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Abstract 

Human endogenous retroviruses (HERVs) are the remnants of ancient exogenous 

retroviruses infecting the human germline cells and remaining in the genome. These 

sequences comprise as much as 8% of the human genome. Most HERV elements 

are silenced because of the methylation, while many environmental factors like 

neurological diseases and infection of exogenous viruses can induce their activities. 

This dissertation mainly discusses HERV activities and their interactions with the 

host in these pathological contexts. 

In chapter 2, we first investigate the transcriptional activity of HERVs in the human 

cell upon infections of three Influenza A viruses, including two wild-type strains 

(PR8M and SC35M) and one mutated strain (SC35M∆NS1). We detected large 

sums of differentially expressed HERVs (DEHERVS) and genes (DEGs) in the 

infected cells, most of which were upregulated. Through the DEHERV-G 

coregulation analysis of them, we found that the genes that co-upregulated genes 

with HERVs are significantly enriched in the immunological processes and 

pathways, which indicates the ubiquitous interactions of HERV activities with the 

cell immune system. Furthermore, we identified the LTR12C element, which is the 

LTR of the HERVW9 group, to be a possible trigger of the immune response by 

providing promoter sequences to two essential immunity-relative genes. 

To gain a deeper knowledge of the widely reported HERV-K overexpression in the 

many kinds of neurodegeneration diseases, in chapter 3, we intentionally 

reactivated the expression of HERV-K of H9 cells and differentiated them into 

neuron cortical cells. We found the reactivation of HERV-K resulted in 

considerable disruption of the cortical neuron after 60 days of cell differentiation. 

Through monitoring cell transcriptional activities overtimes and further wet-lab 

validation, we found that the overexpression of the NTRK3 gene induced by the 

HERV-K reactivation to be the crucial factor disrupting the cortical neuron growth, 

as knocking down the NTRK3 expression will prevent HERV-K reactivation from 

disrupting the cortical neuron differentiation. Based on this investigation, we further 

discussed the potential pathogen role of HERV-K in Alzheimer's disease. 

Since this dissertation is mainly based on bioinformatics analysis, we elucidated the 
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main challenge of in silico transcriptional analysis of HERVs caused by their 

repetitive property and different strategies. We also discussed the outlook from the 

newly developed bioinformatics algorithm and sequencing techniques to a more 

solid HERV expression analysis. 
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Zusammenfassung 

Humane endogene Retroviren (HERVs) sind die Überreste alter exogener 

Retroviren, die die menschlichen Keimzellen infizieren und im Genom verbleiben. 

Diese Sequenzen umfassen bis zu 8% des menschlichen Genoms. Die meisten 

HERV-Elemente werden aufgrund der Methylierung zum Schweigen gebracht, 

während viele Umweltfaktoren wie neurologische Erkrankungen und Infektionen 

mit exogenen Viren ihre Aktivitäten induzieren können. Diese Dissertation 

beschäftigt sich hauptsächlich mit HERV-Aktivitäten und deren Interaktionen mit 

dem Wirt in diesen pathologischen Kontexten. 

In Kapitel 2 untersuchen wir zunächst die transkriptionelle Aktivität von HERVs in 

der menschlichen Zelle bei Infektionen von drei Influenza-A-Viren, darunter zwei 

Wildtyp-Stämme (PR8M und SC35M) und einem mutierten Stamm (SC35M∆NS1). 

In den infizierten Zellen konnten große Summen differentiell exprimierter HERVs 

(DEHERVS) und Gene (DEGs) nachgewiesen werden, von denen die meisten 

hochreguliert waren. Durch die DEHERV-G-Koregulierungsanalyse dieser Gene 

konnten wir feststellen, dass Gene, die Gene mit HERVs koporeguliert haben, 

signifikant in den immunologischen Prozessen und Signalwegen angereichert sind, 

was auf die allgegenwärtigen Wechselwirkungen von HERV-Aktivitäten mit dem 

Zellimmunsystem hindeutet. Darüber hinaus identifizierten wir das LTR12C-

Element, das LTR der HERVW9-Gruppe ist, als möglicher Auslöser der 

Immunantwort, indem es Promotorsequenzen für zwei essentielle immunrelative 

Gene bereitstellt. 

Um ein tieferes Verständnis der weit verbreiteten HERV-K-Überexpression bei den 

vielen Arten von Neurodegenerationskrankheiten zu erlangen, haben wir in Kapitel 

3 absichtlich die Expression von HERV-K von H9-Zellen reaktiviert und in 

neuronale kortikale Zellen differenziert. Wir fanden, dass die Reaktivierung von 

HERV-K nach 60-tägiger Zelldifferenzierung zu einer erheblichen Störung des 

kortikalen Neurons führte. Durch die Überwachung der Zelltranskriptionsaktivität 

und weitere Validierung im Nasslabor fanden wir heraus, dass die Überexpression 

des NTRK3-Gens, induziert durch die HERV-K-Reaktivierung, der entscheidende 

Faktor für die Störung des kortikalen Neuronenwachstums ist, da das 

Niederschlagen der NTRK3-Expression verhindert, dass die HERV-K-

Reaktivierung die Differenzierung der kortikalen Neuronen stört. Basierend auf 

dieser Untersuchung diskutierten wir die mögliche Rolle von HERV-K bei 

Alzheimer. 

Da diese Dissertation hauptsächlich auf bioinformatischer Analyse basiert, haben 

wir die Hauptherausforderung der in silico transkriptionellen Analyse von HERVs 

aufgeklärt, die durch ihre repetitiven Eigenschaften und unterschiedliche Strategien 

verursacht werden. Wir diskutierten auch den Ausblick vom neu entwickelten 

bioinformatischen Algorithmus und Sequenzierungstechniken zu einer solideren 

HERV-Expressionsanalyse. 
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Chapter 1 Background 

1.1 Human endogenous retroviruses 

Human endogenous retroviruses (HERVs) are the remnants of ancient exogenous 

retroviruses infecting human germline cells and remaining in the genome. 

Normative HERV element generally consists of the internal portion encoding the 

viral genes and two flanking LTRs (Long terminal repeat) (Figure 1.1). The 

insertion of many HERV elements can be traced back 30 million years ago (Bannert 

and Kurth 2006). Thus, due to the accumulation of point or structure mutations, 

many HERV elements in the genomes are not intact. They present as non-LTR 

proteins, solo-LTRs， or only small segments of them, all of which form as much 

as 8% of the human genome (Belshaw et al. 2004), and solo LTRs are most common 

in the human genome.  

Similar to many exogenous infective retroviruses, most types of HERVs contain 

gag, pol, and env three viral genes in the internal portions. The gag gene encodes 

the capsid, which forms the main structure of the virus (Yamashita and Emerman 

2004). The pol gene encodes the necessary enzymes for reverse transcription 

(reverse transcriptase), integration (integrase), and some protease for viral protein 

maturation (Krausslich et al. 1989). Env gene encodes the proteins forming the 

envelope of the virus, which was involved in the signal identification, and 

membrane fusion when infecting the host and induces the host’s immune response 

(Kamps, Lin, and Wong 1991). In addition to the viral genes, the internal region 

also contains a primer-binding site (PBS) and a polypurine tract (PPT) (Figure 1.1). 

The PBS is about 8-21 bp in length and located between the 5’ LTR and the gag 

gene, which acts as the binding site for the cellular tRNA and initiates the minus-

strand DNA synthesis. While the PPT is an 8-22 bp long purine-rich region at the 

3’ end of the internal portion, serving as the primer of the plus strand synthesis 

(Grandi and Tramontano 2018; Wilhelm et al. 1999). 

Each LTR flanking the internal portion consists of the U3, R, and U5 regions. The 

U3 region harbors enhancer and promoter, so the transcript of HERV provirus was 

initialized in this region of 5’ LTR. R region contains the signal for polyadenylation. 
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As a result, the transcript ends in the R region of the 3’ LTR. The function of the 

U5 region was not clearly identified, while some researchers inferred that the U5 

region of 3’ LTR assisted the polyadenylation process (Böhnlein, Hauber, and 

Cullen 1989). 

 

Figure 1.1 Schematic diagram of Human endogenous retroviruses 

1.2 Classification of Human endogenous retroviruses 

In the past, human endogenous retroviruses were broadly classified into three 

classes according to their similarity with different kinds of retroviruses (Gifford and 

Tristem 2003). Class I are HERVs that are phylogenetically clustered with 

Gammaretrovirus and Epsilonretrovirus. Class II and Class III are HERVs, 

respectively, clustered with Betaretrovirus and Spumaretrovirus. As more kinds of 

HERVs were identified, two more classes were introduced: Gypsy Class contains 

HERVs closely related to Errantivirus, and all the other HERVs that were not 

clearly classified fall into the last “Unclassifiable class” (Vargiu et al. 2016).  

While the five-class classification system is too simplistic for the study of HERVs 

further detailed classification has long been confusing. Many HERV elements in 

human genomes accumulated many mutations since integration and were presented 

as partial segments. Different individual HERV elements also went through 

recombination during history, which made it even harder for classification. On the 

other hand, for a long time, there has been a lack of a unique naming system for 

HERVs, leading to various HERV names originating from different research groups, 

research purposes, or research methods. Commonly, the wet-lab experiments 

identified intact HERV elements in the genome with both internal portion and 

flanking LTRs existing. HERVs identified in this methodology were usually 

grouped with the consideration of the whole sequences and were usually named 

according to the identification method.  

In comparison, most bioinformatic methodologies for HERV identification were 
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designed to recognize the repetitive segments in the genomes like RepeatMasker or 

RetroTector (Smit 1999; Sperber et al. 2007). As a result, HERVs identified in this 

way, as those recorded in the Repbase (Jurka 2000; Jurka et al. 2005), the LTRs 

were grouped and named independently from the internal portions. Although this 

strategy is convenient for the clustering of LTR and internal portion, it loses the 

association between them and causes confusion when combining these data with 

HERVs originating from wet-lab identification.  

To address the mussy classification and ambiguous naming system of HERVs, 

Vargiu et al. induced “Simage” (similarity image) methodology. They classified 

3173 “canonical” and “noncanonical” (HERVs that went through recombination 

events) HERV elements detected by RetroTector software (Sperber et al. 2007) into 

39 HERV groups based on the five classes (Vargiu et al. 2016). They organized the 

naming of each group and aligned the internal portions with the LTR elements 

detected in silico. Afterward, these groups and alignments were further optimized 

the according to the Repbase database by Kojima et al. (Kojima 2018). Nowadays, 

public databases like DFam kept rolling updates to gradually include the newly 

discovered HERV elements and improve the precise alignment between internal 

portion and LTRs (Hubley et al. 2016). 

Taking advantage of Kojima’s work and the Dfam database, we can explore the 

activities and biological characteristics of each group of HERVs using the HERV 

database (Paces et al. 2004; Paces, Pavlícek, and Paces 2002). The HERVd research 

group optimized the fragmented HERV segments in the Repbase and RepeatMasker 

and provided a precise annotation of coordinates and other information of each 

HERV locus. However, the offline annotation obtained from HERVd does not 

contain information on the association between the internal portions and LTRs, 

which makes it challenging to analyze the partial HERV elements like solo LTRs. 

Thus, we introduced the association information in the HERVd annotation by 

mapping the HERV types that appeared in HERVd to the HERV groups defined in 

the study of Kojima et al. HERV types that were not successfully mapped to 

Kojima’s HERV group were manually corrected according to the Dfam database. 

The detailed organized results is listed in Table S2.1. 
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1.3 Activities of Human endogenous retroviruses 

It has been reported that endogenous retroviruses remain infectious in other 

mammals. For example, researchers have observed the mobilization of murine 

endogenous retroviruses upon exogenous retrovirus infections (Bock et al. 2018; 

Boi et al. 2016; Evans et al. 2009). And the infectious capability of porcine 

endogenous retroviruses can also impact organ xenotransplantation (Güell et al. 

2017; Miyagawa et al. 2005). In contrast, although many human endogenous 

retrovirus loci are equipped with the complete basis of retrotransposon-like LTRs 

and viral genes, their transposon capability was strictly restrained. No cases of 

HERV moving or replicating have been reported ever since it was first discovered. 

Nevertheless HERV influence the host in many other ways. Some HERV activities 

offer positive effects on the physiological operation. For example, some of the cis-

regulatory signals harbored in HERV LTRs have been integrated into the host 

expression regulation network (Feschotte and Gilbert 2012; Jung et al. 2017; Kurth 

and Bannert 2010). It has also been reported that HERV protein expression can 

assist cell antiviral defense: HERV protein could occupy the membrane receptors 

to defend the cell from exogenous retrovirus infection (Blanco-Melo, Gifford, and 

Bieniasz 2017; Hilditch et al. 2011). However, HERV activities bringing 

advantages to the host only happen in some limited circumstances. More common 

activities are the abnormal expression of HERVs observed in the pathological 

context. 

1.3.1 Abnormal expression of HERVs in pathological disorders 

 

Although there are few solid proofs of human endogenous retroviruses directly 

inducing diseases (Young, Stoye, and Kassiotis 2013), abnormal expression of 

different types of HERVs have been widely reported in the pathological context like 

tumors, viral infections, or neurological disorders, etc. (Ferrari et al. 2019; Küry et 

al. 2018; Nellåker et al. 2006). In comparison, in most healthy human tissues the 

expression of most HERV loci are strictly suppressed at a low level due to the 

methylation (Gimenez et al. 2010; Lavie et al. 2005). In tumors, Most HERV 

expression cases in tumors are tumor-associated rather than tumor-specific; in other 

words, most observed HERV expressions in tumors are also detected expressing at 
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a low level in health tissues (Gimenez et al. 2010; Gloor et al. 2017). For example, 

the rec and np9 transcripts originated from the abnormal splicing of env mRNA, 

which was suggested to contribute to tumor development (Armbruester et al. 2002; 

Lower et al. 1995; Magin, Löwer, and Löwer 1999; Yang et al. 1999), were also 

observed in normal human cells (Schmitt et al. 2015). As mentioned, little evidence 

supported the direct causal role of HERV over-expression to oncogenesis. And the 

ubiquitous hypomethylation in the tumor tissue was suggested to be the major lead 

to the activation of HERVs (Attermann et al. 2018; Kassiotis 2014). Nevertheless, 

due to the overexpression of viral particles, HERVs are still suggested to be 

potential biomarkers for cancer screening or targets for immunotherapy (Curty et 

al. 2020; Golkaram et al. 2021; Smith et al. 2018).  

Except for tumors, HERV activities are closely related to neurological disorders. 

The elevated expressions of HERV protein or nucleotide acid were widely observed 

in neurological diseases like Amyotrophic lateral sclerosis (ALS), Multiple 

sclerosis (MS), Alzheimer’s disease (AD), etc. (Golkaram et al. 2021; Gröger and 

Cynis 2018; Li et al. 2015; Mayer et al. 2018). And the homozygous of HERV-K18 

was reported to lead to three times the risk of Multiple sclerosis (Antony et al. 2011). 

HERV sequences usually harbored transcription binding sites which can recruit 

transcription binding factors and regulate the cellular immune response (Imhof et 

al. 1999; Wang, Wang, and Adamo 2000). Additionally, several studies reported 

the different HERV expression patterns between old-age and young-age people 

(Autio et al. 2020; Nevalainen et al. 2018), and the disordered expression of HERV-

derived proteins, mostly env protein, can also stimulate the host immune response 

(Römer 2021). The chronic imbalanced activation of the immune system is inferred 

to induce severe neuroinflammatory, which is considered a chief pathological 

component of the majority of neurodegenerative diseases (Bjelobaba, Savic, and 

Lavrnja 2017; Gröger and Cynis 2018; Morris et al. 2019). And this is a consensus 

that most neurological diseases happen in old age. In this dissertation, we also 

reported the detrimental impact of HERV-K activation on cortical neuron 

differentiation. We identified the over-expression of NTRK3 caused by HERV-K 

activation are the critical factor leading to the disruption of the cortical neuron. This 

project gives a cell-level knowledge of HERV activities and neuron development, 

which hopefully provides a deeper understanding of the potential pathogenic role 



6 

 

of HERV in neurological diseases. 

HERVs also exhibit intense activities in the context of multiple kinds of viral 

infections, such as human immunodeficiency virus (HIV), influenza virus, human 

T-lymphotropic virus (HTLV), etc. (Chen, Foroozesh, and Qin 2019; Contreras-

Galindo et al. 2007; Nellåker et al. 2006; Toufaily et al. 2011). Generally, the 

mechanisms of exogenous infection elevating HERV expression include 1) viral 

elements affect directly or indirectly the transcription binding sites harbored in the 

LTRs; 2) viral infection alters the epigenetic modification; 3) the responding cell 

anti-viral immune system affects the HERV expression (Chen et al. 2019). The 

interactions of HERVs with the cell immune system were widely reported. In some 

circumstances, the expression of the env gene could competitively combine with 

the receptor on the celluar membrane to restrain the exogenous infection as 

mentioned (Ponferrada, Mauck, and Wooley 2003). On the other hand, the 

expression of the env gene of certain types of HERVs, such as HERV-K and HERV-

H, also induces immunosuppression (Lemaître et al. 2017; Mangeney et al. 2001). 

Through identifying the DEHERV-G pairs, Wang et al. reported a large amount of 

co-regulation of HERV loci and immune genes upon multiple kinds of exogenous 

viral infections (M. Wang et al. 2020, 2021). Following this method, in this 

dissertation, we reported similar co-activation of immune genes and HERVs upon 

three different strains of influenza infections. This work took a further step to 

separately analyze the effects on the immune relative genes caused by different 

HERV groups. We also discussed the possible mechanism by which HERV 

activities affect the immune system. We detected that LTR12C likely induces the 

expression of immune genes upon viral infection by providing the promoters. 

1.3.2 Transcriptomic analysis of Human endogenous retroviruses and its 

challenge 

The improvement of biotechnology offers researchers diverse technical choices to 

explore the expression of HERVs. Although the high throughput sequencing 

technology gradually replaces traditional quantitative PCR (qPCR) analysis, the 

latter is still cost-effective for getting the expression level of certain HERV groups 

when the study target is clear. In comparison, the next-generation sequencing (NGS) 

technology provides the benefit of a large-scale comprehensive analysis of HERV 
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expressions and their relations with gene expression. And multiple well-established 

public databases for HERVs, such as HERVd, Repbase, Dfam etc., provide the 

detailed annotation of HERV loci in the human reference genomes along with the 

consensus sequences of different HERV types for the downstream bioinformatic 

analysis (Hubley et al. 2016; Jurka et al. 2005; Paces et al. 2004, 2002). For 

comparative expression analysis, the traditional read count normalization methods 

based on feature length and sequencing depth, such as calculating the FPKM or 

TPM values, were still applied in some studies (Bhardwaj et al. 2015; Deniz et al. 

2020; Montesion et al. 2018). In contrast, methods based on the negative binomial 

distribution, such as DESeq2, edgeR provide more statistically accurate differential 

expression (DE) analysis of HERVs and gradually become the primary analysis 

trend (Chen, Lun, and Smyth 2016; Love, Huber, and Anders 2014).  

The main challenge of high-throughput HERV transcriptomic analysis happens 

during the processing of reads alignment. Due to the repetitive property of HERV 

elements, there are always HERV expression reads mapped to multiple HERV loci 

of the genome during the alignment process. And this effect is especially critical in 

the “young” HERV groups, which accumulated fewer mutations and different loci 

are highly similar. In practice, this multi-mapping issue was addressed using 

different approaches. A simple way is to discard the multi-mapped reads and use 

only the unique-mapped reads for quantitative analysis (Engel et al. 2021; M. Wang 

et al. 2020). This method guarantees alignment accuracy while scarifies many high-

quality reads and will lead to global underestimation of HERV expression. Thus, 

more researchers tend to use statistical approaches to estimate the approximate read 

counts mapped to HERV elements, and there are several bioinformatic tools 

available for that purpose. For example, the general-usage software RSEM is 

designed to deal with multi-mapped reads on different genes or isoforms, which 

estimates the maximum likelihood value of the mapped reads counts for each 

feature for the downstream analysis (Li and Dewey 2011). In the project described 

in chapter 2, we have applied RSEM for the locus-specific differential expression 

analysis of HERVs. Beyond this, there are also bioinformatic tools designed 

explicitly for transposon elements like TEtranscripts, SalmonTE, Telescope, etc. 

(Bendall et al. 2019; Jeong et al. 2018; Jin et al. 2015), which offer more options 

for HERV expression analysis and Schwarz et al. gave a detailed comparison of 
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these packages (Schwarz et al. 2022). 

The other strategy to avoid the multiple mapping issue is to analyze the expression 

of different HERV types, which is applied in both projects of this dissertation. This 

strategy makes sense since the multi-mapped reads are mostly mapped to the sample 

HERV group. Thus, the sum number of multi-mapped reads along with the unique 

mapped read will generally reflect the overall expression of a specific group of 

HERV. Alternatively, expression of different HERV groups can be obtained by 

mapping the NGS reads to the artificial “HERV genomes” as described in the work 

of Bhardwaj et al. (Bhardwaj et al. 2015), in which they use extracted sequences of 

HERV loci to create faux “HERV-K genomes”. In the project described in Chapter 

2, we created artificial “HERV genomes” of different groups using the consensus 

sequencing of each type of HERV element obtained from Dfam database (Hubley 

et al. 2016). This method yields the read count data by mapping the reads to a single 

individual sequence, which is more properly fitted with negative binomial 

distribution and suitable for the downstream differential expression analysis with 

the aid of packages like DESeq2. In summary, this strategy provides reliable group 

analysis of type-specific HERV expression. It suits the studies focusing on different 

HERV types and can also be a complement or verification of locus-specific HERV 

expression analysis.  

1.4 Outline of this dissertation 

As mentioned in 1.3.1, HERV exhibits abnormal expression in the context of viral 

infections or neurological disorders, while the knowledge of detailed mechanisms 

and pathways involved remains to be improved. This dissertation lists two projects 

discussing the interaction of HERV activities with host cells and their potential role 

in pathogeny. Chapter 2 addressed the expression pattern of HERVs and their 

coregulation with host genes in cells infected by three influenza A virus strains. We 

discussed the HERVs’ active effect on the cell anti-viral immune system. In the 

project of chapter 3, we activated the expression of HERV-K purposely in the 

cortical neuron cell. We monitored the corresponding cell reaction and 

transcriptome shift during cell differentiation. We observed the disruption of 

cortical neuron development upon HERV-K reactivation. We identified that the 

overexpression caused by the HERV-K reactivation as the critical factor leading to 
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the interruption. 

This dissertation mainly discusses the bioinformatic analysis of HERV expression 

based on the RNA sequencing (RNA-seq) data and the involved methods. In chapter 

2, except for the cell incubation, viral infection, and library preparation for RNA 

sequencing, most work of this project is in silico analysis, and the results and 

methods are all detail reported. While chapter 3, on the other hand, described a 

project that thoroughly combined the wet lab and in silico analysis. The 

bioinformatics analysis of this project was detailed in chapter 3, while the wet-lab 

analysis parts were only summarized as a conclusion. In the last chapter, we 

summarized the work of the two projects and pointed out the limitations of 

bioinformatic analysis on HERV activities. We discussed the possible improvement 

of the bioinformatic pipelines to strengthen the solidity of the results and the wet-

lab strategies to verify the hypothesis based on the in-silico methods. 

 

Chapter 2 Study of activities of HERV expression in 

Influenza infected cells 

2.1. Introduction 

2.1.1 Influenza A viruses 

Influenza A viruses (IAVs) are single-stranded RNA viruses that cause respiratory 

diseases in many avians and mammals (Dou et al. 2018). The subtype of Influenza 

A viruses was determined by the types of two classes of antigens on the viral surface, 

the Hemagglutinin protein (H-protein) and the Neuraminidase protein (N-protein). 

For example, the H7N9 subtype stands for the Influenza A subtype with type 7 H-

protein and type 9 N-protein on its surface. So far, scientists have identified 18 types 

of H-proteins and 11 N-proteins, so theoretically, there are 198 Influenza A 

subtypes in total. In contrast, not all of them have been discovered in nature 

(Krammer et al. 2018).  

Several subtypes of IAVs are capable of infecting human cells and are used to cause 

severe pandemics with a large number of deaths and hospitalizations worldwide. 
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For example, the H1N1 subtype was the pathogen of “The Spanish flu” in 1918 and 

“Swine flu” in 2009, while the H2N2 caused "The Asian flu" in the 1950s (Javanian 

et al. 2021). The infections of IAVs often induce the host defense response and lead 

to severe inflammatory symptoms in the human body, which assists in the 

restraining of viral replication but also results in lung injury, morbidity, and death 

(Tavares, Teixeira, and Garcia 2017). To optimize the therapeutic strategy of IAVs 

caused diseases, a deep understanding of cell-level biological processes or 

pathways involved in the IAV infection and corresponding cellular immune 

response is needed. 

2.1.2 Human endogenous retroviruses and immune functions 

Up to 8% of the human genome are formed by human endogenous retroviruses 

(HERVs) (Jakobsson and Vincendeau 2022), which are remnants of ancient 

exogenous retroviral integrations. Normative HERV element consists of the internal 

portion of encoding the necessary proteins of retroviruses flanked by two long 

terminal repeats (LTRs), assisting the viral integration processes to the host genome. 

HERV LTRs often harbor cis-elements and can regulate host gene activities via 

multiple mechanisms (Jakobsson and Vincendeau 2022). Although most HERV 

elements are silenced by mutations or epigenetically controlled, they can be 

reactivated by environmental conditions, including infections of exogenous viruses 

such as HIV-1 (Vincendeau et al. 2015), hepatitis C (C. Liu et al. 2017; Weber et 

al. 2021), or IAVs (Li et al. 2014; Nellåker et al. 2006). Previous studies reported 

that human endogenous retroviruses (HERVs) might be involved in regulating the 

immune functions upon reactivation during viral infection through different 

mechanisms (Chuong, Elde, and Feschotte 2016; Hale 2022; Kassiotis and Stoye 

2016; Srinivasachar Badarinarayan et al. 2020). HERV-derived nucleic acids can 

induce the pattern recognition receptors like retinoic acid-inducible gene-I-like 

receptors (RIG-like receptors) and toll-like receptors (TLR) (Srinivasachar 

Badarinarayan and Sauter 2021). The former is known as the fundamental pathway 

of antiviral response against IAVs (Rehwinkel and Gack 2020). On the other hand, 

proteins encoded by HERV internal portion, such as the HERV-W envelope, have 

also been reported to induce cytokine production via TLR signaling (Rolland et al. 

2006; X. Wang et al. 2021). And these HERV-derived proteins can also be 
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recognized by the adaptive immune system and induce T or B-cell response 

(Bonaventura et al. 2022; Saini et al. 2020). Additionally, promoters or enhancers 

harbored in the LTR regions can impact the expression of inflammatory genes, 

which can also influence antiviral immunity (Chuong, Elde, and Feschotte 2017; 

Jakobsson and Vincendeau 2022; Srinivasachar Badarinarayan et al. 2020). 

In this work, we studied the effect of IAV infections on HERV expression and the 

relative regulation of the host gene network, especially the antiviral immune 

responses. We sequenced the transcriptome of A549 cells infected by three different 

IAVs: influenza A/PR/8/1934/H1N1 (PR8M), influenza A/seal/Mass/1-

SC35M/1980/H7N7 (SC35M), as well as an NS1 deleted version of the latter strain 

(SC35MΔNS1). We found multiple HERV elements (internal region or LTRs) 

upregulated in the IAV-infected cell lines compared with mock control, including 

LTR5 and LTR12C, which were previously reported to infect the immune activities. 

Additionally, by identifying the DEHERV-G pairs defined by Wang et al. (M. 

Wang et al. 2020), we explored the co-regulations of host genes and HERVs. The 

further functional enrichment analysis of the genes that appeared in the DEHERV-

G pairs revealed the potential ability of some types of HERV elements to regulate 

the immune system’s response to the viral infection. 

2.2. Materials and Methods 

2.2.1. Transcriptomic Sequencing of IAV-Infected A549 Cells and Control 

Three separate wells of A549 cells were respectively infected for 24h with IAV 

strains PR8M, SC35M (Scheiblauer, Kendal, and Rott 1995), or SC35M with 

genetic ablation of NS1 (SC35MΔNS1) (Kochs et al. 2007). All three cells were 

infected at the same MOI (MOI 3), which allows the viruses to propagate in their 

natural way. Then the IAV-infected A549 cells and control were sent to single-end 

RNA sequencing on Illumina NextSeq 2000 platform with 75bp read length. 

2.2.2. HERV Annotation 

The annotation of each HERV locus was obtained from the Human Endogenous 

Retroviruses Database (HERVd) (Paces et al. 2004, 2002), including the HERV ID, 

coordinates and a rough classification of each locus to five top-level superfamilies. 
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HERVd does not give the association of the internal portion and their corresponding 

LTRs. To build such association, we organized the information from Kojima’s 

publication (Kojima 2018) and divided the five superfamilies into 22 groups. The 

association of the internal portion and corresponding LTRs was provided within 

each group. For the information on HERV elements that were not provided in 

Kojima’s work, we manually made the annotation using the DFAM database 

(Hubley et al. 2016). Two types of internal proviruses were not associated with any 

LTRs, and 122 LTR types were not identified as linked to any internal region, which 

were excluded from this study. Finally, we annotated 103 types of HERV internal 

portions with 346 associated LTR types. Detailed information is provided in Table 

S2.1. 

2.2.3. RNA-Seq Data Processing 

We did quality control and low-quality filtering of the single-end RNA-seq data 

using the Fastp software (Chen et al. 2018). Reads were mapped to the human genes 

and HERV loci using the RSEM package (Li and Dewey 2011), with Ensembl 

version 99 as the human gene annotation (Yates et al. 2020) and HERVd for HERV 

annotation. RSEM does the read mapping work using the STAR aligner (Dobin et 

al. 2013), during which the proper parameters were settled so that multiple mapped 

reads will not be discarded. RSEM estimated the maximum likelihood value of read 

count for each gene or HERV locus to ease the bias caused by the multiple mapped 

reads. And it also avoids underestimating the overall HERV expression for 

downstream analysis, like in the studies that use only uniquely mapping reads on 

HERVs.  

Type-specific expression of HERVs was measured by creating artificial “HERV 

genomes” for different types of HERVs from the consensus sequences obtained 

from the Dfam database (Hubley et al. 2016). Then, the RNA-Seq reads were 

mapped to the faux genome with RSEM to calculate the expected read count value 

for each type of HERVs. In the downstream analysis, these type-specific read 

counts were handled together with the human gene read counts, while the HERV 

loci were analyzed separately. All the human genes or HERVs (including HERV 

types or HERV loci) that have no read mapped in all samples were not included in 

the analysis. 
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2.2.4. Differential Expression Analysis 

The differential expression (DE) analysis of genes, HERV loci, or different types 

of HERV elements was identified using the DESeq2 R package (Love et al. 2014). 

Two read count matrices were built for the separated DE analysis as mentioned 

above: one contains read counts mapped to each HERV locus among all samples, 

while the other has read counts mapped to human genes and different types of 

HERV consensus sequences. Accordingly, a design matrix was created identifying 

the information of each sample, including cell type and strains of infected viruses. 

The calculated log2 fold change (LFC) values were further shrunk using the 

“apeglm” algorithm provided in the DESeq2 package (Zhu, Ibrahim, and Love 

2019). Entries with shrunk LFC values > ±1 and s-values of < 1 × 10−3 were 

considered as differentially expressed. For the expression analysis of each type of 

HERV element, we kept only the types with average value mapped read counts of 

all samples larger than 10 (basemean > 10).  

2.2.5. Association of differentially expressed LTRs types with genes 

We selected 18 types of HERV LTRs (Table S2.2), each of which was either 

detected up-regulated itself or its associated internal portion was up-regulated. We 

performed a series of Fisher’s exact tests to check the potential association of each 

up-regulated LTR type with nearby DEGs. The p-values of Fisher’s test were 

further adjusted for multiple tests using Benjamini–Hochberg (BH) method. A 

detailed scheme of Fisher’s exact test is listed in Table 1. LTR type with significant 

fisher odds value larger than 1 mean that this type of LTR have a higher probability 

occuring within 100 kbp of DEG’s transcription start sites (TSSs) than randomly, 

indicating a potential regulating role of this LTR type. 

Model of the 

Fisher’s exact test 

Numbers of genes that have 

specific DE HERV-LTR (e.g., 

LTR13) appearing within 100 

kbp of TSS 

Numbers of genes that do not 

have specific DE HERV-LTR 

(e.g., LTR13) not appearing 

within 100 kbp of DEG TSS  

Significantly 

differentially 

expressed genes 

Number of DEGs having LTR13 

within 100 kbp of their TSS 

Number of DEGs having no 

LTR13 within 100 kbp of their 

TSS 
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Genes that were 

NOT significantly 

differentially 

expressed 

Number of non-regulated genes 

having LTR13 within 100 kbp 

of their TSS 

Number of non-regulated 

genes having no LTR13 within 

100 kbp of their TSS 

Table 2.1 Model of the Fisher’s exact test for a given DE HERV-LTR type (using 

LTR13 as an example). 

2.2.6. Motif Analysis of Up-Regulated HERV-LTRs 

We performed motif enrichment analysis using HOMER package (version 4.11) 

(Heinz et al. 2010). The coordinates of the selected HERV loci were provided to 

“findMotifsGenome.pl” HOMER script as the “target sequence set”, and HOMER 

automatically selected the “background sequence set” from the human reference 

genome. Through searching all the possible oligos in the target set and counting the 

occurrence, HOMER determines the enrichment of each motif through fisher’s 

exact test. Since HERV elements are repetitive sequences, the parameter “-mask” 

was not called in this analysis. 

2.2.7. Identification of Differentially Expressed HERV and Gene Pairs 

(DEHERV-G Pairs) 

The DEHERV-G pair was first defined in the study of Wang et al. (M. Wang et al. 

2020). Following their method, we found the nearest differentially expressed gene 

of each DE HERV locus within 100 kbp (distance of the closest edge of the gene 

and HERV locus) on the same strand. If a DE HERV locus occurred within the 

region of a DEG and they are on the same strand, they will also be counted as a 

DEHERV-G pair.  

2.2.8. Functional Enrichment Analysis 

All the GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and 

Genomes) enrichment analyses in this work were handled using the modEnrichr 

website Suite (Kuleshov et al. 2019). 
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2.3. Results 

2.3.1. Identification of Differentially Expressed Genes (DEGs) and HERVs 

(DEHERVs) of IAV infected cells 

We studied the transcriptome profile of IAVs infected cells using the A549 cell line. 

We sequenced the transcript ones of three cell lines infected by three different 

strains of IAVs as well as the mock control using single-strand RNA-seq. The three 

IAVs contain two wild types of IAV strains, PR8M and SC35M, along with 

SC35MΔNS1, a mutant of SC35M. Compared with SC35M, SC35MΔNS1 lacks 

the NS1 protein, which can interfere with the cell expression of antiviral factor 

PAF1 and suppress cell immune response (Hale et al. 2008; Marazzi et al. 2012). 

So, theoretically, it is predictable that the infection of SC35MΔNS1 would lead to 

a more significant immune response than SC35M.  

We built two feature-sample read count matrices and subjected them to the DESeq2 

package to explore the transcriptome profiles of each sample. The first matrix 

contains read counts for the host genes and HERV consensus sequences obtained 

from Dfam database, and the other lists the read counts for each individual HERV 

locus (see methods for the details). We first did principal component analysis (PCA) 

on the two read matrices to generally explore the expression differences among 

samples. PCA analysis on both matrices clustered samples in different situations 

(Figure 2.1 A,C), except for one mock control sample exhibited as an outlier. After 

removing the outlier sample, the PCA analysis yielded a better cluster (Figure 2.1 

B,D). Thus, we excluded that sample for the downstream analysis. 
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Figure 2.1 Principal component analysis (PCA) plots of the gene matrix (A, B) and 

HERV loci matrix (C, D). (A, C) PCA plots with all samples included. (B, D) PCA 

plots with the control sample 1 removed. Only one technical replicate is shown in 

all plots. See Figures S1 and S2 for the gene matrices of the other two technical 

replicates.  

Next, we performed the differential expression analysis of human genes and 

HERVs between each virus-infected cell and the control cell with the DESeq2 

package (Love et al. 2014). Genes or HERV loci with shrunk Log2 fold change > 

±1 and s-value < 0.001 were identified as DEGs or DEHERVs, and their amounts 

of each sample comparison were shown as Volcano plots (Figure 2.2). Most of the 

DEGs and DEHERVs in all three infected cells are upregulated compared with the 

mock control cells. The protein-coding genes take the lead portion of all the DEGs 

(86% in PR8M, 75% in SC35M, and 90% in SC35MΔNS1), followed by the non-

coding RNAs as the second top (Table S2.3). In comparison, there are no common 
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leading DEHERV groups among the three infected cells. Most of the DEHERVs in 

PR8M and SC35M are mammalian apparent LTR retrotransposons (MaLRs) from 

the ERV3 superfamily, while in SC35MΔNS1, HERVW9 group from ERV1 takes 

the dominant (Table S2.4, Figure 2.3). There are 495 and 19 common DEGs and 

DEHERVs among the three infected cells (Figure 2.4). Compared with the overlap, 

the numbers genes or HERV loci that differentially expressed exclusively in one 

cell are much higher, indicateing the significant difference in responding to 

regulating networks of cell upon different viral strain infections. For the functional 

analysis, we did GO (gene ontology) biological process (BP) enrichment analysis 

of the joint 495 DEGs and each cell-exclusive DEG set. The overlapping DEG set 

was enriched in viral immunity relative processes and pathways according to the 

enrichment analysis of GO and KEGG (Kyoto Encyclopedia of Genes and 

Genomes) (Figure 2.5). As for cell exclusive DEG set, all the top 10 enriched BP 

entries are closely related to cell immune response, while the other two cell-

exclusive DEG sets did not have any immune relative BP terms among their top 10 

enrichment results (Figure 2.6), which is as predicted that the SC35MΔNS1 

infection caused the largest cell immune response due to the lack of NS1 protein. 
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Figure 2.2 Volcano plots illustrating the differential expression of genes and HERV 

loci in all three cell lines compared to the mock control. (A,B) Differential 

expression genes and HERV loci in PR8M. (C,D) Differential expression of genes 

and HERV loci in SC35M. (E,F) Differential expression genes and HERV loci in 

SC35MΔNS1. DESeq2 converts very small s-values to 0, which leads to 580 genes 

in PR8M, 343 in genes in SC35M, and 75 genes in SC35MΔNS1 all having the 

same -Log10 (s-value) and appearing at the top. 
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Figure 2.3 Percentage of DEHERVs in each HERV superfamily in the cells 

infected by PR8M (A), SC35M (B), and SC35MΔNS1 (C). 

 

Figure 2.4 Venn diagrams showing the overlap between the differentially 

expressed genes and HERV loci in the three infected cells (SC35M, SC35MΔNS1, 

and PR8M) relative to control. A) Differentially expressed genes. B) Differentially 

expressed HERV loci. 
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Figure 2.5 Top 10 most significantly enriched biological process GO terms (A) and 

KEGG pathways (B) associated with the overlapping exclusively differentially 

expressed gene set of all three infected cells. Terms are ranked according to the p-

value. 
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Figure 2.6 Top 10 most significantly enriched biological process GO terms 

associated with the genes exclusively differentially expressed in A) PR8M infected 

cells, B) SC35M infected cells, C) SC35MΔNS1 infected cells. Terms are ranked 

according to the p-value. 



22 

 

2.3.2. Type-specific differential expression analysis of HERVs and the 

regulatory potential of DEHERVs 

In the last section, we described our DE analysis of each HERV locus annotated in 

HERVd (Paces et al. 2004, 2002). Beyond that, we explored the type-specific 

expression regulation HERVs by mapping the RNA-seq reads to the consensus 

sequences of different HERVs. This strategy provides us with a different 

perspective to understand the roles among different kinds of HERV elements in the 

gene regulation network. All the significant DE HERV types identified are 

upregulated cases (Table 2.2-2.4). Notably, the two wild strains infected cells 

yielded similar results, while the mutant strain (SC35MΔNS1) infection caused less 

diversity of DEHERV types. 

 

HERV element Base mean Log2(Fold change) s-value 

LTR5_Hs 222.37 1.6 4.92E-19 

LTR12C 127.68 1.61 1.87E-06 

LTR5 85.17 1.97 1.24E-16 

HERV9NC-int 36.45 2.21 6.10E-06 

LTR13 33.07 1.52 2.19E-05 

LTR5A 30.53 1.66 3.94E-06 

LTR7B 23.45 1.68 8.20E-04 

LTR10C 20.28 2.8 2.58E-06 

Table 2.2 Differentially expressed HERV elements in PR8M vs MOCK. Entries 

with low read counts (base mean < 20) were discarded. 

 

HERV element Base mean Log2(Fold change) s-value 

LTR5_Hs 222.37 3.46 1.66E-233 

HERVH-int 164.25 3.02 3.92E-109 

LTR12C 127.68 3.58 6.74E-60 

LTR5 85.17 3.59 4.55E-86 

HERV9NC-int 36.45 3.21 4.48E-11 

LTR13 33.07 2.93 1.53E-31 

LTR5A 30.53 3.57 3.68E-46 

LTR7B 23.45 5.03 2.02E-48 

LTR10C 20.28 6.37 3.57E-34 

Table 2.3 Differentially expressed HERV elements in SC35M (wild type) vs 

MOCK. Entries with low read counts (base mean < 20) were discarded. 
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HERV element Base mean Log2(Fold change) s-value 

LTR5_Hs 222.37 1.5 4.04E-13 

LTR12C 127.68 4.46 1.00E-124 

LTR5 85.17 2.32 3.80E-27 

HERV9NC-int 36.45 5.7 9.47E-53 

 

Table 2.4 Differentially expressed HERV elements in SC35MΔNS1 (SC35M 

lacking viral protein NS1) vs MOCK. Entries with low read counts (base mean < 

20) were discarded. 

 

Except for a few internal portions like HERV9NC-int or HERVH-int, the majority 

of significantly upregulated HERV types are LTRs. Since HERV-LTRs usually 

contain cis-regulatory elements like enhancers and promoters (Deniz et al. 2020; 

Kim 2012; Schön et al. 2009), we decided to investigate the potential co-regulation 

of the DE LTRs and DEGs. We did a series of fisher’s exact tests to examine 

whether the loci of certain up-regulated types are prone to exist within the close 

region (100 kbp upstream or downstream) of DEGs’ transcript binding sites (TSS). 

If one type of LTR yielded a significant result of fisher’s test (BH adjusted p-value 

< 0.05) with the odds value larger than 1, that LTR type was considered positively 

associated with DEGs and was more likely to appear near the DEGs’ TSSs (Table 

2.5 as an example). Eighteen types of HERV LTR were subjected to these fisher’s 

tests (Table S2.2). Five and one were respectively identified as positively associated 

with DEGs in SC35M and SC35MΔNS1 infected cells (Table S2.5). No positive 

results were detected in PR8M infected cells. Interestingly, the only type of LTR 

detected in SC35MΔNS1, LTR12C, was also among the five positive results in 

SC35M. We further performed HOMER motif analysis on the up-regulated HERV 

loci for the 18 HERV-LTRs (Heinz et al. 2010). The most enriched motif in up-

regulated HERV loci in all three infected cells was the NFY(CCAAT), known as a 

promoter. 
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 PR8M SC35M SC35MΔNS1 

Number of up-regulated DEGs 

having up-regulated LTR12C loci 

within 100 kbp of their TSS 

10 26 22 

Number of genes having up-

regulated LTR12C loci within 100 

kbp of their TSS 

59 84 122 

Number of up-regulated DEGs 2943 4256 2233 

Fisher’s test odds value 1.63 2.34 3.25 

Fisher’s test p-value 0.15 8.34 × 10−4 8.74× 10−7 

Adjusted p-value 1 3.54× 10−3  1.49× 10−5 

Table 2.5 LTR12C occurrence information used in the Fisher’s test. The total 

number of genes considered in this test is 26423. See Methods for details on Fisher’s 

test model. 

2.3.3. Pairwise co-regulation of Differentially Expressed HERVs and Genes 

(DEGERV-G) 

We next studied the coregulation of DEGs and DEHERVs on the locus level using 

DEHERV-G pairs mentioned in the research of Wang et al. (M. Wang et al. 2020). 

For each DEHERV locus, we searched for the nearest DEG within 100 kbp on the 

same DNA strand to form a DEHERV-G pair. In SC35M, we identified 593 

DEHERV-G pairs, which is much more than the other two cells (168 in PR8M and 

115 in SC35MΔNS1), which was supposed to be due to the most occurring of DEGs 

and DEHERVs in SC35M infected cell (Figure 2.2). The identified DEHERV-G 

pairs or the genes involved in the DEHERV-G pairs differed greatly among the 

three infected cells (Figure 2.8). In most DEHERV-G pairs, the contained gene and 

HERV locus are synchronously up-regulated (Table 2.6), which is also in line with 

the previous results that the majority of differentially expressed genes or HERV loci 

are up-regulated ones. The distance distribution of the DEG and DEHERV in the 

DEHERV-G exhibits a downward trend (Figure 2.7).  

 

Cells 
DEHERV-G Pairs Involved Genes 

G+H+ G+H- G-H+ G-H- Up Regulated Down Regulated 

PR8M 103 8 26 31 97 54 

SC35M 451 32 84 26 391 100 
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SC35MΔNS1 104 1 5 5 88 10 

Table 2.6 Differential expression status of DEHERV-G pairs in the three cell types. 

Symbols +/- denote up/down-regulation of genes or HERVs, respectively. e.g., 

G+H+ indicates pairs in which both a HERV locus and a gene are up-regulated. 

 

Figure 2.7 Distribution of distances between DEGs and DEHERVs within 

DEHERV-G pairs. Zero distances correspond to overlapping DEGs and DEHERVs. 
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Figure 2.8 Overlaps between DEHERV-G pairs (A) and genes involved in 

DEHERV-G pairs (B) among the three IAV infected conditions vs mock. 

We further did functional analyses of the identified DEHERV-G pairs in the three 

infected conditions. The protein-coding genes that appeared in the DEHERV-G 

pairs with both genes and HERV loci up-regulated (G+H+ pairs) were subjected to 

the GO and KEGG enrichment analysis. The top ten most significantly enriched 

biological processes and KEGG pathways were listed in (Figure 2.9, 2.10). We 

found that all the ten most significant biological processes in SC35MΔNS1 and 

more than half in PR8M infected cells were closely related to immune or 

inflammatory processes. In comparison none was directly associated with those in 

SC35M. The KEGG enrichment analysis of this cell yields three enriched immune 

or inflammation-related pathways from the DEHERV-G proteins in SC35MΔNS1: 

“NF-kappa B signaling pathway”, “RIG-I-like receptor signaling pathway”, and 

“NOD-like receptor signaling pathway” inflammation (Brisse and Ly 2019; T. Liu 

et al. 2017; Saxena and Yeretssian 2014). By contrast, no immune pathway was 
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detected in the DEHERV-G proteins from the other two viral-infected cells. 

Similarly, the proteins from the SC35MΔNS1’s DEHERV-G pairs were enriched 

in multiple virus-associated pathways (including “Influenza A pathway”), while in 

the other two cell types, only one virus-related pathway was significantly enriched 

(“Coronavirus disease” in SC35M). 
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Figure 2.9 Top 10 most significantly enriched biological process GO terms 

associated with the protein-coding genes of the G+H+ DEHERV-G pairs. Terms 

are ranked according to the p-value. (A) PR8M infected cells, (B) SC35M infected 

cells, and (C) SC35MΔNS1 infected cells. Go terms related to immune or 

inflammation processes are shown in blue color. 
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Figure 2.10 Top 10 most significantly enriched KEGG pathways associated with 

the protein-coding genes of the G+H+ DEHERV-G pairs. Terms are ranked 

according to the p-value and bars filled in blue means their p-value lower than 0.05 

while BH corrected p-values larger than 0.05. (A) PR8M infected cells, (B) SC35M 

infected cells, (C) SC35MΔNS1 infected cells. 
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2.4. Discussion 

IAVs infection induces inflammation in the host (Tavares et al. 2017). The 

inflammatory process is part of the immune response that can help to stop the virus 

replication and spreading. But on the other hand, an overactive inflammatory 

response can also damage the host or even be lethal (Tavares et al. 2017). It is 

essential to understand how IAVs infections trigger the inflammatory response. 

Previous studies widely reported that exogenous viral infections induce abnormal 

HERV activities, many of which were detected to affect the inflammation processes 

(Chiappinelli et al. 2015; de Cubas et al. 2020; Lee et al. 2020; Roulois et al. 2015; 

Schmidt et al. 2019). And the cis-regulatory elements harbored in HERV LTRs 

were also reported to influence the expression of inflammatory genes (Chuong et 

al. 2017; Jakobsson and Vincendeau 2022; Srinivasachar Badarinarayan et al. 2020). 

(Li et al. 2014; C. Liu et al. 2017; Vincendeau et al. 2015; Weber et al. 2021). Thus, 

in this study, we seek to check the correlation ship HERV activities and cell 

immunity upon IAVs infection and verify the potential roles of HERV elements 

regulating cell inflammation. We infected the human A549 cells with three different 

IAVs strains and detected massive up-regulation of genes and HERV loci. 

According to the functional enrichment analysis, all three infected cells exhibited 

immune responses upon the infections since the common DEGs shared among three 

different infective conditions are enriched in anti-viral immunity. And the 

SC35MΔNS1 infection induces more severe immune activities than the two wild 

strains due to the lack of NS1 protein, which was verified by the functional 

enrichment analysis on the exclusive DEG set of each cell: only the SC35MΔNS1 

exclusive DEGs were enriched cell immune response. In addition to the up-

regulation of host genes, we also detected abundant up-regulation of HERV loci in 

all three infected cells. Through identifying the DEHERV-G pairs, we filtered the 

genes co-upregulating with the activated DEHERVs. We found them enriched in 

cell immune processes, illustrating the HERV activities with immunity.  

The type-specific differential expression analysis of HERV offers a comprehensive 

understanding of the different effects of different HERV groups. By mapping the 

RNA-seq reads to the consensus sequences, this method can ease the potential bias 

caused by the low read count noise in the locus-specific DE analysis and offer a 
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liable differential expression monitor of each HERV. Consistent with the locus-

specific DEHERV analysis results, all significant DEHERV types are upregulated, 

among which two HERV-K LTRs (LTR5, LTR5_Hs) and LTR12C with its internal 

portion HERV9NC were detected in all three infective conditions (Table 2.2-2.4). 

HERV-K (HML-2) is one of the youngest and most active HERV elements in the 

human genome (Mayer et al. 1999; Subramanian et al. 2011). Several proteins 

encoded by the HERV-K internal portion were supposed to affect the cell immunity 

in different mechanisms. For example, the HERV-K-derived dUTPase was reported 

to activate NF-κB and induce the TH1 and TH17 cytokine response (Ariza and 

Williams 2011). And the HERV-K gag protein was described to co-assemble with 

HIV-1 gag proteins and thus reduced its infectivity. Except for the difference 

between HIV-1 and IAVs, it is reasonable to infer a similar cell effect of HERV-K 

gags upon IAVs infections. 

We also detected a prominent association of LTR12C activation with cell immune 

activities. Although LTR12C was detected upregulated in all three infected cells, it 

displayed highest regulation level in the SC35MΔNS1 infected cell (highest LFC 

value in the type-specific DEHERV analysis and most up-regulated loci in locus-

specific analysis), which exhibited the most severe immune activities due to the 

lack of the NS1 protein as mentioned. Except for the positive correlation of its 

expression level and the cell immunity level, we also detected that the DEGs in 

SC35MΔNS1 infected cells are prone to have LTR12C loci within 100 kbp of their 

TSSs, suggesting a potential regulating ability of LTR12C. This assumption is 

further convinced by the motif analysis, where we identified that the LTR12C loci 

were enriched in NFY(CCAAT) motif, which is known to serve as a promoter. 

Correspondingly, in the SC35MΔNS1 infected cell, we detected two activated 

LTR12C locus occur closely upstream to two activated immunity relative genes: 

GBP5 and CXCL11. GBP5 is widely known as a restriction factor against viral 

infection. The CXCL11 gene encodes a cytokine belonging to the CXC chemokine 

family, which plays a vital role in the development and function of the immune 

system. And there are also previous studies pointing to the regulatory ability of 

LTR12C (Beyer et al. 2016; Jung et al. 2011, 2017; Krönung et al. 2016). All things 

considered, it is reasonable to believe that the expressions of these two genes are 

regulated by LTR12C rather than that the LTR12C loci were upregulated due to the 
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Hitchhiking effect. 

In summary, this study explores the regulation of HERV expression upon IAVs 

infection and their effects on the gene regulation network, especially those 

contributing to cell defense activities. Adopting locus-specific and type-specific 

HERV expression analysis provides us with two perspectives on this issue. For the 

locus-specific HERV expression analysis, we conducted the DEHERV-G pair 

analysis defined in Wang et al. s studies. We verified the close relationship between 

HERV expression and cellular immune response. On the other hand, the type-

specific analysis relieved much low expression noises in the locus-specific analysis, 

and we did identify several HERV types possibly affecting cell immune responses. 

Although pure bioinformatic analysis cannot forge a solid conclusion, this study 

provides a clear guideline for the further wet-lab experiment uncovering the exact 

mechanism of HERV activities affecting the cellular immune response.  

2.5 Supplementary materials 

Table S2.1 Association of different types of HERV internal portion and LTRs 

Superfamily Group Internal portion Associated LTRs 

ERV1 HEPSI ERV24B_Prim-int LTR24B, LTR24C 

ERV1 HEPSI ERV24_Prim-int LTR24, LTR24C 

ERV1 HERVHF HERV-Fc1-int HERV-Fc1_LTR1, HERV-

Fc1_LTR2, HERV-

Fc1_LTR3 

ERV1 HERVHF HERV-Fc2-int HERV-Fc2_LTR 

ERV1 HERVERI HERV15-int LTR15 

ERV1 HERVW9 HERV17-int LTR17 

ERV1 HERVERI HERV1_I-int HERV1_LTRa, 

HERV1_LTRb, 

HERV1_LTRc, 

HERV1_LTRd, 

HERV1_LTRe 

ERV1 HERVERI HERV3-int LTR4, LTR76, LTR61 

ERV1 HERVW9 HERV30-int LTR30 

ERV1 HERVW9 HERV35I-int LTR35, LTR35A, LTR35B 

ERV1 HERVFRDlike HERV4_I-int MER51A, MER51B, 

MER51C, MER51D, 

MER51E, MER61D 

ERV1 HERVW9 HERV9-int LTR12, LTR12B, LTR12C, 

LTR12D, LTR12E, LTR12F, 

LTR12_ 

ERV1 HERVW9 HERV9N-int LTR12, LTR12B, LTR12C, 

LTR12D, LTR12E, LTR12F, 

LTR12_ 

ERV1 HERVW9 HERV9NC-int LTR12, LTR12B, LTR12C, 



33 

 

LTR12D, LTR12E, LTR12F, 

LTR12_ 

ERV1 HERVERI HERVE-int LTR2 

ERV1 HERVERI HERVE_a-int LTR2B, LTR2C 

ERV1 HERVHF HERVFH19-int LTR19 

ERV1 HERVHF HERVFH21-int LTR21B, LTR21C 

ERV1 HERVHF HERVH-int LTR7A, LTR7B, LTR7C, 

LTR7Y, LTR7 

ERV1 HERVHF HERVH48-int MER48, LTR21A, MER72, 

MER72B 

ERV1 HERVERI HERVI-int LTR10B, LTR10B1, 

LTR10A, LTR10B2, 

LTR10C, LTR10D, LTR10E, 

LTR10G 

ERV1 HERVIPADP HERVIP10B3-int LTR10F 

ERV1 HERVIPADP HERVIP10F-int LTR10F 

ERV1 HERVIPADP HERVIP10FH-int LTR10F 

ERV1 HERVIPADP HERVP71A-int LTR71A, LTR71B 

ERV1 MLLV HERVS71-int LTR6A, LTR6B 

ERV1 HUERSP HUERS-P1-int LTR8, LTR8A, LTR8B, 

LTR73 

ERV1 HUERSP HUERS-P2-int LTR1, LTR1A1, LTR1A2, 

LTR1B, LTR1B0, LTR1B1, 

LTR1C, LTR1C1, LTR1C2, 

LTR1C3, LTR1D, LTR1D1, 

LTR1E, LTR1F, LTR1F1, 

LTR1F2, LTR28, LTR28B, 

LTR28C 

ERV1 HUERSP HUERS-P3-int LTR9A1, LTR9B, LTR9C, 

LTR9D, MER61A, 

MER61B, MER61E, 

MER61F 

ERV1 HUERSP HUERS-P3b-int LTR9, LTR25 

ERV1 HERVERI Harlequin-int LTR2, LTR2B, LTR2C 

ERV1 HEPSI LOR1-int LOR1, LOR1a, LOR1b 

ERV1 HERVHF LTR19-int LTR19A, LTR19B, LTR19C 

ERV1 Unclassified LTR23-int LTR23 

ERV1 HUERSP LTR25-int LTR25 

ERV1 HEPSI LTR37-int LTR37A, LTR37B 

ERV1 HEPSI LTR38-int LTR38, LTR38A1, LTR38B, 

LTR38C 

ERV1 HERVFRDlike LTR39-int LTR39 

ERV1 HEPSI LTR43-int LTR43, LTR43B 

ERV1 HERVHF LTR46-int LTR46 

ERV1 Unclassified LTR49-int LTR49 

ERV1 HEPSI MER101-int MER101, MER101B 

ERV1 Unclassified MER110-int MER110, MER110A 

ERV1 HEPSI MER21-int MER21, MER21A, 

MER21B, MER21C, 

MER21C_BT 

ERV1 HEPSI MER31-int MER31, MER67A, 

MER67B, MER67C, 

MER67D 

ERV1 HEPSI MER34-int MER34, MER34A, 
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MER34A1, MER34C, 

MER34C2, MER34C_, 

MER34D 

ERV1 HEPSI MER34B-int MER34B, MER34A, 

MER34A1, MER34C, 

MER34C2, MER34C_, 

MER34D 

ERV1 HEPSI MER4-int MER4A, MER4A1, 

MER4A1_, MER4C, 

MER4CL34, MER4D0, 

MER4D1, MER4D, MER4E, 

MER4E1, MER4B 

ERV1 HERVW9 MER41-int MER41A, MER41B, 

MER41D, MER41E, 

MER41F, MER41G 

ERV1 HEPSI MER4B-int MER4A, MER4A1, 

MER4A1_, MER4C, 

MER4CL34, MER4D0, 

MER4D1, MER4D, MER4E, 

MER4E1, MER4B 

ERV1 MER50like MER50-int MER50, MER50B, MER50C 

ERV1 HERVFRDlike MER51-int MER51A, MER51B, 

MER51C, MER51D, 

MER51E, MER61D 

ERV1 HUERSP MER52-int MER52A, MER52B, 

MER52C, MER52D, 

LTR27D, LTR27E, LTR27, 

LTR27B, LTR27C 

ERV1 MER50like MER57-int MER57A1, MER57B1, 

MER57B2, MER57C1, 

MER57C2, MER57D, 

MER57E1, MER57E2, 

MER57E3, MER57F 

ERV1 MER50like MER57A-int MER57A1, MER57B1, 

MER57B2, MER57C1, 

MER57C2, MER57D, 

MER57E1, MER57E2, 

MER57E3, MER57F 

ERV1 HEPSI MER61-int MER61C 

ERV1 HEPSI MER65-int MER65C, MER65A, 

MER65B, MER65D 

ERV1 HERVFRDlike MER66-int MER66C, MER66A, 

MER66B, MER66D 

ERV1 HUERSP MER83A-int MER83 

ERV1 HUERSP MER83B-int MER83B, MER83C 

ERV1 MER50like MER84-int MER84 

ERV1 HEPSI MER89-int MER89 

ERV1 Unclassified MER92-int MER92A, MER92B, 

MER92C, MER92D 

ERV1 HERVFRDlike PABL_A-int PABL_A 

ERV1 HERVFRDlike PABL_B-int PABL_B 

ERV1 HEPSI PRIMA4-int PRIMA4_LTR 

ERV1 HERVFRDlike PRIMA41-int MER41C, MamRep1151 

ERV2 HML2 HERVK-int LTR5, LTR5A, LTR5B, 

LTR5_Hs 

ERV2 HML8 HERVK11-int MER11A, MER11B, 

MER11C 
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ERV2 HML7 HERVK11D-int MER11D 

ERV2 HML4 HERVK13-int LTR13, LTR13A, LTR13_ 

ERV2 HML1 HERVK14-int LTR14A, LTR14B 

ERV2 HML9 HERVK14C-int LTR14C 

ERV2 HML5 HERVK22-int LTR22A, LTR22B, 

LTR22B1, LTR22B2, 

LTR22C, LTR22C0, 

LTR22C2, LTR22, LTR22E 

ERV2 HML6 HERVK3-int LTR3, LTR3A, LTR3B, 

LTR3B_ 

ERV2 HML3 HERVK9-int MER9a1, MER9a2, 

MER9a3, MER9B 

ERV2 HML10 HERVKC4-int LTR14 

ERV3 HERVL ERV3-16A3_I-int ERV3-16A3_LTR, LTR16A, 

LTR16A1, LTR16A2, 

LTR16B, LTR16B1, 

LTR16B2, LTR16C, 

LTR16D, LTR16D1, 

LTR16D2, LTR16E, 

LTR16E1, LTR16E2 

ERV3 HERVL ERVL-B4-int MLT2B4, MLT2B1, 

MLT2B5, MLT2C1 

ERV3 HERVL ERVL-E-int MLT2E, LTR33, LTR33A_, 

LTR33A, LTR33B, LTR33C, 

MLT2B1, MLT2B5, 

MLT2C1 

ERV3 HERVL ERVL-int MLT2B2, MLT2B1, 

MLT2B5, MLT2C1 

ERV3 HERVL ERVL47-int LTR47B, LTR47B2, 

LTR47B3, LTR47B4, 

LTR47A, LTR47A2 

ERV3 HERVL HERV16-int LTR16 

ERV3 HERVL HERVL-int MLT2A1, MLT2A2, 

MLT2B3, MLT2C2, 

MLT2D, MLT2F, MLT2B1, 

MLT2B5, MLT2C1 

ERV3 HERVS HERVL18-int LTR18A, LTR18B, LTR18C 

ERV3 Unclassified HERVL32-int LTR32 

ERV3 Unclassified HERVL40-int LTR40A, LTR40A1, 

LTR40B, LTR40C, LTR40a, 

LTR40b, LTR40c 

ERV3 HERVS HERVL66-int LTR66 

ERV3 Unclassified HERVL74-int MER74C, MER74A, 

MER74B 

ERV3 Unclassified LTR52-int LTR52 

ERV3 Unclassified LTR53-int LTR53, LTR53B 

ERV3 Unclassified LTR57-int LTR57 

ERV3 Unclassified MER68-int MER68, MER68B, MER68C 

ERV3 Unclassified MER70-int MER70A, MER70B, 

MER70C 

ERV3 Unclassified MER76-int MER76 

ERV3 MaLR MLT1-int MLT1C, MLT1C1, 

MLT1C2, MLT1E, MLT1E1, 

MLT1E1A, MLT1E2, 

MLT1B, MLT1D, MLT1G, 

MLT1G1, MLT1G2, 
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MLT1G3, MLT1K, MLT1L, 

MLT1M, MLT1N2, MLT1O, 

MLT1A, MLT1A0, 

MLT1A1, MLT1E3, MLT1I 

ERV3 MaLR MLT1F-int MLT1F, MLT1F1, MLT1F2, 

MLT1A, MLT1A0, 

MLT1A1, MLT1E3, MLT1I 

ERV3 MaLR MLT1H-int MLT1H, MLT1H1, 

MLT1H2, MLT1A, 

MLT1A0, MLT1A1, 

MLT1E3, MLT1I 

ERV3 MaLR MLT1J-int MLT1J, MLT1J1, MLT1J2, 

MLT1A, MLT1A0, 

MLT1A1, MLT1E3, MLT1I 

ERV3 MaLR MST-int MSTA, MSTA1, MSTB2, 

MSTB, MSTB1, MSTC, 

MSTD 

ERV3 MaLR THE1-int THE1A, THE1B, THE1C, 

THE1D, MamRep605 

Gypsy Unclassified MamGyp-int MamGypLTR1a, 

MamGypLTR1b, 

MamGypLTR1c, 

MamGypLTR1d, 

MamGypLTR2, 

MamGypLTR2b, 

MamGypLTR2c 

Gypsy Unclassified MamGypsy2-int MamGypsy2-LTR, 

MamGypsy2-I 
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Table S2.2 HERV LTR types involved in the analysis of the association between 

up-regulated HERV-LTR types and DEGs 

HERV 

LTR  group superfamily associated internal portion 

LTR13 HML4 ERV2 HERVK13-int 

LTR13A HML4 ERV2 HERVK13-int 

LTR7A HERVHF ERV1 HERVH-int 

LTR7B HERVHF ERV1 HERVH-int 

LTR7C HERVHF ERV1 HERVH-int 

LTR7Y HERVHF ERV1 HERVH-int 

LTR7 HERVHF ERV1 HERVH-int 

LTR10C HERVERI ERV1 HERVI-int 

LTR12C HERVW9 ERV1 HERV9NC-int 

LTR12B HERVW9 ERV1 HERV9NC-int 

LTR12C HERVW9 ERV1 HERV9NC-int 

LTR12D HERVW9 ERV1 HERV9NC-int 

LTR12E HERVW9 ERV1 HERV9NC-int 

LTR12F HERVW9 ERV1 HERV9NC-int 

LTR12_ HERVW9 ERV1 HERV9NC-int 

LTR5_Hs HML2 ERV2 HERVK-int 

LTR5A HML2 ERV2 HERVK-int 

LTR5 HML2 ERV2 HERVK-int 

Table S2.3 Counts of differential expression of each type of gene in each cell 

Gene type SC35M PR8 SC35MΔNS1 

protein_coding 4614 4266 2834 

lncRNA 956 481 189 

processed_pseudogene 267 44 24 

transcribed_unprocessed_pseudogene 93 54 45 

TEC 64 37 13 

unprocessed_pseudogene 39 7 10 

snRNA 34 1 1 

snoRNA 20 6 5 

transcribed_unitary_pseudogene 20 6 3 

transcribed_processed_pseudogene 19 12 13 

misc_RNA 17 4 4 

rRNA 8 8 8 

polymorphic_pseudogene 6 3 5 

Mt_tRNA 3 1 0 

miRNA 3 3 3 

Mt_rRNA 2 2 1 

ribozyme 2 1 1 

scaRNA 2 0 0 

unitary_pseudogene 2 0 0 

scRNA 1 1 0 
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Table S2.4 Counts of DEHERV loci of each HERV class in each cell 

HERV Group PR8M SC35M SC35MΔNS1 

MaLR 131 425 81 

HEPSI 47 227 36 

HERVL 37 149 32 

Unclassified 13 85 14 

HERVW9 21 52 112 

MER50like 8 41 19 

HERVFRDlike 14 39 10 

HUERSP 21 37 5 

HERVHF 18 33 14 

HERVERI 13 23 11 

HERVIPADP 4 11 2 

HML2 2 10 2 

HML4 11 10 6 

HML3 7 8 4 

HML1 3 5 1 

HML8 4 5 2 

HML5 0 4 5 

HERVS 0 3 0 

MLLV 4 3 4 

HML10 0 2 0 

HML6 6 0 2 

HML7 0 0 1 

Table S2.5 List of up-regulated HERV-LTR types that tend to appear within 

100kbp vicinity of up-regulated DEGs’ TSSs 

LTR element HERV group superfamily odds p-value 

adjusted 

p-value 

SC35M: 6 types of HERV-LTRs are more likely to appear near the DEGs’ 

TSSs 

LTR12C HERVW9 ERV1 3.25 8.74E-07 

1.48614E-

05 

LTR13 HML4 ERV2 8.73 5.29E-13 8.98E-12 

LTR5_Hs HML2 ERV2 7.31 3.02E-06 2.57E-05 

LTR10C HERVERI ERV1 4.52 0.0001633 9.25E-04 

LTR12C HERVW9 ERV1 2.34 0.000834 3.54E-03 

LTR5A HML2 ERV2 3.79 0.006369 2.17E-02 

SC35MΔNS1: 1 type of HERV-LTRs are more likely to appear near the 

DEGs’ TSSs 

LTR12C HERVW9 ERV1 3.25 8.74E-07 

1.48614E-

05 

PR8M: 0 type of HERV-LTRs are more likely to appear near the DEGs’ TSSs 
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Figure S2.1 Principal component analysis (PCA) plots of the gene matrix (A,B) 

and HERV loci matrix (C,D) of second technical replicates. (A,C) PCA plots with 

all samples included. (B,D) PCA plots with the control sample 1 removed. 
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Figure S2.2 Principal component analysis (PCA) plots of the gene matrix (A,B) 

and HERV loci matrix (C,D) of third technical replicates. (A,C) PCA plots with all 

samples included. (B,D) PCA plots with the control sample 1 removed. 
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Chapter 3 Impact of HERV-K activation in neural 

development 

The abnormal expressions of Human endogenous retroviruses (HERVs) in the 

context of neurological disorders have been widely reported. But the association 

and the causality of HERV and neurological disease remain to be fully understood. 

HERV-K (HML-2) is one the youngest and most active HERV groups in the human 

genome, and its overexpression has been detected in several different neurological 

diseases such as Alzheimer's disease (AD), amyotrophic lateral sclerosis (ALS) or 

Parkinson's disease (PD). In order to get a deeper understanding of HERV-K’s role 

in these disorders, we purposely elevated the expression of HERV-K elements using 

CRISPR activation technology, observing its impact on the cell transcriptome 

during neuron development. We detected an apparent detrimental impact on cortical 

neuron development and massive differential expressed genes (DEGs) upon 

HERV-K reactivation. After the filtering and further wet-lab experiments 

verification, we finally identified the up-regulating of NTRK3 induced by the 

HERV-K activation to be the critical factor interrupting the neuron function and 

development. 

3.1 Introduction 

Human endogenous retroviruses (HERVs) comprise as much as 8% of the human 

genome and affect the cell and organism in multiple ways. HERV-derived nucleic 

acid and proteins were reported to influence different biological processes. On the 

other hand, the cis-elements like promoters or enhancers harbored in the LTR region 

can also regulate the expression of host genes and thus affect biological functions. 

HERVs are widely mentioned to be implicated in neurological processes. A few 

cases of HERVs’ functional integration during neurogenesis were reported 

(Mortelmans, Wang-Johanning, and Johanning 2016; T. Wang et al. 2020). 

However, more reports were about the links of abnormal expression of HERV 

elements in neurological disorders such as multiple sclerosis (MS), amyotrophic 

lateral sclerosis (ALS), Alzheimer's disease (AD), or Parkinson's disease (PD). 

Most neurological disorders happen in old-age people; it is hard to determine the 

causality of these HERV activities and these diseases from the evolution perspective 

because even the overexpressed HERV elements do play a causal role in these 
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diseases, they can still survive from the purifying nature selection. Thus, detailed 

mechanisms and pathways that HERV activities involved in the genesis of the 

neurological disease remain to be revealed. 

HERV-K (HML-2) is the youngest and most active HERV group in the human 

genomes, which keeps relatively intact virus genes and LTRs (Hohn, Hanke, and 

Bannert 2013; Tönjes et al. 1996). Although the majority of HERV-K loci stay 

silent in most healthy conditions, the reactivation of this group of HERV is 

supposed to be implicated in different types of biological processes, including 

embryogenesis (Grow et al. 2015), immune response (Arru et al. 2021; Greenig 

2019), and diseases like different types of tumors or neurodegenerative diseases as 

mentioned (Douville and Nath 2014; Küry et al. 2018). For example, through 

analyzing the transcriptome data of temporal cortex (TCX) samples from AD 

patients provided by Mayo Clinic Brain Bank, Dembny et al. detected a slight over-

expression of the internal portion of the HERV-K group (Dembny, Andrew G 

Newman, et al. 2020). To reveal the causality of the HERV-K over-expression and 

these neurological disorders, we intentionally reactivated the expression of HERV-

K in the H9 cell and then induced them into cortical neurons to observe the 

corresponding cell level effects.  

In the pilot study, we activate HERV-K expression in H9 cells through CRISPR 

activation technology (Figure 2.1 A) (Maeder et al. 2013; Perez-Pinera et al. 2013) 

and then differentiate HERV-K activated cells (H9-dCas9-VP64-gRNA (HERVK-

K)) and the non-specific control cells (H9-dCas9-VP64-gRNA(control)) into 

cortical neurons. After 60 days of cell growth, we observed noticeable morphology 

changes under the electron microscope and a pronounced reduction of MAP2 

staining (Figure 3.1 C, D), indicating large-scale of cell apoptosis (Soltani et al. 

2005). By contrast, the H9-derived neuron cells with control CRISPR treatment 

were not disrupted at the same growing time point (Figure 3.1 C, D). This 

observation clearly illustrated the impact of HERV-K reactivation on the 

differentiation of cortical neurons and indicated a potential pathogenic role of 

HERV-K in neurological disorders. 
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Figure 3.1 (A) qPCR measured expression level of HERV-K after HERV-K 

reactivation by CRISPR activation. (B) qPCR measured expression level of HERV-

KC4, HERV-W and HERV-H after HERV-K reactivation using CRISPR activation. 

(C) Immunofluorescence analysis of MAP2 expression of cortical neurons derived 

from H9-CRISPRa-HERV-K cells and control cells. Electron micrograph was taken 

on day 60 after cell differentiation. (D) Morphological summary of cortical neurons 

upon HERV-K(HML-2) activation. 

To deeply understand the effects of the reactivation of HERV-K expression during 

the neuron cell development, we sequenced the transcriptome of the H9-derived 

HERV-K activated neuron cell along with the control neuron cell at different time 

points. We detected a large amount of differentially expressed genes corresponding 

to the HERV-K reactivation. We selected 28 top-rank up-regulated DEGs in the last 

two time points and found that these genes are closely related to neurological 

functions. Through further wet-lab experiments, we successfully identified the up-

regulation of the NTRK3 gene as the crucial factor disrupting neuron cell growth. 

In addition, we also explore the transcriptome datasets of temporal cortex (TCX) 

samples from neurological patients provided by the Mayo Clinic Brain Bank. We 

verified the observation of Dembny et al. that the expression of HERV-K was 

elevated in the AD patients’ brain samples compared with control samples. 

Moreover, we also detected the overexpression of NTRK3 gene in the old (age of 

death over 80 years old) female AD samples, which indicates the potential 

implication of the NTRK3 in the genesis of AD disease. 
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3.2 Methods 

3.2.1 HERV-K annotation 

We extracted 1239 HERV-K entries from the HERVd database (Paces et al. 2002), 

including 61 complete sequences containing the protein coding region flanked by 

two LTRs, 47 HERV-K elements that lost one LTR on either side, 21 elements with 

only the internal region preserved, and 1110 elements constituted by solo LTRs. 

3.2.2 RNA-Seq data processing 

The RNA integrity numbers (RINs) of total RNA samples were measured with the 

Agilent 2100 Bioanalyzer system. RNA samples with a RIN value higher than eight 

were sent for cDNA libraries preparation with the Illumina TruSeq RNA Sample 

Preparation kit. And the paired-end sequencing process was finished on Illumina 

HiSeq4000 platform. For preprocessing the RNA-seq data, we used fastp software 

with default parameters for quality control and reads filtering (Chen et al. 2018). 

The reads were mapped to the human GRCh38 reference genome using the STAR 

package with all default parameters (Dobin et al. 2013). The comprehensive gene 

annotation for the primary assembly (chromosomes and scaffolds) was obtained 

from the GENCODE database version 27 (Harrow et al. 2012). The numbers of 

reads mapped to genes were counted using featureCounts software (Liao, Smyth, 

and Shi 2014), during which only read pairs that mapped to the same chromosome 

were counted (command line options -B, -C, -p set), and multi-mapped read pairs 

were discarded (option -M not specified). Genes with very low read counts (<10) 

in all samples were excluded from consideration. 

3.2.3 Differential expression analysis between the H9-dCas9-VP64-gRNA 

(HERVK-K) neuron and H9-dCas9-VP64-gRNA(control) cell 

The differential expression (DE) analysis of HERV-K activated cortical cell (H9-

dCas9-VP64-gRNA (HERVK-K)) and the control cortical cell (H9-dCas9-VP64-

gRNA(control)) on different time points was handled using DESeq2 package (Love 

et al. 2014). A count matrix containing the read count of each gene across all 

samples, and a design matrix identifying the sample information, were built and 

subjected to the DESeq2. For the overall exploration of the dataset, we first applied 

a regularized-logarithm transformation to the raw read count data to stabilize the 
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variance across the means of the genes. Then the transformed data were clustered 

using the Principal Component Analysis (PCA) to visualize the overall differences 

among each group of samples. For accessing the differential expressed genes, 

DESeq2 modeled the read counts using a negative binomial distribution with the 

consideration of sample information in the design matrix. The significance of DEGs 

was determined using the Wald test, and the p-values were adjusted using 

Benjamini-Hochberg (BH) methods. The log2 fold change values were further 

shrunk using the “apeglm” algorithm to reduce the bias of LFC value in the gene 

with a low count of mapped reads. For the overall comparison of expression profiles 

among each timepoint, we applied a rough threshold to determine the DEGs 

(Log2fold change > 1 and adjusted p-value < 0.1).  

The most up-regulated genes during day 41-60 after cell differentiation were 

identified according to both the mapped read count and the LFC level. The maximal 

mapped read count number determined the mapped read count level for each gene 

in the control cell over the five time points. For example, if for a certain gene the 

read counts for the control cell on day 0, 10, 27, 41, and 60 were 1512, 1693, 1996, 

2063, and 1905, respectively, that gene was represented by the maximum read count 

number 2063. As for the LFC level, we ranked the LFC values of up-regulated 

genes in the HERV-K-activated cells compared with control cells separately for 

each time point. Subsequently, the most up-regulated genes were selected as genes 

that: a) appear among the top 25% LFC gene list on Day 41; b) appear among the 

top 25% LFC gene list on Day 60; c) appear among the top 25% read count list 

defined above. According to this standard, the top 28 up-regulated genes were 

finally determined (Figure 3.3). Based on the gene and HERV coordinates provided 

in the human genome annotation and the HERVd database, respectively, we 

identified the HERV-K LTRs located within a 500 kb vicinity of the transcript start 

sites (TSS) of these genes (Table S3.2).  

3.2.4 Gene function and network analysis 

Gene Ontology (GO) and Mammalian Phenotype Ontology (MPO) enrichment 

analysis of the target-interested differentially expressed genes was performed using 

the website interface of the modEnrichr suite (Kuleshov et al. 2019; Smith and 

Eppig 2009; The Gene Ontology Consortium 2018). Disease enrichment analysis 
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was effected with the help of the Set Analyzer tool provided by the Comparative 

Toxicogenomics Database (CTD) (Davis et al. 2010). Gene network analysis was 

performed and visualized by GeneMANIA. We manually curated an interaction 

network between the identified genes and neurodegenerative diseases based on the 

information from the CIDeR database (Lechner et al. 2012) and three publicly 

available text-mining tools: Chilibot (Chen and Sharp 2004), Polysearch2 (Liu, 

Liang, and Wishart 2015), and Google Scholar. The pathway enrichment analysis 

was performed based on the Reactome database (Fabregat et al. 2017). 

3.2.5 Differential expression analysis of samples from neurological disease 

patients  

We obtained the transcriptome data of neurological disease patients provided by the 

Mayo Clinic Brain Bank from the Synapse database (Synapse ID: syn7344223). 

Two organizations contributed to this project, and only the samples from 

“MayoBrainBank Dickson” was taken for the analysis. It contains 234 temporal 

cortex (TCX) samples Alzheimer’s Disease (AD), progressive supranuclear palsy 

(PSP), pathologic aging (PA), or elderly controls (CON). Samples with low RNA 

Integrity Number (RIN <= 7) were discarded due to the low quality. Thus, 82 AD 

samples, 21 Control samples, 30 PA samples, and 84 PSP samples were left for the 

downstream analysis. In addition, following (Dembny, Andrew G. Newman, et al. 

2020), the PSP samples were regarded as unrelated neurodegenerative disease 

control, so this group was merged with the control group in the differential 

expression analysis.  

The file type of RNA-seq data provided by the Mayo Clinic Brain Bank was in 

SNAPR-mapped bam files mapped to GRCh37 reference genomes. Thus, we first 

extracted the raw reads sequences using SAMtools (Li et al. 2009). Then the reads 

were mapped to the GRCh38 reference genome using STAR (Dobin et al. 2013). 

The numbers of reads mapped to genes were counted using featureCounts software 

(Liao et al. 2014). Only read pairs mapped to the same chromosome were calculated 

(command line options -B, -C, -p set), and multi-mapped read pairs were discarded 

(option -M not specified). Then, a count matrix and design matrix were built for the 

downstream DESeq2 analysis. The read count of the HERV-K internal portion was 

represented by the sum of reads mapped to all the HERV-K internal loci in the 
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genome. We obtained the coordinates of all the intact HERV-K internal portions 

(consensus missing rate lower than 50%) on the human reference genome from 

HERVd. The read count mapped to each locus was accessed using featureCounts 

with the same parameters as in the read counting of genes. Then, the read counts of 

all HERV-K loci were summed to stand for the HERV-K expression of each sample. 

The read counts of HERV-K in each sample were added to the gene matrix, and 

DESeq2 was used to determine the significance of HERV-K differential expression. 

3.3 Results 

3.3.1 The overall expression profiles of the H9-dCas9-VP64-gRNA (HERVK-

K) and H9-dCas9-VP64-gRNA(control) diverged largely after 10 days since 

cell differentiation  

We generated HERV-K activated cell line by treating H9 cells using dCas9-VP64 

transcription activation factor with HERV-K gRNAs. Similarly, a control cell line 

was created through dCas9-VP64 treatment with control gRNAs. Thus, the 

expression of HERV-K in the control cell will not be activated. We first checked 

the mRNA level using a qPCR experiment and verified the elevation of HERV-K 

expression. In comparison, the expressions of other HERV elements like HERV-

KC4, HERV-W and HERV-H that also originated from gammaretroviruses were 

not affected by the CRISPR activation treatment (Figure 2.1 A, B) (Padmanabhan 

Nair et al. 2021). 

We then differentiated both cell lines into cortical neurons. The total transcriptomes 

of both cell lines were sequenced using pair-end RNA-seq technology at day 0, 10, 

27, 41, and 60 after differentiation. After preprocessing the data, we first explored 

the expression pattern of these time-series RNA-seq data using Principal 

components analysis (PCA). Several types of genes, including protein-coding genes, 

bidirectional promoter-derived long non-coding RNA (lncRNA), microRNA 

(miRNA), antisense RNA, and long intervening non-coding RNA (lincRNA), 

exhibited overall similarity in the PCA analysis: that the main variation of the 

expression data was contributed by the time after cell differentiation, which 

indicates the large divergence of gene expression pattern in the first 27 days of 

neuron cell growth (Figure 3.2). Interestingly, only the protein-coding gene 

exhibited a clear difference between the HERV-K activated neuron cell and the 
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control cell after Day 10 (Figure 3.2A). Since Day 27, the distances between cell 

lines have become more extensive than those caused by differentiation time. 

Similarly, with a roughly set threshold (Log2fold change > 1 and adjusted p-value 

< 0.1), the numbers of significantly differentially expressed protein-coding genes 

were least at day 0 and day 10 (Table 2.1). These results indicate that the differential 

expression of protein coding genes between the HERV-K activated cell and control 

possibly explains the observed HERV-K reactivated cell apoptosis and morphology 

changes under electron microscope on Day 60. 

 

Figure 3.2 Principal components analysis of the expression of different types of 

genes. 

3.3.2. Identification of most significantly up-regulated genes on Day 41 and 

Day 60 

As mentioned, under the electron microscope, we observed a sizeable MDP2 

reduction and morphological change in the HERV-K activated neuron cells on day 

60 after differentiation. Thus we focused on the differentially expressed protein-
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coding genes on day 41 and day 60. To achieve the background mechanism, we 

filtered of differentially expressed protein coding genes and focused on those 

strongly upregulated on both day 41 and day 60. Arbitrarily setting an LFC 

threshold will bias the results towards genes with fewer read counts mapped. Thus, 

in addition to the LFC value, read counts mapped to the control sample were also 

considered in the filtering strategy (See method in 3.2.3). After filtering, we finally 

obtained 28 genes that exhibit the strongest upregulating on both Day 41 and Day 

60 (Figure 2.3, Table S3.1). 

 

Figure 3.3 Filtered 28 most significantly upregulated genes in HERV-K activated 

cells compared to control cells on Day 41 and Day 60. Each dot stands for a protein-

coding gene. Points above the horizontal dotted line represent the top 25% genes 

with the highest read count (see method in 3.2.3). The green color stands for the 

genes that are not significantly identified as DEGs on Day 41 while the blue colors 

are the significant ones. Genes on the right side of the vertical dotted line are the 

top 25% upregulated genes on day 41. Purple color corresponds to genes with read 

counts among the top 25% and that are among the top 25% upregulated genes on 

day 60. Red dots depict the top 28 genes with read counts among the top 25% that 

are also among the top 25% upregulated genes on both days 41 and 60.  
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The gene ontology (GO) enrichment analysis suggested that the 28 genes are closely 

related to neurobiology like neurogenesis (Figure 2.4). Besides, these genes were 

also significantly enrolled with several neurological diseases such as 

neurodegenerative, mental disorder, bipolar disorder, etc., according to the disease 

enrichment analysis (Figure 2.5). In addition, we further organized the interaction 

network of the 28 genes related to neurodegenerative diseases in the multifactorial 

database CIDeR (Lechner et al. 2012) (Figure S3.3). Interestingly, 25 out of the 28 

most substantial up-regulated genes are linked directly or indirectly to neurological 

disorders, which implied that the critical factor leading to this cell disruption was 

among the 25 genes. 

 

Figure 3.4 (A) Most enriched biological processes of the top 28 most upregulated 

genes on Day 41 and 60. Entries are ranked according to the adjusted p-value. 

Longest bar stands for the smallest adjusted p-value (B) Disease enrichment 

analysis on the top 28 most upregulated genes on Day 41 and 60. 

3.3.3 Overexpression of NTRK3 caused by the HERV-K reactivation is the 

crucial factor disrupting the cortical differentiation  

We selected four genes closely related to neuron function from the 28 up-regulated 

genes for further analysis: CLSTN2 (calsyntenin 2), CHRDL1 (chordin-like 1), 

EPHA4 (EPH receptor A4) and NTRK3 (neurotrophic tyrosine receptor kinase 3). 

QPCR experiments verified their differential expressions, and all four genes kept a 

constantly high differential level of expressing on day 41 and day 60 (Figure S3.1). 

We simulated the overexpression of the four genes in the h9 cells using the 
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CRISPRa (CRISPR activation) technology. Then we differentiated them into 

cortical neurons. During day 40-60 after differentiation, we observed neuron 

morphology change and the reduced expression of neuron marker gene MAP2 in 

the NTRK3-activated neuron cell. This observation is similar to what we observed 

in the HERV-K neuron cell on day 60 (Figure 3.5). In contrast, the other three 

CRISPRa-treated cells exhibited no or less effect on the expression of MAP2 and 

cell morphology (Figure 3.5). These results indicated that the elevated expression 

of the NTRK3 gene in the HERV-K activated is vital in disturbing neuron 

differentiation. This assumption is further confirmed by knocking out the NTRK3 

gene in HERV-K activated neurons. After knocking down the expression of 

NTRK3, the effects of MDP2 reduction and cell morphology changes were largely 

reduced in the HERV-K reactivated cells (Figure 3.6). Thus, we can conclude that 

the disruption of HERV-K activated neuron cell is due to the elevation of NTRK3 

expression. This finding has already passed the peer review, and the detailed wet-

lab information and discussion can be accessed in (Padmanabhan Nair et al. 2021). 

 

Figure 3.5 MAP2 expression was analyzed by immunofluorescence in neurons and 

control cells with CRISPR activated CLSTN2, CHRDL1, EPH4 or NTRK3. 
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Figure 3.6 Schematic diagram of how HERV-K reactivation is supposed to affect 

cortical neuron development. 

3.3.4. Reactivation of HERV-K induces the overexpression of NTRK3 

indirectly 

HERV activities affect the host gene expression in different ways. Many HERV-

LTRs harbor cis-regulatory elements like promoters or enhancers, and they can 

directly regulate host gene expression. On the other hand, the overexpression of 

HERVs can also indirectly affect the expression of host genes. For example, the 

expression of HERV internal portion, either as HERV-derived proteins or 

nucleotide acids, can induce the cell’s anti-viral immune response (Alcazer, 

Bonaventura, and Depil 2020; Grandi and Tramontano 2018) and globally affect 

the host gene expression. In this project, we designed the guide RNA (gRNA) for 

the CRISPR activation experiment using the internal portion of HERV-K elements 

rather than the flanking LTRs. Thus, we supposed that the elevated HERV-K-

derived proteins or nucleotide acid triggered the up-regulation of NTRK3 in the 

HERV-K reactivated cell rather than caused by the cis-regulatory effects such as 

promoting or enhancing harbored in the HERV-K LTRs. To check this hypothesis, 

we first explored the flanking region of the 28 identified top-level up-regulation 

proteins. We detected only a limited number of HERV-K LTRs appeared within the 

500 kbp vicinity of their transcript start sites (Table S3.2). Notably, an antisense 

HERV-K LTR5 (LTR5_hs) is located at about 283 kbp upstream of NTRK3 gene. 

At the same time, theoretically, an antisense promoter can't take effect at this 

distance. In comparison, enhancers can impact on genes at a far stretch at 500 kbp. 

To check whether the elevation of NTRK3 expression was caused by the enhancing 

effect caused by the upstream LTR5_hs, we explored the RNA-seq dataset 

published by Fuentes et al. (Fuentes, Swigut, and Wysocka 2018). In their study, 

they parallelly activated and deactivated the LTRs of HERV-K element (LTR5_hs) 

using CRISPRa and CRISPRi (CRISPR interference) techniques and performed the 

total RNA sequencing of the LTR5_hs activated/deactivated cells along with non-

specific target control cell. Based on their dataset, we did differential expression 

analysis of the treated cells and control (Table 3.1). Gene NTRK3 was differentially 

expressed in either LTR5_hs activated or deactivated cells. In combination with the 

DEG analysis from our data, we found only 9 of the 28 top up-regulated genes 
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overlapped with the up-regulated genes in the LTR5_hs activated cell. More strictly, 

if we used the “LTR5_hs controlled gene set” defined in their study (genes that up-

regulated in the LTR5_hs activated cell and down-regulated in the LTR5_hs 

deactivated cell), none of the 28 top up-regulated genes were overlapped. These 

results illustrated the different transcriptome changes upon reactivation of the 

HERV-K internal portion (as in this project) and HERV-K LTRs (as in the study of 

Fuentes et al.). And the overexpression of NTRK3 in the H9-dCas9-VP64-gRNA 

(HERVK-K) cell was not because of the activation of its upstream LTR5_hs locus. 

Cell up regulated genes down regulated genes 
LTR5_hs 

controlled genes 

LTR5_hs activated  2291 1928 
242 

LTR5_hs deactivated  345 487 

Table 3.1 Numbers of differentially expressed genes identified based on the RNA-

seq data from (Fuentes et al. 2018). The LTR5_hs controlled genes refers to genes 

that up-regulated in the LTR5_hs activated cell and down-regulated in the LTR5_hs 

deactivated cell. 

3.3.5 Up-regulated HERV-K and NTRK3 in old female patients with 

Alzheimer's disease 

We have identified the overexpression of NTRK3 induced by HERV-K reactivation 

can negatively impact neuronal differentiation. To take a more profound step, we 

explored the potential association of this effect with neurological diseases. As 

mentioned, Dembny et al. detected a slight over-expression of the HERV-K internal 

portion in the temporal cortex of patients with Alzheimer's disease (AD) using the 

transcriptome data provided by the Mayo Clinic Brain Bank (citation). We firstly 

verified the upregulation of HERV-K internal portion in AD patients reported by 

Dembny et al. (Dembny, Andrew G. Newman, et al. 2020) with an optimized 

bioinformatics pipeline engaging DESeq2. In contrast with simply comparing the 

CPM value of HERV-K applied in their study, DESeq2 normalizes the read counts 

based on the negative binomial distribution and can reduce the batch effect better. 

DESeq2 also detected significant upregulating HERV-K expression in the AD 

patients compared with the control group (FDR < 0.1). However, using the same 

patient-control groups, NTRK3 was not identified as significantly up-regulated in 

the patient group. If we limited the sample space to only female AD patients whose 

death age is above 80, we could observe significantly higher expression of NTRK3 
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and HERV-K internal portion.  

3.4 Discussion 

HERV-K has been widely reported to be associated with neurological disorders. In 

this project, we discussed the impact of HERV-K reactivation on neuron cell growth 

from the cell level, seeking to provide evidence of HERV-K activities inducing 

neurological disorders. Taking advantage of CRISPR activation technology, we 

reactivated the expression of the HERV-K internal portion. We monitored the 

corresponding cell growth conditions and transcriptome profiles at a series of time 

points. After 60 days after cell differentiation, we observed apparent cortical neuron 

cell disruption on the HERV-K activated cells while the non-specific control cell 

stayed normal. And we figured out the overexpression of NTRK3 induced by the 

HERV-K reactivation to be the critical factor leading to the disruption of neuron 

differentiation.  

Gene NTRK3 encodes tropomyosin receptor kinase C, which binds the 

neurotrophin-3 (NT-3) and plays an essential role in cortical development 

(Bartkowska et al. 2007; Nikoletopoulou et al. 2010; Szobota et al. 2019). It is 

reported that the suppression of NTRK3 will prevent the neuron cell from migrating 

into the intermediate zone and cortical plate and disturb the cortical precursor cell 

proliferation (Bartkowska et al. 2007). On the other hand, in this study, we detected 

that reactivated HERV-K disrupts neuronal differentiation by upregulating the 

NTRK3 expression. Thus, it can be inferred that the expression of NTRK3 along 

with NT-3 during cortical development is strictly programmed: too much or 

insufficient NTRK3 and NT-3 at a particular stage of differentiation will lead to 

severe injury to the cortical. In this work, we observed the disruption of cortical 

neurons 60 days after differentiation, while the over-expression of NTRK3 can be 

traced early from day 27 (Figure S3.2). Thus, we hypothesize that the reactivation 

of HERV-K induced the too-early up-regulation of NTRK3 and disturbed the 

rhythm of the cortical differentiation process. Interestingly, by analyzing the 

transcriptome dataset Mayo Clinic Brain Bank provided, we found the elevation of 

HERV-K internal portion and NTRK3 in the old female patients with Alzheimer's 

disease. Although we cannot confirm the causality of HERV-K and NTRK3 over-

expression, which is consensus with previous studies reporting that other types of 
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HERVs are more prone to induce neurological diseases in females (Garcia-Montojo 

et al. 2013, 2014). This result went against previous studies which reported the 

downregulation of NTRK3 in Alzheimer's disease (Mufson et al. 2019), which 

further supposed the expression of NTRK3 in the neuro system is strictly 

orchestrated. However, the complexity of the association between NTRK3 and 

neurological diseases remains to be decrypted.  

HERV activities affect the expression of host genes in multiple ways. On the one 

hand, the cis-regulatory elements harbored in HERVs (usually in LTRs), like 

promoters and enhancers, can induce the expression host gene directly. On the other 

hand, HERV-derived proteins or nucleotide acids can indirectly influence the cell 

immune system and thus affect the whole transcriptome pattern. In this project, we 

got more evidence supporting that the HERV-K reactivation indirectly induced the 

overexpression of NTRK3. Firstly, in the experiment design we selected the internal 

portion of HERV-K to make guild RNA (gRNA) for CRISPR activation. As 

mentioned, most cis-regulatory factors of HERVs locate in the LTRs. Thus, cis-

regulatory elements are not likely to be activated by design. Secondly, if the cis-

regulatory factors like promoters or enhancers induced the overexpression of host 

genes, it should take immediate effect after their activation. However, on day 0 after 

cell differentiation, we detected only three up-regulated genes and NTRK3 was not 

among them(LFC > 1, BH adjusted p-value < 0.1). And according to the PCA 

analysis, the HERV-K activated cell and control cell cannot be separated into 

different clusters on day 0. Thirdly, although an antisense LTR5_hs locus locates 

in 283 kbp upstream of the NTRK3 gene, we found it cannot affect the expression 

of NTRK3 according to the analysis of the transcriptome dataset provided by 

Fuentes et al. (Fuentes et al. 2018). All things considered, we concluded that the 

cis-regulatory abilities of the HERV-K LTRs take only a minor effect in this 

experiment. Instead, HERV-K-derived proteins or nucleotide acids induced the 

upregulation of NTRK3, which started from day 10 until the end of the experiment. 

The detailed mechanism or pathway involved remains to be revealed.  

We optimized the bioinformatics pipeline for the differential expression analysis in 

this project. Firstly, we adapted our filtering standards identifying DEGs with the 

consideration of read count numbers mapped to the genes. Arbitrarily setting a fixed 
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threshold of logarithm fold-change value will ignore the overall differential 

expression conditions at a particular time point and will cause the biased results to 

the genes with fewer reads mapped. Shrinking the LFC values will considerably 

reduce the LFC bias of the low read mapped genes, but simply with that, we cannot 

find the key factor leading to cortical disruption. Thus, we ranked the genes in 

consideration of both the shrunk LFC values and the mapped read numbers and 

successfully selected the top 28 significant up regulated genes closely associated 

with neurogenesis. We found the over-expression of the NTRK3 gene induced by 

HERV-K activation as the critical factor leading to cortical disruption in the context 

of HERV-K reactivation. For the analysis of RNA-seq data of patients with 

neurological disorders provided by the Mayo Clinic Brain Bank, Dembny et al. 

simply compared the CPM values of the HERV-K internal portion between patient 

and control group using the Wilcoxon’s test. We verified their results with the aid 

of DESeq2 package. Taking the advantage of the accurate dispersion estimated 

from all protein coding genes, DESeq2 made a suitable normalization of the HERV-

K read counts data and yielded more convincing differential expression 

identification. 

 

3.5 Supplementary Materials 

Figure S3.1 qPCR verification of the upregulation of the four selected genes on 

Day 41 and 60 after differentiation  
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Figure S3.2 Expression tendency of NTRK3 after differentiation  
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Figure S3.3 Manually curated interaction network of the relationship between the 

top up-regulated 28 genes during Day 41 to 60 with the neurodegenerative diseases 
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Table S3.1 List of the selected top up regulated genes during Day 41 to 60 after cell 

differentiation  

  Ensembl gene id 
Gene 

name 
Gene description 

ENSG00000157570 TSPAN18 tetraspanin 18 

ENSG00000075223 SEMA3C semaphorin 3C 

ENSG00000114805 PLCH1 phospholipase C eta 1 

ENSG00000189056 RELN reelin 

ENSG00000160285 LSS lanosterol synthase 

ENSG00000158258 CLSTN2 calsyntenin 2 

ENSG00000140538 NTRK3 neurotrophic receptor tyrosine kinase 3 

ENSG00000184486 POU3F2 POU class 3 homeobox 2 

ENSG00000167178 ISLR2 
immunoglobulin superfamily containing 

leucine rich repeat 2 

ENSG00000075213 SEMA3A semaphorin 3A 

ENSG00000198910 L1CAM L1 cell adhesion molecule 

ENSG00000071242 RPS6KA2 ribosomal protein S6 kinase A2 

ENSG00000150672 DLG2 discs large MAGUK scaffold protein 2 

ENSG00000093072 ADA2 adenosine deaminase 2 

ENSG00000101938 CHRDL1 chordin like 1 

ENSG00000006128 TAC1 tachykinin precursor 1 

ENSG00000103044 HAS3 hyaluronan synthase 3 

ENSG00000175426 PCSK1 
proprotein convertase subtilisin/kexin type 

1 

ENSG00000133636 NTS neurotensin 

ENSG00000169855 ROBO1 roundabout guidance receptor 1 

ENSG00000116106 EPHA4 EPH receptor A4 

ENSG00000196090 PTPRT 
protein tyrosine phosphatase%2C receptor 

type T 

ENSG00000169710 FASN fatty acid synthase 

ENSG00000131016 AKAP12 A-kinase anchoring protein 12 

ENSG00000152818 UTRN utrophin 

ENSG00000158321 AUTS2 
AUTS2%2C activator of transcription and 

developmental regulator 

ENSG00000155966 AFF2 AF4/FMR2 family member 2 

ENSG00000038427 VCAN versican 
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Table S3.2 HERV-K LTRs appeared within 500 kbp vicinity of the transcript start 

sites (TSS) of the top 28 up-regulated genes 
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Chapter 4 Summary and outlook 

This dissertation mainly explores the activities of Human endogenous retroviruses 

in different cell conditions and their potential roles in the pathological context. In 

chapter 2, we examined the differential expression of host genes and HERVs in 

A549 cells in three strains of IAV infections (PR8M, SC35M, SC35MΔNS1). We 

observed a considerable upregulation of genes and HERV loci upon IAVs infection. 

The induced DEG and the DEHERV sets differed significantly among the three 

infected cells. In all three infected cells, we observed the upregulation of immunity-

relative genes. And as predicted, SC35MΔNS1 infection resulted in the most 

intense immune response as it lacks NS1 protein. According to the functional 

analysis of the involved genes of the DEHERV-G pairs, we discovered ubiquitous 

co-upregulation of HERV loci and immune genes in PR8M and SC35MΔNS1 

infected cells, indicating the close relationship of HERVs and cell immune system. 

Further analysis suggested that the cis-regulatory elements harbored in the HERV 

LTRs, such as promoter-like NFY(CCAAT) motif enriched in the up-regulated 

HERV LTRs, potentially activated essential immune relative genes and thus 

induced the immune responding. The project discussed in chapter 3 aimed to gain 

a deeper understanding of the biological relationship between the activities of 

HERV-K, the youngest HERV group, and neuron differentiation since various 

studies had identified overexpression of HERV-K in different kinds of neurological 

disorders. We observed the reactivation of HERV-K expression disturbed the 

cortical neuron differentiation and identified the overexpression of NTRK3 induced 

by HERV-K reactivation to be the critical factor in this process. By studying the 

regulation of HERV-K and NTRK3 in patients suffering from different neurological 

diseases, we discussed the possibility and pathway of HERV-K’s role in 

Alzheimer's disease.  

Pure differential expression analysis with bioinformatics methods can hardly tell 

the causality of the co-regulation of HERV elements and host genes. For example, 

in chapter 2, we applied the pipeline of identifying DEHERV-G pairs defined in the 

study of Wang et al., which helped to discover the ubiquitous co-regulation of 

HERV-LTRs and immune genes. However, we cannot solidly conclude whether the 

activities of HERV-LTRs induce the expression of immune genes or are induced by 
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the immune response. Most identified DEHERV-G pairs, either in this work or in 

(M. Wang et al. 2020, 2021), are in the schema that the DEG is located upstream of 

the DEHERV, which indicates the hitchhiking effect of the HERV up-regulation 

resulted from the elevating of the host gene expression. Nevertheless, we still tried 

to reveal the possible pathways implicated in the interaction of HERVs and the 

immune system. We conducted a series of fisher’s tests and found that LTR12C loci 

are more prone to occur in close proximity to the TSS of up-regulated genes. The 

motif analysis also indicated that the enriched NFY(CCAAT) motif harbored in the 

LTR12C could potentially serve as the promoter. Intriguingly, we identified two 

activated LTR12C loci at the close upstream of two essential up-regulated immune 

genes: GBP5 and CXCL11. Considering the widely reported regulation ability of 

LTR12C in the previous studies (Beyer et al. 2016; Jung et al. 2011, 2017; Krönung 

et al. 2016), it is reasonable to hypothesize that the LTR12C loci assisted the cell 

viral immunity upon IAVs infection by inducing the expression of GBP5 and 

CXCL11. 

Chapter 3 tells an entire scientific story combining the bioinformatic analysis and 

wet-lab experiment. In addition to solely exploring the HERV-K expression in 

different neuron disorder contexts, we initiatively activated the expression of the 

HERV-K internal portion in cortical neurons. We monitored the cell growth 

condition and the changes in transcriptome pattern. This project's bioinformatics 

work mainly contributes to DEG identification and functional analysis. Notably, we 

successfully filtered the noise results and selected the most up-regulated genes 

possibly affecting neuron differentiation. In further wet-lab validation, through 

comparative observation of HERV-K reactivation on normal cortical cells and cells 

with each chosen candidate gene knocked out, we finally discovered the crucial role 

of NTRK3 over-expression in disrupting cortical differentiation upon HERV-K 

reactivation. The Gene knockdown technique provided a solid verification of the 

role of NTRK3 in cortical neuron disruption upon HERV-K reactivation. We 

knocked the selected candidate genes using Short hairpin RNAs (shRNAs) (Grimm 

and Kay 2006; Sheng, Flood, and Xie 2020), which silence the target gene by 

identifying and cleaving the target mRNA. We detected that 70% knocking down 

of NTRK3 would prevent the disruption of cortical neurons in the context of HERV-

K reactivation. Thus, we confirmed the critical role of NTRK3 in the cortical 
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disruption process. Similar strategy can also be applied to verify the function of 

LTR12C on the viral immune system upon IAVs infection mentioned in chapter 2. 

In the future, this technology can also be applied to check the functionalities of 

HERV-derived nucleotide acid or proteins in the host cell upon IAVs infection as a 

complement validation of chapter 2.  

However, the gene knockdown technology is not enough for the LTR functionality 

verification as LTR12C mentioned in chapter 2 since we supposed them mainly to 

serve as cis-regulatory elements during the IAVs infection, which induced the 

immune genes. In this case, the gene knockout (KO) technology, which can 

completely remove the target sequence from the genome (Charbogne, Kieffer, and 

Befort 2014; Tai et al. 2007), should be applied to eliminate the cis-regulatory 

function. By comparing the activities of relative immune genes upon IAVs infection 

of normal cells and the KO cells with specific LTR12C locus was removed, we can 

verify the cis-regulatory ability of the target locus. Multiple studies have already 

successfully knocked out some other retrotransposons in humans or other mammals 

(Le Bas-Bernardet et al. 2011; Ko et al. 2022; Zhang et al. 2019), so it is feasible to 

make this verification analysis in the future. 

Due to the repetitive property, the accurate expression estimation of HERV 

elements has long been challenging. This dissertation addresses this issue by 

applying a type-specific analysis of HERV expression. The expression of each type 

of HERV per sample was measured by a single integer count number. And the 

HERV expression count matrix was further modeled and normalized along with the 

protein-coding gene matrix using DESeq2 to estimate the intermediate parameters 

like sample-specific parameters. In the influenza project, we measured the type-

specific HERV expression count by counting the RNA-seq reads aligned to the 

consensus sequence of each type of HERV provided by the Dfam database (Hubley 

et al. 2016). In comparison, in the HERV-K activation project, the expression of 

HERV type was represented by summing the reads mapped to any intact loci of that 

type. The latter strategy measures the actual read counts mapped to the HERVs. 

However, bias can be introduced into estimating intermediate parameters if the 

summed number of reads is too large. This issue can be largely solved by discarding 

the multiple mapped reads. In comparison, the former type-specific strategy yields 
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an average estimation of each type of HERVs and prevents bias. This analysis is 

similar to the widely used qPCR experiment, which uses a consensus sequence to 

design primers and measure the overall expression of target sequences. So, the 

result obtained from this strategy is more reliable and was accepted by a peer-

reviewed published paper (Liu et al. 2022). 

The locus-specific expression analysis of HERVs is also important as it reflects the 

activity of each individual HERV locus. The optimization of the bioinformatic 

algorithm can partially address the multiple alignment issue caused by the repetitive 

property of HERVs, either by the generally purposed alignment tools like RSEM or 

tools designed explicitly for transposon elements like TEtranscripts, SalmonTE, 

Telescope, etc. (Bendall et al. 2019; Jeong et al. 2018; Jin et al. 2015). And the 

development of public HERV databases will also improve the quality of HERV 

expression analysis. For instance, HERVd recently released its third version, which 

offers more accurate results by introducing the Dfam database and the ssearch 

algorithm (Smith and Waterman 1981). Predictably, the more precise annotation 

information provided by HERVd will result in a better quality of HERV RNA-seq 

reads alignment. In addition, new sequencing technology can also contribute to 

better accuracy of locus-specific HERV expression measurement. For example, the 

third-generation sequencing (TGS) technology for RNA sequencing (aka. Iso-seq) 

developed by Pacific Biosciences (PacBio) has solved the long-existing TGS 

drawback, the low accuracy of the read (Au et al. 2012; May et al. 2021). Through 

engaging circular consensus sequencing (CCS) mode in the RNA-seq process, Iso-

seq can generate high-quality Hi-fi reads (>99.9% read accuracy), and the single 

read length can reach 10 kb or longer (Gonzalez-Garay 2016). This long read can 

effectively distinguish the intact HERV loci and those that accumulated many point 

or structure mutations, providing a higher resolution of the HERV transcriptome 

pattern. By now, due to the high cost of TGS, Iso-seq was seldom used for 

quantitative transcriptome analysis. Nevertheless, attempts have been made to 

combine the NGS and TGS technologies (aka. hybrid sequencing) (Au et al. 2013), 

which takes advantage of the long read length of TGS and deep sequencing depth 

of NGS at low expense. We can expect in the future the implementation of this 

method in the future HERV transcriptome analysis in the future. 
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