5 0,148358267 0 1 3,083936103 NA 0 NA 
Homo_sapiens_tRNA-
Asp-GTC-9 0,433380148 0 1 3,685532867 NA 2,177075033 NA 
Homo_sapiens_tRNA-
Cys-GCA-21 1,151302703 0,842638146 1 2,335784661 NA 1,989780351 0,784024112 
Homo_sapiens_tRNA-
Cys-GCA-24 0,997694288 -0,274148608 1 0,604402166 NA 1,736580393 0,766511825 
Homo_sapiens_tRNA-
Cys-GCA-7 0,072704026 0 1 0 NA 1,241550036 NA 
Homo_sapiens_tRNA-
Gln-CTG-11 0,212317854 0 1 3,083934498 NA 1,148159589 NA 
Homo_sapiens_tRNA-
Glu-CTC-3 0,357896715 -0,287586526 1 -0,645421432 NA -1,249575855 NA 
Homo_sapiens_tRNA-
Glu-CTC-5 0,072704026 0 1 0 NA 1,241550036 NA 
Homo_sapiens_tRNA-
Glu-TTC-7 0,713069774 -0,471226647 1 2,35117477 NA 2,217281458 NA 
Homo_sapiens_tRNA-
Gly-CCC-3 0,109495211 -0,892665633 1 0,089994917 NA -2,023683555 NA 
Homo_sapiens_tRNA-
Gly-GCC-5 0,072704026 0 1 0 NA 1,241550036 NA 
Homo_sapiens_tRNA-
Gly-TCC-4 5,637245803 -0,170206971 1 -0,459364724 0,813248536 -0,184031043 0,954846643 
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Homo_sapiens_tRNA-
Gly-TCC-6 0,588809342 0,014208837 1 -1,100986122 NA -0,855681702 NA 
Homo_sapiens_tRNA-
Ile-AAT-10 0,670825982 -0,32858672 1 -0,20563099 NA -3,557397911 NA 
Homo_sapiens_tRNA-
Ile-AAT-2 4331,566086 -0,009775968 1 0,411696207 0,000694623 -0,399625676 0,001225359 
Homo_sapiens_tRNA-
Leu-AAG-5 0,670086999 0,869262448 1 1,749578433 NA 2,182565782 NA 
Homo_sapiens_tRNA-
Leu-AAG-6 0,721492386 -0,471232942 1 2,752518152 NA -0,09273149 0,998658404 
Homo_sapiens_tRNA-
Leu-AAG-8 0,567182248 0,106431855 1 -0,645419993 NA 0,241877599 NA 
Homo_sapiens_tRNA-
Leu-TAG-4 0,6511704 0 1 4,086876356 NA 1,14816834 NA 
Homo_sapiens_tRNA-
Lys-CTT-10 0,061577547 -0,471237391 1 0,511423159 NA -1,602260576 NA 
Homo_sapiens_tRNA-
Lys-CTT-12 0,273895402 -0,47123322 1 1,749574986 NA -0,186187926 NA 
Homo_sapiens_tRNA-
Lys-CTT-16 0,148358267 0 1 3,083936103 NA 0 NA 
Homo_sapiens_tRNA-
Lys-CTT-5 1,132714845 -0,980593625 1 -0,861298241 NA -0,683646095 0,940409857 
Homo_sapiens_tRNA-
Lys-CTT-8 0,134281573 -0,471232944 1 0,511427607 NA -0,092780336 NA 
Homo_sapiens_tRNA-
Lys-TTT-11 0,148358267 0 1 3,083936103 NA 0 NA 
Homo_sapiens_tRNA-
Lys-TTT-14 0,109495211 -0,892665633 1 0,089994917 NA -2,023683555 NA 
Homo_sapiens_tRNA-
Lys-TTT-7 0,865744097 0,865557285 1 -1,101978011 NA -0,158303773 0,988346679 
Homo_sapiens_tRNA-
Phe-GAA-10 3,196693377 0,164380425 1 -0,542605242 0,841119695 0,439187665 0,922245391 
Homo_sapiens_tRNA-
Phe-GAA-4 83,9635361 0,067224141 1 0,039029887 0,945398355 0,146310373 0,878530542 
Homo_sapiens_tRNA-
Phe-GAA-5 0,212317854 0 1 3,083934498 NA 1,148159589 NA 
Homo_sapiens_tRNA-
Pro-AGG-3 1,470583147 0,534563324 1 1,167637614 NA 0,742065656 0,922245391 
Homo_sapiens_tRNA-
Ser-ACT-1 0,223615142 0,447834547 1 0,089995297 NA -2,023666435 NA 
Homo_sapiens_tRNA-
Ser-AGA-5 0,189496721 -0,471230756 1 0,511429794 NA 0,756691741 NA 
Homo_sapiens_tRNA-
Sup-TTA-1 0,063959587 0 1 0 NA 1,148148088 NA 
Homo_sapiens_tRNA-
Thr-AGT-7 0,587210813 0 1 4,086861088 NA 0 NA 
Homo_sapiens_tRNA-
Val-AAC-4 2,969944448 0,419538132 1 0,173384597 0,945398355 0,488924682 0,917739776 
Homo_sapiens_tRX-
Ala-AGC-6 0,063959587 0 1 0 NA 1,148148088 NA 
Homo_sapiens_tRX-
Arg-ACG-1 0,063959587 0 1 0 NA 1,148148088 NA 
Homo_sapiens_tRX-
Leu-CAG-1 0,388015333 0,869262531 1 1,749574986 NA -0,186175873 NA 
Homo_sapiens_tRX-
Lys-CTT-1 0,109495211 -0,892665633 1 0,089994917 NA -2,023683555 NA 
Homo_sapiens_tRX-
Lys-TTT-2 0,73556908 0 1 4,556870116 NA 0 1 
Homo_sapiens_tRX-
Met-CAT-1 0,349152276 -0,287586321 1 -0,645421522 NA -1,343025456 NA 
Homo_sapiens_tRX-
Val-TAC-2 0,941120887 0,048559881 1 -1,447762873 NA 0,188255552 0,984558654 
Homo_sapiens_tRNA-
Ala-AGC-18 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Ala-AGC-21 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Ala-AGC-23 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Ala-TGC-8 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Ala-TGC-9 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Arg-CCT-7 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Asn-ATT-1 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Asn-GTT-12 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Asn-GTT-13 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Asn-GTT-16 0 NA NA NA NA NA NA 



Chapter 5 - Supplemental Data 

 150 
 

Homo_sapiens_tRNA-
Asn-GTT-18 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Asn-GTT-21 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Asn-GTT-22 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Asn-GTT-26 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Asn-GTT-28 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Asp-GTC-6 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Asp-GTC-8 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Cys-ACA-1 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Cys-GCA-22 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Cys-GCA-23 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Gln-CTG-10 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Gln-CTG-12 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Gln-CTG-13 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Gln-CTG-16 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Gln-CTG-17 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Gln-CTG-8 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Gln-TTG-10 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Gln-TTG-5 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Gln-TTG-6 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Glu-CTC-16 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Glu-TTC-11 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Glu-TTC-5 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Glu-TTC-6 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Glu-TTC-9 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Gly-CCC-6 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Gly-CCC-7 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Gly-CCC-8 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Gly-GCC-6 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Ile-AAT-11 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Ile-AAT-9 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Leu-AAG-7 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Leu-CAA-5 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Lys-CTT-14 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Lys-CTT-15 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Lys-CTT-7 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Lys-CTT-9 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Lys-TTT-10 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Lys-TTT-12 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Lys-TTT-13 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Lys-TTT-15 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Lys-TTT-8 0 NA NA NA NA NA NA 
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Homo_sapiens_tRNA-
Met-CAT-7 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Phe-GAA-11 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Phe-GAA-12 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Phe-GAA-2 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Phe-GAA-6 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Phe-GAA-7 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Phe-GAA-8 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Pro-AGG-4 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Pro-GGG-1 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Pro-TGG-4 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Pro-TGG-5 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
SeC-TCA-2 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
SeC-TCA-3 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Ser-AGA-6 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Thr-CGT-5 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Thr-CGT-6 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Tyr-GTA-10 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Tyr-GTA-9 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Val-AAC-7 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Val-CAC-10 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Val-CAC-11 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Val-CAC-13 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Val-CAC-14 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Val-CAC-7 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Ala-GGC-3 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Ala-GGC-4 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Asn-GTT-1 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Asn-GTT-2 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Cys-GCA-1 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Cys-GCA-2 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Gln-CTG-2 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Gln-CTG-3 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Gln-TTG-1 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Gly-CCC-1 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Gly-CCC-2 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Gly-CCC-3 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Ile-AAT-3 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Ile-GAT-1 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Ile-GAT-2 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Leu-CAA-3 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Leu-TAA-2 0 NA NA NA NA NA NA 
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Homo_sapiens_tRX-
Lys-CTT-6 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Met-CAT-2 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Pro-GGG-1 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Pro-GGG-2 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Ser-GCT-1 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Ser-GGA-2 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Tyr-GTA-1 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Val-CAC-4 0 NA NA NA NA NA NA 
Homo_sapiens_tRX-
Val-TAC-3 0 NA NA NA NA NA NA 

 
 
Table S2. Differential expression analysis at tRNA anticodon level using DESeq2 in differentiated cell 
lines relative to hiPSC. 

  NPC vs hiPSC Neurons vs hiPSC CM vs hiPSC 

Anticodon baseMean log2FoldChange 
Adjusted p-
value log2FoldChange 

Adjusted p-
value log2FoldChange 

Adjusted p-
value 

Homo_sapiens_tRNA-
Thr-TGT 23995,80452 -0,361361627 7,01E-50 -0,429181404 2,39578E-66 -0,009600269 0,713499633 
Homo_sapiens_tRNA-
Gly-GCC 113315,7933 -0,641940147 2,87E-40 -0,429470272 7,21332E-19 -0,620975357 1,70227E-37 
Homo_sapiens_tRNA-
Leu-TAA 17488,04397 0,570693717 4,19E-29 0,741834768 2,65097E-48 0,10548503 0,0458904 
Homo_sapiens_tRNA-
iMet-CAT 64256,96807 0,525618053 3,25E-27 0,653823455 9,20374E-42 0,466911417 1,57973E-21 
Homo_sapiens_tRNA-
Gly-CCC 55580,89025 0,778184978 9,82E-26 1,356213354 6,19626E-76 0,739054898 6,49163E-23 
Homo_sapiens_tRNA-
Leu-AAG 53171,27147 -0,343619913 1,15E-15 -0,234310215 4,98174E-08 -0,195242569 7,88973E-06 
Homo_sapiens_tRNA-
Pro-TGG 32894,81896 0,25656079 4,38E-13 0,392892092 2,77248E-29 0,259803794 1,95287E-13 
Homo_sapiens_tRNA-
Ser-CGA 17156,16676 0,28286318 3,10E-11 0,457942691 9,83014E-28 0,098995654 0,021121811 
Homo_sapiens_tRNA-
Arg-CCG 38564,25489 0,178991403 8,24E-10 0,248576142 5,26101E-18 0,134079306 4,42756E-06 
Homo_sapiens_tRNA-
Thr-CGT 28483,7479 0,32898137 5,26E-09 0,351121317 2,43287E-10 0,320438414 1,14038E-08 
Homo_sapiens_tRNA-
SeC-TCA 5680,092923 0,718645941 8,38E-09 1,543421665 2,41485E-37 0,590349989 2,64659E-06 
Homo_sapiens_tRNA-
Ser-TGA 26120,37066 -0,272649497 2,19E-08 0,02869919 0,650770047 -0,425819617 5,9853E-19 
Homo_sapiens_tRNA-
Pro-AGG 51703,34215 -0,198438616 1,36E-07 -0,189932994 3,42005E-07 0,134787714 0,000329612 
Homo_sapiens_tRNA-
Arg-CCT 35761,62237 0,338253956 2,29E-07 0,339629679 1,35861E-07 0,365054711 2,06848E-08 
Homo_sapiens_tRNA-
Leu-CAG 58684,10582 0,332220235 2,50E-07 0,147672029 0,027098674 0,171714602 0,008263653 
Homo_sapiens_tRNA-
Asn-GTT 72550,16343 -0,207907208 1,91E-06 0,025549576 0,650770047 0,264577712 1,31137E-09 
Homo_sapiens_tRNA-
Glu-CTC 113222,7594 -0,290392861 4,54E-06 -0,280762525 6,23577E-06 -0,382012286 1,51438E-09 
Homo_sapiens_tRNA-
Pro-CGG 17667,93151 -0,173953555 4,56E-05 -0,355575765 1,65495E-17 -0,04176857 0,371314896 
Homo_sapiens_tRNA-
Asp-GTC 102662,1987 -0,296413061 5,63E-05 -0,25619769 0,000424519 -0,415361367 1,14038E-08 
Homo_sapiens_tRNA-
Ala-CGC 37564,39161 0,10734464 0,000173496 -0,015942948 0,659989633 0,108613566 0,000109264 
Homo_sapiens_tRNA-
Phe-GAA 63370,37867 -0,099220229 0,000501709 -0,175981203 2,02717E-10 0,056584015 0,045515785 
Homo_sapiens_tRNA-
Ser-AGA 50239,50389 0,107585088 0,000512205 0,259917615 2,87287E-18 -0,004132796 0,893673331 
Homo_sapiens_tRNA-
Trp-CCA 37043,52299 -0,104072342 0,000917861 -0,183826962 1,98392E-09 0,160664139 1,3399E-07 
Homo_sapiens_tRNA-
Thr-AGT 53536,84417 -0,181507322 0,001848646 -0,435421178 4,89976E-15 -0,187624657 0,000992209 
Homo_sapiens_tRNA-
Gly-TCC 65740,22338 0,228469668 0,003498061 0,218926589 0,004447305 0,242836488 0,001441375 
Homo_sapiens_tRNA-
Ile-GAT 11,77424134 -6,406200053 0,004026106 -4,217710335 0,027258614 -5,710190325 0,002074417 
Homo_sapiens_tRNA-
Lys-TTT 113426,2562 0,230816623 0,005359065 -0,011710457 0,896174061 -0,315012723 0,000108705 
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Homo_sapiens_tRNA-
Glu-TTC 72038,67868 0,092243982 0,009125398 0,340420202 1,79449E-24 -0,135525575 8,6952E-05 
Homo_sapiens_tRNA-
Lys-CTT 73127,20848 -0,057923946 0,010667407 -0,315292186 4,26854E-48 -0,128768807 3,89247E-09 
Homo_sapiens_tRNA-
Val-CAC 58490,12547 -0,130032754 0,01152939 -0,025554344 0,684570874 0,02566093 0,673228733 
Homo_sapiens_tRNA-
Arg-ACG 76652,28865 0,100265234 0,030151071 0,332189194 1,85891E-14 0,113159432 0,011467146 
Homo_sapiens_tRNA-
Leu-TAG 25720,62424 -0,090776663 0,030151071 -0,192789512 1,48693E-06 -0,248333824 6,87937E-10 
Homo_sapiens_tRNA-
Arg-TCG 42919,23505 0,081664948 0,037992635 0,014226419 0,78490768 0,13732341 0,000278611 
Homo_sapiens_tRNA-
Gln-CTG 79585,70335 0,138690431 0,039275345 0,043603799 0,608710571 0,200848119 0,002011456 
Homo_sapiens_tRNA-
Ile-AAT 67384,06509 -0,075759847 0,104384455 -0,206215437 1,63754E-06 -0,189075283 1,58971E-05 
Homo_sapiens_tRNA-
Gln-TTG 29189,60063 -0,099020182 0,122554241 -0,171734556 0,004661379 -0,022996196 0,713499633 
Homo_sapiens_tRNA-
Leu-CAA 19927,92617 -0,127089898 0,188672505 -0,138281787 0,142462372 -0,359656953 5,39859E-05 
Homo_sapiens_tRNA-
Val-AAC 55616,29825 0,104470924 0,189992235 0,082552804 0,325978325 0,033145871 0,688018576 
Homo_sapiens_tRNA-
Ala-TGC 54576,14644 -0,049264372 0,190629413 -0,184354021 1,08938E-07 -0,081960992 0,020226829 
Homo_sapiens_tRNA-
Ser-GCT 57622,5449 0,040032725 0,232532415 0,308241429 1,78972E-24 -0,089261959 0,00385517 
Homo_sapiens_tRNA-
Met-CAT 56755,59113 -0,053676031 0,540857861 -0,062513549 0,47370256 0,072401865 0,368509811 
Homo_sapiens_tRNA-
His-GTG 61115,73739 0,056736536 0,55531386 0,138487069 0,094359925 0,29986703 0,000144876 
Homo_sapiens_tRNA-
Ile-TAT 23387,03052 0,016363282 0,680249658 0,520336813 2,27519E-72 0,042922571 0,165295706 
Homo_sapiens_tRNA-
Asp-ATC 0,257011699 -2,361798241 0,741142181 -1,809317344 0,785628821 -3,239510879 0,611737167 
Homo_sapiens_tRNA-
Ala-AGC 111863,0067 0,011221995 0,773913733 -0,052979605 0,081431064 -0,095761246 0,000898959 
Homo_sapiens_tRNA-
Tyr-ATA 0,182312516 -1,927002267 0,773913733 -1,37452137 0,844064307 -2,804720335 0,670567423 
Homo_sapiens_tRNA-
Val-TAC 27695,19729 -0,018667775 0,773913733 -0,149941338 0,003908553 -0,227668726 8,12767E-06 
Homo_sapiens_tRNA-
Cys-GCA 55378,53292 -0,025158259 0,784020495 0,06328088 0,487000273 0,26143101 0,000490894 
Homo_sapiens_tRNA-
Arg-TCT 29551,93077 0,030515829 0,814522042 -0,537855718 4,8294E-07 -0,05475422 0,673228733 
Homo_sapiens_tRNA-
Tyr-GTA 83024,73111 0,011743833 0,842147211 0,011005617 0,859336747 -0,195713353 0,00014402 
Homo_sapiens_tRNA-
Ser-ACT 0,272221586 -0,284386934 0,972405529 -1,083133964 0,859336747 -2,513319694 0,675599085 
Homo_sapiens_tRNA-
Sup-TTA 0,068080391 0 1 0 1 0,667213479 0,893673331 
Homo_sapiens_tRNA-
Ala-GGC 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Asn-ATT 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Cys-ACA 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Pro-GGG 0 NA NA NA NA NA NA 
Homo_sapiens_tRNA-
Ser-GGA 0 NA NA NA NA NA NA 

 
 
Table S3. Differential expression analysis at tRNA isotype level using DESeq2 in differentiated cell lines 
relative to hiPSC. 

  NPC vs hiPSC Neurons vs hiPSC CM vs hiPSC 

Gene baseMean log2FoldChange 
Adjusted p-
value log2FoldChange 

Adjusted p-
value log2FoldChange 

Adjusted p-
value 

Homo_sapiens_tRNA-
iMet 64368,09128 0,571745284 1,90E-24 0,657135101 4,43775E-32 0,497790351 1,24063E-18 
Homo_sapiens_tRNA-
Arg 223752,3907 0,182397495 2,14E-07 0,153829838 1,02406E-05 0,167708739 1,04149E-06 
Homo_sapiens_tRNA-
Asp 102668,3407 -0,250183901 0,000110848 -0,253299044 5,96518E-05 -0,383683503 3,95657E-10 
Homo_sapiens_tRNA-
SeC 5681,097979 0,763872916 0,000110848 1,544791253 3,9033E-17 0,620887037 0,001103109 
Homo_sapiens_tRNA-
Lys 186820,7183 0,165459516 0,000945815 -0,124967505 0,012137889 -0,204367034 1,44697E-05 
Homo_sapiens_tRNA-
Asn 72604,58078 -0,161537377 0,006647977 0,029134973 0,761800765 0,296063341 4,57822E-08 
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Homo_sapiens_tRNA-
Glu 185308,6799 -0,103182692 0,026016654 -0,036190495 0,559645619 -0,262371255 1,30088E-10 
Homo_sapiens_tRNA-
Gly 234669,571 -0,084662178 0,042727557 0,124655584 0,001071975 -0,09592913 0,009313774 
Homo_sapiens_tRNA-
Gln 108930,7434 0,119577908 0,049603631 -0,012704133 0,963525597 0,170183296 0,00174584 
Homo_sapiens_tRNA-
Ser 151210,0442 0,07949299 0,065547623 0,260876995 3,84875E-12 -0,068840904 0,08349234 
Homo_sapiens_tRNA-
Leu 175164,8487 0,07543829 0,093733842 0,003434572 0,967017077 -0,047574628 0,254327558 
Homo_sapiens_tRNA-
Ala 204244,0484 0,058314563 0,138981061 -0,078806312 0,02882485 -0,022973366 0,541732039 
Homo_sapiens_tRNA-
His 61196,7882 0,10305607 0,248484077 0,142198164 0,072504807 0,331086859 5,96386E-06 
Homo_sapiens_tRNA-
Thr 106137,3567 -0,048804883 0,371649166 -0,223876397 9,8776E-08 0,009197938 0,851086933 
Homo_sapiens_tRNA-
Tyr 83089,32909 0,057948011 0,415861581 0,014430026 0,963525597 -0,164591482 0,002719708 
Homo_sapiens_tRNA-
Phe 63444,94022 -0,05313488 0,449154722 -0,173768905 0,002158058 0,087933955 0,120496451 
Homo_sapiens_tRNA-
Trp 37091,20295 -0,058077209 0,513690793 -0,179975115 0,012137889 0,192138867 0,004810189 
Homo_sapiens_tRNA-
Val 141931,5385 0,030860849 0,57323982 -0,005214221 0,967017077 0,01081054 0,851086933 
Homo_sapiens_tRNA-
Cys 55449,05224 0,021095168 0,917640325 0,066867014 0,559645619 0,292977233 9,13748E-05 
Homo_sapiens_tRNA-
Ile 90850,5092 -0,009116006 0,946829749 -0,00724064 0,967017077 -0,103066183 0,040383455 
Homo_sapiens_tRNA-
Pro 102382,4442 -0,006864905 0,946829749 -0,027036344 0,725226947 0,170718316 9,13748E-05 
Homo_sapiens_tRNA-
Met 56818,95476 -0,007394672 0,952481704 -0,058942038 0,575456408 0,103753458 0,165272468 
Homo_sapiens_tRNA-
Sup 0,06809663 0 1 0 1 0,695177087 0,889231945 

 
 

Table S4. Codon dwell times estimated from  ribosome profiling data in hiPSC and NPC.  

 codon dwell time: long footprints (28 - 33nt) codon dwell time: short footprints (22 -23nt) 
co
do
n 

hiPSC 
CHX+TIG 
rep1 

hiPSC 
CHX+TIG 
rep2 

NPC 
CHX+TIG 
rep1 

NPC 
CHX+TIG 
rep2 

hiPSC 
CHX 
rep1 

hiPSC 
CHX+TIG 
rep1 

hiPSC 
CHX+TIG 
rep2 

NPC 
CHX+TIG 
rep1 

NPC 
CHX+TIG 
rep2 

hiPSC 
CHX 
rep1 

A
A
A 1,0294 1,0407 1,0728 1,061 1,1941 0,9499 0,9278 0,9841 0,9991 0,9837 
A
AC 0,9458 0,9184 0,9698 1,003 1,1543 0,9209 0,8987 0,939 0,9429 0,9903 
A
A
G 0,9567 0,9562 0,9526 0,9517 1,0977 0,9866 0,9664 0,9701 1,001 1 
A
AT 0,9706 0,9653 1,0349 1,012 1,1138 0,9057 0,8946 0,9591 0,9637 1,0088 
AC
A 1,0429 1,0349 1,0297 1,0613 1,0041 0,9651 0,9664 0,9848 0,9839 0,9646 
AC
C 0,9276 0,9399 0,9124 0,9175 0,9834 1,0029 1,0163 1,0041 1,0132 0,9456 
AC
G 1,1191 1,1121 1,0773 1,1282 1,1774 1,0198 1,0697 1,0162 1,0277 1,0211 
AC
T 0,9965 0,9953 1,0003 1,0004 0,9571 0,9615 1,0263 0,9854 0,982 0,9793 
A
G
A 1,0086 1,0412 1,038 1,0414 0,8947 1,023 1,0294 1,0292 1,02 1,0189 
A
GC 0,9366 0,9066 0,8867 0,9186 1,0476 0,978 0,9703 0,9685 0,9808 0,943 
A
G
G 1,0396 1,0721 1,0243 0,9871 1,0508 1,1085 1,1166 1,066 1,0588 1,0258 
A
GT 0,9593 0,9379 0,9264 0,9611 1,0857 0,9595 0,9284 0,9817 0,9847 1,0333 
AT
A 1,0682 1,0969 1,1213 1,1097 1,0754 0,9572 0,9828 1,0429 0,9917 0,9424 
AT
C 0,8528 0,8755 0,8678 0,9385 1,0167 0,9035 0,9425 0,9467 0,9338 0,9362 
AT
G 0,9965 0,9993 1,0662 1,0373 0,9403 0,9647 0,965 0,9906 0,9798 1,0196 
AT
T 0,8895 0,8796 0,8578 0,9 0,9193 0,913 0,8864 0,91 0,9128 0,9868 
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CA
A 1,0138 1,0906 1,1313 1,1033 0,9821 0,9573 0,996 1,027 1,0434 0,9807 
CA
C 1,0176 1,01 1,0177 1,0565 1,2056 0,9901 1,0051 0,9887 0,982 1,0694 
CA
G 0,9931 0,9918 1 0,988 1 1,016 1,0203 1,0189 1,0486 1,0197 
CA
T 1,0896 1,0656 1,1305 1,121 1,205 0,9795 0,9742 1,0287 1 1,1234 
CC
A 1,1057 1,0946 1,0679 1,0641 1,0299 1,0666 1,1117 1,0482 1,0441 1,0577 
CC
C 1,0361 1,0503 0,9875 1,0018 0,9904 1,063 1,0731 1,0063 0,9865 1,0192 
CC
G 1,1966 1,1859 1,2002 1,1524 1,1503 1,2024 1,247 1,1542 1,1646 1,0734 
CC
T 1,1223 1,1067 1,1051 1,0962 1,0008 1,0694 1,0601 1,0893 1,074 1,0336 
CG
A 1,1414 1,1022 1,1312 1,081 1,0075 1,0827 1,0609 1,1061 1,0337 1,016 
CG
C 1,0374 1,008 1,0458 1,0191 1,0342 1,0544 1,0683 1,0016 1,0132 1,0393 
CG
G 1,0913 1,0861 1,08 1,0721 0,998 1,1685 1,1739 1,1295 1,0784 1,029 
CG
T 0,9727 0,9439 0,9883 0,9785 1,0121 0,953 0,984 0,9276 0,9425 1,0285 
CT
A 1,0979 1,1036 1,0941 1,0704 0,8651 1,0189 1,0643 0,99 1,0022 1,0479 
CT
C 0,9936 0,997 0,9601 0,9876 0,8906 1,0216 1,0195 0,9909 0,9486 0,97 
CT
G 1,0141 1,0224 0,9615 0,9677 1,0163 1,0714 1,1021 1,043 1,0508 1,0407 
CT
T 0,988 0,9695 0,969 0,9821 0,8802 0,9431 0,9838 0,9731 0,9601 1,0223 
G
A
A 1,0724 1,0762 1,0822 1,0587 1,2228 1,0037 0,9956 0,9972 1,0103 0,9896 
G
AC 0,9942 1 0,993 0,9857 1,1833 0,9671 0,9806 1,0007 0,9822 1,0171 
G
A
G 0,9842 0,9738 0,9761 0,9888 1,1272 1,0062 0,9983 0,99 0,9798 0,9512 
G
AT 0,9647 0,9517 1,0012 0,997 1,1023 0,9376 0,9367 0,9575 0,9799 1,0031 
GC
A 1,0071 0,9803 0,9787 1,0038 0,9357 0,9932 1,0033 1,0146 1,0186 0,9732 
GC
C 0,9927 0,9433 0,8939 0,9142 0,9502 1,0415 1,0611 0,9982 0,9873 0,9061 
GC
G 1,0431 1,0051 1,0104 1,0187 0,9271 1,0961 1,0968 1,101 1,023 0,9452 
GC
T 1 0,9816 0,9764 0,9962 0,9675 1,0321 1,0294 1,0423 1,0093 0,9432 
G
G
A 0,9997 0,9854 0,9633 0,9867 0,9372 1 1 1,0011 0,9931 0,961 
G
GC 1,0079 1,005 0,9988 1,013 0,9838 1,0729 1,0547 1,0645 1,0179 0,9127 
G
G
G 1,0618 1,0623 1,0346 0,9901 0,9599 1,1564 1,173 1,0643 1,0796 0,965 
G
GT 0,992 0,9895 1,0096 0,9953 1,0067 1,0309 1,0235 1,0301 1,0293 0,9634 
GT
A 0,9336 0,9144 0,8935 0,921 0,9478 0,9415 0,9074 0,9485 0,9852 0,9838 
GT
C 0,897 0,8901 0,9155 0,9315 0,8385 1,0149 0,9804 0,9893 0,9606 0,9837 
GT
G 0,8905 0,878 0,8714 0,8917 0,7416 0,9628 0,9481 0,9413 0,9655 0,9819 
GT
T 0,8776 0,8578 0,8641 0,9166 0,7523 0,941 0,9244 0,9297 0,9715 0,9717 
TA
C 0,9868 0,9713 0,9619 0,9415 1,0461 0,9458 0,9543 0,9919 0,956 1,0344 
TA
T 1,0325 1,0195 1,1089 1,0953 1,0239 0,9066 0,9591 1,0284 1,0064 0,9695 
TC
A 0,97 0,9529 0,9712 1,015 0,9169 1,0315 0,9967 0,9947 1,0089 0,9707 
TC
C 1,0002 1,0023 0,971 0,972 0,9231 1,0775 1,0993 1,0547 1,0898 1,0111 
TC
G 1,1269 1,067 1,0815 1,0822 1,0345 1,1547 1,2029 1,2159 1,1803 1,0883 
TC
T 0,9998 0,9969 1,0041 0,9761 0,9281 1,0036 1,0364 1,046 1,0459 1,0021 
TG
C 1,0149 1,0082 0,9704 0,998 1,013 0,9676 0,9915 1 1,0035 0,9954 
TG
G 1,1188 1,1075 1,12 1,1041 1,0627 1,1347 1,1497 1,1061 1,0895 0,981 
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TG
T 0,9907 1,0208 0,9635 1 0,9776 0,9817 0,9636 0,9725 0,9752 1,0051 
TT
A 1,089 1,0471 1,015 1,0397 0,9566 0,9492 1,0245 0,9735 0,9829 1,0018 
TT
C 0,9163 0,914 0,9362 0,9392 0,795 0,96 0,9443 0,9503 0,969 0,9519 
TT
G 1,0532 1,0394 1,0484 1,0177 0,9752 1,0179 1,0709 1,0672 1,0382 1,0356 
TT
T 0,9184 0,9335 0,9473 0,9408 0,8065 0,9543 0,9362 0,9344 0,9536 1,0025 

 

Table S5. Read proportion of cytosolic tRNA-mapped reads in hiPSC and differentiated cells.   

Anticodon 
WT_k_hiPS
C_rep1 

WT_k_hiPS
C_rep2 

WT_k_NPC
_rep1 

WT_k_NPC
_rep2 

WT_k_neuron
s_rep1 

WT_k_neuron
s_rep2 

WT_k_CM
_rep1 

WT_k_CM
_rep2 

Homo_sapiens_tRNA-
Ala-AGC 0,045251973 0,045482819 0,046369472 0,04583226 0,043955401 0,042537534 

0,04332061
7 

0,04356729
4 

Homo_sapiens_tRNA-
Ala-CGC 0,014538664 0,014196315 0,015393352 0,015818845 0,014156302 0,013928113 

0,01597090
7 

0,01572523
4 

Homo_sapiens_tRNA-
Ala-GGC 0 0 0 0 0 0 0 0 
Homo_sapiens_tRNA-
Ala-TGC 0,022805366 0,022825114 0,022397649 0,022063907 0,020232018 0,019462164 

0,02235819
1 

0,02175894
9 

Homo_sapiens_tRNA-
Arg-ACG 0,027283009 0,027771773 0,030500215 0,028999203 0,034761609 0,033803404 

0,03099400
9 

0,02994584
4 

Homo_sapiens_tRNA-
Arg-CCG 0,014079958 0,01360028 0,015786389 0,01579743 0,016376632 0,016123933 

0,01550984
7 

0,01556160
7 

Homo_sapiens_tRNA-
Arg-CCT 0,012058916 0,011464945 0,014165875 0,015831475 0,014439237 0,015022702 0,01580061 

0,01519884
7 

Homo_sapiens_tRNA-
Arg-TCG 0,015964229 0,016658965 0,017223913 0,017601266 0,016204612 0,016412192 

0,01872416
7 

0,01800499
5 

Homo_sapiens_tRNA-
Arg-TCT 0,012633877 0,012858772 0,011972382 0,014298352 0,00812113 0,009269468 

0,01314290
2 

0,01197458
9 

Homo_sapiens_tRNA-
Asn-ATT 0 0 0 0 0 0 0 0 
Homo_sapiens_tRNA-
Asn-GTT 0,027530773 0,028740726 0,023787482 0,025360232 0,027893849 0,028808678 0,03473463 

0,03444825
1 

Homo_sapiens_tRNA-
Asp-ATC 5,26039E-07 2,88637E-07 0 0 0 0 0 0 
Homo_sapiens_tRNA-
Asp-GTC 0,048328774 0,047313354 0,039769035 0,038753096 0,036967749 0,042311708 

0,03779663
2 

0,03559165
9 

Homo_sapiens_tRNA-
Cys-ACA 0 0 0 0 0 0 0 0 
Homo_sapiens_tRNA-
Cys-GCA 0,02094424 0,020588756 0,021415735 0,019727431 0,02262292 0,02028709 

0,02592723
1 

0,02501716
8 

Homo_sapiens_tRNA-
Gln-CTG 0,028280905 0,030630143 0,033822419 0,031567954 0,030353964 0,029726592 

0,03378990
7 

0,03550477
4 

Homo_sapiens_tRNA-
Gln-TTG 0,011657023 0,012650088 0,011499183 0,01139025 0,010978859 0,010358744 

0,01210134
4 

0,01238542
2 

Homo_sapiens_tRNA-
Glu-CTC 0,054135718 0,051138369 0,041526198 0,045291933 0,041058576 0,044716084 

0,04161970
4 

0,04104253
3 

Homo_sapiens_tRNA-
Glu-TTC 0,027032614 0,026775975 0,029222002 0,028607686 0,033270192 0,034164725 

0,02556608
9 

0,02456002
5 

Homo_sapiens_tRNA-
Gly-CCC 0,01245555 0,012906108 0,020870829 0,023005086 0,031583297 0,032678263 

0,02043304
2 

0,02288405
4 

Homo_sapiens_tRNA-
Gly-GCC 0,059349816 0,05902999 0,039040464 0,03744456 0,04383435 0,04313265 

0,03799672
5 

0,04076643
9 

Homo_sapiens_tRNA-
Gly-TCC 0,023133088 0,022975205 0,028954115 0,025494764 0,027322767 0,025761364 

0,02752103
4 

0,02830956
8 

Homo_sapiens_tRNA-
His-GTG 0,021421883 0,022880821 0,02422246 0,022233583 0,025345408 0,022888068 

0,02753618
9 0,02827693 

Homo_sapiens_tRNA-
Ile-AAT 0,029588638 0,028247446 0,027256144 0,028079439 0,025101568 0,024479472 

0,02662254
5 

0,02528752
8 

Homo_sapiens_tRNA-
Ile-GAT 1,84114E-05 1,64523E-05 3,38241E-07 0 1,44798E-06 0 0 

6,61567E-
07 

Homo_sapiens_tRNA-
Ile-TAT 0,008146765 0,008405394 0,008461439 0,008426138 0,011742233 0,011760189 

0,00873856
1 

0,00872166
2 

Homo_sapiens_tRNA-
Leu-AAG 0,024285113 0,023693622 0,01846289 0,019673069 0,019748683 0,020632471 

0,02120104
7 

0,02167691
4 

Homo_sapiens_tRNA-
Leu-CAA 0,008842714 0,008675558 0,008173258 0,007999477 0,007196741 0,008581365 

0,00703739
1 

0,00693322
5 

Homo_sapiens_tRNA-
Leu-CAG 0,02075434 0,020628588 0,026344246 0,026188294 0,021236046 0,024167302 

0,02389034
8 

0,02380914
6 

Homo_sapiens_tRNA-
Leu-TAA 0,00529353 0,005296198 0,007626322 0,008242734 0,008801969 0,008715532 

0,00569633
6 

0,00596138
3 

Homo_sapiens_tRNA-
Leu-TAG 0,011289847 0,011006878 0,010210484 0,010909227 0,009626448 0,009673297 

0,00964732
4 

0,00955766
3 

Homo_sapiens_tRNA-
Lys-CTT 0,031738559 0,031259949 0,030339888 0,030680038 0,025023378 0,025063962 

0,02984251
5 

0,02911469
5 
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Homo_sapiens_tRNA-
Lys-TTT 0,046146239 0,044422656 0,055147843 0,052002093 0,047638189 0,041211806 

0,03705790
9 

0,03743897
6 

Homo_sapiens_tRNA-
Met-CAT 0,022433456 0,022848205 0,022986527 0,020993137 0,022431786 0,020449153 

0,02434832
6 

0,02437478
6 

Homo_sapiens_tRNA-
Phe-GAA 0,026226723 0,025834731 0,024461596 0,024539857 0,023122472 0,022420476 0,02792764 

0,02747400
8 

Homo_sapiens_tRNA-
Pro-AGG 0,021108364 0,021496807 0,019120769 0,01831072 0,01861926 0,018325066 

0,02406167
3 0,02381113 

Homo_sapiens_tRNA-
Pro-CGG 0,007621778 0,007755961 0,006759072 0,006992953 0,005883714 0,006022896 0,0078411 

0,00745057
1 

Homo_sapiens_tRNA-
Pro-GGG 0 0 0 0 0 0 0 0 
Homo_sapiens_tRNA-
Pro-TGG 0,010819043 0,01133044 0,013155888 0,013543871 0,014445608 0,014334599 

0,01364531
6 

0,01350589
7 

Homo_sapiens_tRNA-
SeC-TCA 0,001394003 0,001157722 0,002057182 0,00217284 0,003915333 0,003423247 0,00201017 0,00191634 
Homo_sapiens_tRNA-
Ser-ACT 5,26039E-07 0 3,38241E-07 0 0 0 0 0 
Homo_sapiens_tRNA-
Ser-AGA 0,018464492 0,01880065 0,019868959 0,020634566 0,02214248 0,022004692 

0,01927692
5 

0,01875543
3 

Homo_sapiens_tRNA-
Ser-CGA 0,005789584 0,005874626 0,0069999 0,007318577 0,008001237 0,007840126 

0,00653754
6 

0,00625026
7 

Homo_sapiens_tRNA-
Ser-GCT 0,021539716 0,021862799 0,022632727 0,022362624 0,026219118 0,026995433 

0,02118846
1 

0,02056746
6 

Homo_sapiens_tRNA-
Ser-GGA 0 0 0 0 0 0 0 0 
Homo_sapiens_tRNA-
Ser-TGA 0,011166754 0,011864707 0,009375029 0,009862617 0,011423968 0,011847863 

0,00883077
3 

0,00871989
8 

Homo_sapiens_tRNA-
Sup-TTA 0 0 0 0 0 0 0 

2,20522E-
07 

Homo_sapiens_tRNA-
Thr-AGT 0,024234613 0,024255598 0,022476459 0,020623035 0,018087273 0,0173766 

0,02191922
1 

0,02165045
2 

Homo_sapiens_tRNA-
Thr-CGT 0,009257233 0,009621132 0,011425108 0,012502752 0,011885293 0,011947492 

0,01181700
2 

0,01230956
2 

Homo_sapiens_tRNA-
Thr-TGT 0,010747501 0,010879012 0,008394806 0,008591421 0,007895824 0,008019458 

0,01096192
2 

0,01102744
5 

Homo_sapiens_tRNA-
Trp-CCA 0,014854813 0,015024703 0,014225406 0,013798659 0,012952164 0,013087246 

0,01707154
3 

0,01711033
6 

Homo_sapiens_tRNA-
Tyr-ATA 0 5,77274E-07 0 0 0 0 0 0 
Homo_sapiens_tRNA-
Tyr-GTA 0,033855865 0,03380486 0,033163863 0,035637979 0,034672703 0,032759294 

0,02970792
2 

0,03074435
6 

Homo_sapiens_tRNA-
Val-AAC 0,020820621 0,021566369 0,022056702 0,023909475 0,020857255 0,023589455 

0,02184010
9 

0,02254422
9 

Homo_sapiens_tRNA-
Val-CAC 0,023634403 0,023710075 0,021478648 0,022152863 0,022048072 0,024019851 

0,02426279
2 

0,02505355
4 

Homo_sapiens_tRNA-
Val-TAC 0,011619674 0,011840461 0,011842159 0,011507211 0,010826242 0,010062514 

0,01028356
1 

0,01022077
4 

Homo_sapiens_tRNA-
iMet-CAT 0,019419779 0,018329018 0,027556841 0,027225019 0,02897462 0,029795668 

0,02589024
4 

0,02748723
9 

 
 

Table S6. RPC1 ChIP-Seq peaks at annotated hg38 tRNA genes in human cell lines, and differential 
RPC1 occupancy in NPC relative to hiPSC.  

Gene chr start end 
lengt
h 

hiPSC log2 read 
counts 

NPC log2 read 
counts 

log2 
FoldChange FDR 

Homo_sapiens_tRNA-Ile-AAT-
5-3 chr6 

2723744
5 

2723776
9 325 11,46631593 6,044916264 5,399056209 

3,20E-
136 

Homo_sapiens_tRNA-Tyr-
GTA-5-3 chr14 

2065297
3 

2065331
7 345 11,34405971 4,765459374 6,528091082 

9,82E-
131 

Homo_sapiens_tRNA-Lys-CTT-
2-5 chr16 3175565 3175888 324 11,31009693 6,397251597 4,89283255 

2,55E-
128 

Homo_sapiens_tRNA-Ser-
AGA-4-1 chr6 

2755328
7 

2755361
9 333 11,25105268 5,663460431 5,561051894 

2,76E-
127 

Homo_sapiens_tRNA-Ile-AAT-
8-1 chr6 

2766845
7 

2766878
1 325 11,47107249 6,805221696 4,652338589 

3,55E-
127 

Homo_sapiens_tRNA-Ser-TGA-
2-1 chr6 

2754556
3 

2754589
5 333 11,42773114 4,993818319 6,384411867 

3,55E-
127 

Homo_sapiens_tRNA-Val-
TAC-4-1 chr6 

2729050
0 

2729082
3 324 11,27988443 4,602747273 6,610614325 

8,89E-
127 

Homo_sapiens_tRNA-Ser-GCT-
2-1 chr6 

2729787
0 

2729820
2 333 11,53640612 6,820705217 4,696846796 

5,99E-
126 

Homo_sapiens_tRNA-Thr-
AGT-3-1 chr6 

2872589
2 

2872621
6 325 11,24002219 4,608248819 6,56917861 

1,21E-
122 

Homo_sapiens_tRNA-Gln-
CTG-5-1 chr6 

2729530
7 

2729562
9 323 11,0845295 5,815067616 5,249699347 

1,08E-
116 

Homo_sapiens_tRNA-Ser-GCT-
4-1 chr6 

2859721
4 

2859754
6 333 10,99375456 5,80312403 5,165133804 

1,28E-
115 



Chapter 5 - Supplemental Data 

 158 
 

Homo_sapiens_tRNA-Leu-
AAG-1-3 chr5 

1811739
18 

1811742
50 333 11,22695381 4,642164432 6,523737804 

5,84E-
115 

Homo_sapiens_tRNA-Glu-TTC-
6-1 chr1 

1483087
96 

1483091
18 323 10,95827429 4,77159989 6,123025863 

1,92E-
114 

Homo_sapiens_tRX-Ala-AGC-
5-1 chr6 

5781336
4 

5781368
7 324 11,29707539 4,18540947 7,006029489 

7,62E-
114 

Homo_sapiens_tRNA-Asn-
GTT-1-1 chr1 

1615401
15 

1615404
39 325 11,30501984 6,967308422 4,325547076 

9,05E-
113 

Homo_sapiens_tRNA-Ser-TGA-
4-1 chr6 

2750570
2 

2750603
4 333 11,62494725 6,15096222 5,449245265 

1,28E-
112 

Homo_sapiens_tRNA-Lys-TTT-
7-1 chr6 

2874761
8 

2874794
1 324 11,33599014 4,826910083 6,442548525 

1,45E-
112 

Homo_sapiens_tRNA-Ile-AAT-
1-1 chr6 

5782284
7 

5782317
1 325 11,15085368 4,647517975 6,446216224 

1,21E-
111 

Homo_sapiens_tRNA-Asn-
GTT-4-1 chr1 

1688955
1 

1688987
5 325 10,86473047 4,411479804 6,3889789 

2,72E-
111 

Homo_sapiens_tRNA-Thr-
CGT-1-1 chr6 

2848886
7 

2848919
1 325 10,85341767 5,489567588 5,348410585 

3,35E-
111 

Homo_sapiens_tRNA-Phe-
GAA-3-1 chr6 

2880770
7 

2880803
0 324 11,26108215 7,012092154 4,240635366 

4,66E-
111 

Homo_sapiens_tRNA-Gly-
CCC-1-2 chr1 

1686179
5 

1686211
6 322 11,07198632 5,323082664 5,702697769 

3,12E-
108 

Homo_sapiens_tRNA-iMet-
CAT-1-5 chr6 

2733285
9 

2733318
1 323 11,38205713 6,870483555 4,49393238 

2,22E-
107 

Homo_sapiens_tRNA-Ala-
TGC-6-1 chr6 

2875823
8 

2875856
0 323 10,67157485 5,523445594 5,134611574 

3,73E-
107 

Homo_sapiens_tRNA-Ala-
AGC-5-1 chr6 

2871046
3 

2871078
5 323 10,7854138 4,330589556 6,381993672 

5,24E-
107 

Homo_sapiens_tRNA-Ala-
TGC-7-1 chr6 

2880267
4 

2880299
5 322 10,75663401 4,205514212 6,499631299 

6,58E-
107 

Homo_sapiens_tRNA-Asn-
GTT-2-2 chr1 

1614279
51 

1614282
75 325 11,4654014 6,56328769 4,881259965 

1,59E-
106 

Homo_sapiens_tRNA-Arg-
ACG-2-4 chr6 

2767043
9 

2767076
2 324 11,30021925 6,013645695 5,251130004 

1,89E-
104 

Homo_sapiens_tRNA-Pro-
CGG-1-2 chr16 3171922 3172244 323 10,82882506 5,567175684 5,223449025 

3,13E-
104 

Homo_sapiens_tRNA-Ser-ACT-
1-1 chr6 

2729376
6 

2729409
0 325 11,35807014 6,578782633 4,765424956 

3,60E-
104 

Homo_sapiens_tRNA-Ala-
AGC-6-1 chr6 

2881194
6 

2881226
8 323 10,61066504 5,45944589 5,118316093 

5,05E-
104 

Homo_sapiens_tRNA-Tyr-
GTA-5-4 chr14 

2066306
6 

2066341
0 345 10,95509218 3,923846539 6,91996615 

3,50E-
103 

Homo_sapiens_tRNA-Leu-
TAA-2-1 chr6 

2772099
3 

2772132
6 334 10,68033116 4,547983784 6,097040171 

2,33E-
102 

Homo_sapiens_tRNA-Arg-
CCG-1-1 chr6 

2874282
6 

2874314
9 324 10,76551409 4,724253791 5,982228207 

3,21E-
102 

Homo_sapiens_tRNA-Thr-
CGT-6-1 chr6 

2730366
3 

2730398
5 323 11,08941946 5,035250508 6,028434472 

2,21E-
101 

Homo_sapiens_tRNA-Trp-
CCA-3-1 chr6 

2631897
6 

2631929
8 323 10,67464343 4,13675565 6,462722366 

4,23E-
101 

Homo_sapiens_tRNA-Thr-
CGT-5-1 chr6 

2761823
0 

2761855
4 325 11,19228625 6,854081874 4,327264114 

4,33E-
100 

Homo_sapiens_tRNA-Lys-TTT-
9-1 chr6 

2757594
1 

2757626
4 324 10,70530601 4,308794541 6,333740625 2,05E-99 

Homo_sapiens_tRNA-Lys-CTT-
4-1 chr16 3191375 3191698 324 10,41658736 5,380471316 5,009092828 4,12E-99 
Homo_sapiens_tRNA-Leu-
TAA-4-1 chr6 

2723042
9 

2723076
2 334 11,74568185 7,135567074 4,590169668 5,23E-98 

Homo_sapiens_tRNA-Ser-GCT-
1-1 chr6 

2709718
0 

2709751
2 333 10,49500167 4,505868403 5,948114908 6,14E-98 

Homo_sapiens_tRNA-Val-
AAC-6-1 chr6 

2873530
3 

2873562
5 323 10,64106583 4,258951933 6,310176309 7,44E-98 

Homo_sapiens_tRNA-Ser-GCT-
5-1 chr6 

2821291
1 

2821324
3 333 11,10473372 6,363493562 4,719921105 1,63E-97 

Homo_sapiens_tRNA-Asn-
GTT-14-1 chr1 

1480483
90 

1480487
14 325 10,36115535 4,805520671 5,520861763 2,67E-97 

Homo_sapiens_tRNA-Tyr-
GTA-6-1 chr6 

2659474
8 

2659508
7 340 10,65855322 4,652851726 5,956146777 3,95E-97 

Homo_sapiens_tRNA-Lys-TTT-
6-1 chr6 

2733486
4 

2733518
7 324 11,17153125 5,935384376 5,202054775 7,98E-97 

Homo_sapiens_tRNA-Thr-
AGT-4-1 chr6 

2772656
8 

2772689
2 325 10,72892584 4,036269899 6,637578545 1,11E-96 

Homo_sapiens_tRNA-Ala-
AGC-19-1 chr6 

5779341
9 

5779374
2 324 10,7754319 4,151903069 6,556904674 1,69E-96 

Homo_sapiens_tRNA-Phe-
GAA-1-1 chr6 

2879059
6 

2879091
9 324 10,59970043 5,712809803 4,857679519 1,75E-96 

Homo_sapiens_tRNA-Leu-
CAA-2-1 chr6 

2760551
2 

2760587
0 359 11,27097963 6,093284389 5,147267974 2,86E-96 

Homo_sapiens_tRNA-Gln-
CTG-9-1 chr1 

1483534
35 

1483537
57 323 10,99914889 4,054517692 6,862750186 3,30E-96 

Homo_sapiens_tRNA-Val-
AAC-4-1 chr6 

2768098
0 

2768130
3 324 10,45869062 4,975844209 5,443085065 5,45E-96 
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Homo_sapiens_tRNA-Ser-
AGA-2-3 chr6 

2749568
8 

2749602
0 333 11,35895271 7,450478537 3,898608752 7,17E-96 

Homo_sapiens_tRNA-Ala-
TGC-5-1 chr6 

2881710
9 

2881743
1 323 10,74044802 6,175718493 4,534369297 8,52E-96 

Homo_sapiens_tRNA-Glu-TTC-
3-1 chr1 

1687245
7 

1687277
9 323 11,46120211 5,738748675 5,68685394 1,01E-95 

Homo_sapiens_tRNA-Ala-
AGC-2-3 chr6 

2871957
8 

2871990
0 323 10,46429853 4,343841348 6,059378655 1,61E-95 

Homo_sapiens_tRNA-Lys-CTT-
5-1 chr16 3180428 3180751 324 10,57868976 4,524898856 6,000328857 1,50E-94 
Homo_sapiens_tRNA-Trp-
CCA-3-2 chr6 

2633131
8 

2633164
0 323 10,77517817 5,458685716 5,288993071 1,68E-94 

Homo_sapiens_tRNA-Asn-
GTT-9-1 chr1 

1454752
55 

1454755
79 325 10,32035276 5,19823663 5,087850044 1,94E-94 

Homo_sapiens_tRNA-Ser-
AGA-2-4 chr6 

2750291
3 

2750324
5 333 11,06886145 7,146242631 3,90988948 1,67E-93 

Homo_sapiens_tRNA-Tyr-
GTA-4-1 chr14 

2065733
8 

2065768
2 345 10,53292946 4,424012158 6,053812881 3,73E-92 

Homo_sapiens_tRNA-Arg-
TCT-3-1 chr9 

1283399
50 

1283402
91 342 10,39826207 4,390881708 5,955439742 1,27E-91 

Homo_sapiens_tRNA-Ser-
CGA-3-1 chr6 

2767232
4 

2767265
6 333 11,59264317 6,769762385 4,801210057 1,56E-91 

Homo_sapiens_tRNA-Glu-TTC-
4-2 chr1 

1614219
67 

1614222
89 323 11,18267114 6,889529816 4,283859912 6,02E-91 

Homo_sapiens_tRNA-Glu-TTC-
4-1 chr1 

1653515
3 

1653547
5 323 11,86403445 7,108406838 4,732451984 1,98E-90 

Homo_sapiens_tRNA-Val-
CAC-1-4 chr5 

1811735
24 

1811738
47 324 10,62205708 5,668735673 4,929888132 1,08E-89 

Homo_sapiens_tRNA-His-
GTG-1-5 chr6 

2715800
1 

2715832
3 323 10,24232297 4,791080741 5,405628249 2,17E-89 

Homo_sapiens_tRNA-Leu-
TAG-2-1 chr14 

2062524
4 

2062557
6 333 11,82810828 7,063558352 4,743497466 1,32E-87 

Homo_sapiens_tRNA-Asn-
GTT-26-1 

KI270713
.1 28630 28953 324 10,72683758 5,087387469 5,592834417 5,13E-87 

Homo_sapiens_tRNA-Gly-
CCC-6-1 chr1 

1210167
19 

1210170
40 322 10,96977989 6,442993297 4,505147962 2,38E-86 

Homo_sapiens_tRNA-Asn-
GTT-2-1 chr1 

1485291
31 

1485294
55 325 11,22067244 6,696439386 4,501962618 1,67E-85 

Homo_sapiens_tRNA-Asn-
GTT-2-7 chr1 

1452876
40 

1452879
64 325 11,38241783 6,941118876 4,424723672 5,81E-85 

Homo_sapiens_tRNA-Arg-
ACG-2-3 chr6 

2721504
7 

2721537
0 324 10,55173649 6,879895426 3,65923264 3,52E-84 

Homo_sapiens_tRNA-Ala-
AGC-24-1 chr6 

5781584
8 

5781617
1 324 10,35966868 4,086403577 6,223926383 1,19E-83 

Homo_sapiens_tRNA-Val-
CAC-1-8 chr1 

1210206
03 

1210209
26 324 10,0697121 5,048462449 5,002068876 2,64E-83 

Homo_sapiens_tRNA-Lys-TTT-
13-1 chr6 

2869308
4 

2869340
8 325 10,4988134 3,806715951 6,603784654 6,04E-82 

Homo_sapiens_tRNA-Arg-
TCG-4-1 chr6 

2629955
1 

2629987
4 324 10,13591864 4,302020921 5,769688625 1,42E-81 

Homo_sapiens_tRNA-Gln-
TTG-2-1 chr6 

2858925
3 

2858957
5 323 11,39185801 7,758210232 3,621804593 2,79E-80 

Homo_sapiens_tRNA-Tyr-
GTA-8-1 chr6 

2657544
4 

2657578
4 341 10,52425615 5,204607694 5,293537315 4,00E-80 

Homo_sapiens_tRNA-Val-
AAC-1-3 chr5 

1811694
84 

1811698
07 324 10,59823787 6,917770593 3,664601488 2,46E-78 

Homo_sapiens_tRNA-Thr-TGT-
4-1 chr14 

2063103
4 

2063135
7 324 11,37118824 7,287951851 4,068546464 2,22E-77 

Homo_sapiens_tRNA-Asn-
GTT-24-1 chr1 

1463699
75 

1463702
99 325 10,71305381 6,021913787 4,660535504 3,65E-76 

Homo_sapiens_tRX-Ala-AGC-
6-1 chr6 

5779270
7 

5779303
0 324 9,993800593 4,102086082 5,857985825 1,42E-74 

Homo_sapiens_tRX-Met-CAT-
2-1 chr6 

5780851
9 

5780884
3 325 9,958108113 4,019851202 5,875293801 1,48E-74 

Homo_sapiens_tRNA-Gly-
CCC-1-1 chr1 

1654581
3 

1654613
4 322 11,33589704 7,174793053 4,141386583 3,85E-72 

Homo_sapiens_tRNA-Val-
TAC-3-1 chr10 5853585 5853908 324 10,07312871 5,103059341 4,937727601 3,75E-70 
Homo_sapiens_tRNA-Cys-
GCA-17-1 chr7 

1496910
55 

1496913
77 323 10,74447054 6,426739663 4,295079545 8,33E-70 

Homo_sapiens_tRNA-Gln-
CTG-4-1 chr1 

1482649
82 

1482653
04 323 10,06074333 3,865322863 6,115983409 2,24E-69 

Homo_sapiens_tRNA-Gln-
TTG-3-1 chr6 

2631107
0 

2631139
2 323 9,70481235 4,436436583 5,228556941 2,45E-69 

Homo_sapiens_tRNA-Met-
CAT-2-1 chr16 

7142636
7 

7142669
0 324 11,34274382 7,2170378 4,109572678 3,17E-69 

Homo_sapiens_tRNA-Ile-TAT-
3-1 chr6 

2853746
4 

2853780
8 345 11,35411352 4,39883763 6,849043254 5,57E-69 

Homo_sapiens_tRNA-Ala-
TGC-1-1 chr6 

2878964
4 

2878996
6 323 11,11248879 7,511200553 3,587638099 5,91E-69 

Homo_sapiens_tRNA-Ser-GCT-
6-1 chr6 

2630536
4 

2630569
8 335 10,1134541 6,240474872 3,860881236 2,53E-68 
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Homo_sapiens_tRNA-Pro-
AGG-1-1 chr16 3191863 3192185 323 9,86734284 5,764844521 4,081508451 1,07E-67 
Homo_sapiens_tRNA-Pro-
TGG-3-4 chr16 3184007 3184329 323 10,39043164 7,044916264 3,332995112 1,24E-67 
Homo_sapiens_tRNA-Ala-
CGC-4-1 chr6 

2872918
9 

2872951
1 323 11,3078745 7,678901464 3,616085324 1,30E-67 

Homo_sapiens_tRNA-Ser-TGA-
3-1 chr6 

2631247
0 

2631280
2 333 11,58425353 8,272226859 3,301658261 1,54E-67 

Homo_sapiens_tRNA-Gln-
CTG-6-1 chr6 

2779123
0 

2779155
2 323 11,4228457 8,238701845 3,173193159 2,06E-67 

Homo_sapiens_tRNA-Ala-
AGC-15-1 chr14 

8897897
2 

8897929
5 324 10,63791206 6,773745446 3,847190886 5,66E-67 

Homo_sapiens_tRNA-Ser-
AGA-1-1 chr6 

2754164
9 

2754198
1 333 9,877519804 4,1668931 5,658933746 6,84E-67 

Homo_sapiens_tRNA-Gln-
TTG-3-2 chr6 

2631162
1 

2631194
3 323 10,92879976 7,644510352 3,272831194 4,36E-66 

Homo_sapiens_tRNA-Val-
AAC-5-1 chr6 

2723538
3 

2723570
6 324 10,54455343 6,60722021 3,917651531 1,18E-65 

Homo_sapiens_tRNA-Pro-
CGG-2-1 chr6 

2709161
6 

2709193
8 323 11,45473207 7,552983824 3,883717751 1,23E-65 

Homo_sapiens_tRNA-Val-
CAC-11-2 chr1 

1686007
2 

1686039
5 324 9,608102898 4,12720959 5,434991716 8,01E-64 

Homo_sapiens_tRNA-Asn-
GTT-25-1 chr1 

1495582
93 

1495586
18 326 9,91469095 4,56647022 5,300099405 2,97E-63 

Homo_sapiens_tRNA-Pro-
AGG-2-3 chr7 

1287833
24 

1287836
46 323 11,0358941 6,93975619 4,079143076 3,28E-63 

Homo_sapiens_tRNA-Gly-
CCC-5-1 chr1 

1672715
9 

1672748
0 322 10,19707335 5,889247756 4,295209121 1,80E-61 

Homo_sapiens_tRNA-Pro-
AGG-2-8 chr16 3189508 3189830 323 11,21614669 8,094756129 3,113005304 1,83E-61 
Homo_sapiens_tRNA-Leu-
AAG-3-1 chr6 

2898887
6 

2898920
8 333 9,84012252 5,420889261 4,383510948 5,53E-61 

Homo_sapiens_tRNA-Phe-
GAA-1-3 chr11 

5955737
1 

5955769
4 324 10,90634776 7,618679042 3,273657669 2,55E-60 

Homo_sapiens_tRNA-Arg-
TCG-5-1 chr6 

2854298
8 

2854331
1 324 11,38521814 8,089110214 3,281783449 4,20E-60 

Homo_sapiens_tRNA-Glu-TTC-
14-1 

KI270713
.1 31510 31831 322 9,821791222 3,403593485 6,338903224 1,40E-59 

Homo_sapiens_tRNA-Asn-
GTT-3-1 chr1 

1444191
41 

1444194
65 325 10,90296156 7,12768914 3,761126962 1,44E-59 

Homo_sapiens_tRNA-Arg-
ACG-2-2 chr6 

2721371
8 

2721404
1 324 10,08398454 6,239145163 3,825222315 2,20E-59 

Homo_sapiens_tRNA-Leu-
AAG-2-1 chr5 

1811875
75 

1811879
07 333 11,20869103 7,980757328 3,215774631 1,58E-58 

Homo_sapiens_tRNA-Thr-TGT-
1-1 chr6 

2847442
6 

2847475
0 325 11,32225339 7,676284774 3,630055005 1,86E-58 

Homo_sapiens_tRNA-Pro-
AGG-2-5 chr14 

2060921
0 

2060953
2 323 11,42060441 7,933879519 3,470549631 2,39E-58 

Homo_sapiens_tRNA-Gly-
CCC-4-1 chr1 

1667814
5 

1667846
6 322 11,23831067 7,567882631 3,652406334 2,88E-57 

Homo_sapiens_tRNA-Asn-
GTT-5-1 chr1 

1652045
9 

1652078
3 325 9,473140649 4,212755266 5,215060657 1,55E-56 

Homo_sapiens_tRNA-Lys-TTT-
2-1 chr11 

1225598
21 

1225601
44 324 10,99232721 5,349602012 5,586168312 1,91E-56 

Homo_sapiens_tRNA-Leu-
AAG-2-2 chr6 

2894349
6 

2894382
8 333 10,54679443 7,625308043 2,911727459 3,52E-55 

Homo_sapiens_tRNA-Val-
CAC-14-1 chr1 

1451570
31 

1451573
54 324 9,014819471 4,81030204 4,18013047 3,86E-55 

Homo_sapiens_tRNA-Pro-
AGG-2-7 chr16 3182509 3182831 323 11,23556866 8,262338139 2,962483995 1,53E-54 
Homo_sapiens_tRNA-Lys-CTT-
2-4 chr6 

2655642
0 

2655674
3 324 11,64969125 8,225674893 3,408257675 5,28E-54 

Homo_sapiens_tRNA-Gln-
CTG-2-1 chr6 

2754762
6 

2754794
8 323 10,61226895 7,475338169 3,124197592 7,13E-53 

Homo_sapiens_tRNA-Ala-
AGC-1-1 chr6 

2879583
8 

2879616
0 323 11,54296807 8,237926142 3,291058854 1,19E-52 

Homo_sapiens_tRNA-Tyr-
GTA-3-1 chr6 

2657697
8 

2657731
7 340 9,644187278 5,454112287 4,180269093 3,38E-52 

Homo_sapiens_tRNA-Ala-
AGC-3-1 chr6 

2860703
0 

2860735
2 323 10,91361688 8,053007568 2,850658464 9,35E-52 

Homo_sapiens_tRNA-Asp-
GTC-3-1 chr6 

2758333
1 

2758365
3 323 11,23128633 7,918877867 3,295985561 2,05E-51 

Homo_sapiens_tRNA-Lys-TTT-
4-1 chr6 

2759168
8 

2759201
1 324 11,40297223 8,360134964 3,029403175 2,72E-51 

Homo_sapiens_tRNA-Ile-AAT-
12-1 chr6 

5780008
5 

5780040
9 325 11,31151842 7,783351712 3,510313672 1,41E-50 

Homo_sapiens_tRNA-Val-
CAC-2-1 chr6 

2728014
4 

2728046
7 324 11,56186555 8,545745718 3,004211717 4,82E-50 

Homo_sapiens_tRNA-Lys-CTT-
3-1 chr16 3157279 3157602 324 11,27144681 8,048082824 3,209837186 2,09E-48 
Homo_sapiens_tRNA-Ala-
AGC-11-1 chr6 

2657173
8 

2657206
1 324 11,35971841 8,430723367 2,916262187 2,65E-48 



Chapter 5 - Supplemental Data 

 161 
 

Homo_sapiens_tRNA-Thr-
AGT-2-2 chr6 

2768456
9 

2768489
3 325 11,63981075 8,392775835 3,230364726 1,86E-47 

Homo_sapiens_tRNA-iMet-
CAT-1-4 chr6 

2633017
5 

2633049
7 323 11,40269651 8,188630533 3,200075693 2,57E-47 

Homo_sapiens_tRNA-Asn-
GTT-8-1 chr1 

1497401
22 

1497404
46 325 9,063857344 3,322247112 5,663696338 2,60E-47 

Homo_sapiens_tRNA-Und-
TTA-3-1 chr1 

1614207
45 

1614210
68 324 9,338109806 3,53070481 5,722989544 6,19E-46 

Homo_sapiens_tRNA-His-
GTG-1-9 chr15 

4520102
5 

4520134
7 323 10,87443043 8,181843541 2,68123227 2,78E-45 

Homo_sapiens_tRNA-Val-
CAC-11-1 chr1 

1654753
9 

1654786
2 324 9,240786165 3,278064092 5,898678223 3,54E-45 

Homo_sapiens_tRNA-Asp-
GTC-2-7 chr6 

2750361
8 

2750394
0 323 9,978780476 7,227575556 2,74100131 7,30E-45 

Homo_sapiens_tRNA-Arg-
ACG-1-2 chr6 

2653737
2 

2653769
5 324 11,94519832 9,058669229 2,873572387 1,32E-44 

Homo_sapiens_tRNA-Pro-
AGG-2-2 chr6 

2655514
4 

2655546
6 323 10,90605226 7,903998551 2,987490312 6,26E-44 

Homo_sapiens_tRNA-Cys-
GCA-11-1 chr7 

1494150
12 

1494153
34 323 9,295579556 4,988555985 4,273043582 6,26E-44 

Homo_sapiens_tRNA-Trp-
CCA-1-1 chr17 8220743 8221065 323 11,26021573 8,553697296 2,695093692 6,26E-44 
Homo_sapiens_tRNA-Met-
CAT-4-2 chr6 

2674313
7 

2674346
0 324 8,802657643 5,227129247 3,564172317 8,75E-43 

Homo_sapiens_tRNA-Ala-
TGC-2-1 chr6 

2864331
9 

2864364
1 323 10,56491647 7,795910907 2,755911052 1,83E-42 

Homo_sapiens_tRNA-Arg-
ACG-1-1 chr6 

2632801
4 

2632833
7 324 11,48520609 8,517518574 2,953365473 5,04E-42 

Homo_sapiens_tRNA-Cys-
GCA-5-1 chr15 

7974452
9 

7974485
2 324 9,369784295 5,888116033 3,459854612 3,59E-41 

Homo_sapiens_tRNA-Cys-
GCA-13-1 chr7 

1493555
49 

1493558
71 323 10,69087464 4,219960158 6,356482955 5,37E-41 

Homo_sapiens_tRNA-Trp-
CCA-5-1 chr7 

9946955
8 

9946988
0 323 8,76745567 4,444145872 4,265686895 9,10E-41 

Homo_sapiens_tRNA-Ala-
AGC-21-1 chr6 

2674978
6 

2675010
9 324 9,07796108 3,189090098 5,813032746 1,35E-40 

Homo_sapiens_tRNA-Phe-
GAA-5-1 chr6 

2876426
1 

2876458
8 328 8,765488316 3,956566826 4,771067188 1,63E-40 

Homo_sapiens_tRNA-Asn-
GTT-7-1 chr1 

1208441
36 

1208444
60 325 9,345366437 5,684443271 3,617730507 2,55E-40 

Homo_sapiens_tRNA-Arg-
TCT-3-2 chr11 

5955118
4 

5955150
4 321 9,26264572 5,94411198 3,295847076 3,14E-40 

Homo_sapiens_tRNA-Arg-
TCG-2-1 chr6 

2632269
2 

2632301
5 324 10,80317611 8,067557089 2,721785249 4,17E-40 

Homo_sapiens_tRNA-iMet-
CAT-2-1 chr6 

2777775
9 

2777808
1 323 10,32036877 4,499961426 5,728781758 5,63E-40 

Homo_sapiens_tRNA-Phe-
GAA-2-1 chr11 

5956625
4 

5956657
7 324 11,71416544 8,800949505 2,898789507 8,11E-40 

Homo_sapiens_tRNA-Val-
CAC-4-1 chr1 

1438038
68 

1438041
91 324 8,44390711 3,348781682 5,051161036 3,10E-39 

Homo_sapiens_tRNA-Trp-
CCA-3-3 chr17 8186232 8186554 323 10,39983332 7,905256659 2,484906402 4,83E-39 
Homo_sapiens_tRNA-Lys-CTT-
14-1 chr16 3196027 3196350 324 8,730441903 4,300324735 4,393892426 4,98E-39 
Homo_sapiens_tRNA-Thr-TGT-
3-1 chr14 

2061366
4 

2061398
7 324 11,28255179 8,520803571 2,747455719 5,90E-39 

Homo_sapiens_tRNA-Thr-TGT-
2-1 chr1 

2224648
79 

2224652
02 324 10,7029728 8,269625308 2,422420023 7,28E-39 

Homo_sapiens_tRNA-Pro-
TGG-1-1 chr14 

2063288
0 

2063320
2 323 10,87769332 6,437208568 4,394864063 1,43E-38 

Homo_sapiens_tRNA-Val-
CAC-1-7 chr1 

1497124
26 

1497127
49 324 10,17522705 7,326426524 2,837480362 6,09E-38 

Homo_sapiens_tRNA-Cys-
GCA-8-1 chr14 

7296284
5 

7296316
7 323 9,977397001 4,992768476 4,926937328 6,09E-38 

Homo_sapiens_tRNA-Arg-
TCT-5-1 chr6 

2756205
8 

2756239
5 338 8,537897192 3,975844209 4,506899068 3,57E-37 

Homo_sapiens_tRNA-Cys-
GCA-9-3 chr7 

1496355
61 

1496358
83 323 10,18668869 4,597224667 5,488870379 1,49E-36 

Homo_sapiens_tRNA-Pro-
AGG-2-6 chr14 

2061327
5 

2061359
7 323 11,5774206 8,826396066 2,736281555 1,52E-36 

Homo_sapiens_tRNA-Cys-
GCA-9-2 chr7 

1493310
03 

1493313
25 323 8,765938122 4,422453576 4,309993482 6,13E-35 

Homo_sapiens_tRNA-Ile-TAT-
2-3 chr6 

2763129
5 

2763163
9 345 11,50343328 9,050988665 2,43884788 8,78E-34 

Homo_sapiens_tRNA-Cys-
GCA-12-1 chr7 

1496468
29 

1496471
51 323 8,38858823 3,772829937 4,594241721 1,13E-33 

Homo_sapiens_tRNA-Gln-
TTG-3-3 chr6 

2779573
5 

2779605
7 323 10,73648599 8,366844884 2,357888577 2,81E-33 

Homo_sapiens_tRNA-Leu-
CAG-1-6 chr1 

1615302
16 

1615305
49 334 10,93776355 8,64082424 2,283938601 1,39E-32 

Homo_sapiens_tRNA-Gln-
CTG-1-2 chr6 

2751940
3 

2751972
5 323 10,70233627 8,268105848 2,421357418 2,79E-32 
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Homo_sapiens_tRNA-Asn-
GTT-17-1 chr1 

1616215
49 

1616218
73 325 9,535007018 3,625983566 5,770107235 2,30E-31 

Homo_sapiens_tRNA-Val-
AAC-1-4 chr5 

1812181
44 

1812184
67 324 11,79784577 9,234539896 2,548100283 4,54E-31 

Homo_sapiens_tRNA-Ala-
CGC-5-1 chr6 

2869580
6 

2869612
8 323 8,442136781 3,25018349 5,109177228 4,86E-31 

Homo_sapiens_tRNA-Met-
CAT-3-1 chr6 

2894444
9 

2894477
2 324 11,41753942 9,223716374 2,181565444 5,74E-31 

Homo_sapiens_tRNA-Asn-
GTT-6-1 chr1 

1437357
94 

1437361
18 325 7,937588783 4,17433011 3,73193143 1,02E-30 

Homo_sapiens_tRNA-Val-
AAC-1-2 chr5 

1811640
28 

1811643
51 324 8,283982677 4,22175345 4,002003844 1,27E-30 

Homo_sapiens_tRNA-Thr-
AGT-6-1 chr6 

2716214
5 

2716246
9 325 10,2390924 7,56999957 2,654102521 4,93E-30 

Homo_sapiens_tRNA-Ser-
AGA-2-1 chr6 

2632746
3 

2632779
5 333 10,92698823 8,399732601 2,511549715 1,29E-29 

Homo_sapiens_tRNA-Lys-CTT-
2-2 chr5 

1812076
29 

1812079
52 324 11,43834995 9,110347021 2,313674137 4,16E-29 

Homo_sapiens_tRNA-Val-
CAC-6-1 chr6 

2720596
2 

2720628
5 324 8,165237853 3,835145991 4,275893574 1,07E-28 

Homo_sapiens_tRNA-Ser-
AGA-2-2 chr6 

2747868
6 

2747901
8 333 11,59124344 9,337232544 2,240390941 1,19E-28 

Homo_sapiens_tRNA-Asn-
GTT-2-6 chr19 1383559 1383761 203 10,41102439 8,445396937 1,955642405 3,38E-28 
Homo_sapiens_tRNA-Ile-AAT-
3-1 chr6 

2727508
5 

2727540
9 325 8,117290647 3,113732085 4,881922163 5,21E-28 

Homo_sapiens_tRNA-Lys-CTT-
2-3 chr5 

1812218
53 

1812221
76 324 11,56439924 9,088741455 2,458452261 7,41E-28 

Homo_sapiens_tRNA-iMet-
CAT-1-6 chr6 

2759269
5 

2759301
7 323 11,52979622 9,211117969 2,303676089 1,51E-27 

Homo_sapiens_tRNA-Tyr-
GTA-5-5 chr14 

2068314
7 

2068348
6 340 11,65839295 9,385937126 2,258292 3,37E-27 

Homo_sapiens_tRNA-Thr-
AGT-5-1 chr17 8139326 8139650 325 11,02617414 8,805670522 2,206177092 3,78E-27 
Homo_sapiens_tRNA-Ala-
AGC-16-1 chr6 

5787021
9 

5787054
2 324 8,263044186 4,189090098 4,03732611 8,06E-27 

Homo_sapiens_tRNA-Thr-TGT-
5-1 chr14 

2068156
4 

2068188
7 324 11,41973635 9,427420734 1,980262473 8,06E-27 

Homo_sapiens_tRNA-Asn-
GTT-10-1 chr1 

1451291
13 

1451294
37 325 9,015205905 3,973717406 4,969443544 9,82E-27 

Homo_sapiens_tRNA-Lys-TTT-
5-1 chr11 

5955630
3 

5955662
6 324 10,25699504 7,977706032 2,265075533 3,16E-26 

Homo_sapiens_tRNA-Leu-
TAA-3-1 chr11 

5955162
9 

5955196
2 334 11,10445947 8,919086192 2,171502895 3,83E-26 

Homo_sapiens_tRNA-Gly-
TCC-2-6 chr1 

1615309
87 

1615313
09 323 11,32333018 9,290145924 2,02053903 6,98E-26 

Homo_sapiens_tRNA-Glu-TTC-
5-1 chr1 

1616125
92 

1616129
14 323 10,38398817 8,428684872 1,944698531 8,96E-26 

Homo_sapiens_tRNA-Ser-
CGA-2-1 chr6 

2720972
3 

2721005
5 333 7,853538898 3,84449952 3,965654886 1,76E-25 

Homo_sapiens_tRNA-Tyr-
GTA-1-1 chr6 

2656873
2 

2656907
3 342 11,23896076 9,222203457 2,003455343 1,96E-25 

Homo_sapiens_tRNA-Ala-
AGC-8-2 chr8 

6611420
1 

6611438
6 186 9,339609439 7,354111863 1,977511198 2,61E-25 

Homo_sapiens_tRNA-Pro-
CGG-1-3 chr17 8222707 8223029 323 11,22019199 9,282908249 1,925583691 2,73E-25 
Homo_sapiens_tRNA-Thr-
AGT-1-1 chr17 8187072 8187358 287 10,84484225 8,569911122 2,259767982 2,90E-25 
Homo_sapiens_tRNA-Val-
AAC-3-1 chr6 

2765080
2 

2765112
5 324 11,42552864 9,232759844 2,177308273 1,45E-24 

Homo_sapiens_tRNA-Leu-
CAA-3-1 chr6 

2760244
3 

2760280
0 358 11,29753246 5,975844209 5,204768331 7,86E-24 

Homo_sapiens_tRNA-Ile-AAT-
2-1 chr6 

2768806
2 

2768838
6 325 11,75854303 9,580532032 2,162042041 8,59E-24 

Homo_sapiens_tRNA-Pro-
TGG-3-3 chr16 3158796 3159118 323 8,193889404 5,269406895 2,885482829 1,27E-23 
Homo_sapiens_tRNA-Ser-GCT-
4-3 chr17 8186740 8187034 295 11,21291021 9,214108635 1,983947883 2,64E-22 
Homo_sapiens_tRNA-Cys-
GCA-2-1 chr4 

1235087
24 

1235090
46 323 7,886345464 3,692235076 4,107632343 3,39E-22 

Homo_sapiens_tRNA-Thr-
CGT-3-1 chr6 

2864808
1 

2864840
5 325 10,85607255 9,021528111 1,821911786 3,86E-22 

Homo_sapiens_tRNA-Arg-
TCT-2-1 chr17 8120799 8121137 339 7,902021681 4,664779343 3,186592087 7,04E-22 
Homo_sapiens_tRNA-iMet-
CAT-1-3 chr6 

2631299
8 

2631332
0 323 11,38573669 9,408479554 1,963050495 7,23E-22 

Homo_sapiens_tRNA-Met-
CAT-3-2 chr6 

2895313
9 

2895346
2 324 11,73346955 9,645722979 2,071504118 8,87E-22 

Homo_sapiens_tRNA-Tyr-
GTA-5-2 chr8 

6611386
2 

6611406
3 202 8,481149765 5,954947758 2,504957655 9,09E-22 

Homo_sapiens_tRNA-Cys-
GCA-9-1 chr3 

1322316
72 

1322319
94 323 8,977846057 4,988555985 3,930977722 1,85E-21 
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Homo_sapiens_tRNA-Cys-
GCA-21-1 chr7 

1496646
98 

1496650
20 323 7,930983215 4,046434877 3,809023299 3,12E-21 

Homo_sapiens_tRX-Val-CAC-
4-1 chr1 

1497085
34 

1497088
55 322 10,49016466 8,343945867 2,128853594 4,56E-21 

Homo_sapiens_tRNA-Thr-
CGT-2-1 chr16 

1428576
7 

1428608
9 323 11,13526756 9,504947508 1,620074418 7,36E-21 

Homo_sapiens_tRNA-Leu-
AAG-2-3 chr14 

2061000
6 

2061033
8 333 11,90447689 9,823221083 2,063921525 2,39E-20 

Homo_sapiens_tRNA-Val-
CAC-1-6 chr6 

2653792
8 

2653825
1 324 10,81737979 8,936684017 1,865872229 3,18E-20 

Homo_sapiens_tRNA-Val-
TAC-2-1 chr11 

5955086
1 

5955116
8 308 10,41599627 8,458210404 1,943718216 3,59E-20 

Homo_sapiens_tRNA-Ile-TAT-
2-2 chr6 

2702022
0 

2702056
4 345 9,39736391 7,445492363 1,934857528 4,63E-20 

Homo_sapiens_tRNA-Lys-TTT-
3-3 chr6 

2895090
3 

2895122
6 324 11,49607566 9,448897975 2,029885794 4,73E-20 

Homo_sapiens_tRNA-Ser-
CGA-1-1 chr17 8138755 8139087 333 10,05626691 8,318162503 1,7268279 5,60E-20 
Homo_sapiens_tRNA-Cys-
GCA-9-4 chr7 

1497075
43 

1497078
65 323 7,883566767 4,759292611 3,09242905 5,68E-20 

Homo_sapiens_tRNA-Val-
TAC-1-1 chr11 

5955050
3 

5955082
6 324 11,32063037 9,450526083 1,855244503 1,28E-19 

Homo_sapiens_tRNA-Gln-
CTG-1-3 chr6 

2894147
5 

2894179
7 323 11,15871886 9,211851827 1,930142736 2,97E-19 

Homo_sapiens_tRNA-Cys-
GCA-6-1 chr3 

1322289
74 

1322292
96 323 7,531130032 3,865322863 3,598498217 3,06E-19 

Homo_sapiens_tRNA-His-
GTG-1-2 chr1 

1470730
99 

1470734
21 323 7,835789017 4,243128331 3,535507167 4,42E-19 

Homo_sapiens_tRNA-Arg-
CCT-1-1 chr17 

7503378
0 

7503410
3 324 10,8323539 9,114521242 1,70549745 8,77E-19 

Homo_sapiens_tRNA-Cys-
GCA-14-1 chr17 

3886155
8 

3886188
0 323 10,10269242 6,39566176 3,649297096 1,78E-18 

Homo_sapiens_tRNA-Phe-
GAA-1-2 chr6 

2898154
6 

2898186
9 324 10,06549944 8,144706201 1,905619009 3,52E-18 

Homo_sapiens_tRNA-His-
GTG-1-8 chr15 

4520028
7 

4520060
9 323 11,59384096 9,865755051 1,714268106 3,80E-18 

Homo_sapiens_tRNA-Leu-
CAA-1-2 chr6 

2894092
7 

2894128
2 356 11,39587927 9,561250546 1,818842039 3,89E-18 

Homo_sapiens_tRNA-Gly-
GCC-2-5 chr16 

7078938
1 

7078970
2 322 7,796889716 4,943568753 2,82065494 9,65E-18 

Homo_sapiens_tRNA-His-
GTG-1-1 chr1 

1460379
18 

1460382
40 323 10,35935821 8,799672842 1,549333364 1,74E-17 

Homo_sapiens_tRNA-Gly-
TCC-4-1 chr1 

1614400
45 

1614403
67 323 7,515494406 3,456398839 3,972427233 3,60E-17 

Homo_sapiens_tRNA-Gly-
CCC-3-1 chr17 

1986073
6 

1986105
7 322 7,370061767 3,804324399 3,521532422 5,68E-17 

Homo_sapiens_tRNA-Asn-
GTT-2-4 chr13 

3067383
8 

3067416
2 325 11,17367003 9,633298201 1,5290425 6,99E-17 

Homo_sapiens_tRNA-Leu-
CAA-4-1 chr1 

2488737
29 

2488740
85 357 11,44279206 9,80484789 1,625030289 7,06E-17 

Homo_sapiens_tRNA-Lys-TTT-
8-1 chr1 

2054740
17 

2054743
40 324 7,254705888 3,144349239 4,011559263 1,32E-16 

Homo_sapiens_tRNA-Trp-
CCA-4-1 chr12 

9850412
6 

9850444
8 323 10,6583185 9,042061918 1,604352769 1,52E-16 

Homo_sapiens_tRNA-Leu-
AAG-4-1 chr6 

2847849
7 

2847882
9 333 7,362593829 4,028083907 3,276497811 2,01E-16 

Homo_sapiens_tRNA-Arg-
CCT-2-1 chr17 

7503430
5 

7503462
8 324 11,3226007 9,694057459 1,615018444 2,72E-16 

Homo_sapiens_tRNA-Phe-
GAA-4-1 chr6 

2882319
0 

2882351
4 325 7,427670251 3,785022757 3,579310862 3,19E-16 

Homo_sapiens_tRNA-Tyr-
GTA-7-1 chr14 

2065983
2 

2066017
6 345 7,227547731 3,579130598 3,565979481 1,52E-15 

Homo_sapiens_tRNA-Gln-
CTG-1-5 chr17 8119626 8119948 323 11,22725853 9,685909759 1,528402521 1,60E-15 
Homo_sapiens_tRNA-Ala-
CGC-1-1 chr6 

2655337
7 

2655369
9 323 11,10201507 9,401416604 1,684119142 3,38E-15 

Homo_sapiens_tRNA-Arg-
CCG-2-1 chr17 

6801977
1 

6802009
4 324 11,30601443 9,880286687 1,414517986 4,56E-15 

Homo_sapiens_tRNA-Lys-TTT-
1-1 chr16 

7347819
1 

7347851
4 324 8,420471885 6,105006408 2,286589652 7,98E-15 

Homo_sapiens_tRNA-Gly-
GCC-1-5 chr21 

1745466
3 

1745498
4 322 11,533754 9,790174603 1,725704816 1,25E-14 

Homo_sapiens_tRNA-Asp-
GTC-2-6 chr6 

2747954
8 

2747987
0 323 11,4811426 9,882487757 1,583403595 3,32E-14 

Homo_sapiens_tRX-Ile-AAT-3-
1 chr6 

2726080
5 

2726113
0 326 6,883030837 2,992768476 3,805911113 3,72E-14 

Homo_sapiens_tRNA-Val-
CAC-7-1 chr6 

2772842
2 

2772874
5 324 7,112167985 3,835145991 3,216457115 4,46E-14 

Homo_sapiens_tRNA-Leu-
TAG-1-1 chr17 8120188 8120520 333 11,39118072 9,722710756 1,650863139 6,09E-14 
Homo_sapiens_tRNA-Phe-
GAA-1-5 chr13 

9454952
4 

9454984
7 324 11,1367651 9,636498633 1,486538165 9,57E-14 
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Homo_sapiens_tRNA-Ile-AAT-
6-1 chr6 

2675642
6 

2675675
0 325 6,512637396 3,144349239 3,291544114 1,14E-13 

Homo_sapiens_tRNA-Ala-
CGC-2-1 chr6 

2867371
0 

2867403
2 323 11,41865171 9,925882986 1,479123781 1,26E-13 

Homo_sapiens_tRNA-Cys-
GCA-2-2 chr17 

3886751
9 

3886784
1 323 11,06596011 9,553162571 1,498645905 1,39E-13 

Homo_sapiens_tRNA-Asn-
GTT-11-2 chr1 

1496463
25 

1496466
49 325 7,122687381 3,816255016 3,228175068 4,05E-13 

Homo_sapiens_tRNA-Thr-
AGT-2-1 chr6 

2653279
1 

2653311
5 325 11,63840873 10,10083592 1,52127364 1,90E-12 

Homo_sapiens_tRNA-Arg-
TCG-3-1 chr17 

7503498
7 

7503531
0 324 11,49970136 10,12735954 1,359248923 3,87E-12 

Homo_sapiens_tRNA-Gly-
GCC-2-6 chr17 8125620 8125941 322 11,50659893 10,16829061 1,32543858 7,49E-12 
Homo_sapiens_tRNA-Val-
CAC-1-5 chr5 

1812222
69 

1812225
92 324 11,58441432 10,04206142 1,524783909 7,91E-12 

Homo_sapiens_tRNA-Gly-
TCC-3-1 chr17 8221422 8221744 323 11,22330981 9,697448486 1,5086125 9,90E-12 
Homo_sapiens_tRNA-Arg-
CCT-3-1 chr16 3152774 3153097 324 11,57086222 9,928943028 1,621542679 1,41E-11 
Homo_sapiens_tRNA-Und-
NNN-1-1 chr6 

2674907
3 

2674939
7 325 6,609080097 1,44107029 4,96367486 1,61E-11 

Homo_sapiens_tRNA-Ile-AAT-
5-4 chr14 

1023169
66 

1023172
90 325 11,51351531 10,12208181 1,377120172 1,95E-11 

Homo_sapiens_tRNA-Cys-
GCA-1-1 chr7 

1493100
64 

1493103
86 323 6,95089119 4,1668931 2,72696285 2,09E-11 

Homo_sapiens_tRNA-Phe-
GAA-11-1 chr6 

2872695
2 

2872727
5 324 7,051391538 4,019851202 2,955679692 2,53E-11 

Homo_sapiens_tRX-Phe-GAA-
2-1 chr1 

1210094
18 

1210097
48 331 6,650283164 3,567880804 2,996958488 4,20E-11 

Homo_sapiens_tRNA-Ser-
AGA-2-6 chr17 8226484 8226816 333 10,44306022 8,922263883 1,502244214 4,32E-11 
Homo_sapiens_tRNA-Val-
AAC-2-1 chr5 

1811882
90 

1811886
13 324 10,89411698 9,481908144 1,396243674 5,61E-11 

Homo_sapiens_tRNA-Ile-AAT-
5-2 chr6 

2717708
9 

2717741
3 325 10,59530278 9,143818228 1,434526671 8,31E-11 

Homo_sapiens_tRNA-Met-
CAT-6-1 chr16 

8738389
6 

8738421
9 324 11,50652176 10,28621017 1,208909384 1,01E-10 

Homo_sapiens_tRNA-Asp-
GTC-2-11 chr17 8222112 8222434 323 11,66296012 10,08661902 1,555743343 1,02E-10 
Homo_sapiens_tRNA-Ile-AAT-
5-1 chr6 

2655399
6 

2655432
0 325 11,73882416 10,23922845 1,480592508 1,58E-10 

Homo_sapiens_tRNA-Cys-
GCA-10-1 chr7 

1493773
84 

1493777
06 323 6,895113617 4,190922151 2,638016205 1,73E-10 

Homo_sapiens_tRNA-Cys-
GCA-2-3 chr17 

3915360
8 

3915393
0 323 11,33006399 9,995100181 1,320628801 2,51E-10 

Homo_sapiens_tRNA-Ser-
CGA-4-1 chr12 

5619023
8 

5619057
0 333 10,13137511 8,837490443 1,281176586 2,52E-10 

Homo_sapiens_tRNA-Thr-
AGT-1-2 chr17 8226109 8226433 325 10,90119185 9,420841487 1,46112358 3,90E-10 
Homo_sapiens_tRNA-Phe-
GAA-1-6 chr19 1383236 1383437 202 9,812551172 8,538290771 1,262650182 5,68E-10 
Homo_sapiens_tRNA-Val-
CAC-1-1 chr1 

1613995
74 

1613998
97 324 11,64885037 10,35108993 1,283247996 7,51E-10 

Homo_sapiens_tRNA-Ala-
TGC-3-2 chr12 

1249216
29 

1249219
51 323 11,35353828 10,01549204 1,322054158 9,35E-10 

Homo_sapiens_tRNA-Ser-
AGA-3-1 chr6 

2753208
2 

2753241
4 333 6,72036836 3,975844209 2,672089271 9,64E-10 

Homo_sapiens_tRNA-Ile-AAT-
9-1 chr6 

2727383
4 

2727415
8 325 6,633162001 3,901621061 2,674080184 1,58E-09 

Homo_sapiens_tRNA-Phe-
GAA-1-4 chr12 

1249277
17 

1249280
40 324 10,70859648 9,429072995 1,264556742 1,82E-09 

Homo_sapiens_tRNA-Leu-
CAG-2-1 chr16 

5729982
5 

5730015
8 334 11,50207082 10,13693585 1,347530271 2,07E-09 

Homo_sapiens_tRNA-Arg-
CCG-1-3 chr16 3150548 3150871 324 11,39581711 10,04877785 1,32957463 3,05E-09 
Homo_sapiens_tRNA-Ile-AAT-
5-5 chr17 8187467 8187791 325 11,41556167 10,0424106 1,35504962 3,20E-09 
Homo_sapiens_tRNA-Arg-
ACG-1-3 chr14 

2292957
5 

2292989
8 324 11,22630002 9,928461979 1,28192226 4,27E-09 

Homo_sapiens_tRNA-Ala-
AGC-2-1 chr6 

2883831
8 

2883864
0 323 11,3133971 10,06315142 1,235518943 4,48E-09 

Homo_sapiens_tRNA-Pro-
TGG-3-2 chr14 

2068389
0 

2068421
2 323 11,49535649 10,31382892 1,168325111 8,37E-09 

Homo_sapiens_tRNA-Gly-
GCC-3-1 chr16 

7077808
5 

7077840
6 322 7,065716255 5,06555943 1,959851122 8,40E-09 

Homo_sapiens_tRNA-Cys-
GCA-4-1 chr17 

3886916
6 

3886948
8 323 10,71027783 9,54045015 1,157249692 9,35E-09 

Homo_sapiens_tRNA-Glu-TTC-
8-1 chr1 

1496926
79 

1496930
02 324 6,817438699 4,094266139 2,658734635 1,09E-08 

Homo_sapiens_tRNA-His-
GTG-1-6 chr9 

1443381
4 

1443413
6 323 6,890581582 4,770375147 2,069084084 1,26E-08 
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Homo_sapiens_tRNA-Val-
CAC-9-1 chr6 

2715011
7 

2715044
0 324 6,361750631 3,612363026 2,675479687 1,62E-08 

Homo_sapiens_tRNA-Ile-AAT-
4-1 chr17 8226865 8227189 325 10,68555561 9,376145715 1,292321926 1,66E-08 
Homo_sapiens_tRNA-Gly-
GCC-2-4 chr16 

7077891
3 

7077923
4 322 9,140263626 7,816553252 1,30588667 1,77E-08 

Homo_sapiens_tRNA-Arg-
CCG-1-2 chr6 

2888126
2 

2888158
5 324 11,51896319 10,29878364 1,204844872 2,29E-08 

Homo_sapiens_tRNA-Asn-
GTT-2-5 chr17 

3875165
5 

3875197
9 325 10,72310352 9,670133779 1,042635045 2,36E-08 

Homo_sapiens_tRNA-Asp-
GTC-2-10 chr12 

1249395
21 

1249398
40 320 11,24620992 9,983835551 1,245541306 2,42E-08 

Homo_sapiens_tRNA-Leu-
CAA-1-1 chr6 

2889609
7 

2889645
3 357 11,45995859 10,23587285 1,20812998 3,60E-08 

Homo_sapiens_tRNA-Cys-
GCA-7-1 chr1 

9351615
1 

9351647
4 324 7,002812123 4,462486518 2,468051592 3,63E-08 

Homo_sapiens_tRNA-Ala-
CGC-3-1 chr2 

1564006
43 

1564009
65 323 10,56232298 9,293297693 1,251379698 4,40E-08 

Homo_sapiens_tRNA-Lys-CTT-
2-1 chr1 

1460392
75 

1460395
98 324 10,98294741 9,787184734 1,180918355 4,86E-08 

Homo_sapiens_tRNA-Pro-
TGG-4-1 chr16 3170834 3171155 322 5,96229001 2,804324399 3,06521328 6,02E-08 
Homo_sapiens_tRNA-Glu-
CTC-3-1 chr13 

4145579
9 

4145612
2 324 6,621026399 4,417759589 2,138273628 1,01E-07 

Homo_sapiens_tRNA-Val-
CAC-3-1 chr19 4724509 4724832 324 10,27892425 9,334227484 0,936822306 1,20E-07 
Homo_sapiens_tRNA-iMet-
CAT-1-7 chr6 

2790236
7 

2790268
9 323 10,86672903 9,68964479 1,161476164 1,52E-07 

Homo_sapiens_tRNA-Glu-
CTC-2-1 chr1 

2488741
22 

2488744
44 323 10,99861657 9,919431722 1,066202956 2,08E-07 

Homo_sapiens_tRNA-iMet-
CAT-1-8 chr17 

8249459
5 

8249491
7 323 11,98070698 10,76110695 1,201561358 2,53E-07 

Homo_sapiens_tRNA-Ala-
AGC-2-2 chr6 

2886355
9 

2886388
1 323 11,30835566 10,21875258 1,076286638 2,65E-07 

Homo_sapiens_tRNA-Tyr-
GTA-5-1 chr8 

6611324
1 

6611358
4 344 11,07890264 9,885464381 1,176434314 3,44E-07 

Homo_sapiens_tRNA-Pro-
TGG-3-1 chr5 

1811887
28 

1811890
50 323 11,41399102 10,25909036 1,138473295 4,30E-07 

Homo_sapiens_tRNA-Asn-
GTT-11-1 chr1 

1209521
65 

1209524
89 325 6,516163159 3,910554687 2,530828921 4,60E-07 

Homo_sapiens_tRNA-Asn-
GTT-2-3 chr10 

2222938
3 

2222970
7 325 11,54482658 10,44133311 1,088695266 4,91E-07 

Homo_sapiens_tRNA-Ala-
AGC-23-1 chr6 

2877864
1 

2877896
3 323 6,299243202 3,842169838 2,407976753 5,24E-07 

Homo_sapiens_tRNA-Arg-
TCG-6-1 chr9 

1101983
97 

1101987
20 324 5,925304435 3,25018349 2,584747902 6,04E-07 

Homo_sapiens_tRX-Glu-TTC-
2-1 chr1 

1210008
62 

1210011
85 324 5,735035922 2,785022757 2,841089979 6,31E-07 

Homo_sapiens_tRNA-Asp-
GTC-2-9 chr12 

1249272
19 

1249275
41 323 9,984128314 8,936069009 1,035067225 6,61E-07 

Homo_sapiens_tRNA-Gly-
GCC-2-1 chr1 

1615237
21 

1615240
42 322 11,45051472 10,30631248 1,127621272 6,85E-07 

Homo_sapiens_tRNA-His-
GTG-1-7 chr15 

4519848
0 

4519880
2 323 11,58796416 10,53391578 1,039479453 1,81E-06 

Homo_sapiens_tRNA-Leu-
CAG-1-7 chr6 

2652108
2 

2652141
5 334 10,53670561 9,426058774 1,094110133 2,18E-06 

Homo_sapiens_tRNA-Pro-
AGG-2-1 chr1 

1677153
62 

1677156
84 323 11,36053174 10,28749625 1,05737226 2,62E-06 

Homo_sapiens_tRNA-Ala-
TGC-4-1 chr12 

1249398
43 

1249401
62 320 10,79409828 9,779052228 1,001239973 3,54E-06 

Homo_sapiens_tRNA-iMet-
CAT-1-2 chr6 

2628640
0 

2628672
2 323 9,356544582 8,295749709 1,044331612 5,14E-06 

Homo_sapiens_tRNA-Ser-TGA-
1-1 chr10 

6776437
7 

6776470
9 333 11,52514109 10,55456583 0,957590365 6,16E-06 

Homo_sapiens_tRNA-Thr-TGT-
6-1 chr5 

1811915
61 

1811918
83 323 11,53171582 10,5877947 0,93113616 1,06E-05 

Homo_sapiens_tRNA-Arg-
CCT-5-1 chr16 3193792 3194115 324 5,724888494 3,444145872 2,172054617 1,60E-05 
Homo_sapiens_tRNA-Glu-
CTC-1-7 chr6 

1257801
21 

1257804
43 323 11,47070305 10,48069042 0,974801486 1,79E-05 

Homo_sapiens_tRNA-Glu-TTC-
2-2 chr15 

2608210
8 

2608243
0 323 11,33352746 10,42284275 0,897962591 2,63E-05 

Homo_sapiens_tRNA-Gly-
GCC-4-1 chr1 

1614804
40 

1614807
61 322 5,634558926 3,144349239 2,366139629 2,75E-05 

Homo_sapiens_tRNA-Ala-
TGC-3-1 chr5 

1812067
42 

1812070
64 323 11,78889452 10,78261078 0,989532887 2,96E-05 

Homo_sapiens_tRNA-Thr-
CGT-4-1 chr17 

3154994
8 

3155027
0 323 11,08312912 10,22570354 0,846637389 3,48E-05 

Homo_sapiens_tRNA-Asp-
GTC-1-1 chr12 

9850337
7 

9850369
9 323 11,60515253 10,59035965 0,997094629 4,29E-05 

Homo_sapiens_tRNA-Leu-
TAA-1-1 chr6 

1442164
21 

1442167
54 334 11,22592527 10,34849826 0,865242306 4,47E-05 
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Homo_sapiens_tRNA-Val-
AAC-1-5 chr6 

2775327
4 

2775359
7 324 11,01997068 10,04637409 0,957865385 4,53E-05 

Homo_sapiens_tRNA-Arg-
CCT-4-1 chr7 

1393405
74 

1393408
97 324 11,17085713 10,23011435 0,92618689 4,63E-05 

Homo_sapiens_tRNA-Cys-
GCA-18-1 chr7 

1493756
33 

1493759
55 323 5,728663643 3,456398839 2,158297927 6,00E-05 

Homo_sapiens_tRNA-Glu-
CTC-1-6 chr6 

2898207
3 

2898239
5 323 11,741416 10,73851352 0,984855155 6,40E-05 

Homo_sapiens_tRNA-Glu-TTC-
1-1 chr2 

1303370
02 

1303373
24 323 10,8954842 9,986181385 0,895288134 7,39E-05 

Homo_sapiens_tRNA-Glu-TTC-
2-1 chr13 

4491780
1 

4491812
3 323 11,59017722 10,71556104 0,861825239 7,66E-05 

Homo_sapiens_tRNA-Thr-
AGT-1-3 chr19 

3317693
1 

3317725
5 325 11,68948929 10,86864081 0,809633653 

0,000100
08 

Homo_sapiens_tRNA-Ala-
TGC-9-1 chr6 

2863395
6 

2863427
9 324 5,07612512 3,026032791 1,974885829 

0,000116
72 

Homo_sapiens_tRNA-Ala-
AGC-4-1 chr6 

2865811
1 

2865843
3 323 10,98135196 10,11621081 0,851792214 

0,000130
14 

Homo_sapiens_tRNA-Ser-
AGA-2-5 chr8 

9526953
1 

9526986
3 333 11,27047261 10,47291384 0,786570306 

0,000161
53 

Homo_sapiens_tRNA-Pro-
AGG-3-1 chr16 3160259 3160604 346 5,82896848 3,623272539 2,098621061 

0,000182
15 

Homo_sapiens_tRNA-Lys-TTT-
3-2 chr1 

2045069
04 

2045072
27 324 11,68719223 10,81517888 0,857781423 

0,000189
05 

Homo_sapiens_tRNA-Gly-
TCC-2-1 chr1 

1460369
35 

1460372
57 323 11,35811992 10,48816887 0,85563085 

0,000216
58 

Homo_sapiens_tRNA-Cys-
GCA-2-4 chr17 

3915436
5 

3915468
7 323 11,59533973 10,71350894 0,867072439 

0,000216
58 

Homo_sapiens_tRNA-Gln-
TTG-1-1 chr17 

4919240
2 

4919272
4 323 11,58315019 10,77077832 0,800053292 

0,000252
49 

Homo_sapiens_tRNA-Ile-TAT-
1-1 chr19 

3941204
2 

3941238
5 344 9,014914203 8,330799977 0,678974471 

0,000337
7 

Homo_sapiens_tRNA-Ser-
AGA-5-1 chr7 

1496082
50 

1496085
72 323 6,004592316 4,3355754 1,593912043 

0,000423
71 

Homo_sapiens_tRNA-Lys-TTT-
3-5 chr17 8119029 8119352 324 11,29747744 10,51227869 0,773317325 

0,000433
61 

Homo_sapiens_tRNA-Arg-
TCT-1-1 chr1 

9384744
7 

9384778
2 336 10,86694746 10,00835826 0,843448886 

0,000436
44 

Homo_sapiens_tRNA-Cys-
GCA-23-1 chr7 

1495950
88 

1495954
10 323 5,524519028 3,634100175 1,79886585 

0,000604
99 

Homo_sapiens_tRNA-Arg-
TCG-1-1 chr15 

8933494
7 

8933527
0 324 11,44097634 10,65135446 0,77653931 

0,000683
1 

Homo_sapiens_tRNA-Gly-
GCC-2-3 chr6 

2790278
2 

2790310
3 322 11,52341788 10,70661323 0,802394247 

0,000731
09 

Homo_sapiens_tRNA-Lys-CTT-
1-1 chr14 

5823976
9 

5824009
2 324 11,37446992 10,56357576 0,796625272 

0,000800
42 

Homo_sapiens_tRNA-Val-
AAC-1-1 chr3 

1697721
04 

1697724
27 324 10,88905479 10,07809584 0,79658544 

0,000875
62 

Homo_sapiens_tRNA-Leu-
TAG-3-1 chr16 

2219558
5 

2219591
7 333 10,86380681 10,11331216 0,738671306 

0,000909
33 

Homo_sapiens_tRNA-Glu-TTC-
1-2 chr13 

4106061
2 

4106093
4 323 10,32867024 9,652311616 0,667428386 

0,000919
76 

Homo_sapiens_tRNA-Lys-CTT-
1-2 chr15 

7886043
6 

7886075
9 324 11,17969288 10,40497758 0,761805701 

0,001045
98 

Homo_sapiens_tRNA-Met-
CAT-1-1 chr8 

1231571
04 

1231574
27 324 11,25236453 10,48366293 0,755532947 

0,001094
52 

Homo_sapiens_tRNA-Ala-
AGC-8-1 chr2 

2705108
8 

2705141
1 324 11,58601317 10,80383658 0,768258271 

0,001254
56 

Homo_sapiens_tRNA-Leu-
CAG-2-2 chr16 

5730035
4 

5730068
7 334 11,60718904 10,80456679 0,787337408 

0,001444
03 

Homo_sapiens_tRNA-Arg-
ACG-2-1 chr3 

4568887
3 

4568919
6 324 11,68273225 10,9244535 0,744684682 

0,001728
3 

Homo_sapiens_tRNA-Trp-
CCA-2-1 chr17 

1950805
5 

1950837
7 323 11,48694706 10,77332508 0,70192343 

0,002008
26 

Homo_sapiens_tRNA-Gly-
CCC-2-1 chr2 

7024886
5 

7024918
6 322 11,44077384 10,72217639 0,706428453 

0,002328
4 

Homo_sapiens_tRNA-Lys-TTT-
3-4 chr11 

5956020
9 

5956053
2 324 11,63005012 10,87189613 0,743647207 

0,002534
72 

Homo_sapiens_tRNA-Pro-
CGG-1-1 chr1 

1677145
99 

1677149
21 323 11,44178475 10,74685725 0,68336991 

0,002671
22 

Homo_sapiens_tRX-Tyr-GTA-
1-1 chr14 

2066904
8 

2066938
4 337 5,804137073 4,315536506 1,406235597 

0,002969
04 

Homo_sapiens_tRNA-Leu-
AAG-2-4 chr16 

2229701
4 

2229734
6 333 11,9258603 11,12214143 0,785769836 

0,003358
41 

Homo_sapiens_tRNA-Lys-TTT-
3-1 chr1 

2045064
01 

2045067
24 324 10,86433659 10,22304463 0,630639323 

0,006171
69 

Homo_sapiens_tRNA-Leu-
AAG-7-1 chr5 

1811644
35 

1811647
70 336 4,910050822 3,159417553 1,623863468 

0,007603
78 

Homo_sapiens_tRNA-Gly-
GCC-2-2 chr2 

1564010
21 

1564013
42 322 11,38974595 10,7447322 0,633164574 

0,008227
12 

Homo_sapiens_tRX-Lys-CTT-
1-1 chr16 2927535 2927858 324 5,268453056 3,722988169 1,44480083 

0,008641
87 
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Homo_sapiens_tRNA-SeC-
TCA-1-1 chr19 

4547847
5 

4547881
2 338 9,935590468 9,456400073 0,475525915 

0,008643
2 

Homo_sapiens_tRNA-Arg-
TCT-4-1 chr1 

1591414
85 

1591418
09 325 6,658505107 5,945200634 0,700705351 

0,009317
02 

Homo_sapiens_tRNA-Gln-
CTG-1-1 chr6 

1883604
5 

1883636
7 323 5,134670404 3,625983566 1,384168312 

0,010358
13 

Homo_sapiens_tRNA-Phe-
GAA-12-1 chr8 

1232583
56 

1232586
82 327 2,434927987 4,355339765 -1,71790054 

0,011926
32 

Homo_sapiens_tRNA-Glu-
CTC-1-1 chr1 

1460355
66 

1460358
88 323 11,85630917 11,20398259 0,638603508 

0,012831
98 

Homo_sapiens_tRNA-Cys-
GCA-16-1 chr7 

1495464
14 

1495467
36 323 5,097852661 3,69998836 1,310595173 

0,015522
31 

Homo_sapiens_tRNA-Lys-CTT-
7-1 chr1 

5495774
3 

5495806
6 324 5,11749609 3,556542596 1,419953948 

0,015920
2 

Homo_sapiens_tRNA-Glu-
CTC-5-1 chr8 

5859211
3 

5859243
4 322 1,766481845 3,856103799 -1,865305233 

0,016691
87 

Homo_sapiens_tRX-Leu-TAA-
2-1 chr11 

1135621
47 

1135624
81 335 1,663343235 3,733095228 -1,87986495 

0,017914
68 

Homo_sapiens_tRNA-Ser-GCT-
4-2 chr15 

4059369
9 

4059403
1 333 11,35849603 10,7674787 0,579644366 

0,018559
82 

Homo_sapiens_tRNA-Glu-TTC-
9-1 chr2 

2033642
80 

2033646
03 324 5,312856569 4,070548724 1,157145647 

0,021908
39 

Homo_sapiens_tRNA-Asp-
GTC-2-8 chr12 

9603589
5 

9603621
7 323 11,47272147 10,90900486 0,552590997 

0,025778
68 

Homo_sapiens_tRNA-Cys-
GCA-15-1 chr7 

1495845
99 

1495849
21 323 5,054065344 3,67922864 1,267955457 

0,028274
25 

Homo_sapiens_tRNA-Pro-
TGG-2-1 chr11 

7623570
9 

7623602
1 313 10,98466191 10,45432594 0,520968823 

0,028274
25 

Homo_sapiens_tRNA-Tyr-
GTA-2-1 chr2 

2705065
6 

2705099
5 340 11,52661748 10,98736917 0,528621569 

0,032763
82 

Homo_sapiens_tRNA-Gly-
TCC-1-1 chr19 4723944 4724266 323 11,08817937 10,57902243 0,499929067 

0,034676
87 

Homo_sapiens_tRNA-Gln-
CTG-1-4 chr15 

6586893
6 

6586925
8 323 11,3582831 10,86178435 0,487841793 

0,036736
08 

Homo_sapiens_tRNA-Gln-
CTG-8-2 chr1 

1460554
86 

1460558
08 323 4,556254832 3,129121881 1,273841799 

0,038271
17 

Homo_sapiens_tRNA-Ile-TAT-
2-1 chr2 

4281041
0 

4281075
3 344 10,52927028 10,11666376 0,407401052 

0,039470
04 

Homo_sapiens_tRNA-Pro-
AGG-2-4 chr11 

7623538
7 

7623569
9 313 10,70612688 10,20616674 0,490204383 

0,048381
59 

Homo_sapiens_tRNA-Glu-TTC-
13-1 chr2 

7489679
3 

7489711
6 324 2,471434702 4,001156734 -1,353964835 

0,054986
22 

Homo_sapiens_tRNA-Val-
CAC-10-1 chr1 

1667988
0 

1668020
3 324 1,725118974 3,590293347 -1,667369108 

0,055084
51 

Homo_sapiens_tRNA-iMet-
CAT-1-1 chr1 

1536711
24 

1536714
46 323 11,54398924 11,05214054 0,481864992 

0,057860
81 

Homo_sapiens_tRNA-Val-
TAC-1-2 chrX 

1867478
3 

1867510
6 324 10,2629545 9,835805741 0,419573505 

0,076426
43 

Homo_sapiens_tRNA-Ser-GCT-
3-1 chr11 

6634799
4 

6634832
6 333 10,25981977 9,842859779 0,410000247 

0,079761
72 

Homo_sapiens_tRNA-Gln-
TTG-5-1 chr2 

4571017
6 

4571049
9 324 2,608870289 4,028083907 -1,29255967 

0,085781
61 

Homo_sapiens_tRX-Val-AAC-
1-1 chr6 

1584034
90 

1584038
13 324 2,575719225 3,941388155 -1,2414975 

0,098749
4 

Homo_sapiens_tRNA-Lys-TTT-
14-1 chr14 

7358869
9 

7358902
8 330 3,123243608 4,295215349 -1,067287571 

0,100538
09 

Homo_sapiens_tRNA-Sup-
TTA-1-1 chr17 

6078610
6 

6078642
7 322 2,663343235 3,956566826 -1,167521167 

0,101429
93 

Homo_sapiens_tRNA-Lys-TTT-
11-1 chr12 

2769024
7 

2769057
0 324 2,706488921 4,068557143 -1,163052497 

0,105771
77 

Homo_sapiens_tRNA-Gly-
CCC-7-1 chr2 

1155158
1 

1155189
2 312 5,010806691 4,009496503 0,917709208 

0,107572
28 

Homo_sapiens_tRNA-Glu-TTC-
12-1 chr1 

1721882
72 

1721885
98 327 4,743666219 3,702559117 0,932021379 

0,120480
67 

Homo_sapiens_tRNA-Asn-
GTT-13-1 chr1 

1687533
7 

1687566
1 325 5,257614961 4,480596929 0,724286609 

0,143656
9 

Homo_sapiens_tRNA-Ala-
TGC-8-1 chr11 

5027458
2 

5027490
4 323 2,694561732 3,932644008 -1,121953447 

0,143656
9 

Homo_sapiens_tRNA-Ser-
AGA-6-1 chr11 

1091651
85 

1091655
18 334 4,660926199 3,775274226 0,798264662 

0,157191
23 

Homo_sapiens_tRNA-Tyr-
GTA-9-1 chr8 

6569717
1 

6569750
9 339 2,898195222 3,994867399 -0,989165728 

0,157311
41 

Homo_sapiens_tRX-Gln-TTG-
1-1 chr8 

8813288
1 

8813320
5 325 2,48242714 3,692235076 -1,092863745 

0,164413
19 

Homo_sapiens_tRX-Val-TAC-
3-1 chr17 

4008255
4 

4008287
7 324 2,052714365 3,365117123 -1,111228464 

0,168184
19 

Homo_sapiens_tRX-Lys-CTT-
4-1 chr7 

9714144
7 

9714177
0 324 2,598803483 3,823371213 -1,052115073 

0,171613
32 

Homo_sapiens_tRNA-Glu-TTC-
7-1 chr1 

1436668
62 

1436671
84 323 3,018883166 4,030132111 -0,92900116 

0,182680
69 

Homo_sapiens_tRNA-Pro-
TGG-5-1 chr1 

2070046
83 

2070050
10 328 2,496234592 3,743131973 -1,034069104 

0,185691
67 
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Homo_sapiens_tRX-Pro-GGG-
2-1 chr3 

1241417
46 

1241420
69 324 3,018883166 4,052503842 -0,928141336 

0,187954
12 

Homo_sapiens_tRX-Cys-GCA-
2-1 chr8 

1008168
7 

1008200
8 322 3,001665336 4,070548724 -0,968034364 

0,199962
12 

Homo_sapiens_tRNA-Leu-
TAA-5-1 chr6 

6920436
0 

6920469
3 334 2,795567995 3,813879238 -0,886544813 

0,219327
4 

Homo_sapiens_tRNA-Leu-
AAG-8-1 chr3 

1485033
15 

1485036
47 333 2,190484987 3,25018349 -0,937141049 

0,251620
49 

Homo_sapiens_tRNA-Lys-CTT-
12-1 chr1 

3950439
4 

3950472
0 327 3,395922435 4,227129247 -0,763986701 

0,252050
89 

Homo_sapiens_tRX-Und-NNN-
9-1 chr22 

3030804
3 

3030837
2 330 3,130249777 4,003243498 -0,80895347 

0,252050
89 

Homo_sapiens_tRX-Und-NNN-
6-1 chr9 2959214 2959543 330 2,663343235 3,67922864 -0,893859794 

0,254022
12 

Homo_sapiens_tRX-Gly-CCC-
3-1 chr1 

1454374
72 

1454377
93 322 2,832695108 3,785022757 -0,869348876 

0,254218
14 

Homo_sapiens_tRX-Ala-GGC-
3-1 chr19 

1218843
5 

1218875
9 325 2,565417583 3,54224709 -0,838425723 

0,254218
14 

Homo_sapiens_tRNA-Und-
GCA-5-1 chr17 

6839469
0 

6839501
5 326 2,745948642 3,68964584 -0,829596362 

0,273679
65 

Homo_sapiens_tRNA-Asn-
GTT-18-1 chr1 

1653227
2 

1653259
6 325 3,076609276 3,947914469 -0,755220533 

0,274022
93 

Homo_sapiens_tRNA-Gln-
CTG-11-1 chr1 

1435845
75 

1435848
97 323 3,220561489 4,07253756 -0,755922765 

0,278401
63 

Homo_sapiens_tRNA-Ala-
AGC-17-1 chr6 

5786104
0 

5786136
3 324 5,435964652 6,013130718 -0,534246272 

0,278592
78 

Homo_sapiens_tRNA-Gln-
TTG-10-1 chr6 

3732009
3 

3732041
6 324 2,775447487 3,668735673 -0,804603008 

0,281705
17 

Homo_sapiens_tRNA-Lys-TTT-
15-1 chr2 

2233214
71 

2233217
94 324 3,227111676 4,0765173 -0,748157114 

0,299854
53 

Homo_sapiens_tRNA-Glu-TTC-
11-1 chr14 

3176748
3 

3176780
8 326 3,139077526 4,001156734 -0,738038918 

0,305375
14 

Homo_sapiens_tRX-Lys-CTT-
3-1 chr15 

9578451
9 

9578484
2 324 3,123243608 3,930452507 -0,717491345 

0,307353
73 

Homo_sapiens_tRNA-Thr-
AGT-7-1 chr17 

6453067
4 

6453099
8 325 2,795567995 3,681836623 -0,779108183 

0,307558
17 

Homo_sapiens_tRNA-Und-
NNN-4-1 chr1 7930153 7930473 321 2,795567995 3,65816583 -0,752407797 

0,316587
92 

Homo_sapiens_tRNA-Cys-
GCA-3-1 chr7 

1495889
47 

1495892
69 323 4,470698157 3,755577293 0,619065383 

0,316587
92 

Homo_sapiens_tRNA-Phe-
GAA-6-1 chr6 

2876347
1 

2876379
5 325 4,123243608 3,37805693 0,648975969 

0,328891
28 

Homo_sapiens_tRNA-Phe-
GAA-7-1 chr6 

2766464
0 

2766496
6 327 3,865816856 2,958719044 0,753534966 

0,328952
7 

Homo_sapiens_tRX-Ala-GGC-
4-1 chr16 

8044542
9 

8044575
6 328 2,986302388 3,823371213 -0,702188858 

0,330881
16 

Homo_sapiens_tRNA-Gly-
CCC-2-2 chr16 636610 636931 322 11,19517252 10,98070769 0,211347326 

0,344277
63 

Homo_sapiens_tRNA-Val-
AAC-7-1 chr1 

1802150
15 

1802153
38 324 2,804355235 3,623272539 -0,72619581 

0,368405
15 

Homo_sapiens_tRNA-SeC-
TCA-3-1 chr17 

4011717
4 

4011749
8 325 2,745948642 3,54224709 -0,699214782 

0,374547
33 

Homo_sapiens_tRX-Lys-TTT-
2-1 chr3 

1521134
0 

1521166
6 327 3,324001282 4,028083907 -0,639055134 

0,379618
13 

Homo_sapiens_tRX-Arg-ACG-
1-1 chr8 

6611281
5 

6611313
8 324 2,052714365 2,975844209 -0,751950429 

0,379893
02 

Homo_sapiens_tRNA-Pro-
GGG-1-1 chr10 

2256352
4 

2256384
7 324 2,916685105 3,692235076 -0,663712749 

0,385701
89 

Homo_sapiens_tRX-Met-CAT-
1-1 chr6 

2848060
0 

2848092
3 324 2,986302388 3,743131973 -0,634973108 

0,394220
12 

Homo_sapiens_tRX-Leu-CAG-
1-1 chr9 

1203549
49 

1203552
82 334 3,043340255 3,712809803 -0,610156366 

0,422171
97 

Homo_sapiens_tRX-Ser-GGA-
2-1 chrX 

2526184
6 

2526216
8 323 1,100114862 2,155670067 -0,80403438 

0,422171
97 

Homo_sapiens_tRNA-SeC-
TCA-2-1 chr22 

4415053
1 

4415086
5 335 3,212219919 3,874483389 -0,605788023 

0,424415
25 

Homo_sapiens_tRX-Lys-CTT-
5-1 chr7 

1260183
8 

1260217
2 335 3,553651389 4,13675565 -0,529752325 

0,435363
45 

Homo_sapiens_tRX-Cys-GCA-
1-1 chr7 

1494059
38 

1494062
60 323 3,310081475 3,975844209 -0,605009751 

0,441961
18 

Homo_sapiens_tRX-Cys-GCA-
4-1 chr7 

1496280
27 

1496283
60 334 3,524519028 4,046434877 -0,491585127 

0,451585
76 

Homo_sapiens_tRNA-Asn-
GTT-20-1 chr1 

1460490
72 

1460493
98 327 4,249165002 3,722988169 0,477823422 

0,461677
35 

Homo_sapiens_tRNA-Cys-
GCA-24-1 chr17 

3883359
6 

3883391
8 323 4,43058169 3,872201665 0,487541353 

0,482269
69 

Homo_sapiens_tRX-Leu-CAA-
3-1 chr2 

1518310
12 

1518313
30 319 2,924766734 3,53070481 -0,540687324 

0,490745
91 

Homo_sapiens_tRX-Pro-GGG-
1-1 chrX 

1196037
72 

1196040
91 320 1,409041811 2,22175345 -0,677547575 

0,493474
63 

Homo_sapiens_tRNA-Asn-
GTT-16-1 chr1 

1484052
58 

1484055
82 325 3,114318136 3,68964584 -0,533928873 

0,498050
26 
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Homo_sapiens_tRNA-Asn-
GTT-21-1 chr1 

1483787
90 

1483791
14 325 4,216396733 3,712809803 0,436564181 

0,505661
88 

Homo_sapiens_tRNA-His-
GTG-2-1 chr1 

1436610
56 

1436613
78 323 3,343828134 3,881318755 -0,481817988 

0,529810
3 

Homo_sapiens_tRNA-Cys-
GCA-22-1 chr7 

1495565
85 

1495569
05 321 3,809894083 3,295215349 0,434333405 

0,531391
76 

Homo_sapiens_tRNA-Lys-CTT-
10-1 chr19 

3557572
2 

3557604
5 324 3,018883166 3,545114576 -0,490487759 

0,532004
4 

Homo_sapiens_tRNA-Gly-
TCC-6-1 chr18 

5767881
9 

5767914
1 323 1,331722604 2,22175345 -0,670346208 

0,551222
42 

Homo_sapiens_tRX-Lys-CTT-
6-1 chr5 

1683895
13 

1683898
35 323 2,420518146 3,013643012 -0,554645908 

0,553048
25 

Homo_sapiens_tRX-Asn-GTT-
1-1 chr1 

1483172
43 

1483175
63 321 2,852038071 3,365117123 -0,47312412 

0,557735
05 

Homo_sapiens_tRNA-Cys-
GCA-20-1 chr7 

1495978
29 

1495981
51 323 3,938936676 3,553697757 0,370706642 

0,570905
42 

Homo_sapiens_tRX-Und-NNN-
8-1 chr10 

6234371
5 

6234403
9 325 2,994004311 3,480596929 -0,432347515 

0,576418
5 

Homo_sapiens_tRNA-Leu-
AAG-5-1 chr2 

3005457
6 

3005489
9 324 3,130249777 3,567880804 -0,420036003 

0,592838
9 

Homo_sapiens_tRX-Trp-CCA-
1-1 chr7 

6739943
4 

6739975
6 323 3,390097011 2,919433333 0,414382218 

0,593433
53 

Homo_sapiens_tRNA-Gly-
CCC-8-1 chr1 

1464887
40 

1464890
61 322 2,843537356 3,352060206 -0,437953555 

0,594001
06 

Homo_sapiens_tRNA-Gln-
CTG-7-1 chr1 

1483286
86 

1483290
08 323 3,409041811 3,835145991 -0,386895938 

0,594001
06 

Homo_sapiens_tRX-Glu-CTC-
1-1 chr8 

1191316
5 

1191348
7 323 2,898195222 3,390881708 -0,432457883 

0,594001
06 

Homo_sapiens_tRX-Ser-GCT-
1-1 chr13 

1142412
13 

1142415
39 327 3,289782062 3,722988169 -0,407476119 

0,599182
36 

Homo_sapiens_tRX-Ile-AAT-4-
1 chr17 8205947 8206284 338 2,95085769 3,416194234 -0,418359864 

0,606659
04 

Homo_sapiens_tRNA-Cys-
GCA-25-1 chr3 

1769976
7 

1770009
7 331 3,227111676 2,67922864 0,448081118 

0,614529
82 

Homo_sapiens_tRX-Ala-AGC-
2-1 chr6 

5783004
6 

5783036
9 324 3,060070663 3,516149666 -0,389657583 

0,614956
86 

Homo_sapiens_tRNA-Lys-TTT-
10-1 chr19 

4124211
1 

4124243
4 324 3,035897931 3,504395834 -0,394139419 

0,617129
06 

Homo_sapiens_tRNA-Gly-
TCC-5-1 chr18 

5767849
6 

5767881
8 323 0,48242714 0 0,779657609 

0,622772
58 

Homo_sapiens_tRNA-Asp-
GTC-6-1 chr3 

1846481
81 

1846485
02 322 3,401724432 3,818626889 -0,400540478 

0,634265
69 

Homo_sapiens_tRNA-Asn-
GTT-28-1 chr1 

1496393
27 

1496396
51 325 2,745948642 3,17433011 -0,382886505 

0,639482
67 

Homo_sapiens_tRNA-Asp-
GTC-4-1 chr9 

7490294
8 

7490327
0 323 2,598803483 3,062555475 -0,398536421 

0,639482
67 

Homo_sapiens_tRNA-Ile-GAT-
1-1 chrX 3838251 3838575 325 0 0 0,698309111 0,651429 
Homo_sapiens_tRNA-Asp-
GTC-8-1 chr12 

1223762
51 

1223765
72 322 3,297688209 3,668735673 -0,321396799 

0,655851
23 

Homo_sapiens_tRNA-Asp-
GTC-9-1 chr1 

1616046
72 

1616049
94 323 1,82407931 2,365117123 -0,453544036 

0,655851
23 

Homo_sapiens_tRNA-Cys-
GCA-19-1 chr7 

1496129
39 

1496132
61 323 3,409041811 3,755577293 -0,323882647 

0,659241
6 

Homo_sapiens_tRNA-Und-
NNN-2-1 chr8 

9814110
8 

9814142
7 320 3,363386197 2,919433333 0,357017224 

0,664628
05 

Homo_sapiens_tRNA-Lys-CTT-
11-1 chr19 

5192201
4 

5192233
8 325 3,674251227 4,038306522 -0,332167037 

0,664628
05 

Homo_sapiens_tRNA-Gln-
TTG-6-1 chr4 

4090660
0 

4090692
3 324 3,78109822 4,104031943 -0,29208879 

0,670054
78 

Homo_sapiens_tRX-Gln-CTG-
2-1 chr11 

4806570
6 

4806603
4 329 3,760773459 4,054517692 -0,287002768 

0,683962
89 

Homo_sapiens_tRNA-Arg-
CCT-6-1 chr1 

1480109
33 

1480112
54 322 3,363386197 3,68964584 -0,31103892 

0,684546
18 

Homo_sapiens_tRX-Cys-GCA-
3-1 chr1 

1616053
70 

1616056
91 322 2,994004311 3,37805693 -0,341105695 

0,687039
75 

Homo_sapiens_tRX-Arg-CCT-
2-1 chr11 

1182412
46 

1182415
75 330 3,395922435 3,722988169 -0,307565601 

0,690320
16 

Homo_sapiens_tRNA-Cys-
ACA-1-1 chr5 

1526089
10 

1526093
36 427 3,212219919 3,53070481 -0,306643244 

0,700954
93 

Homo_sapiens_tRNA-Tyr-
GTA-10-1 chr7 

1495579
16 

1495582
39 324 3,695822864 4,01778834 -0,263049352 

0,710340
4 

Homo_sapiens_tRNA-Gln-
CTG-17-1 chr20 

1787437
2 

1787470
0 329 3,78109822 3,468548617 0,273148602 

0,711206
44 

Homo_sapiens_tRNA-Leu-
CAA-5-1 chr11 9275117 9275441 325 3,81425098 3,480596929 0,274742221 

0,713114
02 

Homo_sapiens_tRNA-Asn-
GTT-16-3 chr1 

1209451
63 

1209454
87 325 2,725118974 3,078497931 -0,32965418 

0,713259
48 

Homo_sapiens_tRNA-Met-
CAT-7-1 chr6 

5784208
8 

5784241
1 324 4,169325765 3,919433333 0,244744633 

0,713259
48 

Homo_sapiens_tRX-Asn-GTT-
3-1 chr1 

1463940
69 

1463943
93 325 3,123243608 2,765459374 0,292818307 

0,716383
21 
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Homo_sapiens_tRNA-Asp-
GTC-10-1 chr1 

1615230
19 

1615233
41 323 3,190484987 3,468548617 -0,271816199 

0,716383
21 

Homo_sapiens_tRNA-Gln-
CTG-16-1 chr2 

2186262
91 

2186266
09 319 3,884723661 4,144349239 -0,241138395 

0,721228
06 

Homo_sapiens_tRNA-Gly-
GCC-5-1 chr16 

7078856
8 

7078888
9 322 3,587307524 3,835145991 -0,235866011 

0,731233
49 

Homo_sapiens_tRNA-Leu-
AAG-6-1 chr20 

5033567
9 

5033601
1 333 3,41479139 3,668735673 -0,249802231 

0,742558
69 

Homo_sapiens_tRNA-Gln-
CTG-10-1 chr1 

1470050
75 

1470053
97 323 2,631434232 2,901621061 -0,239199171 

0,777101
26 

Homo_sapiens_tRNA-Asp-
GTC-5-1 chr5 

1423942
97 

1423946
19 323 3,107233978 3,3355754 -0,220396899 

0,780775
86 

Homo_sapiens_tRX-Asp-ATC-
1-1 chr6 

2882728
7 

2882760
9 323 3,494786252 3,722988169 -0,216252736 

0,780775
86 

Homo_sapiens_tRX-Gln-CTG-
3-1 chr1 

1455631
20 

1455634
42 323 3,986302388 4,205514212 -0,184101218 

0,785069
7 

Homo_sapiens_tRNA-Gln-
CTG-8-1 chr1 

1490448
11 

1490451
33 323 3,36497257 3,644847152 -0,211202085 

0,785492
15 

Homo_sapiens_tRNA-Lys-CTT-
6-1 chr18 

4608917
9 

4608950
2 324 3,427741057 3,113732085 0,234567583 

0,785492
15 

Homo_sapiens_tRNA-Gly-
GCC-6-1 chr6 

1422575
13 

1422578
34 322 3,233632257 3,44107029 -0,204036792 

0,799456
06 

Homo_sapiens_tRX-Val-TAC-
2-1 chr2 

8485862
6 

8485894
9 324 3,471434702 3,25018349 0,195766886 

0,799694
74 

Homo_sapiens_tRNA-Lys-CTT-
13-1 chr1 

1655967
87 

1655971
10 324 3,489347384 3,681836623 -0,181332723 

0,813110
74 

Homo_sapiens_tRNA-Ala-
AGC-20-1 chr1 

1500452
80 

1500456
01 322 2,994004311 3,207325539 -0,20043407 

0,821648
42 

Homo_sapiens_tRX-Phe-GAA-
1-1 chr1 

1451682
78 

1451686
08 331 3,471434702 3,291804911 0,173158041 0,826971 

Homo_sapiens_tRNA-Pro-
AGG-4-1 chr2 

8711232
4 

8711264
6 323 2,986302388 3,22175345 -0,191854969 0,826971 

Homo_sapiens_tRNA-Tyr-
GTA-11-1 chr7 

1493565
27 

1493568
54 328 3,083845039 3,25018349 -0,156719205 

0,856247
1 

Homo_sapiens_tRNA-Ile-AAT-
11-1 chr12 

1292315
27 

1292318
52 326 3,587307524 3,416194234 0,140023228 

0,860749
86 

Homo_sapiens_tRNA-Lys-TTT-
12-1 chr19 

4953455
0 

4953487
3 324 3,558853585 3,352060206 0,142863173 

0,862729
76 

Homo_sapiens_tRNA-Leu-
CAA-6-1 chr1 

1616118
20 

1616121
54 335 3,664631942 3,53070481 0,132092927 

0,868816
51 

Homo_sapiens_tRNA-Asn-
GTT-22-1 chr1 

1437171
66 

1437174
90 325 2,631434232 2,785022757 -0,14315621 

0,868816
51 

Homo_sapiens_tRNA-Ile-AAT-
10-1 chr6 

2728395
9 

2728428
3 325 3,397473451 3,278064092 0,135669108 

0,868816
51 

Homo_sapiens_tRX-Und-NNN-
7-1 chr3 

1113495
30 

1113498
55 326 3,799968305 3,625983566 0,123618726 

0,869067
38 

Homo_sapiens_tRNA-Gln-
CTG-8-3 chr1 

1204767
26 

1204770
48 323 3,756251773 3,623272539 0,118800944 

0,870042
37 

Homo_sapiens_tRNA-Glu-
CTC-16-1 chr12 

1139486
14 

1139489
35 322 3,494786252 3,623272539 -0,124429191 

0,870134
58 

Homo_sapiens_tRNA-Lys-CTT-
8-1 chr16 3164812 3165135 324 3,7355714 3,565058256 0,132746432 

0,871920
6 

Homo_sapiens_tRNA-Gln-
TTG-4-1 chr6 

1451825
97 

1451829
19 323 3,637676866 3,519069442 0,113434037 

0,873554
32 

Homo_sapiens_tRX-Gly-CCC-
2-1 chr1 

1482443
41 

1482446
63 323 2,71583402 2,846825445 -0,132748664 

0,874562
62 

Homo_sapiens_tRNA-Arg-
CCT-7-1 chr1 

1438483
88 

1438487
09 322 2,745948642 2,865322863 -0,122606235 

0,889290
75 

Homo_sapiens_tRNA-Glu-TTC-
10-1 chr1 

1437840
19 

1437843
42 324 0,331722604 0 0,200257718 

0,890810
08 

Homo_sapiens_tRNA-iMet-
CAT-3-1 chr9 

1940387
2 

1940419
7 326 3,620196373 3,492545455 0,095343259 

0,897062
77 

Homo_sapiens_tRX-Asn-GTT-
2-1 chr1 

1445395
24 

1445398
48 325 3,608870289 3,468548617 0,089716246 

0,909115
28 

Homo_sapiens_tRX-Gly-CCC-
1-2 chr1 

1480203
48 

1480206
69 322 2,994004311 3,078497931 -0,084865235 

0,916169
14 

Homo_sapiens_tRNA-Lys-CTT-
9-1 chr5 

2619830
4 

2619862
7 324 3,139077526 3,25018349 -0,083004779 

0,916169
14 

Homo_sapiens_tRNA-Glu-TTC-
10-2 chr1 

1451768
13 

1451771
36 324 3,865816856 3,755577293 0,065756208 

0,922498
72 

Homo_sapiens_tRNA-Gln-
CTG-4-2 chr1 

1436913
48 

1436916
70 323 3,745948642 3,647517975 0,060330772 

0,922704
02 

Homo_sapiens_tRNA-Lys-CTT-
16-1 chr15 

7638229
8 

7638262
2 325 2,815411748 2,705125302 0,080834244 

0,929207
85 

Homo_sapiens_tRNA-Gln-
CTG-13-1 chr5 

1518683
87 

1518687
09 323 3,598803483 3,53070481 0,054486295 

0,936591
81 

Homo_sapiens_tRNA-Tyr-
ATA-1-1 chr2 

2182457
00 

2182460
43 344 3,241851286 3,295215349 -0,055213717 

0,941211
1 

Homo_sapiens_tRNA-Glu-
CTC-7-1 chr2 

1588815
33 

1588818
56 324 3,107233978 3,129121881 -0,054663544 

0,941211
1 

Homo_sapiens_tRNA-Phe-
GAA-8-1 chr6 

7895816
7 

7895849
0 324 3,541788444 3,492545455 0,031538673 

0,961037
77 
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Homo_sapiens_tRNA-Leu-
TAG-4-1 chr14 

2067689
3 

2067722
5 333 3,955862623 3,939209907 0,014797585 

0,982404
25 

Homo_sapiens_tRNA-Gln-
CTG-12-1 chr12 

7445727
6 

7445759
9 324 3,575719225 3,54224709 0,005111278 

0,995207
97 

Homo_sapiens_tRNA-Phe-
GAA-9-1 chr1 

1437925
98 

1437929
28 331 0 0 0 1 

Homo_sapiens_tRNA-Lys-CTT-
15-1 chr11 

5475918
2 

5475950
5 324 0 0 0 1 

Homo_sapiens_tRX-Ala-AGC-
1-1 chr6 

2671354
3 

2671386
6 324 0 0 0 1 

Homo_sapiens_tRX-Ala-AGC-
1-2 chr6 

2678782
0 

2678814
3 324 0 0 0 1 

Homo_sapiens_tRX-Ile-GAT-2-
1 chrX 3838665 3838989 325 0 0 0 1 
Homo_sapiens_tRNA-Ile-GAT-
1-2 chrX 3876675 3876999 325 0 0 0 1 
Homo_sapiens_tRX-Ile-GAT-1-
2 chrX 3877089 3877413 325 0 0 0 1 
Homo_sapiens_tRNA-Ile-GAT-
1-3 chrX 3915104 3915428 325 0 0 0 1 
Homo_sapiens_tRX-Ile-GAT-1-
1 chrX 3915518 3915842 325 0 0 0 1 

 

Table S7. RPC1 ChIP-Seq peaks at annotated hg38 tRNA genes in human cell lines, and differential 
RPC1 occupancy in neurons relative to hiPSC.  

Gene chr start end 
lengt
h 

hiPSC log2 read 
counts  

Neurons log2 read 
counts 

log2FoldCha
nge FDR 

Homo_sapiens_tRNA-Ser-
GCT-2-1 chr6 

2729787
0 

2729820
2 333 11,53640612 4,695053205 6,825597587 

1,05E-
172 

Homo_sapiens_tRNA-Ile-AAT-
8-1 chr6 

2766845
7 

2766878
1 325 11,47107249 4,587219488 6,835500196 

1,05E-
172 

Homo_sapiens_tRNA-Asn-
GTT-1-1 chr1 

1615401
15 

1615404
39 325 11,30501984 5,005382975 6,278026685 

5,77E-
166 

Homo_sapiens_tRNA-Phe-
GAA-3-1 chr6 

2880770
7 

2880803
0 324 11,26108215 4,824523047 6,419811018 

3,49E-
165 

Homo_sapiens_tRNA-Ser-
AGA-2-3 chr6 

2749568
8 

2749602
0 333 11,35895271 5,440981735 5,908972075 

1,26E-
162 

Homo_sapiens_tRNA-Lys-
CTT-2-5 chr16 3175565 3175888 324 11,31009693 4,318981614 6,985920795 

1,14E-
159 

Homo_sapiens_tRNA-Ser-
TGA-3-1 chr6 

2631247
0 

2631280
2 333 11,58425353 5,71045087 5,855701702 

8,89E-
158 

Homo_sapiens_tRNA-iMet-
CAT-1-5 chr6 

2733285
9 

2733318
1 323 11,38205713 5,25942749 6,118339704 

1,85E-
155 

Homo_sapiens_tRNA-Leu-
TAA-4-1 chr6 

2723042
9 

2723076
2 334 11,74568185 4,928464052 6,832220583 

1,38E-
154 

Homo_sapiens_tRNA-Ile-AAT-
5-3 chr6 

2723744
5 

2723776
9 325 11,46631593 3,781711525 7,674706324 

5,04E-
149 

Homo_sapiens_tRNA-Ser-
AGA-2-4 chr6 

2750291
3 

2750324
5 333 11,06886145 4,394989813 6,6690201 

1,13E-
148 

Homo_sapiens_tRNA-Tyr-
GTA-5-3 chr14 

2065297
3 

2065331
7 345 11,34405971 3,942824268 7,377610511 

1,93E-
146 

Homo_sapiens_tRNA-Gln-
CTG-6-1 chr6 

2779123
0 

2779155
2 323 11,4228457 6,224272762 5,185314123 

4,48E-
146 

Homo_sapiens_tRNA-Ser-
AGA-4-1 chr6 

2755328
7 

2755361
9 333 11,25105268 4,174004409 7,108592305 

7,16E-
146 

Homo_sapiens_tRNA-Pro-
AGG-2-8 chr16 3189508 3189830 323 11,21614669 5,568495127 5,656405634 

9,14E-
146 

Homo_sapiens_tRNA-Lys-
TTT-4-1 chr6 

2759168
8 

2759201
1 324 11,40297223 5,02966616 6,343070403 

3,16E-
145 

Homo_sapiens_tRNA-Pro-
AGG-2-7 chr16 3182509 3182831 323 11,23556866 5,517893153 5,735635174 

7,35E-
144 

Homo_sapiens_tRNA-Ser-
TGA-4-1 chr6 

2750570
2 

2750603
4 333 11,62494725 4,520243773 7,062928033 

1,10E-
143 

Homo_sapiens_tRNA-Gln-
CTG-5-1 chr6 

2729530
7 

2729562
9 323 11,0845295 4,765078977 6,377024846 

6,98E-
143 

Homo_sapiens_tRNA-Thr-
CGT-5-1 chr6 

2761823
0 

2761855
4 325 11,19228625 4,086832664 7,094428073 

2,07E-
142 

Homo_sapiens_tRNA-Val-
CAC-2-1 chr6 

2728014
4 

2728046
7 324 11,56186555 5,6877405 5,857305729 

6,93E-
142 

Homo_sapiens_tRNA-Ser-
ACT-1-1 chr6 

2729376
6 

2729409
0 325 11,35807014 4,216934128 7,155340376 

1,07E-
141 

Homo_sapiens_tRNA-Ser-
GCT-4-1 chr6 

2859721
4 

2859754
6 333 10,99375456 4,630521781 6,42153413 

2,69E-
141 

Homo_sapiens_tRNA-Val-
TAC-4-1 chr6 

2729050
0 

2729082
3 324 11,27988443 3,696835545 7,504600943 

1,39E-
139 

Homo_sapiens_tRNA-Leu-
TAG-2-1 chr14 

2062524
4 

2062557
6 333 11,82810828 4,954065327 6,875274099 

4,14E-
139 
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Homo_sapiens_tRNA-Glu-
TTC-4-1 chr1 

1653515
3 

1653547
5 323 11,86403445 5,412117045 6,457956644 

6,20E-
139 

Homo_sapiens_tRNA-Asn-
GTT-2-2 chr1 

1614279
51 

1614282
75 325 11,4654014 5,656587729 5,801803389 

3,46E-
138 

Homo_sapiens_tRNA-Thr-
TGT-4-1 chr14 

2063103
4 

2063135
7 324 11,37118824 4,916001165 6,463886311 

5,68E-
137 

Homo_sapiens_tRNA-Ala-
TGC-1-1 chr6 

2878964
4 

2878996
6 323 11,11248879 4,836720671 6,286378894 

8,01E-
137 

Homo_sapiens_tRNA-Ser-
CGA-3-1 chr6 

2767232
4 

2767265
6 333 11,59264317 4,498921961 7,139691247 

1,46E-
136 

Homo_sapiens_tRNA-Ser-
TGA-2-1 chr6 

2754556
3 

2754589
5 333 11,42773114 3,749397898 7,764680771 

7,99E-
135 

Homo_sapiens_tRX-Ala-AGC-
5-1 chr6 

5781336
4 

5781368
7 324 11,29707539 3,940820198 7,379632296 

2,36E-
134 

Homo_sapiens_tRNA-Ala-
CGC-4-1 chr6 

2872918
9 

2872951
1 323 11,3078745 5,502662882 5,787599314 

2,07E-
133 

Homo_sapiens_tRNA-Arg-
ACG-2-4 chr6 

2767043
9 

2767076
2 324 11,30021925 4,434750821 6,784041824 

3,41E-
133 

Homo_sapiens_tRNA-Arg-
ACG-2-3 chr6 

2721504
7 

2721537
0 324 10,55173649 4,413562892 6,132618653 

1,70E-
132 

Homo_sapiens_tRNA-Ser-
GCT-5-1 chr6 

2821291
1 

2821324
3 333 11,10473372 5,01567285 6,099110931 

3,07E-
132 

Homo_sapiens_tRNA-Glu-
TTC-4-2 chr1 

1614219
67 

1614222
89 323 11,18267114 5,692375559 5,523182188 

5,04E-
131 

Homo_sapiens_tRNA-Ala-
AGC-1-1 chr6 

2879583
8 

2879616
0 323 11,54296807 5,653837662 5,920563418 

7,37E-
131 

Homo_sapiens_tRNA-Leu-
AAG-1-3 chr5 

1811739
18 

1811742
50 333 11,22695381 3,989212957 7,296192821 

1,81E-
130 

Homo_sapiens_tRNA-Glu-
TTC-6-1 chr1 

1483087
96 

1483091
18 323 10,95827429 3,99211899 6,956263914 

1,83E-
130 

Homo_sapiens_tRNA-Arg-
TCG-5-1 chr6 

2854298
8 

2854331
1 324 11,38521814 6,028487125 5,352697063 

2,52E-
130 

Homo_sapiens_tRNA-Tyr-
GTA-5-4 chr14 

2066306
6 

2066341
0 345 10,95509218 4,016624567 6,922075787 

8,95E-
130 

Homo_sapiens_tRNA-Ala-
TGC-7-1 chr6 

2880267
4 

2880299
5 322 10,75663401 3,990182286 6,812598187 

1,68E-
129 

Homo_sapiens_tRNA-Lys-
TTT-7-1 chr6 

2874761
8 

2874794
1 324 11,33599014 4,150317447 7,253794536 

1,04E-
128 

Homo_sapiens_tRNA-Phe-
GAA-1-3 chr11 

5955737
1 

5955769
4 324 10,90634776 5,226647609 5,714179304 

1,19E-
128 

Homo_sapiens_tRNA-Thr-
AGT-3-1 chr6 

2872589
2 

2872621
6 325 11,24002219 3,432613157 7,751004818 

1,78E-
128 

Homo_sapiens_tRNA-Val-
AAC-1-3 chr5 

1811694
84 

1811698
07 324 10,59823787 5,132833449 5,449325847 

1,36E-
127 

Homo_sapiens_tRNA-Thr-
AGT-2-2 chr6 

2768456
9 

2768489
3 325 11,63981075 5,60063535 6,039501846 

1,39E-
127 

Homo_sapiens_tRNA-Pro-
CGG-1-2 chr16 3171922 3172244 323 10,82882506 4,793719863 6,082241888 

6,82E-
127 

Homo_sapiens_tRNA-Gln-
TTG-2-1 chr6 

2858925
3 

2858957
5 323 11,39185801 6,62583927 4,758438511 

1,05E-
126 

Homo_sapiens_tRNA-Ala-
TGC-5-1 chr6 

2881710
9 

2881743
1 323 10,74044802 4,279817532 6,445881336 

1,83E-
126 

Homo_sapiens_tRNA-Gly-
CCC-1-1 chr1 

1654581
3 

1654613
4 322 11,33589704 4,088643953 7,186414152 

1,85E-
126 

Homo_sapiens_tRNA-Leu-
CAA-2-1 chr6 

2760551
2 

2760587
0 359 11,27097963 4,2967929 7,015316608 

1,45E-
125 

Homo_sapiens_tRNA-Leu-
AAG-2-2 chr6 

2894349
6 

2894382
8 333 10,54679443 5,184857192 5,396702886 

1,61E-
125 

Homo_sapiens_tRNA-Ile-AAT-
1-1 chr6 

5782284
7 

5782317
1 325 11,15085368 3,637344052 7,386917897 

2,51E-
124 

Homo_sapiens_tRNA-Thr-
CGT-1-1 chr6 

2848886
7 

2848919
1 325 10,85341767 3,860810829 7,078424333 

8,61E-
124 

Homo_sapiens_tRNA-Gly-
CCC-1-2 chr1 

1686179
5 

1686211
6 322 11,07198632 3,865044258 7,173146244 

2,01E-
123 

Homo_sapiens_tRNA-Lys-
TTT-6-1 chr6 

2733486
4 

2733518
7 324 11,17153125 4,215277042 7,004160332 

7,14E-
123 

Homo_sapiens_tRNA-Asp-
GTC-3-1 chr6 

2758333
1 

2758365
3 323 11,23128633 5,279024564 5,951801795 

8,86E-
123 

Homo_sapiens_tRNA-Gly-
CCC-6-1 chr1 

1210167
19 

1210170
40 322 10,96977989 4,216105823 6,787366466 

1,87E-
122 

Homo_sapiens_tRNA-Gly-
CCC-4-1 chr1 

1667814
5 

1667846
6 322 11,23831067 4,156375114 7,009941166 

4,08E-
122 

Homo_sapiens_tRNA-Leu-
TAA-2-1 chr6 

2772099
3 

2772132
6 334 10,68033116 4,195628943 6,51142084 

1,43E-
121 

Homo_sapiens_tRNA-Thr-
TGT-1-1 chr6 

2847442
6 

2847475
0 325 11,32225339 5,393525223 5,942201908 

6,67E-
121 

Homo_sapiens_tRNA-Ala-
AGC-6-1 chr6 

2881194
6 

2881226
8 323 10,61066504 3,919058315 6,627263867 

8,48E-
121 

Homo_sapiens_tRNA-Lys-
CTT-2-4 chr6 

2655642
0 

2655674
3 324 11,64969125 6,076811586 5,54668915 

3,12E-
120 

Homo_sapiens_tRNA-Asn-
GTT-4-1 chr1 

1688955
1 

1688987
5 325 10,86473047 3,467193154 7,374289266 

3,15E-
120 
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Homo_sapiens_tRNA-Ile-AAT-
12-1 chr6 

5780008
5 

5780040
9 325 11,31151842 4,55543063 6,683238618 

5,17E-
120 

Homo_sapiens_tRNA-Lys-
TTT-9-1 chr6 

2757594
1 

2757626
4 324 10,70530601 4,040720836 6,642815859 

3,77E-
119 

Homo_sapiens_tRNA-Glu-
TTC-3-1 chr1 

1687245
7 

1687277
9 323 11,46120211 4,275848329 7,23826618 

4,04E-
119 

Homo_sapiens_tRNA-Ala-
TGC-6-1 chr6 

2875823
8 

2875856
0 323 10,67157485 3,634866957 6,975104249 

1,01E-
118 

Homo_sapiens_tRNA-Ala-
AGC-5-1 chr6 

2871046
3 

2871078
5 323 10,7854138 3,500963666 7,289716406 

3,21E-
117 

Homo_sapiens_tRNA-Ala-
AGC-19-1 chr6 

5779341
9 

5779374
2 324 10,7754319 4,108008521 6,692724957 

3,25E-
117 

Homo_sapiens_tRNA-Asn-
GTT-2-7 chr1 

1452876
40 

1452879
64 325 11,38241783 6,045284182 5,342133872 

1,17E-
115 

Homo_sapiens_tRNA-Asn-
GTT-14-1 chr1 

1480483
90 

1480487
14 325 10,36115535 4,258623233 6,115969419 

1,29E-
115 

Homo_sapiens_tRNA-Gln-
CTG-2-1 chr6 

2754762
6 

2754794
8 323 10,61226895 4,064421246 6,52091004 

1,95E-
115 

Homo_sapiens_tRNA-Ser-
GCT-1-1 chr6 

2709718
0 

2709751
2 333 10,49500167 4,105327004 6,49489482 

2,05E-
115 

Homo_sapiens_tRNA-Trp-
CCA-3-2 chr6 

2633131
8 

2633164
0 323 10,77517817 4,596503969 6,280601546 

4,47E-
115 

Homo_sapiens_tRNA-Thr-
AGT-4-1 chr6 

2772656
8 

2772689
2 325 10,72892584 3,633626813 7,063230232 

1,79E-
114 

Homo_sapiens_tRNA-Gln-
TTG-3-2 chr6 

2631162
1 

2631194
3 323 10,92879976 6,348239519 4,577965064 

3,78E-
114 

Homo_sapiens_tRNA-Ala-
TGC-2-1 chr6 

2864331
9 

2864364
1 323 10,56491647 4,918039984 5,621498996 

7,30E-
114 

Homo_sapiens_tRNA-iMet-
CAT-1-6 chr6 

2759269
5 

2759301
7 323 11,52979622 6,308512885 5,222098968 

1,53E-
113 

Homo_sapiens_tRNA-Pro-
AGG-2-5 chr14 

2060921
0 

2060953
2 323 11,42060441 6,239764327 5,164051579 

1,72E-
112 

Homo_sapiens_tRNA-Asn-
GTT-9-1 chr1 

1454752
55 

1454755
79 325 10,32035276 4,131516187 6,19367322 

6,81E-
112 

Homo_sapiens_tRNA-Ala-
AGC-2-3 chr6 

2871957
8 

2871990
0 323 10,46429853 3,861870352 6,660235487 

2,20E-
111 

Homo_sapiens_tRNA-Val-
CAC-1-4 chr5 

1811735
24 

1811738
47 324 10,62205708 4,927452342 5,736683507 

2,40E-
111 

Homo_sapiens_tRNA-Thr-
CGT-6-1 chr6 

2730366
3 

2730398
5 323 11,08941946 3,567521319 7,529065551 

2,46E-
111 

Homo_sapiens_tRNA-iMet-
CAT-1-4 chr6 

2633017
5 

2633049
7 323 11,40269651 6,039082527 5,370290321 

5,71E-
111 

Homo_sapiens_tRNA-Gln-
CTG-9-1 chr1 

1483534
35 

1483537
57 323 10,99914889 3,46858487 7,463045968 

5,85E-
110 

Homo_sapiens_tRNA-Pro-
TGG-3-4 chr16 3184007 3184329 323 10,39043164 5,782271239 4,60784437 

8,93E-
110 

Homo_sapiens_tRNA-Val-
AAC-3-1 chr6 

2765080
2 

2765112
5 324 11,42552864 6,248718419 5,174248687 

9,19E-
110 

Homo_sapiens_tRNA-Tyr-
GTA-4-1 chr14 

2065733
8 

2065768
2 345 10,53292946 3,939817119 6,646917381 

1,38E-
107 

Homo_sapiens_tRNA-Lys-
CTT-5-1 chr16 3180428 3180751 324 10,57868976 3,779470492 6,848648277 

1,46E-
107 

Homo_sapiens_tRNA-His-
GTG-1-5 chr6 

2715800
1 

2715832
3 323 10,24232297 4,376174506 5,866555922 

4,82E-
107 

Homo_sapiens_tRNA-Val-
AAC-5-1 chr6 

2723538
3 

2723570
6 324 10,54455343 4,340834227 6,140485578 

1,28E-
106 

Homo_sapiens_tRNA-Phe-
GAA-1-1 chr6 

2879059
6 

2879091
9 324 10,59970043 3,357861767 7,207400381 

1,49E-
106 

Homo_sapiens_tRNA-Arg-
TCT-3-1 chr9 

1283399
50 

1283402
91 342 10,39826207 3,753970673 6,616038669 

2,11E-
106 

Homo_sapiens_tRNA-Cys-
GCA-17-1 chr7 

1496910
55 

1496913
77 323 10,74447054 4,466496791 6,277610471 

2,62E-
106 

Homo_sapiens_tRNA-Pro-
CGG-2-1 chr6 

2709161
6 

2709193
8 323 11,45473207 6,289511828 5,15650737 

2,02E-
105 

Homo_sapiens_tRNA-Arg-
CCG-1-1 chr6 

2874282
6 

2874314
9 324 10,76551409 3,315892233 7,508322995 

4,54E-
105 

Homo_sapiens_tRNA-Pro-
AGG-2-2 chr6 

2655514
4 

2655546
6 323 10,90605226 5,753399868 5,148248679 

2,83E-
104 

Homo_sapiens_tRNA-Asn-
GTT-26-1 

KI270713
.1 28630 28953 324 10,72683758 4,516211792 6,254229083 

1,60E-
103 

Homo_sapiens_tRNA-Lys-
TTT-3-3 chr6 

2895090
3 

2895122
6 324 11,49607566 6,337981707 5,152932649 

1,07E-
102 

Homo_sapiens_tRNA-His-
GTG-1-9 chr15 

4520102
5 

4520134
7 323 10,87443043 6,536452232 4,331204581 

7,12E-
102 

Homo_sapiens_tRNA-Ala-
AGC-24-1 chr6 

5781584
8 

5781617
1 324 10,35966868 3,940820198 6,446402051 

2,34E-
101 

Homo_sapiens_tRNA-Lys-
TTT-13-1 chr6 

2869308
4 

2869340
8 325 10,4988134 3,962258694 6,656309392 

3,05E-
101 

Homo_sapiens_tRNA-Lys-
CTT-3-1 chr16 3157279 3157602 324 11,27144681 6,289511828 4,974693698 

3,45E-
101 

Homo_sapiens_tRNA-Lys-
CTT-4-1 chr16 3191375 3191698 324 10,41658736 3,155511288 7,190891782 

3,63E-
101 
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Homo_sapiens_tRNA-Leu-
AAG-2-1 chr5 

1811875
75 

1811879
07 333 11,20869103 6,787374171 4,400603703 

6,25E-
101 

Homo_sapiens_tRNA-Val-
AAC-6-1 chr6 

2873530
3 

2873562
5 323 10,64106583 2,971122871 7,536162018 

1,99E-
100 

Homo_sapiens_tRNA-Lys-
CTT-2-2 chr5 

1812076
29 

1812079
52 324 11,43834995 6,778974228 4,648983413 

5,31E-
100 

Homo_sapiens_tRNA-Trp-
CCA-3-1 chr6 

2631897
6 

2631929
8 323 10,67464343 3,012813923 7,734901813 

7,88E-
100 

Homo_sapiens_tRNA-Val-
AAC-4-1 chr6 

2768098
0 

2768130
3 324 10,45869062 3,155511288 7,231100807 1,02E-98 

Homo_sapiens_tRNA-Tyr-
GTA-6-1 chr6 

2659474
8 

2659508
7 340 10,65855322 3,193947189 7,518658566 1,02E-98 

Homo_sapiens_tRNA-Ser-
GCT-6-1 chr6 

2630536
4 

2630569
8 335 10,1134541 5,065341353 5,017865429 1,48E-97 

Homo_sapiens_tRNA-Ala-
AGC-15-1 chr14 

8897897
2 

8897929
5 324 10,63791206 5,761523877 4,860469151 4,13E-97 

Homo_sapiens_tRNA-Pro-
AGG-2-3 chr7 

1287833
24 

1287836
46 323 11,0358941 5,730780913 5,306170176 7,55E-96 

Homo_sapiens_tRNA-Arg-
ACG-1-1 chr6 

2632801
4 

2632833
7 324 11,48520609 6,763727719 4,71827947 9,94E-96 

Homo_sapiens_tRNA-Tyr-
GTA-8-1 chr6 

2657544
4 

2657578
4 341 10,52425615 3,833483767 6,7681261 1,70E-95 

Homo_sapiens_tRNA-Asn-
GTT-24-1 chr1 

1463699
75 

1463702
99 325 10,71305381 5,465451618 5,265591181 1,64E-94 

Homo_sapiens_tRNA-Val-
CAC-1-8 chr1 

1210206
03 

1210209
26 324 10,0697121 3,567521319 6,527044324 4,12E-94 

Homo_sapiens_tRNA-Arg-
TCT-1-1 chr1 

9384744
7 

9384778
2 336 10,86694746 5,183586604 5,713733385 1,79E-93 

Homo_sapiens_tRNA-Ala-
AGC-11-1 chr6 

2657173
8 

2657206
1 324 11,35971841 7,135413962 4,21503317 3,50E-93 

Homo_sapiens_tRNA-Asp-
GTC-2-7 chr6 

2750361
8 

2750394
0 323 9,978780476 5,503002485 4,459454374 2,78E-92 

Homo_sapiens_tRNA-Arg-
ACG-2-2 chr6 

2721371
8 

2721404
1 324 10,08398454 4,012813923 6,150891102 3,18E-91 

Homo_sapiens_tRX-Met-CAT-
2-1 chr6 

5780851
9 

5780884
3 325 9,958108113 3,807829869 6,19519438 2,11E-90 

Homo_sapiens_tRNA-Met-
CAT-3-2 chr6 

2895313
9 

2895346
2 324 11,73346955 7,19257095 4,526735082 7,63E-90 

Homo_sapiens_tRX-Ala-AGC-
6-1 chr6 

5779270
7 

5779303
0 324 9,993800593 3,807829869 6,229183496 1,03E-89 

Homo_sapiens_tRNA-Asn-
GTT-2-1 chr1 

1485291
31 

1485294
55 325 11,22067244 6,748604798 4,477472362 1,17E-89 

Homo_sapiens_tRNA-Phe-
GAA-2-1 chr11 

5956625
4 

5956657
7 324 11,71416544 7,170365763 4,534593792 3,19E-89 

Homo_sapiens_tRNA-Arg-
TCG-4-1 chr6 

2629955
1 

2629987
4 324 10,13591864 3,275848329 6,938689295 6,16E-88 

Homo_sapiens_tRNA-Val-
CAC-1-7 chr1 

1497124
26 

1497127
49 324 10,17522705 5,067639056 5,03592604 6,32E-88 

Homo_sapiens_tRNA-Pro-
AGG-1-1 chr16 3191863 3192185 323 9,86734284 3,629899972 6,312798219 1,61E-87 
Homo_sapiens_tRNA-Arg-
TCG-2-1 chr6 

2632269
2 

2632301
5 324 10,80317611 6,522513479 4,286021295 2,58E-87 

Homo_sapiens_tRNA-Gly-
CCC-5-1 chr1 

1672715
9 

1672748
0 322 10,19707335 4,278231161 5,932861516 3,23E-87 

Homo_sapiens_tRX-Val-CAC-
4-1 chr1 

1497085
34 

1497088
55 322 10,49016466 5,429400711 5,086167736 1,51E-86 

Homo_sapiens_tRNA-Val-
TAC-3-1 chr10 5853585 5853908 324 10,07312871 3,694458602 6,360393084 4,10E-85 
Homo_sapiens_tRNA-Leu-
TAA-3-1 chr11 

5955162
9 

5955196
2 334 11,10445947 6,887949796 4,209670621 1,27E-84 

Homo_sapiens_tRNA-Gln-
TTG-3-1 chr6 

2631107
0 

2631139
2 323 9,70481235 4,257818527 5,478306819 5,81E-84 

Homo_sapiens_tRNA-Ala-
AGC-3-1 chr6 

2860703
0 

2860735
2 323 10,91361688 7,180339489 3,715549681 1,43E-83 

Homo_sapiens_tRNA-Thr-
TGT-3-1 chr14 

2061366
4 

2061398
7 324 11,28255179 7,143672528 4,128523285 6,41E-81 

Homo_sapiens_tRNA-Met-
CAT-2-1 chr16 

7142636
7 

7142669
0 324 11,34274382 6,916893503 4,418031621 8,05E-81 

Homo_sapiens_tRNA-Ile-TAT-
3-1 chr6 

2853746
4 

2853780
8 345 11,35411352 3,806729891 7,546699088 2,35E-79 

Homo_sapiens_tRNA-Leu-
AAG-3-1 chr6 

2898887
6 

2898920
8 333 9,84012252 3,535290531 6,297394051 1,67E-78 

Homo_sapiens_tRNA-Ser-
AGA-1-1 chr6 

2754164
9 

2754198
1 333 9,877519804 3,687304184 6,366314312 3,33E-78 

Homo_sapiens_tRNA-Pro-
AGG-2-6 chr14 

2061327
5 

2061359
7 323 11,5774206 7,455686399 4,116732006 5,35E-77 

Homo_sapiens_tRNA-Gln-
CTG-4-1 chr1 

1482649
82 

1482653
04 323 10,06074333 3,105327004 7,036944435 9,37E-77 

Homo_sapiens_tRNA-Val-
CAC-11-2 chr1 

1686007
2 

1686039
5 324 9,608102898 3,572707382 5,927985105 1,50E-76 

Homo_sapiens_tRNA-Asn-
GTT-3-1 chr1 

1444191
41 

1444194
65 325 10,90296156 6,640755397 4,258082663 1,43E-75 
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Homo_sapiens_tRNA-Ile-TAT-
2-3 chr6 

2763129
5 

2763163
9 345 11,50343328 7,720432676 3,779195253 1,76E-75 

Homo_sapiens_tRNA-Asn-
GTT-25-1 chr1 

1495582
93 

1495586
18 326 9,91469095 4,482111603 5,47036491 4,18E-74 

Homo_sapiens_tRNA-Lys-
TTT-2-1 chr11 

1225598
21 

1225601
44 324 10,99232721 3,751686097 7,217025874 4,23E-74 

Homo_sapiens_tRNA-Trp-
CCA-3-3 chr17 8186232 8186554 323 10,39983332 6,850017887 3,562532184 1,61E-73 
Homo_sapiens_tRNA-Met-
CAT-3-1 chr6 

2894444
9 

2894477
2 324 11,41753942 7,948297409 3,460408207 1,85E-72 

Homo_sapiens_tRNA-Tyr-
GTA-3-1 chr6 

2657697
8 

2657731
7 340 9,644187278 3,567521319 6,091957062 8,91E-71 

Homo_sapiens_tRNA-Lys-
CTT-2-3 chr5 

1812218
53 

1812221
76 324 11,56439924 7,498489472 4,052320814 1,70E-69 

Homo_sapiens_tRNA-Thr-
TGT-5-1 chr14 

2068156
4 

2068188
7 324 11,41973635 8,122133412 3,288317037 2,10E-68 

Homo_sapiens_tRNA-Thr-
AGT-1-1 chr17 8187072 8187358 287 10,84484225 6,921357034 3,934583848 9,77E-68 
Homo_sapiens_tRNA-Glu-
TTC-14-1 

KI270713
.1 31510 31831 322 9,821791222 2,807829869 7,027803577 1,14E-67 

Homo_sapiens_tRNA-Pro-
TGG-1-1 chr14 

2063288
0 

2063320
2 323 10,87769332 4,316665199 6,55081135 1,51E-67 

Homo_sapiens_tRNA-Thr-
CGT-3-1 chr6 

2864808
1 

2864840
5 325 10,85607255 7,48266791 3,370770373 2,85E-67 

Homo_sapiens_tRNA-Thr-
AGT-5-1 chr17 8139326 8139650 325 11,02617414 7,427247986 3,593483159 9,23E-66 
Homo_sapiens_tRNA-Arg-
TCT-3-2 chr11 

5955118
4 

5955150
4 321 9,26264572 4,376174506 4,886494651 1,42E-65 

Homo_sapiens_tRNA-Tyr-
GTA-5-5 chr14 

2068314
7 

2068348
6 340 11,65839295 8,028636901 3,629223577 2,04E-65 

Homo_sapiens_tRNA-Asn-
GTT-5-1 chr1 

1652045
9 

1652078
3 325 9,473140649 3,275848329 6,268273686 2,29E-65 

Homo_sapiens_tRNA-Ser-
AGA-2-1 chr6 

2632746
3 

2632779
5 333 10,92698823 7,0231601 3,89272416 5,42E-65 

Homo_sapiens_tRNA-Trp-
CCA-1-1 chr17 8220743 8221065 323 11,26021573 7,947299517 3,309606519 9,34E-65 
Homo_sapiens_tRNA-Cys-
GCA-5-1 chr15 

7974452
9 

7974485
2 324 9,369784295 4,48417722 4,888194225 1,46E-64 

Homo_sapiens_tRNA-Arg-
ACG-1-2 chr6 

2653737
2 

2653769
5 324 11,94519832 8,472652233 3,466341104 8,22E-64 

Homo_sapiens_tRNA-Ser-
AGA-2-2 chr6 

2747868
6 

2747901
8 333 11,59124344 8,135578241 3,44680103 1,06E-63 

Homo_sapiens_tRNA-Gly-
GCC-1-5 chr21 

1745466
3 

1745498
4 322 11,533754 7,66390779 3,862587859 1,93E-63 

Homo_sapiens_tRNA-Gln-
CTG-1-2 chr6 

2751940
3 

2751972
5 323 10,70233627 7,208565126 3,504417186 6,98E-63 

Homo_sapiens_tRNA-Val-
CAC-14-1 chr1 

1451570
31 

1451573
54 324 9,014819471 2,965219475 6,095373833 1,08E-61 

Homo_sapiens_tRNA-Lys-
TTT-5-1 chr11 

5955630
3 

5955662
6 324 10,25699504 6,59737258 3,658053065 1,50E-60 

Homo_sapiens_tRNA-Met-
CAT-4-2 chr6 

2674313
7 

2674346
0 324 8,802657643 3,778348669 5,117231352 9,43E-60 

Homo_sapiens_tRNA-Leu-
CAG-1-6 chr1 

1615302
16 

1615305
49 334 10,93776355 7,771018665 3,167087722 1,53E-59 

Homo_sapiens_tRNA-Cys-
GCA-11-1 chr7 

1494150
12 

1494153
34 323 9,295579556 3,502323199 5,757577517 2,62E-58 

Homo_sapiens_tRNA-Leu-
CAA-1-2 chr6 

2894092
7 

2894128
2 356 11,39587927 7,953845498 3,434809466 4,10E-58 

Homo_sapiens_tRNA-Asn-
GTT-7-1 chr1 

1208441
36 

1208444
60 325 9,345366437 4,903429677 4,445381354 6,58E-56 

Homo_sapiens_tRNA-Val-
CAC-11-1 chr1 

1654753
9 

1654786
2 324 9,240786165 3,193947189 6,092188317 2,65E-55 

Homo_sapiens_tRNA-Thr-
AGT-6-1 chr6 

2716214
5 

2716246
9 325 10,2390924 6,484349221 3,752433986 3,81E-55 

Homo_sapiens_tRNA-Tyr-
GTA-1-1 chr6 

2656873
2 

2656907
3 342 11,23896076 8,196283259 3,037280571 6,69E-55 

Homo_sapiens_tRNA-iMet-
CAT-1-3 chr6 

2631299
8 

2631332
0 323 11,38573669 8,153998348 3,226910128 1,13E-54 

Homo_sapiens_tRNA-Gln-
CTG-1-3 chr6 

2894147
5 

2894179
7 323 11,15871886 7,746736236 3,403572132 3,48E-54 

Homo_sapiens_tRNA-Und-
TTA-3-1 chr1 

1614207
45 

1614210
68 324 9,338109806 4,191420877 5,242861859 1,09E-53 

Homo_sapiens_tRNA-Thr-
TGT-2-1 chr1 

2224648
79 

2224652
02 324 10,7029728 7,827274361 2,864489574 1,26E-53 

Homo_sapiens_tRNA-Val-
TAC-1-1 chr11 

5955050
3 

5955082
6 324 11,32063037 8,121886876 3,195419279 2,84E-53 

Homo_sapiens_tRNA-Ile-TAT-
2-2 chr6 

2702022
0 

2702056
4 345 9,39736391 5,90497244 3,481462181 3,50E-53 

Homo_sapiens_tRNA-Thr-
AGT-1-2 chr17 8226109 8226433 325 10,90119185 7,201137628 3,683358989 1,33E-52 
Homo_sapiens_tRNA-Leu-
TAG-1-1 chr17 8120188 8120520 333 11,39118072 7,989086927 3,395311202 7,31E-52 
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Homo_sapiens_tRNA-Asn-
GTT-8-1 chr1 

1497401
22 

1497404
46 325 9,063857344 2,429758003 6,630545142 1,06E-51 

Homo_sapiens_tRNA-Gln-
TTG-3-3 chr6 

2779573
5 

2779605
7 323 10,73648599 7,757396426 2,975451938 2,06E-51 

Homo_sapiens_tRNA-Trp-
CCA-5-1 chr7 

9946955
8 

9946988
0 323 8,76745567 3,280610064 5,435881673 2,65E-51 

Homo_sapiens_tRNA-Cys-
GCA-2-2 chr17 

3886751
9 

3886784
1 323 11,06596011 7,947764885 3,104192068 6,33E-51 

Homo_sapiens_tRNA-Pro-
CGG-1-3 chr17 8222707 8223029 323 11,22019199 8,410641725 2,804526887 7,65E-51 
Homo_sapiens_tRNA-Ala-
CGC-1-1 chr6 

2655337
7 

2655369
9 323 11,10201507 7,847438059 3,242433367 5,52E-50 

Homo_sapiens_tRNA-iMet-
CAT-2-1 chr6 

2777775
9 

2777808
1 323 10,32036877 3,350332109 7,025338393 6,27E-50 

Homo_sapiens_tRNA-His-
GTG-1-1 chr1 

1460379
18 

1460382
40 323 10,35935821 7,594261798 2,760326567 1,67E-49 

Homo_sapiens_tRNA-Val-
CAC-4-1 chr1 

1438038
68 

1438041
91 324 8,44390711 3,195628943 5,272992499 1,82E-49 

Homo_sapiens_tRNA-Phe-
GAA-5-1 chr6 

2876426
1 

2876458
8 328 8,765488316 3,564921281 5,285025053 2,00E-49 

Homo_sapiens_tRNA-Lys-
CTT-14-1 chr16 3196027 3196350 324 8,730441903 3,837798027 4,871371055 4,18E-48 
Homo_sapiens_tRNA-Ala-
AGC-21-1 chr6 

2674978
6 

2675010
9 324 9,07796108 2,568819584 6,454299929 2,77E-47 

Homo_sapiens_tRNA-Cys-
GCA-9-3 chr7 

1496355
61 

1496358
83 323 10,18668869 2,924139212 7,035961251 2,83E-47 

Homo_sapiens_tRNA-Ser-
GCT-4-3 chr17 8186740 8187034 295 11,21291021 8,232913803 2,979096298 2,89E-47 
Homo_sapiens_tRNA-Cys-
GCA-13-1 chr7 

1493555
49 

1493558
71 323 10,69087464 3,778348669 6,875063143 2,95E-47 

Homo_sapiens_tRNA-Ile-AAT-
2-1 chr6 

2768806
2 

2768838
6 325 11,75854303 8,626717625 3,123828735 3,13E-47 

Homo_sapiens_tRNA-Ser-
AGA-2-6 chr17 8226484 8226816 333 10,44306022 7,04779324 3,399073268 5,01E-47 
Homo_sapiens_tRNA-Ser-
CGA-1-1 chr17 8138755 8139087 333 10,05626691 7,288231669 2,781216495 6,33E-47 
Homo_sapiens_tRNA-Ile-AAT-
5-1 chr6 

2655399
6 

2655432
0 325 11,73882416 8,363889987 3,364381355 1,04E-46 

Homo_sapiens_tRNA-Cys-
GCA-8-1 chr14 

7296284
5 

7296316
7 323 9,977397001 4,481422406 5,4992952 4,37E-46 

Homo_sapiens_tRNA-Ala-
TGC-3-2 chr12 

1249216
29 

1249219
51 323 11,35353828 8,228497073 3,11898293 6,63E-46 

Homo_sapiens_tRNA-Arg-
TCT-5-1 chr6 

2756205
8 

2756239
5 338 8,537897192 3,317437751 5,240792234 8,47E-46 

Homo_sapiens_tRNA-Val-
TAC-2-1 chr11 

5955086
1 

5955116
8 308 10,41599627 7,380531787 3,03627996 4,03E-45 

Homo_sapiens_tRNA-Cys-
GCA-9-2 chr7 

1493310
03 

1493313
25 323 8,765938122 3,153782085 5,5817022 7,55E-45 

Homo_sapiens_tRNA-Gly-
TCC-2-6 chr1 

1615309
87 

1615313
09 323 11,32333018 8,60564936 2,710392032 7,84E-45 

Homo_sapiens_tRNA-Leu-
AAG-2-3 chr14 

2061000
6 

2061033
8 333 11,90447689 8,737207484 3,15687459 8,30E-45 

Homo_sapiens_tRNA-Asn-
GTT-2-6 chr19 1383559 1383761 203 10,41102439 7,926498186 2,486943756 2,72E-44 
Homo_sapiens_tRNA-Ala-
AGC-8-2 chr8 

6611420
1 

6611438
6 186 9,339609439 6,649076914 2,69211317 5,52E-44 

Homo_sapiens_tRNA-Arg-
CCT-2-1 chr17 

7503430
5 

7503462
8 324 11,3226007 8,65220733 2,671416299 4,62E-41 

Homo_sapiens_tRNA-Glu-
TTC-5-1 chr1 

1616125
92 

1616129
14 323 10,38398817 7,897102613 2,490268711 6,75E-41 

Homo_sapiens_tRNA-Pro-
TGG-3-3 chr16 3158796 3159118 323 8,193889404 3,360862661 4,735197822 1,30E-40 
Homo_sapiens_tRNA-Ile-AAT-
4-1 chr17 8226865 8227189 325 10,68555561 7,547499499 3,125904183 1,33E-40 
Homo_sapiens_tRNA-Cys-
GCA-12-1 chr7 

1496468
29 

1496471
51 323 8,38858823 3,723356087 4,670297358 1,59E-40 

Homo_sapiens_tRNA-Ala-
CGC-2-1 chr6 

2867371
0 

2867403
2 323 11,41865171 8,753578269 2,660706006 7,19E-40 

Homo_sapiens_tRNA-Tyr-
GTA-5-2 chr8 

6611386
2 

6611406
3 202 8,481149765 4,739321217 3,733688132 8,96E-40 

Homo_sapiens_tRNA-Asn-
GTT-6-1 chr1 

1437357
94 

1437361
18 325 7,937588783 3,601587068 4,326200007 1,21E-39 

Homo_sapiens_tRNA-Asp-
GTC-2-6 chr6 

2747954
8 

2747987
0 323 11,4811426 8,711005095 2,765946701 1,94E-39 

Homo_sapiens_tRNA-Asn-
GTT-2-4 chr13 

3067383
8 

3067416
2 325 11,17367003 8,765536221 2,408188877 5,86E-39 

Homo_sapiens_tRNA-Val-
CAC-1-6 chr6 

2653792
8 

2653825
1 324 10,81737979 8,145443238 2,664394954 6,03E-39 

Homo_sapiens_tRNA-Val-
AAC-1-2 chr5 

1811640
28 

1811643
51 324 8,283982677 2,571412613 5,60655313 1,31E-38 

Homo_sapiens_tRNA-Lys-
CTT-2-1 chr1 

1460392
75 

1460395
98 324 10,98294741 8,132778587 2,841909703 2,68E-38 
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Homo_sapiens_tRNA-Val-
AAC-1-4 chr5 

1812181
44 

1812184
67 324 11,79784577 8,953955417 2,83796069 2,89E-38 

Homo_sapiens_tRNA-Pro-
TGG-3-2 chr14 

2068389
0 

2068421
2 323 11,49535649 8,862129849 2,626137021 8,00E-38 

Homo_sapiens_tRNA-Ala-
CGC-5-1 chr6 

2869580
6 

2869612
8 323 8,442136781 3,564921281 4,942792473 6,17E-37 

Homo_sapiens_tRNA-Leu-
CAA-3-1 chr6 

2760244
3 

2760280
0 358 11,29753246 4,442235958 6,78941765 1,03E-36 

Homo_sapiens_tRNA-Gln-
CTG-1-5 chr17 8119626 8119948 323 11,22725853 8,788038974 2,434360944 1,87E-36 
Homo_sapiens_tRNA-Val-
AAC-2-1 chr5 

1811882
90 

1811886
13 324 10,89411698 8,173466895 2,714411634 2,65E-36 

Homo_sapiens_tRNA-Arg-
CCG-2-1 chr17 

6801977
1 

6802009
4 324 11,30601443 9,027881324 2,275779949 4,25E-36 

Homo_sapiens_tRNA-Val-
CAC-6-1 chr6 

2720596
2 

2720628
5 324 8,165237853 2,810027313 5,316482932 8,33E-36 

Homo_sapiens_tRNA-Arg-
CCT-1-1 chr17 

7503378
0 

7503410
3 324 10,8323539 8,422311728 2,409005439 1,78E-35 

Homo_sapiens_tRNA-Asn-
GTT-17-1 chr1 

1616215
49 

1616218
73 325 9,535007018 3,626163478 5,948830564 1,80E-35 

Homo_sapiens_tRNA-Leu-
CAG-2-1 chr16 

5729982
5 

5730015
8 334 11,50207082 8,67834196 2,817201742 1,89E-35 

Homo_sapiens_tRNA-Ala-
AGC-16-1 chr6 

5787021
9 

5787054
2 324 8,263044186 3,277437321 5,003132972 4,74E-35 

Homo_sapiens_tRNA-iMet-
CAT-1-8 chr17 

8249459
5 

8249491
7 323 11,98070698 9,089905395 2,880662508 9,42E-35 

Homo_sapiens_tRNA-Phe-
GAA-1-5 chr13 

9454952
4 

9454984
7 324 11,1367651 8,662174774 2,468470529 1,21E-34 

Homo_sapiens_tRNA-Ile-AAT-
3-1 chr6 

2727508
5 

2727540
9 325 8,117290647 2,865044258 5,201151785 2,86E-34 

Homo_sapiens_tRNA-Cys-
GCA-14-1 chr17 

3886155
8 

3886188
0 323 10,10269242 4,874807607 5,198089118 3,25E-33 

Homo_sapiens_tRNA-Thr-
CGT-2-1 chr16 

1428576
7 

1428608
9 323 11,13526756 9,066667546 2,068015291 6,19E-33 

Homo_sapiens_tRNA-Asp-
GTC-2-11 chr17 8222112 8222434 323 11,66296012 8,776547792 2,874086658 1,92E-32 
Homo_sapiens_tRNA-Phe-
GAA-1-2 chr6 

2898154
6 

2898186
9 324 10,06549944 7,453619986 2,611447812 3,40E-32 

Homo_sapiens_tRNA-Tyr-
GTA-5-1 chr8 

6611324
1 

6611358
4 344 11,07890264 8,352754392 2,723123972 1,56E-31 

Homo_sapiens_tRNA-Ser-
CGA-2-1 chr6 

2720972
3 

2721005
5 333 7,853538898 3,631143322 4,254582253 2,28E-31 

Homo_sapiens_tRNA-Lys-
CTT-1-2 chr15 

7886043
6 

7886075
9 324 11,17969288 8,478977465 2,6946049 4,61E-31 

Homo_sapiens_tRNA-Asn-
GTT-10-1 chr1 

1451291
13 

1451294
37 325 9,015205905 3,776102403 5,277810804 5,14E-31 

Homo_sapiens_tRNA-Arg-
CCG-1-2 chr6 

2888126
2 

2888158
5 324 11,51896319 9,005442902 2,50577804 6,46E-31 

Homo_sapiens_tRNA-Gly-
GCC-2-4 chr16 

7077891
3 

7077923
4 322 9,140263626 6,325628296 2,797126883 7,76E-31 

Homo_sapiens_tRNA-SeC-
TCA-1-1 chr19 

4547847
5 

4547881
2 338 9,935590468 7,839986605 2,093756071 7,76E-31 

Homo_sapiens_tRNA-His-
GTG-1-8 chr15 

4520028
7 

4520060
9 323 11,59384096 9,31335647 2,277339542 1,09E-30 

Homo_sapiens_tRNA-Arg-
TCT-2-1 chr17 8120799 8121137 339 7,902021681 4,013767528 3,939422138 1,66E-30 
Homo_sapiens_tRNA-Gly-
GCC-2-6 chr17 8125620 8125941 322 11,50659893 9,296076857 2,206565414 6,07E-30 
Homo_sapiens_tRNA-Gly-
TCC-3-1 chr17 8221422 8221744 323 11,22330981 8,686973263 2,528444335 8,11E-30 
Homo_sapiens_tRNA-Cys-
GCA-9-4 chr7 

1497075
43 

1497078
65 323 7,883566767 3,863987065 4,017936406 2,78E-29 

Homo_sapiens_tRNA-Ala-
AGC-2-1 chr6 

2883831
8 

2883864
0 323 11,3133971 8,96488981 2,341306976 1,94E-28 

Homo_sapiens_tRNA-Arg-
CCT-3-1 chr16 3152774 3153097 324 11,57086222 8,896130735 2,665988974 2,10E-28 
Homo_sapiens_tRNA-Leu-
CAA-4-1 chr1 

2488737
29 

2488740
85 357 11,44279206 9,291322278 2,148590323 3,13E-28 

Homo_sapiens_tRNA-Lys-
TTT-1-1 chr16 

7347819
1 

7347851
4 324 8,420471885 5,050297941 3,389613098 5,08E-28 

Homo_sapiens_tRNA-Cys-
GCA-4-1 chr17 

3886916
6 

3886948
8 323 10,71027783 8,495525538 2,216211489 9,35E-28 

Homo_sapiens_tRNA-Cys-
GCA-2-1 chr4 

1235087
24 

1235090
46 323 7,886345464 3,351841188 4,629746667 1,11E-27 

Homo_sapiens_tRNA-Cys-
GCA-9-1 chr3 

1322316
72 

1322319
94 323 8,977846057 4,412117045 4,540462164 1,41E-27 

Homo_sapiens_tRNA-Asp-
GTC-2-9 chr12 

1249272
19 

1249275
41 323 9,984128314 7,707722162 2,265016329 8,33E-27 

Homo_sapiens_tRNA-Val-
CAC-1-5 chr5 

1812222
69 

1812225
92 324 11,58441432 9,202489538 2,376956042 2,19E-26 

Homo_sapiens_tRNA-Arg-
TCT-4-1 chr1 

1591414
85 

1591418
09 325 6,658505107 9,103357455 -2,439789343 3,80E-26 
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Homo_sapiens_tRNA-Cys-
GCA-21-1 chr7 

1496646
98 

1496650
20 323 7,930983215 3,751686097 4,188437904 3,96E-26 

Homo_sapiens_tRNA-Arg-
TCG-3-1 chr17 

7503498
7 

7503531
0 324 11,49970136 9,426408095 2,070222983 4,81E-26 

Homo_sapiens_tRNA-His-
GTG-1-2 chr1 

1470730
99 

1470734
21 323 7,835789017 3,563619502 4,357486919 5,81E-26 

Homo_sapiens_tRNA-Ile-AAT-
5-5 chr17 8187467 8187791 325 11,41556167 9,000696229 2,409929581 1,03E-25 
Homo_sapiens_tRNA-Ile-AAT-
5-4 chr14 

1023169
66 

1023172
90 325 11,51351531 9,361583311 2,148153035 1,57E-25 

Homo_sapiens_tRNA-Cys-
GCA-6-1 chr3 

1322289
74 

1322292
96 323 7,531130032 3,110685062 4,367745381 1,74E-25 

Homo_sapiens_tRNA-Gly-
GCC-2-5 chr16 

7078938
1 

7078970
2 322 7,796889716 4,337029612 3,478056716 3,25E-25 

Homo_sapiens_tRNA-Asp-
GTC-2-10 chr12 

1249395
21 

1249398
40 320 11,24620992 8,916910699 2,325770082 3,44E-25 

Homo_sapiens_tRNA-Phe-
GAA-1-4 chr12 

1249277
17 

1249280
40 324 10,70859648 8,553240808 2,153525417 2,28E-24 

Homo_sapiens_tRNA-iMet-
CAT-1-7 chr6 

2790236
7 

2790268
9 323 10,86672903 8,60150463 2,255179966 3,79E-24 

Homo_sapiens_tRNA-Met-
CAT-6-1 chr16 

8738389
6 

8738421
9 324 11,50652176 9,62174478 1,882589286 8,06E-24 

Homo_sapiens_tRNA-Thr-
CGT-4-1 chr17 

3154994
8 

3155027
0 323 11,08312912 9,04334115 2,03845887 1,90E-23 

Homo_sapiens_tRNA-Thr-
AGT-2-1 chr6 

2653279
1 

2653311
5 325 11,63840873 9,483897674 2,150793851 2,85E-23 

Homo_sapiens_tRNA-Asn-
GTT-2-3 chr10 

2222938
3 

2222970
7 325 11,54482658 9,391480584 2,14863584 3,79E-23 

Homo_sapiens_tRNA-Ala-
TGC-4-1 chr12 

1249398
43 

1249401
62 320 10,79409828 8,710233212 2,083575042 6,86E-22 

Homo_sapiens_tRNA-Pro-
AGG-2-1 chr1 

1677153
62 

1677156
84 323 11,36053174 9,19666488 2,158119003 1,05E-21 

Homo_sapiens_tRNA-Gly-
TCC-4-1 chr1 

1614400
45 

1614403
67 323 7,515494406 3,105327004 4,459661636 2,36E-21 

Homo_sapiens_tRNA-Trp-
CCA-4-1 chr12 

9850412
6 

9850444
8 323 10,6583185 8,826207427 1,831728246 3,53E-21 

Homo_sapiens_tRNA-Cys-
GCA-2-3 chr17 

3915360
8 

3915393
0 323 11,33006399 9,368553323 1,95829213 7,49E-21 

Homo_sapiens_tRNA-Gly-
CCC-3-1 chr17 

1986073
6 

1986105
7 322 7,370061767 3,599047757 3,798111286 9,96E-21 

Homo_sapiens_tRNA-Pro-
TGG-3-1 chr5 

1811887
28 

1811890
50 323 11,41399102 9,347434134 2,060405454 6,82E-20 

Homo_sapiens_tRNA-Phe-
GAA-4-1 chr6 

2882319
0 

2882351
4 325 7,427670251 3,692077736 3,7542164 4,13E-19 

Homo_sapiens_tRNA-Tyr-
GTA-7-1 chr14 

2065983
2 

2066017
6 345 7,227547731 3,286934694 3,773146693 1,26E-18 

Homo_sapiens_tRNA-Ser-
CGA-4-1 chr12 

5619023
8 

5619057
0 333 10,13137511 8,353507863 1,779383718 1,75E-18 

Homo_sapiens_tRNA-Glu-
TTC-2-1 chr13 

4491780
1 

4491812
3 323 11,59017722 9,683198738 1,90201264 1,96E-18 

Homo_sapiens_tRNA-Thr-
TGT-6-1 chr5 

1811915
61 

1811918
83 323 11,53171582 9,690039767 1,837630309 3,05E-18 

Homo_sapiens_tRNA-Gly-
GCC-2-1 chr1 

1615237
21 

1615240
42 322 11,45051472 9,463417499 1,980952569 3,18E-18 

Homo_sapiens_tRNA-Leu-
AAG-4-1 chr6 

2847849
7 

2847882
9 333 7,362593829 4,153782085 3,198159538 6,23E-18 

Homo_sapiens_tRNA-Leu-
CAG-1-7 chr6 

2652108
2 

2652141
5 334 10,53670561 8,538632841 1,995069509 7,90E-18 

Homo_sapiens_tRNA-Val-
CAC-3-1 chr19 4724509 4724832 324 10,27892425 8,767040639 1,512774654 1,21E-17 
Homo_sapiens_tRNA-Ala-
CGC-3-1 chr2 

1564006
43 

1564009
65 323 10,56232298 8,610158197 1,948778572 2,03E-17 

Homo_sapiens_tRNA-Asn-
GTT-2-5 chr17 

3875165
5 

3875197
9 325 10,72310352 9,143018977 1,57939782 2,67E-17 

Homo_sapiens_tRNA-Ala-
TGC-3-1 chr5 

1812067
42 

1812070
64 323 11,78889452 9,782902049 1,999852786 2,78E-17 

Homo_sapiens_tRNA-Ile-AAT-
5-2 chr6 

2717708
9 

2717741
3 325 10,59530278 8,725722305 1,862652838 3,66E-17 

Homo_sapiens_tRNA-Ala-
AGC-4-1 chr6 

2865811
1 

2865843
3 323 10,98135196 9,122341755 1,8535733 6,93E-17 

Homo_sapiens_tRNA-Glu-
CTC-2-1 chr1 

2488741
22 

2488744
44 323 10,99861657 9,280884364 1,715078446 6,93E-17 

Homo_sapiens_tRNA-Gly-
GCC-3-1 chr16 

7077808
5 

7077840
6 322 7,065716255 4,085019099 3,006952848 1,11E-16 

Homo_sapiens_tRNA-His-
GTG-1-7 chr15 

4519848
0 

4519880
2 323 11,58796416 9,781964477 1,801310174 1,29E-16 

Homo_sapiens_tRNA-Ala-
AGC-2-2 chr6 

2886355
9 

2886388
1 323 11,30835566 9,576868989 1,728031467 1,44E-16 

Homo_sapiens_tRNA-Val-
CAC-7-1 chr6 

2772842
2 

2772874
5 324 7,112167985 3,782830737 3,295714378 3,15E-16 

Homo_sapiens_tRNA-Val-
CAC-1-1 chr1 

1613995
74 

1613998
97 324 11,64885037 9,949360629 1,696340044 4,18E-16 
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Homo_sapiens_tRNA-Cys-
GCA-10-1 chr7 

1493773
84 

1493777
06 323 6,895113617 3,356358976 3,539365466 4,56E-16 

Homo_sapiens_tRNA-Arg-
CCG-1-3 chr16 3150548 3150871 324 11,39581711 9,578041198 1,814208327 6,47E-16 
Homo_sapiens_tRNA-Phe-
GAA-1-6 chr19 1383236 1383437 202 9,812551172 8,184987377 1,62867887 1,19E-15 
Homo_sapiens_tRNA-Asn-
GTT-11-2 chr1 

1496463
25 

1496466
49 325 7,122687381 3,777225973 3,406146911 1,81E-15 

Homo_sapiens_tRNA-Lys-
TTT-3-2 chr1 

2045069
04 

2045072
27 324 11,68719223 9,880687559 1,801072783 3,39E-15 

Homo_sapiens_tRNA-Cys-
GCA-1-1 chr7 

1493100
64 

1493103
86 323 6,95089119 3,752828838 3,191817137 3,71E-15 

Homo_sapiens_tRNA-Gly-
TCC-2-1 chr1 

1460369
35 

1460372
57 323 11,35811992 9,555742457 1,79753502 6,09E-15 

Homo_sapiens_tRNA-Lys-
CTT-1-1 chr14 

5823976
9 

5824009
2 324 11,37446992 9,531749929 1,835876942 7,47E-15 

Homo_sapiens_tRNA-Leu-
TAA-1-1 chr6 

1442164
21 

1442167
54 334 11,22592527 9,587623 1,634795501 9,77E-15 

Homo_sapiens_tRNA-Ile-AAT-
9-1 chr6 

2727383
4 

2727415
8 325 6,633162001 3,06257927 3,566101539 2,54E-14 

Homo_sapiens_tRNA-Ser-
TGA-1-1 chr10 

6776437
7 

6776470
9 333 11,52514109 9,911721493 1,60901719 2,71E-14 

Homo_sapiens_tRNA-Ser-
AGA-2-5 chr8 

9526953
1 

9526986
3 333 11,27047261 9,696560151 1,570879269 3,44E-14 

Homo_sapiens_tRX-Ile-AAT-
3-1 chr6 

2726080
5 

2726113
0 326 6,883030837 3,692077736 3,215061135 4,34E-14 

Homo_sapiens_tRNA-Gln-
TTG-1-1 chr17 

4919240
2 

4919272
4 323 11,58315019 9,939914663 1,639156388 4,54E-14 

Homo_sapiens_tRNA-Asp-
GTC-1-1 chr12 

9850337
7 

9850369
9 323 11,60515253 9,768623637 1,830143353 5,36E-14 

Homo_sapiens_tRNA-Gly-
CCC-2-1 chr2 

7024886
5 

7024918
6 322 11,44077384 9,718136399 1,718304347 7,16E-14 

Homo_sapiens_tRNA-Glu-
TTC-2-2 chr15 

2608210
8 

2608243
0 323 11,33352746 9,742178956 1,588187036 8,46E-14 

Homo_sapiens_tRNA-Und-
NNN-1-1 chr6 

2674907
3 

2674939
7 325 6,609080097 0,916001165 5,534667917 8,46E-14 

Homo_sapiens_tRNA-Cys-
GCA-7-1 chr1 

9351615
1 

9351647
4 324 7,002812123 3,464405686 3,550239515 8,92E-14 

Homo_sapiens_tRNA-Leu-
CAA-1-1 chr6 

2889609
7 

2889645
3 357 11,45995859 9,837713888 1,61830878 1,64E-13 

Homo_sapiens_tRNA-Lys-
TTT-3-5 chr17 8119029 8119352 324 11,29747744 9,685804431 1,607898641 1,72E-13 
Homo_sapiens_tRNA-Lys-
TTT-3-1 chr1 

2045064
01 

2045067
24 324 10,86433659 9,207192848 1,653213198 3,15E-13 

Homo_sapiens_tRNA-Ser-
AGA-3-1 chr6 

2753208
2 

2753241
4 333 6,72036836 3,400104202 3,202228781 3,16E-13 

Homo_sapiens_tRNA-Phe-
GAA-11-1 chr6 

2872695
2 

2872727
5 324 7,051391538 4,082294469 3,015930952 1,18E-12 

Homo_sapiens_tRNA-Lys-
TTT-8-1 chr1 

2054740
17 

2054743
40 324 7,254705888 4,516884572 2,752749287 1,60E-12 

Homo_sapiens_tRNA-Glu-
CTC-3-1 chr13 

4145579
9 

4145612
2 324 6,621026399 3,664970443 2,928464445 2,18E-12 

Homo_sapiens_tRNA-Lys-
TTT-3-4 chr11 

5956020
9 

5956053
2 324 11,63005012 9,921312913 1,702457743 2,98E-12 

Homo_sapiens_tRNA-Ala-
AGC-8-1 chr2 

2705108
8 

2705141
1 324 11,58601317 9,941657553 1,639901544 3,91E-12 

Homo_sapiens_tRNA-Gly-
GCC-2-3 chr6 

2790278
2 

2790310
3 322 11,52341788 9,883858163 1,634437223 4,28E-12 

Homo_sapiens_tRNA-Thr-
AGT-1-3 chr19 

3317693
1 

3317725
5 325 11,68948929 10,26743918 1,419014222 6,90E-12 

Homo_sapiens_tRNA-Val-
AAC-1-5 chr6 

2775327
4 

2775359
7 324 11,01997068 9,409802528 1,604526894 7,65E-12 

Homo_sapiens_tRNA-Arg-
TCG-1-1 chr15 

8933494
7 

8933527
0 324 11,44097634 9,888853465 1,548183878 8,89E-12 

Homo_sapiens_tRNA-Glu-
CTC-1-6 chr6 

2898207
3 

2898239
5 323 11,741416 10,05833702 1,676770374 9,16E-12 

Homo_sapiens_tRNA-Pro-
CGG-1-1 chr1 

1677145
99 

1677149
21 323 11,44178475 9,90983126 1,527510516 1,11E-11 

Homo_sapiens_tRNA-Glu-
TTC-8-1 chr1 

1496926
79 

1496930
02 324 6,817438699 3,661323798 3,174278436 1,15E-11 

Homo_sapiens_tRNA-Arg-
ACG-1-3 chr14 

2292957
5 

2292989
8 324 11,22630002 9,76044127 1,463085719 2,04E-11 

Homo_sapiens_tRNA-Glu-
CTC-1-1 chr1 

1460355
66 

1460358
88 323 11,85630917 10,18075399 1,669193771 3,40E-11 

Homo_sapiens_tRX-Phe-GAA-
2-1 chr1 

1210094
18 

1210097
48 331 6,650283164 3,89178545 2,73546851 3,52E-11 

Homo_sapiens_tRNA-Glu-
CTC-1-7 chr6 

1257801
21 

1257804
43 323 11,47070305 9,966433503 1,499945475 3,67E-11 

Homo_sapiens_tRNA-Arg-
CCT-4-1 chr7 

1393405
74 

1393408
97 324 11,17085713 9,669050534 1,498147943 3,88E-11 

Homo_sapiens_tRNA-Ile-AAT-
6-1 chr6 

2675642
6 

2675675
0 325 6,512637396 0,096352447 6,49875939 5,29E-11 
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Homo_sapiens_tRNA-Ala-
AGC-23-1 chr6 

2877864
1 

2877896
3 323 6,299243202 3,105327004 3,244144531 1,06E-10 

Homo_sapiens_tRNA-Cys-
GCA-2-4 chr17 

3915436
5 

3915468
7 323 11,59533973 10,08912156 1,502188661 1,22E-10 

Homo_sapiens_tRNA-Ile-TAT-
1-1 chr19 

3941204
2 

3941238
5 344 9,014914203 7,817088552 1,202711239 1,57E-10 

Homo_sapiens_tRNA-Met-
CAT-1-1 chr8 

1231571
04 

1231574
27 324 11,25236453 9,785026394 1,462572783 1,89E-10 

Homo_sapiens_tRNA-iMet-
CAT-1-2 chr6 

2628640
0 

2628672
2 323 9,356544582 7,921034338 1,432014 3,84E-10 

Homo_sapiens_tRNA-Leu-
TAG-3-1 chr16 

2219558
5 

2219591
7 333 10,86380681 9,479483626 1,380383267 4,11E-10 

Homo_sapiens_tRNA-Leu-
AAG-2-4 chr16 

2229701
4 

2229734
6 333 11,9258603 10,25998215 1,659360355 4,20E-10 

Homo_sapiens_tRNA-Val-
CAC-9-1 chr6 

2715011
7 

2715044
0 324 6,361750631 3,533961727 2,83776425 4,65E-10 

Homo_sapiens_tRNA-Leu-
CAG-2-2 chr16 

5730035
4 

5730068
7 334 11,60718904 10,08763415 1,514812947 6,64E-10 

Homo_sapiens_tRNA-Val-
AAC-1-1 chr3 

1697721
04 

1697724
27 324 10,88905479 9,417479695 1,465901047 7,10E-10 

Homo_sapiens_tRNA-Trp-
CCA-2-1 chr17 

1950805
5 

1950837
7 323 11,48694706 10,10984918 1,373411697 1,00E-09 

Homo_sapiens_tRNA-Arg-
ACG-2-1 chr3 

4568887
3 

4568919
6 324 11,68273225 10,24037752 1,437868498 1,02E-09 

Homo_sapiens_tRNA-Asn-
GTT-11-1 chr1 

1209521
65 

1209524
89 325 6,516163159 3,529967955 3,04663424 1,71E-09 

Homo_sapiens_tRX-Glu-TTC-
2-1 chr1 

1210008
62 

1210011
85 324 5,735035922 2,020425173 3,561707816 1,74E-09 

Homo_sapiens_tRNA-Arg-
TCG-6-1 chr9 

1101983
97 

1101987
20 324 5,925304435 2,860810829 3,109658664 2,43E-09 

Homo_sapiens_tRNA-Tyr-
GTA-2-1 chr2 

2705065
6 

2705099
5 340 11,52661748 10,09736752 1,425305628 3,10E-09 

Homo_sapiens_tRNA-Arg-
CCT-5-1 chr16 3193792 3194115 324 5,724888494 2,360862661 3,244603289 3,45E-09 
Homo_sapiens_tRNA-Ser-
GCT-4-2 chr15 

4059369
9 

4059403
1 333 11,35849603 9,952819127 1,401442219 5,92E-09 

Homo_sapiens_tRNA-His-
GTG-1-6 chr9 

1443381
4 

1443413
6 323 6,890581582 4,876905438 2,023910627 6,40E-09 

Homo_sapiens_tRNA-Glu-
TTC-1-1 chr2 

1303370
02 

1303373
24 323 10,8954842 9,589275571 1,302916547 7,07E-09 

Homo_sapiens_tRNA-Gln-
CTG-1-4 chr15 

6586893
6 

6586925
8 323 11,3582831 10,11744149 1,236700166 4,73E-08 

Homo_sapiens_tRNA-Gly-
TCC-1-1 chr19 4723944 4724266 323 11,08817937 9,846611077 1,238440972 7,10E-08 
Homo_sapiens_tRNA-Pro-
TGG-4-1 chr16 3170834 3171155 322 5,96229001 3,198986581 2,700201527 8,18E-08 
Homo_sapiens_tRNA-iMet-
CAT-1-1 chr1 

1536711
24 

1536714
46 323 11,54398924 10,22742238 1,311990568 8,73E-08 

Homo_sapiens_tRNA-Gly-
GCC-2-2 chr2 

1564010
21 

1564013
42 322 11,38974595 10,13555195 1,250492859 1,12E-07 

Homo_sapiens_tRNA-Glu-
TTC-1-2 chr13 

4106061
2 

4106093
4 323 10,32867024 9,271120254 1,057894209 1,12E-07 

Homo_sapiens_tRNA-Pro-
TGG-2-1 chr11 

7623570
9 

7623602
1 313 10,98466191 9,781991409 1,199762686 2,15E-07 

Homo_sapiens_tRNA-Ser-
AGA-5-1 chr7 

1496082
50 

1496085
72 323 6,004592316 3,689692934 2,374459187 4,31E-07 

Homo_sapiens_tRNA-Asp-
GTC-2-8 chr12 

9603589
5 

9603621
7 323 11,47272147 10,28777869 1,180902744 1,07E-06 

Homo_sapiens_tRNA-Pro-
AGG-2-4 chr11 

7623538
7 

7623569
9 313 10,70612688 9,540838703 1,161974712 1,38E-06 

Homo_sapiens_tRNA-Val-
TAC-1-2 chrX 

1867478
3 

1867510
6 324 10,2629545 9,181537597 1,078873415 2,03E-06 

Homo_sapiens_tRNA-Cys-
GCA-18-1 chr7 

1493756
33 

1493759
55 323 5,728663643 3,193947189 2,55435928 2,05E-06 

Homo_sapiens_tRNA-Gly-
GCC-4-1 chr1 

1614804
40 

1614807
61 322 5,634558926 3,275848329 2,391172134 9,94E-06 

Homo_sapiens_tRNA-Pro-
AGG-3-1 chr16 3160259 3160604 346 5,82896848 3,461612822 2,4079772 1,77E-05 
Homo_sapiens_tRNA-Ala-
TGC-9-1 chr6 

2863395
6 

2863427
9 324 5,07612512 3,014720503 2,08308571 1,82E-05 

Homo_sapiens_tRX-Tyr-GTA-
1-1 chr14 

2066904
8 

2066938
4 337 5,804137073 3,779470492 2,045917853 2,69E-05 

Homo_sapiens_tRNA-Gly-
CCC-2-2 chr16 636610 636931 322 11,19517252 10,3504624 0,843429559 2,95E-05 
Homo_sapiens_tRNA-Glu-
TTC-9-1 chr2 

2033642
80 

2033646
03 324 5,312856569 3,066260873 2,178680331 5,10E-05 

Homo_sapiens_tRNA-Ile-TAT-
2-1 chr2 

4281041
0 

4281075
3 344 10,52927028 9,798495177 0,730077391 

0,000145
58 

Homo_sapiens_tRNA-Ala-
AGC-17-1 chr6 

5786104
0 

5786136
3 324 5,435964652 3,533961727 1,909845158 

0,000273
17 

Homo_sapiens_tRNA-Leu-
AAG-7-1 chr5 

1811644
35 

1811647
70 336 4,910050822 2,856564941 2,166263432 

0,000556
08 
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Homo_sapiens_tRNA-Cys-
GCA-23-1 chr7 

1495950
88 

1495954
10 323 5,524519028 3,753970673 1,739880155 

0,000662
65 

Homo_sapiens_tRX-Lys-CTT-
1-1 chr16 2927535 2927858 324 5,268453056 3,429758003 1,844424261 

0,001003
11 

Homo_sapiens_tRNA-Lys-
CTT-7-1 chr1 

5495774
3 

5495806
6 324 5,11749609 3,275848329 1,859912657 

0,002125
11 

Homo_sapiens_tRNA-Ser-
GCT-3-1 chr11 

6634799
4 

6634832
6 333 10,25981977 9,570188388 0,686193993 0,00244 

Homo_sapiens_tRNA-Cys-
GCA-16-1 chr7 

1495464
14 

1495467
36 323 5,097852661 3,360862661 1,662435093 

0,002490
98 

Homo_sapiens_tRNA-Gly-
CCC-7-1 chr2 

1155158
1 

1155189
2 312 5,010806691 3,434038619 1,511043284 

0,009972
26 

Homo_sapiens_tRNA-Glu-
CTC-5-1 chr8 

5859211
3 

5859243
4 322 1,766481845 3,889709161 -1,996206717 

0,014255
15 

Homo_sapiens_tRNA-Gln-
CTG-1-1 chr6 

1883604
5 

1883636
7 323 5,134670404 3,887629879 1,264917348 

0,017849
91 

Homo_sapiens_tRNA-Gln-
CTG-8-2 chr1 

1460554
86 

1460558
08 323 4,556254832 3,148582002 1,451739287 

0,019610
97 

Homo_sapiens_tRNA-Glu-
TTC-12-1 chr1 

1721882
72 

1721885
98 327 4,743666219 3,279024564 1,43463234 

0,019837
93 

Homo_sapiens_tRNA-Asn-
GTT-13-1 chr1 

1687533
7 

1687566
1 325 5,257614961 4,277437321 0,982436276 

0,045131
56 

Homo_sapiens_tRNA-Cys-
GCA-15-1 chr7 

1495845
99 

1495849
21 323 5,054065344 3,985329119 1,108201741 

0,056215
36 

Homo_sapiens_tRNA-Cys-
GCA-3-1 chr7 

1495889
47 

1495892
69 323 4,470698157 3,356358976 1,07547989 

0,082763
68 

Homo_sapiens_tRNA-Leu-
TAG-4-1 chr14 

2067689
3 

2067722
5 333 3,955862623 2,69802255 1,159117197 

0,088646
14 

Homo_sapiens_tRNA-Ser-
AGA-6-1 chr11 

1091651
85 

1091655
18 334 4,660926199 3,722189752 0,924006456 

0,099333
95 

Homo_sapiens_tRX-Leu-TAA-
2-1 chr11 

1135621
47 

1135624
81 335 1,663343235 3,107115235 -1,347518853 

0,121677
6 

Homo_sapiens_tRNA-Phe-
GAA-7-1 chr6 

2766464
0 

2766496
6 327 3,865816856 2,628655549 1,21222975 

0,132574
29 

Homo_sapiens_tRNA-Lys-
TTT-11-1 chr12 

2769024
7 

2769057
0 324 2,706488921 3,986301059 -1,115772362 

0,144656
44 

Homo_sapiens_tRX-Val-AAC-
1-1 chr6 

1584034
90 

1584038
13 324 2,575719225 3,694458602 -1,066720836 

0,191148
45 

Homo_sapiens_tRNA-Gly-
GCC-6-1 chr6 

1422575
13 

1422578
34 322 3,233632257 4,219416195 -0,961767898 

0,192884
31 

Homo_sapiens_tRX-Pro-GGG-
1-1 chrX 

1196037
72 

1196040
91 320 1,409041811 2,860810829 -1,300192417 

0,195509
72 

Homo_sapiens_tRX-Phe-GAA-
1-1 chr1 

1451682
78 

1451686
08 331 3,471434702 2,429758003 1,01468565 

0,197076
52 

Homo_sapiens_tRX-Lys-CTT-
4-1 chr7 

9714144
7 

9714177
0 324 2,598803483 3,750542452 -1,040672125 

0,206957
39 

Homo_sapiens_tRNA-Gln-
CTG-10-1 chr1 

1470050
75 

1470053
97 323 2,631434232 3,663755918 -0,962786836 

0,208876
5 

Homo_sapiens_tRNA-Tyr-
GTA-9-1 chr8 

6569717
1 

6569750
9 339 2,898195222 3,866100677 -0,913697187 

0,216781
81 

Homo_sapiens_tRNA-Asn-
GTT-21-1 chr1 

1483787
90 

1483791
14 325 4,216396733 3,359362994 0,777137001 

0,222483
36 

Homo_sapiens_tRNA-Asn-
GTT-28-1 chr1 

1496393
27 

1496396
51 325 2,745948642 3,749397898 -0,907038975 

0,242930
92 

Homo_sapiens_tRNA-Cys-
GCA-24-1 chr17 

3883359
6 

3883391
8 323 4,43058169 3,571412613 0,763703924 

0,267801
1 

Homo_sapiens_tRNA-Asn-
GTT-22-1 chr1 

1437171
66 

1437174
90 325 2,631434232 3,568819584 -0,868953386 

0,267801
1 

Homo_sapiens_tRNA-Phe-
GAA-12-1 chr8 

1232583
56 

1232586
82 327 2,434927987 3,428328304 -0,843467115 

0,271745
36 

Homo_sapiens_tRNA-Phe-
GAA-8-1 chr6 

7895816
7 

7895849
0 324 3,541788444 2,695647563 0,759033406 

0,274116
9 

Homo_sapiens_tRX-Ser-GGA-
2-1 chrX 

2526184
6 

2526216
8 323 1,100114862 2,360862661 -1,158765115 

0,275521
19 

Homo_sapiens_tRX-Asn-GTT-
1-1 chr1 

1483172
43 

1483175
63 321 2,852038071 3,778348669 -0,839608461 

0,286861
84 

Homo_sapiens_tRNA-Leu-
AAG-8-1 chr3 

1485033
15 

1485036
47 333 2,190484987 3,155511288 -0,92546256 

0,288948
9 

Homo_sapiens_tRNA-Glu-
TTC-10-2 chr1 

1451768
13 

1451771
36 324 3,865816856 3,107115235 0,721639571 

0,289466
49 

Homo_sapiens_tRX-Gln-TTG-
1-1 chr8 

8813288
1 

8813320
5 325 2,48242714 3,461612822 -0,884853569 

0,304017
98 

Homo_sapiens_tRX-Ala-AGC-
2-1 chr6 

5783004
6 

5783036
9 324 3,060070663 3,889709161 -0,752994266 

0,310813
66 

Homo_sapiens_tRNA-SeC-
TCA-3-1 chr17 

4011717
4 

4011749
8 325 2,745948642 3,65888757 -0,804280031 

0,328509
95 

Homo_sapiens_tRNA-Lys-
CTT-10-1 chr19 

3557572
2 

3557604
5 324 3,018883166 3,786183173 -0,745728121 

0,338794
96 

Homo_sapiens_tRNA-Glu-
TTC-7-1 chr1 

1436668
62 

1436671
84 323 3,018883166 3,806729891 -0,707213878 

0,345893
35 

Homo_sapiens_tRX-Und-
NNN-6-1 chr9 2959214 2959543 330 2,663343235 3,563619502 -0,795105906 

0,346460
08 
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Homo_sapiens_tRNA-Asn-
GTT-20-1 chr1 

1460490
72 

1460493
98 327 4,249165002 3,661323798 0,585376681 

0,358280
68 

Homo_sapiens_tRNA-Gln-
TTG-6-1 chr4 

4090660
0 

4090692
3 324 3,78109822 3,108901253 0,636810605 

0,358280
68 

Homo_sapiens_tRNA-Gln-
CTG-17-1 chr20 

1787437
2 

1787470
0 329 3,78109822 3,190577789 0,630132353 

0,386116
28 

Homo_sapiens_tRNA-Val-
CAC-10-1 chr1 

1667988
0 

1668020
3 324 1,725118974 2,690885828 -0,880748623 

0,386439
03 

Homo_sapiens_tRX-Arg-ACG-
1-1 chr8 

6611281
5 

6611313
8 324 2,052714365 3,012813923 -0,795927288 

0,386998
46 

Homo_sapiens_tRNA-Lys-
CTT-8-1 chr16 3164812 3165135 324 3,7355714 2,963246296 0,7347634 

0,387122
99 

Homo_sapiens_tRX-Ala-GGC-
3-1 chr19 

1218843
5 

1218875
9 325 2,565417583 3,318981614 -0,659552514 

0,404597
01 

Homo_sapiens_tRX-Cys-GCA-
1-1 chr7 

1494059
38 

1494062
60 323 3,310081475 2,563619502 0,718898066 

0,418083
39 

Homo_sapiens_tRNA-Cys-
GCA-25-1 chr3 

1769976
7 

1770009
7 331 3,227111676 2,429758003 0,739219192 

0,421590
51 

Homo_sapiens_tRNA-Met-
CAT-7-1 chr6 

5784208
8 

5784241
1 324 4,169325765 3,60285505 0,519569843 

0,421590
51 

Homo_sapiens_tRX-Gly-CCC-
1-2 chr1 

1480203
48 

1480206
69 322 2,994004311 3,721022474 -0,637776459 

0,422445
23 

Homo_sapiens_tRNA-Gly-
CCC-8-1 chr1 

1464887
40 

1464890
61 322 2,843537356 3,627410051 -0,643769681 

0,433834
46 

Homo_sapiens_tRX-Lys-CTT-
6-1 chr5 

1683895
13 

1683898
35 323 2,420518146 3,234661144 -0,750380789 

0,445053
65 

Homo_sapiens_tRNA-Cys-
ACA-1-1 chr5 

1526089
10 

1526093
36 427 3,212219919 3,861870352 -0,592969705 

0,450308
04 

Homo_sapiens_tRNA-Gln-
CTG-8-3 chr1 

1204767
26 

1204770
48 323 3,756251773 3,234661144 0,529867188 

0,454562
45 

Homo_sapiens_tRX-Und-
NNN-8-1 chr10 

6234371
5 

6234403
9 325 2,994004311 3,60285505 -0,567026932 

0,457855
28 

Homo_sapiens_tRNA-Gly-
TCC-5-1 chr18 

5767849
6 

5767881
8 323 0,48242714 0 1,294860037 

0,506703
55 

Homo_sapiens_tRX-Gly-CCC-
2-1 chr1 

1482443
41 

1482446
63 323 2,71583402 3,356358976 -0,564220308 

0,513780
96 

Homo_sapiens_tRX-Gln-CTG-
2-1 chr11 

4806570
6 

4806603
4 329 3,760773459 3,23792926 0,472232437 

0,514722
2 

Homo_sapiens_tRNA-Ile-GAT-
1-1 chrX 3838251 3838575 325 0 0 1,230372688 

0,517609
83 

Homo_sapiens_tRX-Lys-CTT-
3-1 chr15 

9578451
9 

9578484
2 324 3,123243608 3,719854251 -0,492420251 

0,517609
83 

Homo_sapiens_tRNA-Pro-
AGG-4-1 chr2 

8711232
4 

8711264
6 323 2,986302388 3,688499054 -0,568094381 

0,518462
26 

Homo_sapiens_tRNA-Pro-
TGG-5-1 chr1 

2070046
83 

2070050
10 328 2,496234592 3,234661144 -0,576653023 

0,518537
52 

Homo_sapiens_tRNA-Und-
GCA-5-1 chr17 

6839469
0 

6839501
5 326 2,745948642 3,354854618 -0,531733915 

0,526481
58 

Homo_sapiens_tRNA-Tyr-
ATA-1-1 chr2 

2182457
00 

2182460
43 344 3,241851286 2,69326866 0,520162041 

0,542649
18 

Homo_sapiens_tRX-Trp-CCA-
1-1 chr7 

6739943
4 

6739975
6 323 3,390097011 2,814412184 0,466863823 

0,545916
27 

Homo_sapiens_tRNA-Gln-
TTG-5-1 chr2 

4571017
6 

4571049
9 324 2,608870289 3,193947189 -0,530511593 

0,548571
68 

Homo_sapiens_tRNA-Tyr-
GTA-10-1 chr7 

1495579
16 

1495582
39 324 3,695822864 3,239560546 0,424716678 

0,557945
17 

Homo_sapiens_tRX-Pro-GGG-
2-1 chr3 

1241417
46 

1241420
69 324 3,018883166 3,564921281 -0,464451333 

0,559182
16 

Homo_sapiens_tRX-Val-TAC-
3-1 chr17 

4008255
4 

4008287
7 324 2,052714365 2,69326866 -0,517562799 

0,589996
23 

Homo_sapiens_tRNA-Arg-
CCT-7-1 chr1 

1438483
88 

1438487
09 322 2,745948642 3,350332109 -0,489038395 

0,597512
56 

Homo_sapiens_tRNA-Glu-
CTC-7-1 chr2 

1588815
33 

1588818
56 324 3,107233978 3,599047757 -0,434318058 

0,598716
99 

Homo_sapiens_tRNA-Thr-
AGT-7-1 chr17 

6453067
4 

6453099
8 325 2,795567995 3,35334869 -0,453540913 

0,598716
99 

Homo_sapiens_tRX-Gln-CTG-
3-1 chr1 

1455631
20 

1455634
42 323 3,986302388 3,572707382 0,353255869 

0,598716
99 

Homo_sapiens_tRNA-Asn-
GTT-16-1 chr1 

1484052
58 

1484055
82 325 3,114318136 3,597776424 -0,442727669 

0,598879
58 

Homo_sapiens_tRNA-Phe-
GAA-6-1 chr6 

2876347
1 

2876379
5 325 4,123243608 3,72452148 0,357808725 

0,600083
19 

Homo_sapiens_tRNA-Asn-
GTT-18-1 chr1 

1653227
2 

1653259
6 325 3,076609276 3,536618113 -0,395232305 

0,602953
51 

Homo_sapiens_tRNA-Lys-
CTT-9-1 chr5 

2619830
4 

2619862
7 324 3,139077526 3,688499054 -0,420327506 

0,603868
59 

Homo_sapiens_tRNA-Asp-
GTC-4-1 chr9 

7490294
8 

7490327
0 323 2,598803483 3,190577789 -0,455058342 

0,605422
76 

Homo_sapiens_tRNA-SeC-
TCA-2-1 chr22 

4415053
1 

4415086
5 335 3,212219919 3,690885828 -0,421899587 

0,605422
76 

Homo_sapiens_tRNA-Gln-
CTG-8-1 chr1 

1490448
11 

1490451
33 323 3,36497257 2,965219475 0,41475387 

0,605422
76 
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Homo_sapiens_tRNA-Gln-
CTG-11-1 chr1 

1435845
75 

1435848
97 323 3,220561489 3,663755918 -0,373152921 

0,628996
57 

Homo_sapiens_tRNA-Gln-
TTG-10-1 chr6 

3732009
3 

3732041
6 324 2,775447487 3,236296127 -0,405019362 

0,630454
49 

Homo_sapiens_tRNA-Gln-
CTG-16-1 chr2 

2186262
91 

2186266
09 319 3,884723661 3,503681452 0,326608392 

0,640506
16 

Homo_sapiens_tRNA-Asp-
GTC-10-1 chr1 

1615230
19 

1615233
41 323 3,190484987 3,568819584 -0,353382359 

0,642187
29 

Homo_sapiens_tRNA-Gln-
TTG-4-1 chr6 

1451825
97 

1451829
19 323 3,637676866 3,280610064 0,332810535 

0,644912
04 

Homo_sapiens_tRNA-Cys-
GCA-20-1 chr7 

1495978
29 

1495981
51 323 3,938936676 3,663755918 0,277295479 

0,660365
99 

Homo_sapiens_tRX-Leu-CAG-
1-1 chr9 

1203549
49 

1203552
82 334 3,043340255 3,46300993 -0,355439519 

0,670826
02 

Homo_sapiens_tRNA-Tyr-
GTA-11-1 chr7 

1493565
27 

1493568
54 328 3,083845039 3,49960285 -0,356941783 

0,672087
74 

Homo_sapiens_tRNA-Ile-AAT-
10-1 chr6 

2728395
9 

2728428
3 325 3,397473451 3,06257927 0,345664678 

0,677068
86 

Homo_sapiens_tRX-Ser-GCT-
1-1 chr13 

1142412
13 

1142415
39 327 3,289782062 3,661323798 -0,331398627 

0,682038
88 

Homo_sapiens_tRX-Glu-CTC-
1-1 chr8 

1191316
5 

1191348
7 323 2,898195222 3,351841188 -0,348272122 

0,683698
05 

Homo_sapiens_tRNA-His-
GTG-2-1 chr1 

1436610
56 

1436613
78 323 3,343828134 3,010904819 0,340120377 

0,685450
14 

Homo_sapiens_tRNA-Gly-
TCC-6-1 chr18 

5767881
9 

5767914
1 323 1,331722604 2,012813923 -0,528714761 

0,685891
06 

Homo_sapiens_tRNA-Leu-
AAG-5-1 chr2 

3005457
6 

3005489
9 324 3,130249777 3,467193154 -0,321464992 

0,690090
85 

Homo_sapiens_tRNA-Asp-
GTC-5-1 chr5 

1423942
97 

1423946
19 323 3,107233978 3,398644798 -0,308891119 

0,691785
14 

Homo_sapiens_tRNA-Asp-
GTC-9-1 chr1 

1616046
72 

1616049
94 323 1,82407931 2,282193823 -0,433140565 

0,701068
14 

Homo_sapiens_tRNA-Gln-
CTG-13-1 chr5 

1518683
87 

1518687
09 323 3,598803483 3,280610064 0,278333104 

0,703143
25 

Homo_sapiens_tRX-Gly-CCC-
3-1 chr1 

1454374
72 

1454377
93 322 2,832695108 3,193947189 -0,328628971 

0,707065
75 

Homo_sapiens_tRNA-Sup-
TTA-1-1 chr17 

6078610
6 

6078642
7 322 2,663343235 3,012813923 -0,282505832 

0,746915
04 

Homo_sapiens_tRNA-Asp-
GTC-6-1 chr3 

1846481
81 

1846485
02 322 3,401724432 3,060734939 0,301039073 

0,749999
44 

Homo_sapiens_tRX-Und-
NNN-9-1 chr22 

3030804
3 

3030837
2 330 3,130249777 3,428328304 -0,255106448 

0,756523
34 

Homo_sapiens_tRNA-Glu-
TTC-11-1 chr14 

3176748
3 

3176780
8 326 3,139077526 2,865044258 0,259938995 

0,761856
84 

Homo_sapiens_tRNA-Lys-
CTT-11-1 chr19 

5192201
4 

5192233
8 325 3,674251227 4,008993186 -0,246675886 

0,761856
84 

Homo_sapiens_tRX-Asn-GTT-
3-1 chr1 

1463940
69 

1463943
93 325 3,123243608 3,429758003 -0,249585403 

0,761856
84 

Homo_sapiens_tRNA-Lys-
TTT-14-1 chr14 

7358869
9 

7358902
8 330 3,123243608 3,461612822 -0,232971117 

0,762615
34 

Homo_sapiens_tRNA-Lys-
CTT-12-1 chr1 

3950439
4 

3950472
0 327 3,395922435 3,661323798 -0,225563424 

0,764748
23 

Homo_sapiens_tRNA-Ala-
TGC-8-1 chr11 

5027458
2 

5027490
4 323 2,694561732 2,922109 -0,274992417 

0,767157
08 

Homo_sapiens_tRNA-Arg-
CCT-6-1 chr1 

1480109
33 

1480112
54 322 3,363386197 3,064421246 0,232023939 

0,778319
5 

Homo_sapiens_tRX-Cys-GCA-
4-1 chr7 

1496280
27 

1496283
60 334 3,524519028 3,280610064 0,199760015 

0,779822
82 

Homo_sapiens_tRNA-Lys-
CTT-16-1 chr15 

7638229
8 

7638262
2 325 2,815411748 3,229745047 -0,280348233 

0,790294
41 

Homo_sapiens_tRNA-Val-
AAC-7-1 chr1 

1802150
15 

1802153
38 324 2,804355235 3,103536553 -0,233687044 

0,808352
95 

Homo_sapiens_tRNA-Gln-
CTG-4-2 chr1 

1436913
48 

1436916
70 323 3,745948642 3,628655549 0,152710219 

0,817299
04 

Homo_sapiens_tRX-Arg-CCT-
2-1 chr11 

1182412
46 

1182415
75 330 3,395922435 3,193947189 0,194824322 

0,820140
49 

Homo_sapiens_tRX-Val-TAC-
2-1 chr2 

8485862
6 

8485894
9 324 3,471434702 3,721022474 -0,177626375 

0,821599
23 

Homo_sapiens_tRNA-Gly-
GCC-5-1 chr16 

7078856
8 

7078888
9 322 3,587307524 3,753970673 -0,156240135 

0,828803
68 

Homo_sapiens_tRNA-Leu-
CAA-5-1 chr11 9275117 9275441 325 3,81425098 4,012813923 -0,158480392 

0,838844
92 

Homo_sapiens_tRX-Cys-GCA-
3-1 chr1 

1616053
70 

1616056
91 322 2,994004311 2,755111606 0,192225771 

0,844433
93 

Homo_sapiens_tRNA-Lys-
TTT-10-1 chr19 

4124211
1 

4124243
4 324 3,035897931 3,200662474 -0,170068964 

0,846077
09 

Homo_sapiens_tRNA-Pro-
GGG-1-1 chr10 

2256352
4 

2256384
7 324 2,916685105 2,805629074 0,174263176 

0,852591
12 

Homo_sapiens_tRNA-Leu-
TAA-5-1 chr6 

6920436
0 

6920469
3 334 2,795567995 2,922109 -0,160608764 

0,856792
83 

Homo_sapiens_tRNA-Leu-
AAG-6-1 chr20 

5033567
9 

5033601
1 333 3,41479139 3,198986581 0,149552844 

0,858721
36 
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Homo_sapiens_tRNA-Lys-
CTT-6-1 chr18 

4608917
9 

4608950
2 324 3,427741057 3,657667912 -0,16539878 

0,858721
36 

Homo_sapiens_tRNA-Glu-
TTC-10-1 chr1 

1437840
19 

1437843
42 324 0,331722604 0 0,336770676 

0,861707
05 

Homo_sapiens_tRNA-Lys-
TTT-12-1 chr19 

4953455
0 

4953487
3 324 3,558853585 3,428328304 0,133191501 

0,877422
66 

Homo_sapiens_tRNA-Asp-
GTC-8-1 chr12 

1223762
51 

1223765
72 322 3,297688209 3,465800093 -0,117519998 

0,880311
38 

Homo_sapiens_tRX-Asn-GTT-
2-1 chr1 

1445395
24 

1445398
48 325 3,608870289 3,464405686 0,128565337 

0,882259
57 

Homo_sapiens_tRNA-Gln-
CTG-7-1 chr1 

1483286
86 

1483290
08 323 3,409041811 3,505038427 -0,116009862 

0,882816
28 

Homo_sapiens_tRNA-Glu-
CTC-16-1 chr12 

1139486
14 

1139489
35 322 3,494786252 3,601587068 -0,104711666 

0,900994
59 

Homo_sapiens_tRX-Ile-AAT-
4-1 chr17 8205947 8206284 338 2,95085769 3,146844468 -0,113866335 

0,903713
56 

Homo_sapiens_tRNA-Lys-
CTT-13-1 chr1 

1655967
87 

1655971
10 324 3,489347384 3,631143322 -0,098829106 

0,904892
71 

Homo_sapiens_tRX-Met-CAT-
1-1 chr6 

2848060
0 

2848092
3 324 2,986302388 3,192263472 -0,103899367 

0,907812
71 

Homo_sapiens_tRNA-Cys-
GCA-22-1 chr7 

1495565
85 

1495569
05 321 3,809894083 3,72452148 0,074980788 

0,917404
24 

Homo_sapiens_tRX-Lys-CTT-
5-1 chr7 

1260183
8 

1260217
2 335 3,553651389 3,467193154 0,081375601 

0,917404
24 

Homo_sapiens_tRNA-Asn-
GTT-16-3 chr1 

1209451
63 

1209454
87 325 2,725118974 2,568819584 0,109716734 

0,917404
24 

Homo_sapiens_tRNA-Leu-
CAA-6-1 chr1 

1616118
20 

1616121
54 335 3,664631942 3,65888757 0,077050361 

0,927086
81 

Homo_sapiens_tRNA-Und-
NNN-2-1 chr8 

9814110
8 

9814142
7 320 3,363386197 3,431186286 -0,08033889 

0,927898
86 

Homo_sapiens_tRNA-Lys-
TTT-15-1 chr2 

2233214
71 

2233217
94 324 3,227111676 3,35334869 -0,076816817 

0,929245
12 

Homo_sapiens_tRX-Ala-GGC-
4-1 chr16 

8044542
9 

8044575
6 328 2,986302388 3,066260873 -0,068295616 

0,938217
25 

Homo_sapiens_tRX-Lys-TTT-
2-1 chr3 

1521134
0 

1521166
6 327 3,324001282 3,275848329 0,064811532 

0,940581
88 

Homo_sapiens_tRNA-Glu-
TTC-13-1 chr2 

7489679
3 

7489711
6 324 2,471434702 2,568819584 -0,061694761 

0,947577
48 

Homo_sapiens_tRNA-Gln-
CTG-12-1 chr12 

7445727
6 

7445759
9 324 3,575719225 3,563619502 0,04449392 

0,957538
12 

Homo_sapiens_tRNA-Cys-
GCA-19-1 chr7 

1496129
39 

1496132
61 323 3,409041811 3,400104202 -0,043393859 

0,957538
12 

Homo_sapiens_tRNA-iMet-
CAT-3-1 chr9 

1940387
2 

1940419
7 326 3,620196373 3,597776424 0,040247583 

0,960015
28 

Homo_sapiens_tRNA-Und-
NNN-4-1 chr1 7930153 7930473 321 2,795567995 2,862929097 -0,033043057 

0,973511
5 

Homo_sapiens_tRX-Leu-CAA-
3-1 chr2 

1518310
12 

1518313
30 319 2,924766734 2,8713712 -0,031649595 

0,973511
5 

Homo_sapiens_tRNA-Ala-
AGC-20-1 chr1 

1500452
80 

1500456
01 322 2,994004311 3,058888247 -0,014754764 

0,993029
92 

Homo_sapiens_tRNA-Ile-AAT-
11-1 chr12 

1292315
27 

1292318
52 326 3,587307524 3,539269616 0,00803497 

0,994839
86 

Homo_sapiens_tRX-Asp-ATC-
1-1 chr6 

2882728
7 

2882760
9 323 3,494786252 3,562316547 -0,008263967 

0,994839
86 

Homo_sapiens_tRX-Und-
NNN-7-1 chr3 

1113495
30 

1113498
55 326 3,799968305 3,808929009 -0,00604219 

0,995254
77 

Homo_sapiens_tRX-Cys-GCA-
2-1 chr8 

1008168
7 

1008200
8 322 3,001665336 3,012813923 -0,002621147 

0,998873
86 

Homo_sapiens_tRNA-Phe-
GAA-9-1 chr1 

1437925
98 

1437929
28 331 0 0 0 1 

Homo_sapiens_tRNA-Lys-
CTT-15-1 chr11 

5475918
2 

5475950
5 324 0 0 0 1 

Homo_sapiens_tRX-Ala-AGC-
1-1 chr6 

2671354
3 

2671386
6 324 0 0 0 1 

Homo_sapiens_tRX-Ala-AGC-
1-2 chr6 

2678782
0 

2678814
3 324 0 0 0 1 

Homo_sapiens_tRX-Ile-GAT-
2-1 chrX 3838665 3838989 325 0 0 0 1 
Homo_sapiens_tRNA-Ile-GAT-
1-2 chrX 3876675 3876999 325 0 0 0 1 
Homo_sapiens_tRX-Ile-GAT-
1-2 chrX 3877089 3877413 325 0 0 0 1 
Homo_sapiens_tRNA-Ile-GAT-
1-3 chrX 3915104 3915428 325 0 0 0 1 
Homo_sapiens_tRX-Ile-GAT-
1-1 chrX 3915518 3915842 325 0 0 0 1 

 
 

Table S8. RPC1 ChIP-Seq peaks at annotated hg38 tRNA genes in human cell lines, and differential 
RPC1 occupancy in CM relative to hiPSC.  



Chapter 5 - Supplemental Data 

 185 
 

Gene chr start end 
lengt
h 

hiPSC log2 read 
counts 

CM log2 read 
counts 

log2FoldCha
nge FDR 

Homo_sapiens_tRX-Ala-AGC-
5-1 chr6 

5781336
4 

5781368
7 324 11,29707539 5,95782317 5,276422959 2,33E-103 

Homo_sapiens_tRNA-Ile-AAT-
1-1 chr6 

5782284
7 

5782317
1 325 11,15085368 4,856257136 6,183286281 2,14E-98 

Homo_sapiens_tRNA-Lys-TTT-
9-1 chr6 

2757594
1 

2757626
4 324 10,70530601 5,734863805 4,90866522 9,93E-88 

Homo_sapiens_tRNA-Tyr-
GTA-4-1 chr14 

2065733
8 

2065768
2 345 10,53292946 5,537939354 4,925489001 8,92E-80 

Homo_sapiens_tRNA-Val-
AAC-4-1 chr6 

2768098
0 

2768130
3 324 10,45869062 5,875655814 4,530030064 2,63E-79 

Homo_sapiens_tRNA-Ala-
AGC-19-1 chr6 

5779341
9 

5779374
2 324 10,7754319 6,387945668 4,34004491 1,16E-76 

Homo_sapiens_tRNA-Ala-
AGC-24-1 chr6 

5781584
8 

5781617
1 324 10,35966868 5,774440393 4,527314325 3,06E-71 

Homo_sapiens_tRNA-Thr-
AGT-4-1 chr6 

2772656
8 

2772689
2 325 10,72892584 6,948353577 3,745769819 5,10E-68 

Homo_sapiens_tRNA-Trp-
CCA-3-1 chr6 

2631897
6 

2631929
8 323 10,67464343 7,186984287 3,4591618 2,08E-66 

Homo_sapiens_tRX-Ala-AGC-
6-1 chr6 

5779270
7 

5779303
0 324 9,993800593 5,365767513 4,56271453 1,34E-64 

Homo_sapiens_tRNA-Tyr-
GTA-5-3 chr14 

2065297
3 

2065331
7 345 11,34405971 8,167155174 3,153333057 4,11E-61 

Homo_sapiens_tRNA-Ala-
TGC-6-1 chr6 

2875823
8 

2875856
0 323 10,67157485 7,437965585 3,208317964 7,35E-60 

Homo_sapiens_tRNA-Lys-TTT-
13-1 chr6 

2869308
4 

2869340
8 325 10,4988134 6,552077498 3,901798379 8,43E-60 

Homo_sapiens_tRNA-Thr-
AGT-3-1 chr6 

2872589
2 

2872621
6 325 11,24002219 8,050882315 3,164012275 3,57E-58 

Homo_sapiens_tRX-Met-CAT-
2-1 chr6 

5780851
9 

5780884
3 325 9,958108113 6,13309019 3,781556692 1,14E-56 

Homo_sapiens_tRNA-Thr-
CGT-6-1 chr6 

2730366
3 

2730398
5 323 11,08941946 7,421688186 3,628187937 6,75E-55 

Homo_sapiens_tRNA-Ala-
AGC-2-3 chr6 

2871957
8 

2871990
0 323 10,46429853 7,296166747 3,140898996 7,97E-54 

Homo_sapiens_tRNA-Tyr-
GTA-8-1 chr6 

2657544
4 

2657578
4 341 10,52425615 6,660201126 3,815597856 5,41E-53 

Homo_sapiens_tRNA-Lys-CTT-
5-1 chr16 3180428 3180751 324 10,57868976 7,277792158 3,269810876 1,12E-51 
Homo_sapiens_tRNA-Tyr-
GTA-5-4 chr14 

2066306
6 

2066341
0 345 10,95509218 8,020791972 2,909821377 6,42E-49 

Homo_sapiens_tRNA-Asn-
GTT-26-1 

KI270713
.1 28630 28953 324 10,72683758 7,175005604 3,510803107 3,38E-48 

Homo_sapiens_tRNA-Tyr-
GTA-6-1 chr6 

2659474
8 

2659508
7 340 10,65855322 7,56772983 3,061983916 1,00E-46 

Homo_sapiens_tRNA-Pro-
CGG-1-2 chr16 3171922 3172244 323 10,82882506 7,899799949 2,903019725 1,62E-46 
Homo_sapiens_tRNA-Ala-
TGC-7-1 chr6 

2880267
4 

2880299
5 322 10,75663401 8,154200115 2,581141671 3,27E-45 

Homo_sapiens_tRNA-Val-
TAC-4-1 chr6 

2729050
0 

2729082
3 324 11,27988443 8,628849311 2,628474232 1,74E-44 

Homo_sapiens_tRNA-Ala-
AGC-5-1 chr6 

2871046
3 

2871078
5 323 10,7854138 8,112349286 2,650555068 3,84E-44 

Homo_sapiens_tRNA-Lys-CTT-
2-5 chr16 3175565 3175888 324 11,31009693 8,877527209 2,411364906 1,19E-42 
Homo_sapiens_tRNA-Leu-
AAG-1-3 chr5 

1811739
18 

1811742
50 333 11,22695381 8,401511767 2,798842741 9,54E-42 

Homo_sapiens_tRNA-Lys-TTT-
6-1 chr6 

2733486
4 

2733518
7 324 11,17153125 8,28183745 2,859151317 3,98E-38 

Homo_sapiens_tRNA-Ser-
AGA-4-1 chr6 

2755328
7 

2755361
9 333 11,25105268 8,816394144 2,410785279 5,56E-38 

Homo_sapiens_tRNA-Gly-
CCC-1-2 chr1 

1686179
5 

1686211
6 322 11,07198632 8,347872418 2,696407591 6,85E-38 

Homo_sapiens_tRNA-Arg-
TCT-3-1 chr9 

1283399
50 

1283402
91 342 10,39826207 7,814904117 2,556721849 1,06E-36 

Homo_sapiens_tRNA-Und-
TTA-3-1 chr1 

1614207
45 

1614210
68 324 9,338109806 5,104149408 4,141132018 2,95E-36 

Homo_sapiens_tRNA-Lys-TTT-
2-1 chr11 

1225598
21 

1225601
44 324 10,99232721 6,748962385 4,150356705 6,73E-36 

Homo_sapiens_tRNA-Trp-
CCA-5-1 chr7 

9946955
8 

9946988
0 323 8,76745567 4,383931647 4,277217274 9,14E-36 

Homo_sapiens_tRNA-Ala-
AGC-21-1 chr6 

2674978
6 

2675010
9 324 9,07796108 4,379906426 4,565734549 1,79E-35 

Homo_sapiens_tRNA-Val-
AAC-6-1 chr6 

2873530
3 

2873562
5 323 10,64106583 8,17094014 2,443804397 6,00E-35 

Homo_sapiens_tRNA-Lys-TTT-
7-1 chr6 

2874761
8 

2874794
1 324 11,33599014 8,661704304 2,64420388 4,92E-34 

Homo_sapiens_tRNA-Ser-
AGA-1-1 chr6 

2754164
9 

2754198
1 333 9,877519804 6,891973383 2,948302572 5,13E-34 

Homo_sapiens_tRNA-Phe-
GAA-5-1 chr6 

2876426
1 

2876458
8 328 8,765488316 4,791936707 3,890137304 1,33E-32 
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Homo_sapiens_tRNA-Gly-
CCC-5-1 chr1 

1672715
9 

1672748
0 322 10,19707335 7,32532135 2,834958265 4,20E-32 

Homo_sapiens_tRNA-Cys-
GCA-13-1 chr7 

1493555
49 

1493558
71 323 10,69087464 5,261496597 5,209809105 8,61E-32 

Homo_sapiens_tRNA-Ser-TGA-
4-1 chr6 

2750570
2 

2750603
4 333 11,62494725 9,141830711 2,45239303 1,33E-30 

Homo_sapiens_tRNA-Glu-TTC-
6-1 chr1 

1483087
96 

1483091
18 323 10,95827429 8,747836637 2,182141676 2,05E-30 

Homo_sapiens_tRNA-Thr-
CGT-5-1 chr6 

2761823
0 

2761855
4 325 11,19228625 9,064170525 2,09937976 1,59E-29 

Homo_sapiens_tRNA-Glu-TTC-
14-1 

KI270713
.1 31510 31831 322 9,821791222 7,016753282 2,766505367 2,84E-29 

Homo_sapiens_tRNA-Arg-
TCT-5-1 chr6 

2756205
8 

2756239
5 338 8,537897192 4,955458398 3,510464429 2,29E-28 

Homo_sapiens_tRNA-Ile-AAT-
5-3 chr6 

2723744
5 

2723776
9 325 11,46631593 9,467884233 1,968943517 4,33E-28 

Homo_sapiens_tRNA-Leu-
TAA-2-1 chr6 

2772099
3 

2772132
6 334 10,68033116 8,52787807 2,121887111 4,89E-28 

Homo_sapiens_tRNA-Val-
TAC-3-1 chr10 5853585 5853908 324 10,07312871 7,510524127 2,527346466 1,27E-27 
Homo_sapiens_tRNA-Arg-
CCG-1-1 chr6 

2874282
6 

2874314
9 324 10,76551409 8,584686269 2,148301952 1,30E-26 

Homo_sapiens_tRNA-Ile-AAT-
12-1 chr6 

5780008
5 

5780040
9 325 11,31151842 8,819780499 2,45532289 2,39E-26 

Homo_sapiens_tRNA-Phe-
GAA-1-1 chr6 

2879059
6 

2879091
9 324 10,59970043 8,533655808 2,033399359 5,74E-26 

Homo_sapiens_tRNA-Ile-TAT-
3-1 chr6 

2853746
4 

2853780
8 345 11,35411352 7,884548113 3,393855356 5,19E-25 

Homo_sapiens_tRNA-His-
GTG-1-5 chr6 

2715800
1 

2715832
3 323 10,24232297 8,235744549 1,971397851 5,90E-24 

Homo_sapiens_tRNA-Ser-
AGA-2-4 chr6 

2750291
3 

2750324
5 333 11,06886145 9,31648121 1,718771917 9,76E-23 

Homo_sapiens_tRNA-Asn-
GTT-5-1 chr1 

1652045
9 

1652078
3 325 9,473140649 7,052378754 2,377374281 3,83E-22 

Homo_sapiens_tRNA-Ala-
AGC-16-1 chr6 

5787021
9 

5787054
2 324 8,263044186 4,60230973 3,559486118 8,48E-22 

Homo_sapiens_tRNA-Pro-
TGG-3-4 chr16 3184007 3184329 323 10,39043164 8,646887056 1,708529107 9,94E-22 
Homo_sapiens_tRNA-Ala-
CGC-5-1 chr6 

2869580
6 

2869612
8 323 8,442136781 4,992128453 3,365860909 1,59E-21 

Homo_sapiens_tRNA-Val-
CAC-11-2 chr1 

1686007
2 

1686039
5 324 9,608102898 7,483741598 2,082634641 6,38E-21 

Homo_sapiens_tRNA-Arg-
TCG-4-1 chr6 

2629955
1 

2629987
4 324 10,13591864 8,238659565 1,856022836 4,54E-20 

Homo_sapiens_tRNA-iMet-
CAT-2-1 chr6 

2777775
9 

2777808
1 323 10,32036877 6,65126917 3,555729866 1,03E-19 

Homo_sapiens_tRNA-Cys-
GCA-11-1 chr7 

1494150
12 

1494153
34 323 9,295579556 6,805664377 2,438687401 1,59E-19 

Homo_sapiens_tRNA-Ala-
AGC-6-1 chr6 

2881194
6 

2881226
8 323 10,61066504 8,91632596 1,655852125 1,74E-19 

Homo_sapiens_tRNA-Ser-GCT-
1-1 chr6 

2709718
0 

2709751
2 333 10,49500167 8,788338342 1,666999914 4,83E-19 

Homo_sapiens_tRNA-Ser-
CGA-3-1 chr6 

2767232
4 

2767265
6 333 11,59264317 9,607851271 1,939558203 6,13E-19 

Homo_sapiens_tRNA-Lys-CTT-
14-1 chr16 3196027 3196350 324 8,730441903 6,230600733 2,447521345 7,89E-19 
Homo_sapiens_tRNA-Ser-GCT-
2-1 chr6 

2729787
0 

2729820
2 333 11,53640612 9,982690776 1,517062395 1,98E-18 

Homo_sapiens_tRNA-Ile-TAT-
1-1 chr19 

3941204
2 

3941238
5 344 9,014914203 10,59424234 -1,538285777 8,03E-18 

Homo_sapiens_tRNA-Lys-CTT-
4-1 chr16 3191375 3191698 324 10,41658736 8,833575897 1,543267278 1,29E-17 
Homo_sapiens_tRNA-Ala-
AGC-8-2 chr8 

6611420
1 

6611438
6 186 9,339609439 10,8378043 -1,460332684 3,26E-17 

Homo_sapiens_tRNA-Asn-
GTT-10-1 chr1 

1451291
13 

1451294
37 325 9,015205905 5,311935479 3,567989647 3,46E-17 

Homo_sapiens_tRNA-Gly-
CCC-1-1 chr1 

1654581
3 

1654613
4 322 11,33589704 9,505832144 1,779895319 2,43E-16 

Homo_sapiens_tRNA-Pro-
AGG-1-1 chr16 3191863 3192185 323 9,86734284 8,21517284 1,606480039 5,15E-16 
Homo_sapiens_tRNA-Val-
CAC-1-4 chr5 

1811735
24 

1811738
47 324 10,62205708 8,938525347 1,635987824 7,39E-16 

Homo_sapiens_tRNA-Cys-
GCA-9-3 chr7 

1496355
61 

1496358
83 323 10,18668869 6,971571402 3,109265144 3,58E-15 

Homo_sapiens_tRNA-Leu-
AAG-3-1 chr6 

2898887
6 

2898920
8 333 9,84012252 8,024899944 1,76130603 3,95E-15 

Homo_sapiens_tRNA-Gly-
CCC-3-1 chr17 

1986073
6 

1986105
7 322 7,370061767 4,015618704 3,225882489 4,08E-14 

Homo_sapiens_tRNA-Glu-TTC-
3-1 chr1 

1687245
7 

1687277
9 323 11,46120211 9,618788831 1,782874907 4,54E-14 

Homo_sapiens_tRNA-Phe-
GAA-4-1 chr6 

2882319
0 

2882351
4 325 7,427670251 3,894091698 3,385779587 5,88E-14 
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Homo_sapiens_tRNA-Ser-
CGA-2-1 chr6 

2720972
3 

2721005
5 333 7,853538898 5,387444525 2,392884628 5,97E-14 

Homo_sapiens_tRNA-Leu-
TAA-4-1 chr6 

2723042
9 

2723076
2 334 11,74568185 10,21886661 1,47647443 2,32E-13 

Homo_sapiens_tRNA-Gln-
CTG-4-1 chr1 

1482649
82 

1482653
04 323 10,06074333 8,35594906 1,645723649 2,65E-13 

Homo_sapiens_tRNA-Ser-TGA-
2-1 chr6 

2754556
3 

2754589
5 333 11,42773114 9,973364241 1,406918796 3,33E-13 

Homo_sapiens_tRNA-Ile-TAT-
2-1 chr2 

4281041
0 

4281075
3 344 10,52927028 11,93091037 -1,35701245 3,63E-13 

Homo_sapiens_tRNA-Tyr-
GTA-7-1 chr14 

2065983
2 

2066017
6 345 7,227547731 3,824825538 3,257624275 6,02E-13 

Homo_sapiens_tRNA-Gln-
TTG-3-1 chr6 

2631107
0 

2631139
2 323 9,70481235 8,187560117 1,465328503 8,81E-13 

Homo_sapiens_tRNA-Val-
CAC-7-1 chr6 

2772842
2 

2772874
5 324 7,112167985 3,827783662 3,145663784 2,10E-12 

Homo_sapiens_tRNA-Cys-
GCA-9-1 chr3 

1322316
72 

1322319
94 323 8,977846057 11,66644146 -2,593721821 2,27E-12 

Homo_sapiens_tRNA-Gly-
GCC-2-4 chr16 

7077891
3 

7077923
4 322 9,140263626 10,74689685 -1,546678286 2,32E-12 

Homo_sapiens_tRNA-Cys-
GCA-17-1 chr7 

1496910
55 

1496913
77 323 10,74447054 9,160838813 1,524865657 3,43E-12 

Homo_sapiens_tRNA-Asn-
GTT-6-1 chr1 

1437357
94 

1437361
18 325 7,937588783 6,145865012 1,721354578 6,17E-12 

Homo_sapiens_tRNA-Val-
CAC-6-1 chr6 

2720596
2 

2720628
5 324 8,165237853 6,062133906 2,0192906 2,46E-11 

Homo_sapiens_tRNA-Cys-
GCA-9-2 chr7 

1493310
03 

1493313
25 323 8,765938122 6,773290034 1,91102458 2,75E-11 

Homo_sapiens_tRNA-Cys-
GCA-2-1 chr4 

1235087
24 

1235090
46 323 7,886345464 5,455855056 2,330336016 7,00E-11 

Homo_sapiens_tRNA-Lys-TTT-
8-1 chr1 

2054740
17 

2054743
40 324 7,254705888 4,384936199 2,744812009 9,42E-11 

Homo_sapiens_tRNA-Trp-
CCA-4-1 chr12 

9850412
6 

9850444
8 323 10,6583185 11,92481829 -1,219967369 1,03E-10 

Homo_sapiens_tRNA-Glu-TTC-
4-1 chr1 

1653515
3 

1653547
5 323 11,86403445 10,40056643 1,403199316 1,12E-10 

Homo_sapiens_tRNA-Asn-
GTT-2-6 chr19 1383559 1383761 203 10,41102439 11,53789476 -1,089706368 1,32E-10 
Homo_sapiens_tRNA-Asn-
GTT-4-1 chr1 

1688955
1 

1688987
5 325 10,86473047 9,6974615 1,126737427 2,73E-10 

Homo_sapiens_tRNA-Gln-
CTG-5-1 chr6 

2729530
7 

2729562
9 323 11,0845295 9,896440757 1,144855794 4,41E-10 

Homo_sapiens_tRNA-Cys-
GCA-12-1 chr7 

1496468
29 

1496471
51 323 8,38858823 6,594531416 1,709180918 4,90E-10 

Homo_sapiens_tRNA-Und-
NNN-1-1 chr6 

2674907
3 

2674939
7 325 6,609080097 2,028532444 4,156770266 5,48E-10 

Homo_sapiens_tRNA-Pro-
AGG-2-7 chr16 3182509 3182831 323 11,23556866 10,05252154 1,139967718 5,48E-10 
Homo_sapiens_tRNA-Ile-AAT-
9-1 chr6 

2727383
4 

2727415
8 325 6,633162001 3,341174313 3,112319628 5,99E-10 

Homo_sapiens_tRNA-Leu-
AAG-4-1 chr6 

2847849
7 

2847882
9 333 7,362593829 4,987506431 2,264624942 5,99E-10 

Homo_sapiens_tRNA-Asn-
GTT-14-1 chr1 

1480483
90 

1480487
14 325 10,36115535 9,206085507 1,113856139 6,38E-10 

Homo_sapiens_tRNA-Phe-
GAA-3-1 chr6 

2880770
7 

2880803
0 324 11,26108215 10,19104075 1,034871025 7,91E-10 

Homo_sapiens_tRNA-Ser-
AGA-3-1 chr6 

2753208
2 

2753241
4 333 6,72036836 3,604898641 2,951797151 7,93E-10 

Homo_sapiens_tRNA-Ile-AAT-
3-1 chr6 

2727508
5 

2727540
9 325 8,117290647 6,146753633 1,87580877 1,01E-09 

Homo_sapiens_tRNA-Gly-
GCC-3-1 chr16 

7077808
5 

7077840
6 322 7,065716255 8,920265663 -1,764524705 1,07E-09 

Homo_sapiens_tRNA-Phe-
GAA-11-1 chr6 

2872695
2 

2872727
5 324 7,051391538 4,185255416 2,717222539 1,44E-09 

Homo_sapiens_tRNA-Ala-
TGC-1-1 chr6 

2878964
4 

2878996
6 323 11,11248879 9,914286839 1,151032182 1,89E-09 

Homo_sapiens_tRNA-Cys-
GCA-14-1 chr17 

3886155
8 

3886188
0 323 10,10269242 7,549055909 2,427710439 2,11E-09 

Homo_sapiens_tRNA-Asn-
GTT-2-5 chr17 

3875165
5 

3875197
9 325 10,72310352 11,84914096 -1,083579684 2,82E-09 

Homo_sapiens_tRNA-Cys-
GCA-5-1 chr15 

7974452
9 

7974485
2 324 9,369784295 7,965217484 1,337667205 4,25E-09 

Homo_sapiens_tRNA-SeC-
TCA-1-1 chr19 

4547847
5 

4547881
2 338 9,935590468 10,98815496 -1,014218173 4,33E-09 

Homo_sapiens_tRNA-Gly-
CCC-2-2 chr16 636610 636931 322 11,19517252 12,40038675 -1,155177895 4,35E-09 
Homo_sapiens_tRNA-His-
GTG-1-1 chr1 

1460379
18 

1460382
40 323 10,35935821 11,41806961 -1,019528046 6,90E-09 

Homo_sapiens_tRNA-Arg-
ACG-2-2 chr6 

2721371
8 

2721404
1 324 10,08398454 8,83527299 1,192860021 8,89E-09 

Homo_sapiens_tRNA-Val-
CAC-14-1 chr1 

1451570
31 

1451573
54 324 9,014819471 10,10032009 -1,042869867 1,07E-08 
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Homo_sapiens_tRNA-Asp-
GTC-3-1 chr6 

2758333
1 

2758365
3 323 11,23128633 10,00599791 1,168820127 2,24E-08 

Homo_sapiens_tRNA-Phe-
GAA-1-6 chr19 1383236 1383437 202 9,812551172 10,9527135 -1,090363349 2,68E-08 
Homo_sapiens_tRNA-Cys-
GCA-10-1 chr7 

1493773
84 

1493777
06 323 6,895113617 4,476229087 2,279317921 2,84E-08 

Homo_sapiens_tRNA-Leu-
CAA-3-1 chr6 

2760244
3 

2760280
0 358 11,29753246 8,351019519 2,763436764 2,91E-08 

Homo_sapiens_tRNA-Trp-
CCA-3-2 chr6 

2633131
8 

2633164
0 323 10,77517817 9,601285709 1,120415713 4,34E-08 

Homo_sapiens_tRNA-Asn-
GTT-25-1 chr1 

1495582
93 

1495586
18 326 9,91469095 8,568996847 1,273019407 6,88E-08 

Homo_sapiens_tRNA-His-
GTG-1-2 chr1 

1470730
99 

1470734
21 323 7,835789017 5,860596617 1,849521394 7,37E-08 

Homo_sapiens_tRNA-Thr-
AGT-2-2 chr6 

2768456
9 

2768489
3 325 11,63981075 10,4233369 1,156345261 8,11E-08 

Homo_sapiens_tRNA-Ala-
AGC-15-1 chr14 

8897897
2 

8897929
5 324 10,63791206 9,519196438 1,067281046 1,23E-07 

Homo_sapiens_tRNA-Gln-
TTG-3-2 chr6 

2631162
1 

2631194
3 323 10,92879976 9,944062411 0,946064898 1,33E-07 

Homo_sapiens_tRNA-Ser-
AGA-2-5 chr8 

9526953
1 

9526986
3 333 11,27047261 12,38621383 -1,063564795 1,61E-07 

Homo_sapiens_tRNA-Glu-TTC-
8-1 chr1 

1496926
79 

1496930
02 324 6,817438699 4,184101684 2,457822306 1,61E-07 

Homo_sapiens_tRX-Ile-AAT-3-
1 chr6 

2726080
5 

2726113
0 326 6,883030837 4,60230973 2,126650428 1,94E-07 

Homo_sapiens_tRNA-Ile-TAT-
2-3 chr6 

2763129
5 

2763163
9 345 11,50343328 10,43338363 1,021629222 2,25E-07 

Homo_sapiens_tRNA-Ser-ACT-
1-1 chr6 

2729376
6 

2729409
0 325 11,35807014 10,31197348 1,000031495 2,31E-07 

Homo_sapiens_tRNA-Ser-GCT-
4-1 chr6 

2859721
4 

2859754
6 333 10,99375456 10,03250014 0,92298918 2,99E-07 

Homo_sapiens_tRNA-Ser-
CGA-1-1 chr17 8138755 8139087 333 10,05626691 11,01611749 -0,920289683 3,59E-07 
Homo_sapiens_tRNA-Cys-
GCA-21-1 chr7 

1496646
98 

1496650
20 323 7,930983215 6,108108851 1,694854982 3,59E-07 

Homo_sapiens_tRNA-Val-
CAC-11-1 chr1 

1654753
9 

1654786
2 324 9,240786165 7,871457831 1,284095296 5,01E-07 

Homo_sapiens_tRNA-Asn-
GTT-9-1 chr1 

1454752
55 

1454755
79 325 10,32035276 9,366843541 0,914660761 5,12E-07 

Homo_sapiens_tRNA-Pro-
AGG-2-8 chr16 3189508 3189830 323 11,21614669 10,27623905 0,902042571 5,50E-07 
Homo_sapiens_tRNA-Val-
CAC-9-1 chr6 

2715011
7 

2715044
0 324 6,361750631 3,824825538 2,345862757 6,26E-07 

Homo_sapiens_tRNA-Arg-
ACG-2-3 chr6 

2721504
7 

2721537
0 324 10,55173649 9,695165905 0,826131346 7,83E-07 

Homo_sapiens_tRNA-Glu-TTC-
5-1 chr1 

1616125
92 

1616129
14 323 10,38398817 11,29325644 -0,872378069 9,55E-07 

Homo_sapiens_tRNA-Val-
AAC-1-3 chr5 

1811694
84 

1811698
07 324 10,59823787 9,705989147 0,857740426 1,06E-06 

Homo_sapiens_tRNA-Lys-TTT-
4-1 chr6 

2759168
8 

2759201
1 324 11,40297223 10,42775168 0,930183514 1,71E-06 

Homo_sapiens_tRNA-Tyr-
GTA-3-1 chr6 

2657697
8 

2657731
7 340 9,644187278 8,502055428 1,075686085 2,69E-06 

Homo_sapiens_tRNA-Ala-
TGC-5-1 chr6 

2881710
9 

2881743
1 323 10,74044802 9,841314962 0,860578078 3,18E-06 

Homo_sapiens_tRNA-Arg-
CCT-4-1 chr7 

1393405
74 

1393408
97 324 11,17085713 12,2475483 -1,015374182 4,51E-06 

Homo_sapiens_tRNA-Gln-
CTG-6-1 chr6 

2779123
0 

2779155
2 323 11,4228457 10,5886492 0,800866063 5,47E-06 

Homo_sapiens_tRNA-Val-
TAC-1-2 chrX 

1867478
3 

1867510
6 324 10,2629545 11,32228336 -0,999008015 5,83E-06 

Homo_sapiens_tRNA-Ser-
CGA-4-1 chr12 

5619023
8 

5619057
0 333 10,13137511 11,06799841 -0,890878421 6,10E-06 

Homo_sapiens_tRNA-Arg-
CCT-1-1 chr17 

7503378
0 

7503410
3 324 10,8323539 11,72356875 -0,850846132 6,38E-06 

Homo_sapiens_tRNA-iMet-
CAT-1-2 chr6 

2628640
0 

2628672
2 323 9,356544582 10,40802878 -0,99092753 6,45E-06 

Homo_sapiens_tRNA-Tyr-
GTA-5-1 chr8 

6611324
1 

6611358
4 344 11,07890264 12,14932785 -1,00715762 7,65E-06 

Homo_sapiens_tRNA-Ser-GCT-
3-1 chr11 

6634799
4 

6634832
6 333 10,25981977 11,26364138 -0,946392916 1,42E-05 

Homo_sapiens_tRNA-Ser-TGA-
3-1 chr6 

2631247
0 

2631280
2 333 11,58425353 10,75220191 0,795828697 1,45E-05 

Homo_sapiens_tRNA-Cys-
GCA-8-1 chr14 

7296284
5 

7296316
7 323 9,977397001 8,417342205 1,419812647 1,48E-05 

Homo_sapiens_tRNA-Cys-
GCA-9-4 chr7 

1497075
43 

1497078
65 323 7,883566767 9,139712119 -1,159535136 1,56E-05 

Homo_sapiens_tRNA-Val-
CAC-3-1 chr19 4724509 4724832 324 10,27892425 11,06015262 -0,749358201 1,67E-05 
Homo_sapiens_tRNA-Ala-
AGC-17-1 chr6 

5786104
0 

5786136
3 324 5,435964652 2,233928531 2,822127016 1,72E-05 



Chapter 5 - Supplemental Data 

 189 
 

Homo_sapiens_tRNA-Gln-
CTG-9-1 chr1 

1483534
35 

1483537
57 323 10,99914889 10,03944411 0,907059143 1,83E-05 

Homo_sapiens_tRNA-Glu-TTC-
4-2 chr1 

1614219
67 

1614222
89 323 11,18267114 10,32672823 0,815707928 2,05E-05 

Homo_sapiens_tRNA-Arg-
TCG-6-1 chr9 

1101983
97 

1101987
20 324 5,925304435 3,603173216 2,076433281 2,65E-05 

Homo_sapiens_tRNA-Arg-
ACG-2-4 chr6 

2767043
9 

2767076
2 324 11,30021925 10,39634543 0,855963218 3,11E-05 

Homo_sapiens_tRNA-Val-
AAC-1-2 chr5 

1811640
28 

1811643
51 324 8,283982677 7,095442475 1,098943928 3,11E-05 

Homo_sapiens_tRNA-Pro-
AGG-3-1 chr16 3160259 3160604 346 5,82896848 3,020798079 2,48116559 3,35E-05 
Homo_sapiens_tRNA-Ala-
TGC-2-1 chr6 

2864331
9 

2864364
1 323 10,56491647 9,725617537 0,798768694 3,67E-05 

Homo_sapiens_tRNA-Lys-CTT-
3-1 chr16 3157279 3157602 324 11,27144681 10,35186944 0,868497747 3,84E-05 
Homo_sapiens_tRNA-Phe-
GAA-1-2 chr6 

2898154
6 

2898186
9 324 10,06549944 10,9683843 -0,852042013 5,21E-05 

Homo_sapiens_tRNA-Cys-
GCA-6-1 chr3 

1322289
74 

1322292
96 323 7,531130032 8,805152076 -1,161400393 6,15E-05 

Homo_sapiens_tRNA-Gln-
CTG-1-4 chr15 

6586893
6 

6586925
8 323 11,3582831 12,30375567 -0,887949476 6,15E-05 

Homo_sapiens_tRNA-Leu-
CAA-2-1 chr6 

2760551
2 

2760587
0 359 11,27097963 10,36922008 0,850156642 6,83E-05 

Homo_sapiens_tRNA-Ile-AAT-
8-1 chr6 

2766845
7 

2766878
1 325 11,47107249 10,76700387 0,676702405 7,07E-05 

Homo_sapiens_tRNA-Glu-TTC-
1-1 chr2 

1303370
02 

1303373
24 323 10,8954842 11,79989143 -0,849048159 

0,0001188
86 

Homo_sapiens_tRNA-Gly-
CCC-2-1 chr2 

7024886
5 

7024918
6 322 11,44077384 12,36449528 -0,865386017 

0,0001200
62 

Homo_sapiens_tRNA-Asp-
GTC-2-8 chr12 

9603589
5 

9603621
7 323 11,47272147 12,44378911 -0,905254515 

0,0001216
58 

Homo_sapiens_tRNA-Glu-
CTC-1-7 chr6 

1257801
21 

1257804
43 323 11,47070305 12,3746439 -0,847697581 

0,0001394
09 

Homo_sapiens_tRNA-Pro-
TGG-4-1 chr16 3170834 3171155 322 5,96229001 3,889851953 1,803589396 

0,0001475
54 

Homo_sapiens_tRNA-Lys-CTT-
2-4 chr6 

2655642
0 

2655674
3 324 11,64969125 10,79789794 0,802412759 

0,0001634
72 

Homo_sapiens_tRNA-Ile-AAT-
5-4 chr14 

1023169
66 

1023172
90 325 11,51351531 12,32086766 -0,763912181 

0,0001694
2 

Homo_sapiens_tRNA-Leu-
TAG-3-1 chr16 

2219558
5 

2219591
7 333 10,86380681 11,730913 -0,815024894 

0,0001694
2 

Homo_sapiens_tRNA-Asn-
GTT-11-1 chr1 

1209521
65 

1209524
89 325 6,516163159 4,561198779 1,699986011 

0,0001871
51 

Homo_sapiens_tRNA-Val-
AAC-5-1 chr6 

2723538
3 

2723570
6 324 10,54455343 9,733660521 0,766135361 

0,0002101
56 

Homo_sapiens_tRNA-Glu-
CTC-2-1 chr1 

2488741
22 

2488744
44 323 10,99861657 11,78897568 -0,747589689 

0,0002270
72 

Homo_sapiens_tRNA-Pro-
CGG-1-1 chr1 

1677145
99 

1677149
21 323 11,44178475 12,30903641 -0,813213964 

0,0002329
86 

Homo_sapiens_tRNA-Thr-
AGT-1-3 chr19 

3317693
1 

3317725
5 325 11,68948929 12,48467798 -0,7514992 

0,0002445
86 

Homo_sapiens_tRNA-Ile-AAT-
6-1 chr6 

2675642
6 

2675675
0 325 6,512637396 5,212063086 1,168647026 

0,0002591
2 

Homo_sapiens_tRNA-Glu-TTC-
2-2 chr15 

2608210
8 

2608243
0 323 11,33352746 12,14217247 -0,762050846 

0,0002854
92 

Homo_sapiens_tRNA-Met-
CAT-1-1 chr8 

1231571
04 

1231574
27 324 11,25236453 12,1243839 -0,815815874 

0,0002872
94 

Homo_sapiens_tRNA-Ser-TGA-
1-1 chr10 

6776437
7 

6776470
9 333 11,52514109 12,32722456 -0,75637138 

0,0002915
38 

Homo_sapiens_tRNA-Cys-
GCA-2-3 chr17 

3915360
8 

3915393
0 323 11,33006399 12,12068772 -0,746415813 

0,0002928
93 

Homo_sapiens_tRNA-Ser-GCT-
5-1 chr6 

2821291
1 

2821324
3 333 11,10473372 10,35464056 0,711797595 

0,0002928
93 

Homo_sapiens_tRNA-Thr-
CGT-4-1 chr17 

3154994
8 

3155027
0 323 11,08312912 11,84384668 -0,719737238 

0,0003516
25 

Homo_sapiens_tRNA-Ile-AAT-
5-2 chr6 

2717708
9 

2717741
3 325 10,59530278 11,41514951 -0,770012429 

0,0003648
48 

Homo_sapiens_tRNA-Lys-CTT-
2-3 chr5 

1812218
53 

1812221
76 324 11,56439924 10,7270151 0,784952998 

0,0003663
29 

Homo_sapiens_tRNA-Phe-
GAA-1-5 chr13 

9454952
4 

9454984
7 324 11,1367651 11,87463972 -0,699409099 

0,0003973
06 

Homo_sapiens_tRNA-Lys-TTT-
3-1 chr1 

2045064
01 

2045067
24 324 10,86433659 11,69367235 -0,776167863 

0,0004749
79 

Homo_sapiens_tRNA-Asn-
GTT-2-4 chr13 

3067383
8 

3067416
2 325 11,17367003 11,83929161 -0,635369169 

0,0004902
55 

Homo_sapiens_tRNA-Leu-
TAA-1-1 chr6 

1442164
21 

1442167
54 334 11,22592527 11,99627309 -0,726105305 

0,0004925
54 

Homo_sapiens_tRNA-Leu-
CAA-4-1 chr1 

2488737
29 

2488740
85 357 11,44279206 12,15074757 -0,672236938 

0,0005054
36 

Homo_sapiens_tRNA-Glu-
CTC-3-1 chr13 

4145579
9 

4145612
2 324 6,621026399 5,212063086 1,232280284 

0,0006115
33 
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Homo_sapiens_tRNA-Gly-
CCC-4-1 chr1 

1667814
5 

1667846
6 322 11,23831067 10,44875107 0,740821496 

0,0006514
83 

Homo_sapiens_tRNA-Arg-
CCT-5-1 chr16 3193792 3194115 324 5,724888494 3,892679834 1,552994123 

0,0006537
57 

Homo_sapiens_tRNA-Cys-
GCA-2-4 chr17 

3915436
5 

3915468
7 323 11,59533973 12,43070606 -0,778791391 

0,0006574
09 

Homo_sapiens_tRNA-Gln-
TTG-1-1 chr17 

4919240
2 

4919272
4 323 11,58315019 12,35620148 -0,726187911 

0,0007030
52 

Homo_sapiens_tRNA-Val-
AAC-1-1 chr3 

1697721
04 

1697724
27 324 10,88905479 11,73098753 -0,783376364 

0,0007310
88 

Homo_sapiens_tRNA-Gly-
TCC-1-1 chr19 4723944 4724266 323 11,08817937 11,89871323 -0,756855879 

0,0007656
13 

Homo_sapiens_tRNA-Thr-
CGT-2-1 chr16 

1428576
7 

1428608
9 323 11,13526756 11,73783727 -0,577715486 

0,0008006
61 

Homo_sapiens_tRNA-Phe-
GAA-1-3 chr11 

5955737
1 

5955769
4 324 10,90634776 10,23767336 0,636150774 

0,0008054
29 

Homo_sapiens_tRNA-Arg-
ACG-1-3 chr14 

2292957
5 

2292989
8 324 11,22630002 11,99216983 -0,71889306 

0,0008194
2 

Homo_sapiens_tRNA-Glu-TTC-
2-1 chr13 

4491780
1 

4491812
3 323 11,59017722 12,35079832 -0,714337251 

0,0008386
76 

Homo_sapiens_tRNA-Pro-
TGG-2-1 chr11 

7623570
9 

7623602
1 313 10,98466191 11,79228084 -0,753620815 

0,0008500
22 

Homo_sapiens_tRX-Glu-TTC-
2-1 chr1 

1210008
62 

1210011
85 324 5,735035922 3,887018519 1,550743028 

0,0008500
22 

Homo_sapiens_tRNA-Pro-
AGG-2-4 chr11 

7623538
7 

7623569
9 313 10,70612688 11,541757 -0,776336166 

0,0008867
15 

Homo_sapiens_tRNA-Arg-
TCT-3-2 chr11 

5955118
4 

5955150
4 321 9,26264572 8,502629628 0,713087354 

0,0010114
94 

Homo_sapiens_tRX-Tyr-GTA-
1-1 chr14 

2066904
8 

2066938
4 337 5,804137073 4,013022026 1,50150877 

0,0010117
86 

Homo_sapiens_tRNA-Val-
CAC-1-8 chr1 

1210206
03 

1210209
26 324 10,0697121 10,71435336 -0,613350572 

0,0010382
76 

Homo_sapiens_tRNA-Arg-
TCG-1-1 chr15 

8933494
7 

8933527
0 324 11,44097634 12,22039783 -0,728325468 

0,0010603
27 

Homo_sapiens_tRNA-Ala-
CGC-3-1 chr2 

1564006
43 

1564009
65 323 10,56232298 11,33944954 -0,725873272 

0,0011441
35 

Homo_sapiens_tRNA-Lys-TTT-
3-5 chr17 8119029 8119352 324 11,29747744 12,04141119 -0,69799849 

0,0011450
46 

Homo_sapiens_tRNA-Arg-
CCG-2-1 chr17 

6801977
1 

6802009
4 324 11,30601443 11,91588622 -0,58247158 

0,0012121
03 

Homo_sapiens_tRNA-Leu-
TAG-2-1 chr14 

2062524
4 

2062557
6 333 11,82810828 11,06708096 0,711692384 

0,0012722
62 

Homo_sapiens_tRNA-Trp-
CCA-2-1 chr17 

1950805
5 

1950837
7 323 11,48694706 12,24690594 -0,710598225 

0,0012756
09 

Homo_sapiens_tRNA-Asn-
GTT-2-1 chr1 

1485291
31 

1485294
55 325 11,22067244 10,51369266 0,66595234 

0,0013185
54 

Homo_sapiens_tRNA-Asn-
GTT-2-3 chr10 

2222938
3 

2222970
7 325 11,54482658 12,27257242 -0,683118899 

0,0013526
24 

Homo_sapiens_tRNA-Asn-
GTT-13-1 chr1 

1687533
7 

1687566
1 325 5,257614961 3,341174313 1,573381455 

0,0015246
46 

Homo_sapiens_tRNA-Gln-
CTG-1-5 chr17 8119626 8119948 323 11,22725853 11,85379461 -0,59491833 

0,0018018
99 

Homo_sapiens_tRNA-Ala-
TGC-9-1 chr6 

2863395
6 

2863427
9 324 5,07612512 3,341174313 1,427255961 

0,0018818
24 

Homo_sapiens_tRNA-Gly-
GCC-2-2 chr2 

1564010
21 

1564013
42 322 11,38974595 12,15770982 -0,713900571 

0,0019184
53 

Homo_sapiens_tRNA-Leu-
CAG-1-7 chr6 

2652108
2 

2652141
5 334 10,53670561 11,28593484 -0,698023587 

0,0019499
21 

Homo_sapiens_tRNA-Glu-TTC-
9-1 chr2 

2033642
80 

2033646
03 324 5,312856569 3,435189172 1,531793752 

0,0019808
77 

Homo_sapiens_tRNA-Gly-
GCC-4-1 chr1 

1614804
40 

1614807
61 322 5,634558926 3,818891032 1,482888784 

0,0020764
44 

Homo_sapiens_tRNA-Met-
CAT-6-1 chr16 

8738389
6 

8738421
9 324 11,50652176 12,10982434 -0,574195976 

0,0020799
24 

Homo_sapiens_tRNA-Leu-
CAG-2-2 chr16 

5730035
4 

5730068
7 334 11,60718904 12,400813 -0,733801932 

0,0020968
86 

Homo_sapiens_tRNA-Ala-
AGC-2-2 chr6 

2886355
9 

2886388
1 323 11,30835566 11,98226444 -0,634520984 

0,0021129
04 

Homo_sapiens_tRNA-Asn-
GTT-2-2 chr1 

1614279
51 

1614282
75 325 11,4654014 10,82921888 0,602163284 

0,0022647
91 

Homo_sapiens_tRNA-Met-
CAT-2-1 chr16 

7142636
7 

7142669
0 324 11,34274382 10,63623934 0,661225099 

0,0023913
16 

Homo_sapiens_tRNA-Ile-AAT-
4-1 chr17 8226865 8227189 325 10,68555561 11,41358603 -0,678707043 

0,0023930
57 

Homo_sapiens_tRNA-Gln-
CTG-2-1 chr6 

2754762
6 

2754794
8 323 10,61226895 9,995427425 0,585191699 

0,0024189
77 

Homo_sapiens_tRNA-Asp-
GTC-2-9 chr12 

1249272
19 

1249275
41 323 9,984128314 10,6391832 -0,61715163 

0,0024407
19 

Homo_sapiens_tRNA-His-
GTG-1-7 chr15 

4519848
0 

4519880
2 323 11,58796416 12,28016414 -0,648837648 

0,0024415
01 

Homo_sapiens_tRNA-Gly-
GCC-2-1 chr1 

1615237
21 

1615240
42 322 11,45051472 12,17308968 -0,674049096 

0,0024452
68 
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Homo_sapiens_tRNA-Ser-GCT-
4-2 chr15 

4059369
9 

4059403
1 333 11,35849603 12,12388172 -0,709045036 

0,0024461
1 

Homo_sapiens_tRNA-Cys-
GCA-18-1 chr7 

1493756
33 

1493759
55 323 5,728663643 4,013022026 1,395527731 

0,0026409
25 

Homo_sapiens_tRNA-Thr-TGT-
6-1 chr5 

1811915
61 

1811918
83 323 11,53171582 12,1958429 -0,624544131 

0,0026618
44 

Homo_sapiens_tRNA-Asp-
GTC-1-1 chr12 

9850337
7 

9850369
9 323 11,60515253 12,36537369 -0,70317108 

0,0029342
06 

Homo_sapiens_tRNA-Pro-
CGG-2-1 chr6 

2709161
6 

2709193
8 323 11,45473207 10,77892542 0,63342331 

0,0031014
07 

Homo_sapiens_tRNA-iMet-
CAT-1-1 chr1 

1536711
24 

1536714
46 323 11,54398924 12,29141922 -0,690289843 

0,0037445
93 

Homo_sapiens_tRNA-Gly-
TCC-2-1 chr1 

1460369
35 

1460372
57 323 11,35811992 12,05942039 -0,652701315 

0,0037672
19 

Homo_sapiens_tRNA-Val-
CAC-1-1 chr1 

1613995
74 

1613998
97 324 11,64885037 12,28283635 -0,596576973 

0,0038302
06 

Homo_sapiens_tRNA-Lys-CTT-
1-1 chr14 

5823976
9 

5824009
2 324 11,37446992 12,08854999 -0,662654728 

0,0039955
49 

Homo_sapiens_tRNA-Arg-
ACG-2-1 chr3 

4568887
3 

4568919
6 324 11,68273225 12,39473451 -0,660775755 

0,0040586
97 

Homo_sapiens_tRNA-Arg-
TCG-3-1 chr17 

7503498
7 

7503531
0 324 11,49970136 12,0895887 -0,558659296 

0,0040740
74 

Homo_sapiens_tRNA-Arg-
ACG-1-1 chr6 

2632801
4 

2632833
7 324 11,48520609 10,83969106 0,605878959 

0,0041172
1 

Homo_sapiens_tRNA-Leu-
CAG-1-6 chr1 

1615302
16 

1615305
49 334 10,93776355 11,5022847 -0,536549254 

0,0042145
07 

Homo_sapiens_tRNA-Pro-
AGG-2-2 chr6 

2655514
4 

2655546
6 323 10,90605226 10,28094269 0,588402579 

0,0043147
11 

Homo_sapiens_tRNA-Leu-
CAA-1-1 chr6 

2889609
7 

2889645
3 357 11,45995859 12,11455947 -0,612439789 

0,0045069
74 

Homo_sapiens_tRNA-Thr-
AGT-5-1 chr17 8139326 8139650 325 11,02617414 10,42696171 0,565582578 

0,0049086
19 

Homo_sapiens_tRNA-Glu-
CTC-1-6 chr6 

2898207
3 

2898239
5 323 11,741416 12,4681512 -0,670382743 

0,0049906
09 

Homo_sapiens_tRNA-Val-
AAC-1-5 chr6 

2775327
4 

2775359
7 324 11,01997068 11,70714765 -0,637934845 

0,0052106
09 

Homo_sapiens_tRNA-Asn-
GTT-3-1 chr1 

1444191
41 

1444194
65 325 10,90296156 10,2631404 0,599222634 

0,0052179
6 

Homo_sapiens_tRNA-Cys-
GCA-4-1 chr17 

3886916
6 

3886948
8 323 10,71027783 11,29802357 -0,554919445 

0,0052267
82 

Homo_sapiens_tRNA-Gly-
GCC-2-3 chr6 

2790278
2 

2790310
3 322 11,52341788 12,20953716 -0,636197697 

0,0056808
9 

Homo_sapiens_tRNA-Pro-
AGG-2-1 chr1 

1677153
62 

1677156
84 323 11,36053174 12,01071973 -0,60633721 

0,0059557
17 

Homo_sapiens_tRNA-Phe-
GAA-1-4 chr12 

1249277
17 

1249280
40 324 10,70859648 11,31024896 -0,565450732 

0,0062423
97 

Homo_sapiens_tRNA-Thr-
CGT-1-1 chr6 

2848886
7 

2848919
1 325 10,85341767 10,32687525 0,501699934 

0,0064633
53 

Homo_sapiens_tRNA-Lys-CTT-
2-1 chr1 

1460392
75 

1460395
98 324 10,98294741 11,60073085 -0,578703665 

0,0065036
27 

Homo_sapiens_tRNA-Ala-
AGC-4-1 chr6 

2865811
1 

2865843
3 323 10,98135196 11,61157584 -0,588669162 

0,0067218
83 

Homo_sapiens_tRNA-Gln-
CTG-1-1 chr6 

1883604
5 

1883636
7 323 5,134670404 3,435189172 1,323756138 

0,0067611
51 

Homo_sapiens_tRNA-Gln-
TTG-2-1 chr6 

2858925
3 

2858957
5 323 11,39185801 10,88071759 0,48722583 

0,0071423
63 

Homo_sapiens_tRX-Phe-GAA-
2-1 chr1 

1210094
18 

1210097
48 331 6,650283164 5,560309793 0,932910467 

0,0072794
87 

Homo_sapiens_tRNA-Glu-TTC-
12-1 chr1 

1721882
72 

1721885
98 327 4,743666219 2,752065336 1,488805141 

0,0078118
15 

Homo_sapiens_tRNA-Lys-TTT-
3-2 chr1 

2045069
04 

2045072
27 324 11,68719223 12,32410628 -0,592442972 

0,0081407
6 

Homo_sapiens_tRNA-His-
GTG-1-8 chr15 

4520028
7 

4520060
9 323 11,59384096 12,13370951 -0,510425246 

0,0092460
21 

Homo_sapiens_tRNA-Val-
CAC-2-1 chr6 

2728014
4 

2728046
7 324 11,56186555 11,01931922 0,512798941 

0,0092720
54 

Homo_sapiens_tRNA-Arg-
TCT-1-1 chr1 

9384744
7 

9384778
2 336 10,86694746 11,5132251 -0,597843381 

0,0100363
24 

Homo_sapiens_tRNA-Ala-
AGC-23-1 chr6 

2877864
1 

2877896
3 323 6,299243202 5,074616163 1,004725186 

0,0100363
24 

Homo_sapiens_tRNA-Ala-
AGC-1-1 chr6 

2879583
8 

2879616
0 323 11,54296807 10,9726978 0,535565298 

0,0100693
25 

Homo_sapiens_tRNA-Gln-
TTG-3-3 chr6 

2779573
5 

2779605
7 323 10,73648599 11,23929194 -0,476682532 

0,0125381
29 

Homo_sapiens_tRNA-Thr-
AGT-6-1 chr6 

2716214
5 

2716246
9 325 10,2390924 9,643694649 0,554392329 

0,0126794
71 

Homo_sapiens_tRNA-Glu-
CTC-1-1 chr1 

1460355
66 

1460358
88 323 11,85630917 12,51809709 -0,607108252 

0,0129700
96 

Homo_sapiens_tRNA-Asn-
GTT-11-2 chr1 

1496463
25 

1496466
49 325 7,122687381 6,132492199 0,838966454 

0,0144207
26 

Homo_sapiens_tRNA-Lys-CTT-
1-2 chr15 

7886043
6 

7886075
9 324 11,17969288 11,76895451 -0,546973153 

0,0156650
77 
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Homo_sapiens_tRNA-Met-
CAT-3-1 chr6 

2894444
9 

2894477
2 324 11,41753942 11,88542552 -0,444421785 

0,0177786
71 

Homo_sapiens_tRNA-Arg-
TCG-2-1 chr6 

2632269
2 

2632301
5 324 10,80317611 10,30279802 0,47247952 

0,0179600
52 

Homo_sapiens_tRNA-Val-
CAC-1-7 chr1 

1497124
26 

1497127
49 324 10,17522705 10,69698226 -0,48999773 

0,0179600
52 

Homo_sapiens_tRNA-Leu-
AAG-2-4 chr16 

2229701
4 

2229734
6 333 11,9258603 12,59077259 -0,604510913 

0,0183989
81 

Homo_sapiens_tRNA-Asn-
GTT-24-1 chr1 

1463699
75 

1463702
99 325 10,71305381 10,16133218 0,514742287 

0,0185555
79 

Homo_sapiens_tRNA-Asn-
GTT-2-7 chr1 

1452876
40 

1452879
64 325 11,38241783 10,86069561 0,489884926 

0,0186432
72 

Homo_sapiens_tRNA-iMet-
CAT-1-5 chr6 

2733285
9 

2733318
1 323 11,38205713 10,92775756 0,432549222 

0,0188110
58 

Homo_sapiens_tRX-Lys-CTT-
1-1 chr16 2927535 2927858 324 5,268453056 3,820376948 1,100984951 

0,0188110
58 

Homo_sapiens_tRNA-Ala-
AGC-2-1 chr6 

2883831
8 

2883864
0 323 11,3133971 11,83066149 -0,485133155 

0,0202285
81 

Homo_sapiens_tRNA-Ser-
AGA-2-3 chr6 

2749568
8 

2749602
0 333 11,35895271 10,93814044 0,402321186 

0,0220642
64 

Homo_sapiens_tRNA-Thr-
AGT-2-1 chr6 

2653279
1 

2653311
5 325 11,63840873 12,16041618 -0,488133726 

0,0226715
61 

Homo_sapiens_tRNA-Arg-
CCG-1-3 chr16 3150548 3150871 324 11,39581711 11,93693816 -0,503788085 

0,0227557
92 

Homo_sapiens_tRNA-Ala-
TGC-4-1 chr12 

1249398
43 

1249401
62 320 10,79409828 11,31066201 -0,48311787 

0,0233560
31 

Homo_sapiens_tRNA-Ala-
AGC-11-1 chr6 

2657173
8 

2657206
1 324 11,35971841 10,89680394 0,437926553 

0,0252129
23 

Homo_sapiens_tRNA-iMet-
CAT-1-7 chr6 

2790236
7 

2790268
9 323 10,86672903 11,38572111 -0,483799857 

0,0267027
03 

Homo_sapiens_tRNA-Cys-
GCA-23-1 chr7 

1495950
88 

1495954
10 323 5,524519028 4,287473748 0,951729467 

0,0272220
45 

Homo_sapiens_tRNA-Phe-
GAA-8-1 chr6 

7895816
7 

7895849
0 324 3,541788444 4,928205591 -1,040784627 

0,0290109
79 

Homo_sapiens_tRNA-Gly-
TCC-2-6 chr1 

1615309
87 

1615313
09 323 11,32333018 11,75980852 -0,413570559 

0,0308081
38 

Homo_sapiens_tRNA-Lys-TTT-
3-4 chr11 

5956020
9 

5956053
2 324 11,63005012 12,18618798 -0,51153372 

0,0321921
87 

Homo_sapiens_tRNA-Ala-
AGC-8-1 chr2 

2705108
8 

2705141
1 324 11,58601317 12,12319232 -0,496334521 

0,0325528
93 

Homo_sapiens_tRNA-Leu-
AAG-2-2 chr6 

2894349
6 

2894382
8 333 10,54679443 10,16237473 0,367198669 

0,0399851
84 

Homo_sapiens_tRNA-Gly-
CCC-6-1 chr1 

1210167
19 

1210170
40 322 10,96977989 10,52442614 0,419217516 

0,0401875
75 

Homo_sapiens_tRNA-Cys-
GCA-2-2 chr17 

3886751
9 

3886784
1 323 11,06596011 11,50490278 -0,41313086 

0,0416292
02 

Homo_sapiens_tRNA-Ser-GCT-
6-1 chr6 

2630536
4 

2630569
8 335 10,1134541 9,709470968 0,382914253 

0,0482325
68 

Homo_sapiens_tRNA-Val-
AAC-2-1 chr5 

1811882
90 

1811886
13 324 10,89411698 11,34243852 -0,41966675 0,0484778 

Homo_sapiens_tRNA-Pro-
TGG-3-1 chr5 

1811887
28 

1811890
50 323 11,41399102 11,88948994 -0,441841107 

0,0485680
19 

Homo_sapiens_tRNA-Gly-
TCC-3-1 chr17 8221422 8221744 323 11,22330981 11,68930887 -0,433982697 

0,0490174
51 

Homo_sapiens_tRNA-Cys-
GCA-7-1 chr1 

9351615
1 

9351647
4 324 7,002812123 6,130397275 0,712144541 

0,0538322
76 

Homo_sapiens_tRNA-Thr-
AGT-1-1 chr17 8187072 8187358 287 10,84484225 10,40054974 0,415513561 

0,0538322
76 

Homo_sapiens_tRNA-Cys-
GCA-20-1 chr7 

1495978
29 

1495981
51 323 3,938936676 5,106587274 -0,854510528 

0,0551256
63 

Homo_sapiens_tRNA-Thr-
CGT-3-1 chr6 

2864808
1 

2864840
5 325 10,85607255 11,23250976 -0,357284145 

0,0588814
91 

Homo_sapiens_tRNA-Lys-CTT-
2-2 chr5 

1812076
29 

1812079
52 324 11,43834995 11,02360196 0,389826842 

0,0593901
55 

Homo_sapiens_tRNA-Lys-TTT-
14-1 chr14 

7358869
9 

7358902
8 330 3,123243608 4,475286152 -0,937050043 

0,0628306
88 

Homo_sapiens_tRNA-Gly-
GCC-2-6 chr17 8125620 8125941 322 11,50659893 11,89133839 -0,363792255 

0,0635582
26 

Homo_sapiens_tRNA-Ile-AAT-
2-1 chr6 

2768806
2 

2768838
6 325 11,75854303 11,33195295 0,398774556 

0,0641630
91 

Homo_sapiens_tRNA-Arg-
CCT-2-1 chr17 

7503430
5 

7503462
8 324 11,3226007 11,70816917 -0,363933082 

0,0678873
36 

Homo_sapiens_tRNA-Asn-
GTT-8-1 chr1 

1497401
22 

1497404
46 325 9,063857344 8,6273155 0,40607454 

0,0700529
77 

Homo_sapiens_tRNA-Ala-
TGC-3-1 chr5 

1812067
42 

1812070
64 323 11,78889452 12,24852575 -0,424012017 

0,0707185
75 

Homo_sapiens_tRNA-Asn-
GTT-20-1 chr1 

1460490
72 

1460493
98 327 4,249165002 2,894091698 0,923049796 

0,0709819
96 

Homo_sapiens_tRNA-Phe-
GAA-2-1 chr11 

5956625
4 

5956657
7 324 11,71416544 11,2936982 0,392505697 

0,0709819
96 

Homo_sapiens_tRNA-Val-
CAC-4-1 chr1 

1438038
68 

1438041
91 324 8,44390711 8,851460715 -0,379698245 

0,0737248
81 
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Homo_sapiens_tRNA-Arg-
ACG-1-2 chr6 

2653737
2 

2653769
5 324 11,94519832 11,56109515 0,361387389 

0,0781958
74 

Homo_sapiens_tRNA-Asp-
GTC-2-7 chr6 

2750361
8 

2750394
0 323 9,978780476 10,3162496 -0,321246546 

0,0808312
78 

Homo_sapiens_tRX-Cys-GCA-
4-1 chr7 

1496280
27 

1496283
60 334 3,524519028 4,643121468 -0,798421763 

0,0911319
12 

Homo_sapiens_tRNA-Cys-
GCA-1-1 chr7 

1493100
64 

1493103
86 323 6,95089119 7,565073291 -0,529704029 

0,0937415
08 

Homo_sapiens_tRNA-Trp-
CCA-3-3 chr17 8186232 8186554 323 10,39983332 10,72630936 -0,310417277 

0,0958399
54 

Homo_sapiens_tRNA-Pro-
CGG-1-3 chr17 8222707 8223029 323 11,22019199 11,54792595 -0,311261049 

0,0981460
41 

Homo_sapiens_tRNA-Tyr-
GTA-5-5 chr14 

2068314
7 

2068348
6 340 11,65839295 11,28674063 0,348590166 

0,0982376
55 

Homo_sapiens_tRNA-Lys-TTT-
3-3 chr6 

2895090
3 

2895122
6 324 11,49607566 11,10229328 0,366586174 

0,0989902
01 

Homo_sapiens_tRNA-Tyr-
GTA-1-1 chr6 

2656873
2 

2656907
3 342 11,23896076 11,56394836 -0,307490531 

0,1157707
13 

Homo_sapiens_tRNA-His-
GTG-1-9 chr15 

4520102
5 

4520134
7 323 10,87443043 11,18546535 -0,295179465 

0,1174757
72 

Homo_sapiens_tRNA-Leu-
AAG-7-1 chr5 

1811644
35 

1811647
70 336 4,910050822 3,889851953 0,722368367 

0,1220240
09 

Homo_sapiens_tRNA-Asn-
GTT-1-1 chr1 

1615401
15 

1615404
39 325 11,30501984 11,58852028 -0,271104013 

0,1236182
94 

Homo_sapiens_tRNA-Lys-CTT-
7-1 chr1 

5495774
3 

5495806
6 324 5,11749609 4,133687933 0,692285687 

0,1350551
45 

Homo_sapiens_tRNA-Met-
CAT-4-2 chr6 

2674313
7 

2674346
0 324 8,802657643 8,471635384 0,311422376 

0,1409866
52 

Homo_sapiens_tRNA-Tyr-
GTA-5-2 chr8 

6611386
2 

6611406
3 202 8,481149765 8,856396365 -0,346050041 

0,1412052
68 

Homo_sapiens_tRNA-Trp-
CCA-1-1 chr17 8220743 8221065 323 11,26021573 11,56245283 -0,286236085 

0,1426376
52 

Homo_sapiens_tRNA-Ala-
AGC-3-1 chr6 

2860703
0 

2860735
2 323 10,91361688 10,62689099 0,273001462 

0,1460076
82 

Homo_sapiens_tRX-Val-CAC-
4-1 chr1 

1497085
34 

1497088
55 322 10,49016466 10,8422155 -0,327139841 

0,1461474
22 

Homo_sapiens_tRNA-Asp-
GTC-2-11 chr17 8222112 8222434 323 11,66296012 12,04261791 -0,348733187 

0,1492045
95 

Homo_sapiens_tRNA-iMet-
CAT-1-6 chr6 

2759269
5 

2759301
7 323 11,52979622 11,20217738 0,3066923 

0,1540147
07 

Homo_sapiens_tRNA-Pro-
TGG-3-2 chr14 

2068389
0 

2068421
2 323 11,49535649 11,80465951 -0,29064724 

0,1630092
53 

Homo_sapiens_tRNA-Leu-
CAA-1-2 chr6 

2894092
7 

2894128
2 356 11,39587927 11,71359283 -0,297476745 

0,1642509
54 

Homo_sapiens_tRNA-Ser-
AGA-2-2 chr6 

2747868
6 

2747901
8 333 11,59124344 11,28703389 0,286393888 

0,1650527
69 

Homo_sapiens_tRNA-Asp-
GTC-2-10 chr12 

1249395
21 

1249398
40 320 11,24620992 11,57694478 -0,307107325 

0,1764997
75 

Homo_sapiens_tRNA-Ile-AAT-
5-5 chr17 8187467 8187791 325 11,41556167 11,75472526 -0,313827028 

0,1764997
75 

Homo_sapiens_tRNA-Gly-
CCC-7-1 chr2 

1155158
1 

1155189
2 312 5,010806691 4,131295472 0,615275317 

0,1766343
66 

Homo_sapiens_tRNA-iMet-
CAT-1-8 chr17 

8249459
5 

8249491
7 323 11,98070698 12,32094179 -0,313902714 

0,1841832
11 

Homo_sapiens_tRNA-Asn-
GTT-21-1 chr1 

1483787
90 

1483791
14 325 4,216396733 3,236156833 0,639740665 

0,1899768
14 

Homo_sapiens_tRNA-Cys-
GCA-22-1 chr7 

1495565
85 

1495569
05 321 3,809894083 4,677080947 -0,605594536 

0,1926130
2 

Homo_sapiens_tRNA-Ser-
AGA-2-6 chr17 8226484 8226816 333 10,44306022 10,75992906 -0,293613581 

0,2032562
72 

Homo_sapiens_tRNA-Cys-
GCA-24-1 chr17 

3883359
6 

3883391
8 323 4,43058169 3,439063271 0,625890645 

0,2111548
34 

Homo_sapiens_tRNA-Arg-
CCG-1-2 chr6 

2888126
2 

2888158
5 324 11,51896319 11,81542813 -0,276450078 

0,2119533
9 

Homo_sapiens_tRNA-Ser-
AGA-6-1 chr11 

1091651
85 

1091655
18 334 4,660926199 5,359137678 -0,526097646 

0,2164689
87 

Homo_sapiens_tRNA-Leu-
TAG-4-1 chr14 

2067689
3 

2067722
5 333 3,955862623 3,015618704 0,599182968 

0,2319790
26 

Homo_sapiens_tRNA-Pro-
TGG-1-1 chr14 

2063288
0 

2063320
2 323 10,87769332 10,45011309 0,370266267 

0,2339190
3 

Homo_sapiens_tRNA-Lys-CTT-
11-1 chr19 

5192201
4 

5192233
8 325 3,674251227 2,597984527 0,61653759 

0,2535361
05 

Homo_sapiens_tRNA-Phe-
GAA-6-1 chr6 

2876347
1 

2876379
5 325 4,123243608 3,236156833 0,566355274 

0,2539801
62 

Homo_sapiens_tRNA-Met-
CAT-7-1 chr6 

5784208
8 

5784241
1 324 4,169325765 3,341174313 0,551488489 

0,2581128
9 

Homo_sapiens_tRNA-Thr-TGT-
2-1 chr1 

2224648
79 

2224652
02 324 10,7029728 10,47783138 0,214303216 

0,2601383
96 

Homo_sapiens_tRNA-Gly-
GCC-1-5 chr21 

1745466
3 

1745498
4 322 11,533754 11,25731585 0,256602318 

0,2672970
5 

Homo_sapiens_tRNA-Asp-
GTC-10-1 chr1 

1615230
19 

1615233
41 323 3,190484987 4,022090023 -0,54618554 

0,2750106
1 
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Homo_sapiens_tRNA-His-
GTG-1-6 chr9 

1443381
4 

1443413
6 323 6,890581582 7,284122552 -0,339602069 

0,2750106
1 

Homo_sapiens_tRNA-Gln-
CTG-1-2 chr6 

2751940
3 

2751972
5 323 10,70233627 10,94272318 -0,226184266 

0,2781113
69 

Homo_sapiens_tRNA-Glu-TTC-
1-2 chr13 

4106061
2 

4106093
4 323 10,32867024 10,56618078 -0,223405189 

0,2826548
67 

Homo_sapiens_tRX-Lys-CTT-
4-1 chr7 

9714144
7 

9714177
0 324 2,598803483 3,591037118 -0,573715906 

0,2836766
99 

Homo_sapiens_tRNA-Pro-
AGG-2-6 chr14 

2061327
5 

2061359
7 323 11,5774206 11,32687401 0,233937382 

0,2932986
27 

Homo_sapiens_tRNA-Leu-
TAA-3-1 chr11 

5955162
9 

5955196
2 334 11,10445947 10,86873727 0,221497695 

0,2974303
82 

Homo_sapiens_tRNA-Phe-
GAA-12-1 chr8 

1232583
56 

1232586
82 327 2,434927987 3,34324309 -0,523723308 

0,3144702
81 

Homo_sapiens_tRNA-Leu-
CAG-2-1 chr16 

5729982
5 

5730015
8 334 11,50207082 11,75240214 -0,231970231 

0,3207878
86 

Homo_sapiens_tRNA-Gln-
CTG-1-3 chr6 

2894147
5 

2894179
7 323 11,15871886 11,39499884 -0,220396558 

0,3239235
61 

Homo_sapiens_tRNA-iMet-
CAT-1-4 chr6 

2633017
5 

2633049
7 323 11,40269651 11,16501228 0,221646727 

0,3249620
47 

Homo_sapiens_tRNA-Ala-
CGC-2-1 chr6 

2867371
0 

2867403
2 323 11,41865171 11,63524423 -0,203752739 

0,3317144
83 

Homo_sapiens_tRNA-Gly-
GCC-2-5 chr16 

7078938
1 

7078970
2 322 7,796889716 7,493303858 0,270502741 

0,3437796
37 

Homo_sapiens_tRNA-Val-
CAC-1-5 chr5 

1812222
69 

1812225
92 324 11,58441432 11,8198854 -0,218482115 

0,3468409
51 

Homo_sapiens_tRNA-Ala-
TGC-3-2 chr12 

1249216
29 

1249219
51 323 11,35353828 11,57997879 -0,210962107 

0,3499262
09 

Homo_sapiens_tRNA-Val-
AAC-1-4 chr5 

1812181
44 

1812184
67 324 11,79784577 12,02524615 -0,211603187 

0,3526214
86 

Homo_sapiens_tRNA-Asn-
GTT-7-1 chr1 

1208441
36 

1208444
60 325 9,345366437 9,101713189 0,223978134 

0,3612673
46 

Homo_sapiens_tRNA-Cys-
GCA-3-1 chr7 

1495889
47 

1495892
69 323 4,470698157 3,826305358 0,421347845 

0,3717248
02 

Homo_sapiens_tRNA-Lys-TTT-
11-1 chr12 

2769024
7 

2769057
0 324 2,706488921 3,523450473 -0,455060288 

0,3850933
13 

Homo_sapiens_tRNA-Arg-
TCT-2-1 chr17 8120799 8121137 339 7,902021681 8,170211974 -0,238409296 

0,3850933
13 

Homo_sapiens_tRNA-Arg-
CCT-3-1 chr16 3152774 3153097 324 11,57086222 11,34192071 0,210083831 

0,4004564
47 

Homo_sapiens_tRNA-Arg-
TCT-4-1 chr1 

1591414
85 

1591418
09 325 6,658505107 6,410281481 0,2209261 

0,4134816
12 

Homo_sapiens_tRNA-Ser-GCT-
4-3 chr17 8186740 8187034 295 11,21291021 11,39585439 -0,171712367 

0,4283620
75 

Homo_sapiens_tRNA-Lys-TTT-
1-1 chr16 

7347819
1 

7347851
4 324 8,420471885 8,658284928 -0,212536683 

0,4530696
78 

Homo_sapiens_tRNA-Leu-
TAG-1-1 chr17 8120188 8120520 333 11,39118072 11,57886283 -0,174413628 

0,4574864
59 

Homo_sapiens_tRNA-Thr-
AGT-1-2 chr17 8226109 8226433 325 10,90119185 11,09494813 -0,178457104 

0,4717377
17 

Homo_sapiens_tRNA-Gln-
CTG-12-1 chr12 

7445727
6 

7445759
9 324 3,575719225 4,133687933 -0,363648033 

0,4729774
85 

Homo_sapiens_tRNA-Ile-AAT-
5-1 chr6 

2655399
6 

2655432
0 325 11,73882416 11,92993369 -0,176240611 

0,4738853
86 

Homo_sapiens_tRNA-Gln-
CTG-16-1 chr2 

2186262
91 

2186266
09 319 3,884723661 3,339102565 0,340649941 

0,4995004
99 

Homo_sapiens_tRNA-Ser-
AGA-5-1 chr7 

1496082
50 

1496085
72 323 6,004592316 5,662274065 0,266782961 

0,4995004
99 

Homo_sapiens_tRNA-Tyr-
GTA-2-1 chr2 

2705065
6 

2705099
5 340 11,52661748 11,706321 -0,164780381 

0,5229671
37 

Homo_sapiens_tRX-Und-NNN-
7-1 chr3 

1113495
30 

1113498
55 326 3,799968305 3,238381698 0,329917774 

0,5240814
63 

Homo_sapiens_tRNA-Gly-
GCC-6-1 chr6 

1422575
13 

1422578
34 322 3,233632257 3,75050733 -0,333317304 

0,5246222
87 

Homo_sapiens_tRNA-Ser-
AGA-2-1 chr6 

2632746
3 

2632779
5 333 10,92698823 10,77250972 0,143894297 

0,5462420
85 

Homo_sapiens_tRNA-Gln-
CTG-4-2 chr1 

1436913
48 

1436916
70 323 3,745948642 4,133687933 -0,280756518 

0,5540482
88 

Homo_sapiens_tRNA-Thr-TGT-
4-1 chr14 

2063103
4 

2063135
7 324 11,37118824 11,23014004 0,132388544 

0,5573354
93 

Homo_sapiens_tRNA-iMet-
CAT-1-3 chr6 

2631299
8 

2631332
0 323 11,38573669 11,52315176 -0,128843952 

0,5642275
29 

Homo_sapiens_tRX-Gln-CTG-
2-1 chr11 

4806570
6 

4806603
4 329 3,760773459 4,185255416 -0,286902969 

0,5642275
29 

Homo_sapiens_tRX-Und-NNN-
9-1 chr22 

3030804
3 

3030837
2 330 3,130249777 3,599716165 -0,301596929 

0,5642275
29 

Homo_sapiens_tRNA-Gln-
CTG-7-1 chr1 

1483286
86 

1483290
08 323 3,409041811 2,891266586 0,296416049 

0,5738601
59 

Homo_sapiens_tRX-Trp-CCA-
1-1 chr7 

6739943
4 

6739975
6 323 3,390097011 3,824825538 -0,272638313 

0,5969470
55 

Homo_sapiens_tRNA-Leu-
CAA-6-1 chr1 

1616118
20 

1616121
54 335 3,664631942 4,134882677 -0,27353396 

0,5969470
55 
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Homo_sapiens_tRNA-Asn-
GTT-18-1 chr1 

1653227
2 

1653259
6 325 3,076609276 2,594515005 0,278337059 

0,6070671
99 

Homo_sapiens_tRNA-Val-
CAC-1-6 chr6 

2653792
8 

2653825
1 324 10,81737979 10,69956613 0,110840149 

0,6205241
22 

Homo_sapiens_tRNA-Ile-AAT-
11-1 chr12 

1292315
27 

1292318
52 326 3,587307524 3,127699325 0,261872698 

0,6205241
22 

Homo_sapiens_tRNA-Lys-TTT-
12-1 chr19 

4953455
0 

4953487
3 324 3,558853585 3,964222367 -0,253514544 

0,6295878
92 

Homo_sapiens_tRNA-Asn-
GTT-17-1 chr1 

1616215
49 

1616218
73 325 9,535007018 9,76887726 -0,187868032 

0,6295878
92 

Homo_sapiens_tRNA-Arg-
TCG-5-1 chr6 

2854298
8 

2854331
1 324 11,38521814 11,28621987 0,093597974 

0,6727070
4 

Homo_sapiens_tRNA-Gln-
CTG-8-2 chr1 

1460554
86 

1460558
08 323 4,556254832 4,825565638 -0,192466002 

0,6950740
37 

Homo_sapiens_tRNA-iMet-
CAT-3-1 chr9 

1940387
2 

1940419
7 326 3,620196373 3,242821161 0,210827931 

0,6980438
1 

Homo_sapiens_tRNA-Asp-
GTC-2-6 chr6 

2747954
8 

2747987
0 323 11,4811426 11,57970567 -0,092204341 

0,6980438
1 

Homo_sapiens_tRNA-Val-
TAC-1-1 chr11 

5955050
3 

5955082
6 324 11,32063037 11,22442732 0,090372628 

0,6980438
1 

Homo_sapiens_tRNA-Tyr-
GTA-9-1 chr8 

6569717
1 

6569750
9 339 2,898195222 3,247247005 -0,204951548 

0,7098639
65 

Homo_sapiens_tRNA-Gln-
TTG-4-1 chr6 

1451825
97 

1451829
19 323 3,637676866 3,339102565 0,195903879 

0,7111838
44 

Homo_sapiens_tRNA-Gln-
CTG-8-3 chr1 

1204767
26 

1204770
48 323 3,756251773 4,019504977 -0,170194512 

0,7495662
92 

Homo_sapiens_tRNA-Leu-
AAG-2-3 chr14 

2061000
6 

2061033
8 333 11,90447689 11,99078136 -0,079909749 

0,7605711
3 

Homo_sapiens_tRNA-Gly-
GCC-5-1 chr16 

7078856
8 

7078888
9 322 3,587307524 3,821861336 -0,161632104 

0,7614809
11 

Homo_sapiens_tRX-Ala-AGC-
2-1 chr6 

5783004
6 

5783036
9 324 3,060070663 3,34324309 -0,16906245 

0,7634841
33 

Homo_sapiens_tRNA-Glu-TTC-
10-2 chr1 

1451768
13 

1451771
36 324 3,865816856 4,081448528 -0,154906281 

0,7679166
08 

Homo_sapiens_tRNA-Thr-TGT-
5-1 chr14 

2068156
4 

2068188
7 324 11,41973635 11,48639807 -0,063124131 

0,7719855
36 

Homo_sapiens_tRNA-Pro-
AGG-2-5 chr14 

2060921
0 

2060953
2 323 11,42060441 11,34691482 0,06917978 

0,7755673
13 

Homo_sapiens_tRNA-Leu-
AAG-2-1 chr5 

1811875
75 

1811879
07 333 11,20869103 11,27660147 -0,064019904 

0,7755673
13 

Homo_sapiens_tRNA-Cys-
GCA-19-1 chr7 

1496129
39 

1496132
61 323 3,409041811 3,134882677 0,154853013 

0,7772935
94 

Homo_sapiens_tRNA-Ala-
CGC-1-1 chr6 

2655337
7 

2655369
9 323 11,10201507 11,17515711 -0,068025586 

0,7819589
75 

Homo_sapiens_tRNA-Cys-
GCA-15-1 chr7 

1495845
99 

1495849
21 323 5,054065344 4,859874276 0,132985046 

0,7839727
49 

Homo_sapiens_tRNA-Gln-
CTG-13-1 chr5 

1518683
87 

1518687
09 323 3,598803483 3,826305358 -0,143140562 

0,7840561
95 

Homo_sapiens_tRNA-SeC-
TCA-2-1 chr22 

4415053
1 

4415086
5 335 3,212219919 3,439063271 -0,146516152 

0,7909976
79 

Homo_sapiens_tRNA-Ile-GAT-
1-1 chrX 3838251 3838575 325 0 0 -0,163757639 

0,8027212
54 

Homo_sapiens_tRNA-Pro-
AGG-2-3 chr7 

1287833
24 

1287836
46 323 11,0358941 10,96725611 0,063556206 

0,8053333
67 

Homo_sapiens_tRX-Lys-CTT-
3-1 chr15 

9578451
9 

9578484
2 324 3,123243608 3,341174313 -0,13047668 

0,8101664
17 

Homo_sapiens_tRNA-Cys-
GCA-16-1 chr7 

1495464
14 

1495467
36 323 5,097852661 5,239492845 -0,10757793 

0,8139785
51 

Homo_sapiens_tRNA-Ile-TAT-
2-2 chr6 

2702022
0 

2702056
4 345 9,39736391 9,453911806 -0,05234277 

0,8212445
28 

Homo_sapiens_tRNA-Gln-
TTG-6-1 chr4 

4090660
0 

4090692
3 324 3,78109822 3,604898641 0,112829028 

0,8269484
7 

Homo_sapiens_tRNA-Leu-
CAA-5-1 chr11 9275117 9275441 325 3,81425098 3,604898641 0,115004313 

0,8269484
7 

Homo_sapiens_tRNA-Val-
TAC-2-1 chr11 

5955086
1 

5955116
8 308 10,41599627 10,46890268 -0,049282664 

0,8339631
74 

Homo_sapiens_tRNA-Val-
AAC-3-1 chr6 

2765080
2 

2765112
5 324 11,42552864 11,37265948 0,049551004 

0,8341505
25 

Homo_sapiens_tRNA-Pro-
TGG-3-3 chr16 3158796 3159118 323 8,193889404 8,252464318 -0,054101235 

0,8402238
05 

Homo_sapiens_tRNA-Lys-CTT-
8-1 chr16 3164812 3165135 324 3,7355714 3,523450473 0,107170346 

0,8427653
14 

Homo_sapiens_tRNA-Lys-TTT-
5-1 chr11 

5955630
3 

5955662
6 324 10,25699504 10,20920146 0,044909418 

0,8447681
79 

Homo_sapiens_tRNA-His-
GTG-2-1 chr1 

1436610
56 

1436613
78 323 3,343828134 3,132492199 0,101452118 

0,8477970
93 

Homo_sapiens_tRNA-Lys-CTT-
12-1 chr1 

3950439
4 

3950472
0 327 3,395922435 3,517966428 -0,093570729 

0,8537976
26 

Homo_sapiens_tRNA-Met-
CAT-3-2 chr6 

2895313
9 

2895346
2 324 11,73346955 11,77738095 -0,040857571 

0,8612895
23 

Homo_sapiens_tRNA-Glu-TTC-
7-1 chr1 

1436668
62 

1436671
84 323 3,018883166 3,132492199 -0,079441717 

0,8807148
11 
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Homo_sapiens_tRNA-Tyr-
GTA-10-1 chr7 

1495579
16 

1495582
39 324 3,695822864 3,824825538 -0,071226766 

0,8868420
25 

Homo_sapiens_tRNA-Gln-
CTG-17-1 chr20 

1787437
2 

1787470
0 329 3,78109822 3,677080947 0,064374629 

0,8993655
82 

Homo_sapiens_tRNA-Gly-
TCC-4-1 chr1 

1614400
45 

1614403
67 323 7,515494406 7,552636358 -0,029446671 

0,9409743
67 

Homo_sapiens_tRNA-Asp-
GTC-8-1 chr12 

1223762
51 

1223765
72 322 3,297688209 3,240603137 0,038054051 

0,9459520
88 

Homo_sapiens_tRX-Gln-CTG-
3-1 chr1 

1455631
20 

1455634
42 323 3,986302388 3,952073414 0,031531598 

0,9516267
24 

Homo_sapiens_tRNA-Lys-CTT-
13-1 chr1 

1655967
87 

1655971
10 324 3,489347384 3,433248215 0,033150651 

0,9516267
24 

Homo_sapiens_tRNA-Thr-TGT-
1-1 chr6 

2847442
6 

2847475
0 325 11,32225339 11,30901987 0,012398363 

0,9586573
2 

Homo_sapiens_tRX-Asp-ATC-
1-1 chr6 

2882728
7 

2882760
9 323 3,494786252 3,521624773 -0,027201931 

0,9586573
2 

Homo_sapiens_tRNA-Ala-
CGC-4-1 chr6 

2872918
9 

2872951
1 323 11,3078745 11,31652172 -0,008038331 

0,9715044
79 

Homo_sapiens_tRX-Lys-CTT-
5-1 chr7 

1260183
8 

1260217
2 335 3,553651389 3,525273865 0,016416142 

0,9735820
94 

Homo_sapiens_tRNA-Thr-TGT-
3-1 chr14 

2061366
4 

2061398
7 324 11,28255179 11,28528833 -0,002453888 

0,9909774
38 

Homo_sapiens_tRNA-Gln-
CTG-11-1 chr1 

1435845
75 

1435848
97 323 3,220561489 3,238381698 -0,00497086 

0,9909774
38 

Homo_sapiens_tRX-Leu-TAA-
2-1 chr11 

1135621
47 

1135624
81 335 1,663343235 3,51979676 -1,212491424 1 

Homo_sapiens_tRX-Ser-GGA-
2-1 chrX 

2526184
6 

2526216
8 323 1,100114862 3,34324309 -1,329300372 1 

Homo_sapiens_tRNA-Glu-TTC-
13-1 chr2 

7489679
3 

7489711
6 324 2,471434702 3,894091698 -0,912999704 1 

Homo_sapiens_tRX-Pro-GGG-
1-1 chrX 

1196037
72 

1196040
91 320 1,409041811 3,236156833 -1,043437465 1 

Homo_sapiens_tRNA-Asp-
GTC-4-1 chr9 

7490294
8 

7490327
0 323 2,598803483 3,826305358 -0,739842586 1 

Homo_sapiens_tRNA-Asn-
GTT-22-1 chr1 

1437171
66 

1437174
90 325 2,631434232 3,759830228 -0,702945775 1 

Homo_sapiens_tRNA-Glu-
CTC-5-1 chr8 

5859211
3 

5859243
4 322 1,766481845 3,020798079 -0,698877452 1 

Homo_sapiens_tRNA-Sup-
TTA-1-1 chr17 

6078610
6 

6078642
7 322 2,663343235 3,680357701 -0,638474461 1 

Homo_sapiens_tRNA-Leu-
TAA-5-1 chr6 

6920436
0 

6920469
3 334 2,795567995 3,75050733 -0,5862136 1 

Homo_sapiens_tRNA-Cys-
GCA-25-1 chr3 

1769976
7 

1770009
7 331 3,227111676 2,018210716 0,625527511 1 

Homo_sapiens_tRX-Val-TAC-
3-1 chr17 

4008255
4 

4008287
7 324 2,052714365 3,134882677 -0,580461708 1 

Homo_sapiens_tRNA-Gln-
CTG-10-1 chr1 

1470050
75 

1470053
97 323 2,631434232 3,523450473 -0,541630055 1 

Homo_sapiens_tRX-Asn-GTT-
2-1 chr1 

1445395
24 

1445398
48 325 3,608870289 2,601445726 0,555647463 1 

Homo_sapiens_tRX-Leu-CAA-
3-1 chr2 

1518310
12 

1518313
30 319 2,924766734 3,686888968 -0,458708274 1 

Homo_sapiens_tRNA-Ile-AAT-
10-1 chr6 

2728395
9 

2728428
3 325 3,397473451 2,604898641 0,465315479 1 

Homo_sapiens_tRX-Ala-GGC-
3-1 chr19 

1218843
5 

1218875
9 325 2,565417583 3,341174313 -0,446096111 1 

Homo_sapiens_tRNA-Ala-
TGC-8-1 chr11 

5027458
2 

5027490
4 323 2,694561732 3,439063271 -0,43569232 1 

Homo_sapiens_tRNA-Val-
CAC-10-1 chr1 

1667988
0 

1668020
3 324 1,725118974 2,601445726 -0,463350657 1 

Homo_sapiens_tRNA-Lys-CTT-
6-1 chr18 

4608917
9 

4608950
2 324 3,427741057 2,594515005 0,435957889 1 

Homo_sapiens_tRNA-Asn-
GTT-28-1 chr1 

1496393
27 

1496396
51 325 2,745948642 3,437127522 -0,413062058 1 

Homo_sapiens_tRX-Arg-ACG-
1-1 chr8 

6611281
5 

6611313
8 324 2,052714365 2,888435931 -0,424198748 1 

Homo_sapiens_tRNA-Gln-
TTG-10-1 chr6 

3732009
3 

3732041
6 324 2,775447487 3,427409625 -0,397896382 1 

Homo_sapiens_tRNA-Pro-
TGG-5-1 chr1 

2070046
83 

2070050
10 328 2,496234592 3,238381698 -0,382238531 1 

Homo_sapiens_tRX-Lys-CTT-
6-1 chr5 

1683895
13 

1683898
35 323 2,420518146 3,134882677 -0,393041561 1 

Homo_sapiens_tRX-Ala-GGC-
4-1 chr16 

8044542
9 

8044575
6 328 2,986302388 3,599716165 -0,352994175 1 

Homo_sapiens_tRNA-Phe-
GAA-7-1 chr6 

2766464
0 

2766496
6 327 3,865816856 3,24503578 0,346729604 1 

Homo_sapiens_tRX-Asn-GTT-
3-1 chr1 

1463940
69 

1463943
93 325 3,123243608 3,685258921 -0,336464372 1 

Homo_sapiens_tRNA-Glu-
CTC-16-1 chr12 

1139486
14 

1139489
35 322 3,494786252 2,896911288 0,336734245 1 

Homo_sapiens_tRNA-Pro-
GGG-1-1 chr10 

2256352
4 

2256384
7 324 2,916685105 3,51613377 -0,334688781 1 
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Homo_sapiens_tRNA-Cys-
ACA-1-1 chr5 

1526089
10 

1526093
36 427 3,212219919 2,597984527 0,316352249 1 

Homo_sapiens_tRX-Lys-TTT-
2-1 chr3 

1521134
0 

1521166
6 327 3,324001282 2,74894764 0,306444326 1 

Homo_sapiens_tRX-Ile-AAT-4-
1 chr17 8205947 8206284 338 2,95085769 3,433248215 -0,290304941 1 
Homo_sapiens_tRNA-Pro-
AGG-4-1 chr2 

8711232
4 

8711264
6 323 2,986302388 3,528913751 -0,286308249 1 

Homo_sapiens_tRX-Arg-CCT-
2-1 chr11 

1182412
46 

1182415
75 330 3,395922435 2,896911288 0,268474661 1 

Homo_sapiens_tRNA-Asp-
GTC-9-1 chr1 

1616046
72 

1616049
94 323 1,82407931 2,437127522 -0,28798217 1 

Homo_sapiens_tRX-Val-AAC-
1-1 chr6 

1584034
90 

1584038
13 324 2,575719225 3,018210716 -0,259797249 1 

Homo_sapiens_tRNA-Val-
AAC-7-1 chr1 

1802150
15 

1802153
38 324 2,804355235 2,242821161 0,263857129 1 

Homo_sapiens_tRNA-Gln-
TTG-5-1 chr2 

4571017
6 

4571049
9 324 2,608870289 3,025958927 -0,250099221 1 

Homo_sapiens_tRX-Gly-CCC-
2-1 chr1 

1482443
41 

1482446
63 323 2,71583402 2,238381698 0,240194435 1 

Homo_sapiens_tRNA-Leu-
AAG-8-1 chr3 

1485033
15 

1485036
47 333 2,190484987 2,604898641 -0,232861772 1 

Homo_sapiens_tRNA-Glu-TTC-
11-1 chr14 

3176748
3 

3176780
8 326 3,139077526 2,75517631 0,222546009 1 

Homo_sapiens_tRNA-SeC-
TCA-3-1 chr17 

4011717
4 

4011749
8 325 2,745948642 3,134882677 -0,223300025 1 

Homo_sapiens_tRX-Met-CAT-
1-1 chr6 

2848060
0 

2848092
3 324 2,986302388 2,608343311 0,218892049 1 

Homo_sapiens_tRX-Und-NNN-
6-1 chr9 2959214 2959543 330 2,663343235 3,018210716 -0,204552994 1 
Homo_sapiens_tRX-Glu-CTC-
1-1 chr8 

1191316
5 

1191348
7 323 2,898195222 3,238381698 -0,195395068 1 

Homo_sapiens_tRX-Gly-CCC-
3-1 chr1 

1454374
72 

1454377
93 322 2,832695108 3,127699325 -0,192134163 1 

Homo_sapiens_tRNA-Ala-
AGC-20-1 chr1 

1500452
80 

1500456
01 322 2,994004311 2,604898641 0,194462054 1 

Homo_sapiens_tRNA-Und-
NNN-4-1 chr1 7930153 7930473 321 2,795567995 2,433248215 0,190874982 1 
Homo_sapiens_tRNA-Lys-TTT-
15-1 chr2 

2233214
71 

2233217
94 324 3,227111676 2,894091698 0,177489043 1 

Homo_sapiens_tRNA-Glu-
CTC-7-1 chr2 

1588815
33 

1588818
56 324 3,107233978 2,761378204 0,177075843 1 

Homo_sapiens_tRX-Asn-GTT-
1-1 chr1 

1483172
43 

1483175
63 321 2,852038071 3,134882677 -0,171009132 1 

Homo_sapiens_tRNA-Lys-TTT-
10-1 chr19 

4124211
1 

4124243
4 324 3,035897931 2,75517631 0,154768053 1 

Homo_sapiens_tRX-Und-NNN-
8-1 chr10 

6234371
5 

6234403
9 325 2,994004311 3,238381698 -0,150255156 1 

Homo_sapiens_tRX-Cys-GCA-
2-1 chr8 

1008168
7 

1008200
8 322 3,001665336 3,233928531 -0,151725617 1 

Homo_sapiens_tRNA-Gly-
CCC-8-1 chr1 

1464887
40 

1464890
61 322 2,843537356 3,130097752 -0,151193658 1 

Homo_sapiens_tRNA-Und-
GCA-5-1 chr17 

6839469
0 

6839501
5 326 2,745948642 2,433248215 0,153120885 1 

Homo_sapiens_tRX-Val-TAC-
2-1 chr2 

8485862
6 

8485894
9 324 3,471434702 3,238381698 0,140693368 1 

Homo_sapiens_tRX-Phe-GAA-
1-1 chr1 

1451682
78 

1451686
08 331 3,471434702 3,240603137 0,137951871 1 

Homo_sapiens_tRNA-Gln-
CTG-8-1 chr1 

1490448
11 

1490451
33 323 3,36497257 3,597984527 -0,125047645 1 

Homo_sapiens_tRNA-Asp-
GTC-6-1 chr3 

1846481
81 

1846485
02 322 3,401724432 3,132492199 0,12207078 1 

Homo_sapiens_tRNA-Und-
NNN-2-1 chr8 

9814110
8 

9814142
7 320 3,363386197 3,132492199 0,108844514 1 

Homo_sapiens_tRNA-Lys-CTT-
16-1 chr15 

7638229
8 

7638262
2 325 2,815411748 2,597984527 0,111028895 1 

Homo_sapiens_tRX-Ser-GCT-
1-1 chr13 

1142412
13 

1142415
39 327 3,289782062 3,429358449 -0,102555294 1 

Homo_sapiens_tRNA-Thr-
AGT-7-1 chr17 

6453067
4 

6453099
8 325 2,795567995 2,604898641 0,099846784 1 

Homo_sapiens_tRNA-Tyr-
GTA-11-1 chr7 

1493565
27 

1493568
54 328 3,083845039 3,238381698 -0,096213335 1 

Homo_sapiens_tRNA-Asp-
GTC-5-1 chr5 

1423942
97 

1423946
19 323 3,107233978 3,238381698 -0,093540226 1 

Homo_sapiens_tRNA-Asn-
GTT-16-1 chr1 

1484052
58 

1484055
82 325 3,114318136 2,891266586 0,091725572 1 

Homo_sapiens_tRX-Gly-CCC-
1-2 chr1 

1480203
48 

1480206
69 322 2,994004311 3,132492199 -0,084910416 1 

Homo_sapiens_tRNA-Arg-
CCT-7-1 chr1 

1438483
88 

1438487
09 322 2,745948642 2,891266586 -0,085335493 1 

Homo_sapiens_tRNA-Leu-
AAG-6-1 chr20 

5033567
9 

5033601
1 333 3,41479139 3,240603137 0,081115582 1 
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Homo_sapiens_tRX-Leu-CAG-
1-1 chr9 

1203549
49 

1203552
82 334 3,043340255 3,139651785 -0,070046562 1 

Homo_sapiens_tRX-Pro-GGG-
2-1 chr3 

1241417
46 

1241420
69 324 3,018883166 2,891266586 0,057354168 1 

Homo_sapiens_tRNA-Tyr-
ATA-1-1 chr2 

2182457
00 

2182460
43 344 3,241851286 3,334950121 -0,052734771 1 

Homo_sapiens_tRNA-Arg-
CCT-6-1 chr1 

1480109
33 

1480112
54 322 3,363386197 3,240603137 0,048191954 1 

Homo_sapiens_tRNA-Lys-CTT-
9-1 chr5 

2619830
4 

2619862
7 324 3,139077526 3,238381698 -0,048091398 1 

Homo_sapiens_tRNA-Asn-
GTT-16-3 chr1 

1209451
63 

1209454
87 325 2,725118974 2,75828059 -0,038222777 1 

Homo_sapiens_tRNA-Gly-
TCC-6-1 chr18 

5767881
9 

5767914
1 323 1,331722604 1,433248215 -0,031315561 1 

Homo_sapiens_tRNA-Leu-
AAG-5-1 chr2 

3005457
6 

3005489
9 324 3,130249777 3,134882677 -0,022166838 1 

Homo_sapiens_tRX-Cys-GCA-
3-1 chr1 

1616053
70 

1616056
91 322 2,994004311 3,028532444 -0,022368476 1 

Homo_sapiens_tRNA-Glu-TTC-
10-1 chr1 

1437840
19 

1437843
42 324 0,331722604 0,417625826 -0,020659229 1 

Homo_sapiens_tRX-Cys-GCA-
1-1 chr7 

1494059
38 

1494062
60 323 3,310081475 3,24503578 0,016119348 1 

Homo_sapiens_tRNA-Lys-CTT-
10-1 chr19 

3557572
2 

3557604
5 324 3,018883166 3,020798079 -0,013071986 1 

Homo_sapiens_tRNA-Gly-
TCC-5-1 chr18 

5767849
6 

5767881
8 323 0,48242714 0,433248215 0,002426769 1 

Homo_sapiens_tRX-Gln-TTG-
1-1 chr8 

8813288
1 

8813320
5 325 2,48242714 2,437127522 0,000126091 1 

Homo_sapiens_tRNA-Phe-
GAA-9-1 chr1 

1437925
98 

1437929
28 331 0 0 0 1 

Homo_sapiens_tRNA-Lys-CTT-
15-1 chr11 

5475918
2 

5475950
5 324 0 0 0 1 

Homo_sapiens_tRX-Ala-AGC-
1-1 chr6 

2671354
3 

2671386
6 324 0 0 0 1 

Homo_sapiens_tRX-Ala-AGC-
1-2 chr6 

2678782
0 

2678814
3 324 0 0 0 1 

Homo_sapiens_tRX-Ile-GAT-2-
1 chrX 3838665 3838989 325 0 0 0 1 
Homo_sapiens_tRNA-Ile-GAT-
1-2 chrX 3876675 3876999 325 0 0 0 1 
Homo_sapiens_tRX-Ile-GAT-1-
2 chrX 3877089 3877413 325 0 0 0 1 
Homo_sapiens_tRNA-Ile-GAT-
1-3 chrX 3915104 3915428 325 0 0 0 1 
Homo_sapiens_tRX-Ile-GAT-1-
1 chrX 3915518 3915842 325 0 0 0 1 
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