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Abstract 
 

Diabetes is a multifactorial disease, where both genetic disposition and environmental influence 

play a role in its manifestation. In genome wide association studies (GWAS), an 8 kb intergenic 

region harboring six single nucleotides polymorphisms (SNP) associated with type 2 diabetes 

(T2D) was found downstream of the human INK4 locus. The molecular mechanisms of how these 

SNPs are linked to T2D are still elusive. The human INK4 locus contains three protein-coding 

genes (ARF/P14, CDKN2B/P15 and CDKN2A/P16) and one non-coding RNA gene (ANRIL). 

ARF/P14, CDKN2B/P15, and CDKN2A/P16 play fundamental roles in cell-cycle inhibition via 

retinoblastoma (RB) and TP53 pathways. However, the ANRIL non-coding RNA recruits polycomb 

repressing complexes (PRCs) 1 and 2 to induce the silencing of CDKN2A/B genes. 

In silico analyses showed that the 8 kb intergenic region at the INK4 locus harbors several histone 

marks for active or open chromatin. Furthermore, this region contains binding sites for major 

transcription factors playing a role in pancreas development and/or β-cell function. These indicate 

that the region might harbor cis-regulatory element. By CRISPR/Cas9 gene editing, we deleted the 

8 kb genomic block in induced pluripotent stem cells (iPSC). The resulting knockout (KO) iPSC 

line (named HMGUi001-A-5) was karyotypically normal, pluripotent, and could differentiate into 

endoderm, mesoderm, and ectoderm. Following successful characterization, we differentiated this 

line into pancreatic progenitors, endocrine cells, and β-like cells. The INK4 genes were not 

expressed at the early stages of differentiation; however, their expression gradually increased from 

pancreatic progenitor stage onwards and reached a maximum level in β-like cells. ANRIL and 

CDKN2B/P15 were downregulated at later time points of differentiation in the KO-derived β-like 

cells. Deleting the T2D risk DNA at the INK4 locus resulted in a diminished proliferation rate in 

pancreatic progenitors, endocrine cells and β-like cells. The KO-derived β-like cells show less 

insulin content and reduced glucose-stimulated insulin secretion (GSIS). Altogether, our data 

represent the potential roles of the T2D risk DNA at the INK4 region in regulating local gene 

expression and β-cell proliferation and function.  

In parallel with the INK4 project, we could design a method to improve the gene editing efficiency 

for CRISPR/Cas9 system. Upon a double-strand break generated by CRISPR/Cas9 there are two 

playing pathways: The non-homologous end joining (NHEJ) pathway creates random insertion or 

deletion of nucleotides, whereas the homology-directed repair (HDR) results in base pair exact 

modifications. The Cas9 expression vector was modified to increase gene editing efficiency by 

inserting two different cassettes 1) a short hairpin RNA (shRNA) expression cassette to 

target DNAPK and XRCC4, two major actors of NHEJ, or 2) an anti-apoptotic expression construct 

of miRNA-21 to increase cell survival. For a simple readout in iPSCs, the pluripotency 

marker SOX2 was targeted with a T2A-tdTomato reporter gene. Downregulating XRCC4 and 

DNAPK improved the efficiency of SOX2 knock-in (KI) about twofold. Moreover, ectopic 

expression of miRNA-21 with Cas9 increased the efficiency of SOX2 KI about threefold. Totally, 

our approaches yield an upgrade for CRISPR/Cas9-mediated precise gene integration in human 

pluripotent stem cells. 
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Zusammenfassung 
Diabetes ist eine multifaktorielle Erkrankung, bei deren Manifestation sowohl genetische Disposition als 

auch Umwelteinflüsse eine Rolle spielen. In GWAS-Studien wurde ein 8 kb intergene Region im INK4-

Lokus gefunden, die sechs Einzelnukleotid-Polymorphismen (SNP) beherbergt, die mit Typ-2-Diabetes 

(T2D) assoziiert sind. Die molekularen Mechanismen wie diese SNPs mit T2D verbunden sind ist unklar. 

Der humane INK4-Locus enthält drei Protein-kodierende-Gene (ARF/P14, CDKN2B/P15 und 

CDKN2A/P16) und ein nicht-kodierendes RNA-Gen (ANRIL). ARF/P14, CDKN2B/P15 und 

CDKN2A/P16 spielen eine grundlegende Rolle bei der Hemmung des Zellzykluses über den Retinoblastom- 

(Rb) oder P53-Signalweg. Die nicht kodierende RNA von ANRIL rekrutiert Polycomb-

Repressionskomplexe (PRCs) 1 und 2, um die CDKN2A/B-Gene zu hemmen. 

In-silico-Analysen zeigten, dass die genomische 8 kb intergene Region in INK4-Lokus mehrere 

Histonmarkierungen von aktivem oder offenem Chromatin enthält, was darauf hinweist, dass sich dort ein 

regulatorisches Element befindet. Darüber hinaus enthält diese Region Bindungsstellen für wichtige 

Transkriptionsfaktoren, die eine Rolle bei der Entwicklung der Bauchspeicheldrüse und/oder der β-

Zellfunktion spielen. Durch CRISPR/Cas9-Geneditierung haben wir den 8 kb-Genomblock in induzierten 

pluripotenten Stammzellen (iPSC) entfernt. Wir bestätigten, dass die Knockout- (KO) oder HMGUi001-A-

5-Linie karyotypisch normal und pluripotent war und die Fähigkeit hatte in endodermale, mesodermale oder 

ektodermale Vorläufer zu differenzieren. Nach erfolgreicher Charakterisierung differenzierten wir diese 

Linie in Richtung Pankreas-Vorläufer, endokrine Zellen und β-ähnliche Zellen. INK4-Gene wurden in 

frühen Stadien der Differenzierung nicht exprimiert; ihre Expression stieg jedoch allmählich von 

pankreatischen Vorläuferstadien an und erreichte ein maximales Niveau in β-ähnlichen Zellen. ANRIL und 

CDKN2B/P15 wurden zu späteren Zeitpunkten der Differenzierung in den von KO differenzierten β-

ähnlichen Zellen herunterreguliert. Die Deletion der T2D-Risikoregion am INK4-Locus führte zu einer 

verringerten Proliferationsrate in pankreatischen Vorläuferzellen, endokrinen Zellen und β-ähnlichen Zellen. 

Die von KO differenzierten β-ähnlichen Zellen zeigen einen geringeren Insulingehalt und eine reduzierte 

Glukose-stimulierte Insulinsekretion (GSIS). Insgesamt zeigen unsere Daten die potenziellen Rollen der 

T2D-Risiko-Region am INK-Lokus bei der Regulierung der lokalen Genexpression und der Proliferation 

und Funktion von β-Zellen. 

Parallel zum INK4-Projekt wollten wir eine Methode entwickeln, um die Effizienz des Gen-Targetings durch 

das CRISPR/Cas9-System zu verbessern. Bei einem durch CRISPR/Cas9 erzeugten Doppelstrangbruch gibt 

es zwei konkurrierende Reperaturmechanismen: Der nicht-homologe Endverbindungsweg (NHEJ) erzeugt 

eine zufällige Insertion oder Deletion von Nukleotiden, während die homologiegesteuerte Reparatur (HDR) 

zu basenpaargenauen Modifikationen führt. Der Cas9-Expressionsvektor wurde modifiziert, um die Gen-

Editing-Effizienz zu erhöhen, indem zwei verschiedene Kassetten eingefügt wurden: 1) eine Short-Hairpin-

RNA (shRNA)-Expressionskassette zur Herunterregulierung von DNAPK und XRCC4, zwei Hauptakteure 

des NHEJ, oder 2) eine anti-apoptotische Expressionskassette von miRNA-21 zur Steigerung des 

Zellüberlebens. Für ein einfaches Auslesen in iPSCs wurde der Pluripotenzmarker SOX2 mit einem T2A-

tdTomato-Reportergen modifiziert. Das Herunterregulieren von XRCC4 und DNAPK verbesserte die 

Effizienz von SOX2 KI um etwa das Zweifache. Darüber hinaus erhöhte die ektopische Expression von 

miRNA-21 mit Cas9 die Effizienz von SOX2 KI um etwa das Dreifache. Insgesamt bieten unsere Ansätze 

einen einfachen Weg für eine effiziente Genbearbeitung über CRISPR/Cas9 in menschlichen iPSCs. 
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1. Introduction 
 

1.1 Pancreas Physiology 
 

The pancreas is one of the most important organs of the human body involved in regulating 

energy consumption and metabolism. It functions as a unique dual gland, consisting of an 

endocrine and an exocrine compartment in charge of synthesizing and secretion of hormones 

for glucose regulation and enzymes essential for digestion. The exocrine tissue comprises 

95% of the pancreas; however, the endocrine tissue consists of less than 5%. The exocrine 

compartment includes acinar cells that are connected to ductal cells. The acinar cells yield 

digestive enzymes, such as proteinases, lipases, and amylases, while ductal cells create 

channels that transport enzymes into the duodenum and the small intestine to digest 

carbohydrates, fats, and proteins for absorption. The endocrine section takes part in 

sustaining glucose homeostasis via secreting several hormones into the blood. Five different 

hormone-secreting cell types: α-cells, β-cells, δ-cells, pancreatic polypeptide (PP) cells, and 

ε-cells belong to the endocrine compartment that are embedded within small clusters termed 

islets of Langerhans. Insulin, secreted by β-cells, and glucagon secreted by α-cells are the 

central hormones that regulate glucose homeostasis (Muraro et al., 2016) (Kettunen and 

Tuomi, 2020). δ-cells secrete somatostatin, a hormone that impedes secretion of both 

hormones of insulin and glucagon. Following feeding, PP-cells secrete pancreatic 

polypeptide, a 36-amino acid peptide that plays a role as primary feedback inhibitor of 

pancreatic secretion. It also regulates liver glycogen storage and gastrointestinal secretion. 

The ε-cells compose < 1% of all islet cells producing the ghrelin hormone that induces 

appetite (Bakhti et al., 2019) (Zhou and Melton, 2018) (Figure 1.1). 
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Figure 1-1: The anatomy of the pancreas. The human pancreas is a heterogeneous gland, i.e. it has both an 

endocrine and a digestive exocrine function. The exocrine compartment encompasses acinar cells and ductal 

cells while the endocrine compartment comprises α-cells, β-cells, δ-cells, PP-cells, and ε-cells (Roder et al., 

2016). 

 

1.2 Glucose Homeostasis 

Glucose homeostasis is of essential importance to human health due to its fundamental role 

as an energy source. Hence, regulation of glucose levels in the blood is mandatory for 

survival. Glucose homeostasis is carried out by regulating the activities of insulin 

and glucagon. These hormones mainly act on the liver, fat, and skeletal muscle. The rate of 

endogenous glucose production and utilization is a major factor in controlling this process. 

During fasting, 75−85% of endogenous glucose is produced in the liver and the rest in the 

kidney. In other words, hepatic glucose production is the dominant source of fasting blood 

glucose levels. Most glucose utilization happens in the skeletal muscle (Keenan et al., 2019) 

(Salis et al., 2017) (Horie et al., 2018).  

Two opposing hormones, glucagon and insulin maintain the balance between glucose 

production and utilization. In the fed state and response to an increased level of plasma 

glucose, insulin secretion is hindered from the β-cells. At the same time, glucagon secretion 

is inhibited from the α-cells. The β-cells react to elevated blood glucose by rising oxidative 

metabolism. Hence, ATP generation is increased in mitochondria leading to an enhanced 

ratio of ATP/ADP in the cytoplasm. Following the elevated intracellular ATP/ADP, the ATP-

sensitive K+ channels (KATP) are closed, resulting in a decreased hyperpolarizing outward K+ 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/glucose-homeostasis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/glucose-homeostasis
https://www.sciencedirect.com/topics/medicine-and-dentistry/glucagon


3 
 

flux. This leads to depolarization of the plasma membrane, and influx of extracellular Ca2+ 

via the voltage-gated Ca2+ channels. A quick rise in intracellular Ca2+ and operation of protein 

motors and relevant kinases stimulate exocytosis of vesicles harboring insulin (Matschinsky, 

1996) (Maechler et al., 2006) (Rutter, 2001) (Fridlyand et al., 2003). Next, the production of 

endogenous glucose is inhibited in the liver, while glucose uptake is increased in the adipose, 

liver, and muscle cells. These tissues play different roles in glucose homeostasis, needing 

tissue-specific insulin signal transduction pathways. For instance, insulin elevates glucose 

utilization and storage in skeletal muscle via promoting glucose transport and glycogen 

synthesis. In the liver, insulin displays three roles 1) stimulates glycogen synthesis, 2) boosts 

lipogenic gene expression, and 3) reduces gluconeogenic gene expression. In adipocyte 

tissue, insulin inhibits lipolysis and stimulates glucose transport and lipogenesis.   

During fasting or exercise and in response to a decrease in plasma glucose levels, glucagon 

is released from α-cells, which encompass the β-cells in the pancreas. Glucagon mainly 

stimulates liver cells and/or muscle cells to break down stored glycogen into glucose. The 

produced endogenous glucose is later released into the bloodstream, raising the blood glucose 

level. In other words, both α-cells and β-cells are especially sensitive to glucose 

concentrations by which they regulate hormone production and release in response to slight 

alterations in the levels of plasma glucose (Ghasemi and Norouzirad, 2019) (Saltiel, 2016) 

(Petersen and Shulman, 2018).  
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Figure 1-2: Glucose homeostasis. After feeding and when the blood glucose levels are high, insulin is released 

from β cells of the pancreas. In contrast, when blood glucose levels are low, glucagon is secreted from α cells 

of the pancreas (Steinbusch et al., 2011). 

 

1.3 Embryonic Development of the Pancreas in Mice 

In mice, the pancreas emerges from the foregut endoderm, and its formation occurs via 

multiple steps of morphological events to produce specified cell types. The first development 

of this organ can be grouped into two major steps, primary and secondary transitions (Wells 

and Melton, 1999) (Zorn and Wells, 2009) (Bastidas-Ponce et al., 2017). In the primary 

transition (from embryonic day (E) 9.0 to E12.5), multipotent progenitor cells (MPCs) are 

initially emerging and expanding via signals transduction from the notochord, endothelium 

and mesenchyme that eventually give rise to pancreatic buds (Gittes, 2009) (Lammert et al., 

2003) (Larsen and Grapin-Botton, 2017). The initial stage in pancreas development specifies 

a dorsal and ventral pancreatic bud from the foregut endoderm. These buds come from the 

MPCs that express two main pancreatic transcription factors (TF) pancreatic and duodenal 

homeobox 1 (Pdx1) and pancreas-specific transcription factor 1a (Ptf1a) (Burlison et al., 

2008). Next, these cells face a higher proliferation rate to form a multilayered epithelium 

where microlumen structures emerge. After the formation of the pancreatic buds, the next 

stages of morphogenesis result in a particularly branched, tubular epithelial tree-like network. 

This extremely regulated event needs epithelial stratification, cell polarization, microlumen 
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generation and fusion and finally develops into a luminal plexus. Next, the plexus is 

rearranged into a sophisticated tubular web. The formation of exocrine compartment is 

initiated by epithelial remodeling and/or branching morphogenesis at E11.5 (Marty-Santos 

and Cleaver, 2015). The presence of mesenchyme is mandatory for the induction of exocrine 

differentiation. The mesenchyme produces and secretes pro-exocrine factors, e.g. the TGF-β 

antagonist follistatin inducing exocrine differentiation but inhibits the formation of endocrine 

cells (Miralles et al., 1998). Moreover, the canonical Wnt signaling pathway balances 

exocrine cell numbers (Baumgartner et al., 2014) (Wells et al., 2007).  

In the time of secondary transition, between E12.5-15.5, the fusion of microlumina forms a 

central plexus that additionally shapes into an uninterrupted branched epithelial web, 

separated into bipotent trunk epithelium e.g. tip and trunk domains (Bankaitis et al., 2015) 

(Kesavan et al., 2009) (Villasenor et al., 2010). The endocrine progenitors originate from the 

bipotent trunk epithelium. These progenitors temporarily express Ngn3 and generates all 

types of endocrine cells (Gradwohl et al., 2000) (Gu et al., 2002) (Solar et al., 2009). The 

morphological changes coincide with the generation of three major cell types including 

endocrine, exocrine or acinar and ductal cells, demonstrating a tight regulation between 

morphogenesis and differentiation events throughout the pancreas formation in mice. 

Following the secondary transition, differentiated endocrine cells exit the ductal epithelium, 

and move to the neighboring mesenchyme to generate proto-islets. The interactions between 

these shapes and endothelial, mesenchymal and neuronal cells boost the development of 

Langerhans islets. These events are highly monitored by the spatiotemporal functions of a 

number of various signaling pathways and harmonizing cell kinetics and dynamics. The 

cooperation of extrinsic signals and intrinsic genetic systems could orchestrate the emergence 

of functional hormone-secreting cells. Additional complex interactions between pancreatic 

cells and the adjacent mesenchyme, endothelium and neuronal network shape the ultimate 

anatomy of the adult pancreas (Cleaver and Dor, 2012b) (Thorens, 2014).  

 

1.4 Key Players Controlling Pancreas Development and Cell Type Specification 

in Mice   

Several transcription factors (TFs) monitor pancreas induction and generation from 

multipotent progenitor cells in the foregut endoderm. Pancreatic duodenal homeobox 1 

(Pdx1), Pancreas specific transcription factor 1a (Ptf1a) and SRY-Box Transcription Factor 
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9 (Sox9) are TFs that play critical roles in the early pancreas development (Ahlgren et al., 

1996) (Guz et al., 1995) (Krapp et al., 1998) (Seymour et al., 2007). All cell types derived 

from the pancreatic endoderm express the TF Pdx1. Its expression is initially started as early 

as E8.5 in the mice foregut endoderm. Pdx1 is expressed in both the ventral and dorsal buds 

at E9.5. Its expression is downregulated about E10. Then it is expressed in endocrine cells 

and adult β-cells. Pdx1 is a fundamental mediator of mesenchymal signaling pathway. This 

is essential for the branching development involved in forming the ductal network at E10.5. 

Pdx1 gene harbors three distinct binding sites for transcription initiation. Several 

transcription factors such as Foxa2, Hnf6, Ptf1a, Mnx1, Mafa, Hnf, Sp1/3, Usf1/2 and Pdx1 

itself can bind to these sites and induce Pdx1 expression in the β-cell (Gao et al., 2008) 

(Vanhoose et al., 2008) (Offield et al., 1996) (Gu et al., 2002) (Sharma et al., 1996).  

Ptf1a is an essential TF regulating exocrine gene transcription. Ptf1a gene is expressed in 

endocrine, exocrine, and ductal cell types. Ptf1a is initially expressed as early as E8.0 in the 

ventral and dorsal pancreatic ducts; however, its expression is limited to acinar precursor 

cells by E13.5. Ptf1a regulates the expression of Delta-like ligand 1 (Dll1), which is 

mandatory for controlling the early pancreas development mediated by the Notch signaling 

pathway. Then, activation of Dll1 within multipotent progenitor cells (MPC) induces 

proliferation and pancreas growth via sustained expression of hairy and enhancer of split 1 

(HES1) and Ptf1a (Ahnfelt-Ronne et al., 2012) (Beres et al., 2006) (Hald et al., 2008) 

(Kawaguchi et al., 2002).   

Surrounding mesenchyme can regulate the identity of the early pancreas development. The 

mesenchyme secretes a number of signaling factors including- Fgf10, Egf and Wnt that have 

been demonstrated to be fundamental for the pancreas formation. Fgf10 can activate the Fgf 

signaling pathway, which results in propagation of pancreatic progenitors via boosting the 

expression of Pdx1 and Ptf1a. Fgf10, Sox9 and Fgfr2 comprise a feed-forward cycle 

throughout the early growth phase of the pancreatic buds. Fgf10 preserves Sox9 expression, 

and afterward, Sox9 induces Fgfr2 expression to activate the Fgf10 signaling pathway. 

Dysregulation of this cycle can induce a loss of specification in pancreatic epithelia cells 

(Ahnfelt-Ronne et al., 2012) (Attali et al., 2007) (Bhushan et al., 2001) (Jonckheere et al., 

2008) (Kim and Hebrok, 2001) (Tulachan et al., 2006) (Seymour et al., 2012).  
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Around E12.5, the endocrine, acinar and ductal cells emerge from the microlumina. Later, a 

cluster of cells, including endocrine cells, endothelial, mesenchymal and neuronal cells 

generate the islets of Langerhans (Cleaver and Dor, 2012a) (Thorens, 2014). The segregation 

of MPCs into trunk and tip domains is crucial at this stage. The tip domain differentiates into 

acinar cell types expressing TFs Ptf1a, c-Myc, Nr5a2 and Cpa1: however, the trunk domains 

generates endocrine and/or duct progenitor cells expressing TFs Nkx6.1, Sox9, Hnf1b, 

Nkx2.2 and Pdx1 (Zhou et al., 2007). 

Nkx6.1 and Ptf1a particularly regulate the separation into tip or trunk domains. Nkx6.1  

triggers the generation of trunk by seizing the tip fate: however, Ptf1a induces the formation 

of tip domain via inhibiting the trunk formation (Schaffer et al., 2010). Additionally, the 

formation of tip and trunk is controlled by Notch signaling pathway through modulating the 

expression of Nkx6.1 and Ptf1a. High expression of Ptf1a initiates acinar cell differentiation, 

which begins from the distal tip epithelium at E13.5, whereas its low expression of Ptf1a, 

Rbp-jl and Nr5a2/LRH-1 maintain the identity of MPC (Holmstrom et al., 2011) (Masui et 

al., 2007) (Masui et al., 2010). The TFs c-Myc and β-catenin are also involved in 

differentiation, expansion, and maintenance of the acinar cells (Lobo et al., 2018).  

Special cells in the bi-potent trunk progenitor pool express the TF Neurogenin 3 (Ngn3), that 

has a significant role in endocrine formation and function. It is expressed in all endocrine 

progenitor cells in two distinct phases. During primary transition Ngn3 is expressed in mice 

in a few pancreatic progenitors generating glucagon positive cells. During secondary 

transition its expression starts at E12 with a high expression level at E15.5, which 

corresponds to endocrine cell allocation. Ngn3 is associated with several transcription factors 

that have functions in endocrine differentiation, cell specification and maintenance, such 

as Pdx-1, Nkx2.2, Nkx6.1, NeuroD1, Pax4, and Pax6   (Collombat et al., 2005) (Gu et al., 

2002) (Villasenor et al., 2008) (Gradwohl et al., 2000) (Schwitzgebel et al., 2000).  

The cells in the trunk domain that do not express Ngn3 finally yield the ductal web. Several 

TFs containing Sox9, Hes1, Hnf1b and Glis3 determine ductal cell destiny (De Vas et al., 

2015) (Delous et al., 2012) (Kang et al., 2009) (Shih et al., 2012). Moreover, the Notch 

signaling pathway plays a major role in ductal cell specification. Notch signaling inactivates 

Ngn3 inducing ductal cell differentiation (Shih et al., 2012). Furthermore, endocrine cell 
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differentiation is controlled by a number of signaling pathways, such as Notch signaling, Wnt 

signaling and sphingosine-1-phosphate signaling (Kim and Hebrok, 2001). 

The paired box containing gene 4 (Pax4) is an essential TF during early β-cell differentiation. 

It is initially expressed at E9.5 and is temporarily expressed in all endocrine progenitors in 

the time of pancreatic formation. Pax4 is expressed following Ngn3 activation. In the Pax4 

knockout cells, β-cells and δ-cells are not formed, while more α-cells are generated. Also, 

the depletion of Pax4 inhibits the expression of Pdx1 and insulin in β-cell precursors. TF 

aristaless-related homeobox (Arx) counteracts Pax4. Arx is initially expressed at E9.5 during 

mouse pancreatic formation and restricted to mature α-cells.  In Arx knockout mice do not α-

cells do not form. Thus, the stability of Pax4 and Arx is a critical factor for cell fate 

specification of both α-cells and β- cells (Collombat et al., 2005) (Collombat et al., 2003) 

(Lin and Vuguin, 2012) (Wang et al., 2004).  

Members of the NK homeodomain transcription factor family have a fundamental function 

in regulating organ formation. Nkx2.2 and Nkx6.1 are most important during pancreatic 

formation since have roles in endocrine cell lineage. Nkx2.2 regulates insulin 

and Pax4 expressions. At first, the Nkx2.2 gene is expressed with Pdx1 at E8.75 in dorsal 

buds and at E9.5 in ventral buds. However, its expression is restricted to the endocrine cells 

by E15.5. Loss of Nkx2.2 resulted in a diminished number of α-cells and PP-cells, and the 

complete failure of the development of β-cells. In the Nkx2.2 knockout, insulin and Nkx6.1 

genes are not expressed, demonstrating that Nkx2.2 is crucial for the identity of the β-cells. 

The expression of Nkx6.1 is like that of Nkx2.2. Nkx6.1 is initially expressed in the ventral 

buds at E8.75. Then, its expression switches to the dorsal buds from E9.0 to E10.5. Then its 

expression is limited to the central epithelium by E11.5. In adult mice, Nkx6.1 expression is 

only observed in the β-cells. It inhibits glucagon expression and controls glucose-stimulated 

insulin secretion (GSIS). Lack of Nkx6.1, affects the late step of pancreas formation, resulting 

in failure of β-cell development (Sander et al., 2000) (Stanfel et al., 2005) (Cissell et al., 

2003) (Jorgensen et al., 2007) (Sussel et al., 1998) (Schisler et al., 2005).  

 

1.5 Pancreas Development in Humans 

Human pancreas formation or development is poorly understood due to the restricted access 

to human tissues. Our knowledge comes from analyses of embryonic and fetal tissue samples. 
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Basically, the main events and molecular players involved in pancreas development are 

conserved among mouse and human; however, variabilities in timing, checkpoints, and 

developmental players have been depicted (Fowden and Hill, 2001) (Bastidas-Ponce et al., 

2017). 

Like mice, the human pancreas development starts with the rearrangement of the foregut 

endoderm, at Carnegie step (CS) 9. This eventually generates ventral and dorsal buds at 

CS13. In contrast to mice, a primary transition is not observed in human pancreas and NKX2.2 

expression is not detectable in pancreatic progenitors (Jennings et al., 2013) (Pan and 

Brissova, 2014) (Jennings et al., 2015). Marked populations of tip-like and trunk-like 

domains are observed by CS19. The endocrine progenitors that are NGN3+ SOX9−reach at 

the highest point at eight weeks post coitus (wpc), decrease at ∼26-28 wpc and are not 

observed by 35 wpc. Similar to mice, human endocrine progenitors transiently express 

NGN3; however, NGN3 is also expressed in recently differentiated human endocrine cells. 

Surprisingly, NGN3 homozygous mutations result in developing a mild diabetic phenotype. 

This can demonstrate that there is NGN3-independent mechanisms for generating endocrine 

progenitors (Capito et al., 2013) (Salisbury et al., 2014, Jennings et al., 2013) (Lyttle et al., 

2008) (Rubio-Cabezas et al., 2014).   

In human, the initial fetal insulin-expressing β-cells develop at ∼8 wpc. Then, glucagon-

producing α-cells emerge at 9 wpc. The endocrine clustering initiates by 10 wpc, and all types 

of endocrine cells are distinguishable in the emerging islets by 12-13 wpc. Of note, the 

morphology of human islets changes during development. For example, α-cells are located 

at the periphery while β-cells are in the core at 14 wpc; however, both cell types are 

intermixed within the islets by 21 wpc. This change in islet architecture could be essential 

for the maturation of human endocrine cells (Hanley et al., 2010) (Jennings et al., 2013) 

(Riedel et al., 2012) (Meier et al., 2010) (Jeon et al., 2009).  

1.6 Diabetes  

Diabetes is a metabolic disorder highlighted by hyperglycemia, a sustained increase of 

glucose levels in the blood. This disease is caused by a decrease or partially or complete 

damage of insulin-producing β-cells. Based on the diagnostic criteria, etiology, and genetic 

examinations, diabetes can be grouped into four major types: type 1 diabetes (T1D), type 2 

diabetes (T2D), gestational diabetes (GD), and monogenic diabetes. T2D accounts for about 
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90% of individuals, while 10% of cases of the disease primarily belong to the other forms of 

diabetes. Common to all shapes of diabetes is the elevated glucose level in the blood. 

Diagnosis of diabetes is carried out via measuring the blood tests such as fasting plasma 

glucose (FBS), oral glucose tolerance test, or glycated hemoglobin (A1C) (Patterson et al., 

2009) (Yang and Chan, 2016).  It was reported that diabetes affected 463 million people by 

2019, 578 million people by 2030 and will rise to 700 million by 2045. The prevalence rate 

is lower in rural (7.2%) regions than urban (10.8%) , and in low-income countries (4.0%) 

than high-income (10.4%) . Furthermore, the global prevalence of diminished glucose 

tolerance reached 374 million cases in 2019, rising to 454 million by 2030 and 548 million 

by 2045 (Saeedi et al., 2019).   

T1D is an autoimmune disorder leading to lack of insulin production due to an autoimmune 

response against pancreatic β-cells. T1D is also considered one of the most common chronic 

diseases that usually manifests at the first decades of life. In T2D, previously known as adult-

onset diabetes, insulin is produced; however, its secretion is failed, or muscle or fat tissues 

are resistant to insulin. T2D is a common form of diabetes that is ended by a complicated 

cooperation between various risk factors from environment and genetic. Changes in eating 

habits, overweight, and lack of exercise or a sedentary lifestyle are major risk factors for 

T2D. The diminished insulin sensitivity is compensated by increased insulin secretion of β-

cells which causes β-cell stress and cell death resulting in reduced b-cell mass. GD is defined 

by glucose intolerance emerging throughout the second or third trimester of pregnancy. T1D, 

T2D and GD are classified as multifactorial disorders that both genetic and environmental 

factors trigger the disease (Kahn et al., 2014) (Seely, 2006).  

Monogenic diabetes is due to mutations in individual genes involved in β-cell formation and 

action (Hattersley and Patel, 2017). Maturity-onset diabetes of the young (MODY) and 

neonatal diabetes mellitus (NDM) are two shapes of monogenic diabetes. MODY shows an 

autosomal dominant genetic pattern and is observed in adolescents. The diminished number 

of β-cells or impaired β-cell activity plays major roles in the development of MODY. 

Mutations in a number of key genes, such as GCK, ABCC8, NEUROD1, HNF1A, HNF1B 

and PDX1, account for development of MODY. For a therapeutic strategy, sulfonylureas and 
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insulin have been applied for MODY patients having a mutation in HNF1A, HNF4A and 

HNF1B (Heuvel-Borsboom et al., 2016) (Murphy et al., 2008) (Pearson et al., 2003). 

1.7 Genetics of Type 2 Diabetes  

As mentioned above, decreased β-cells mass, failure of insulin secretion, and muscle and fat 

tissue resistance to insulin are common manifestations of T2D. Many genetic factors have 

roles in T2D. Currently, 70 loci conferring susceptibility to T2D have been reported. These 

loci have been discovered via three different methods, including linkage studies, candidate 

gene studies, and genome-wide association studies (GWAS). These findings are beneficial 

for a better understanding of the pathophysiology of T2D (Meigs, 2019) (Langenberg and 

Lotta, 2018) (Mishra et al., 2021).   

1.8 Linkage Analysis 

The linkage concept evaluates genes and genomic markers located close to each other on the 

same chromosome and inherited together. This linkage analysis shows relatively poor 

resolution as only a few hundred genetic markers have been genotyped and discovered across 

the genome. Additionally, the positions recognized by this method could encompass 

hundreds of genes and millions of DNA base pairs. Hence, linkage analysis is particularly 

successful for discovering single gene diseases not complex or polygenic ones. Both TF 7-

like 2 (TCF7L2) and Calpain 10 (CAPN10) are associated with T2D were identified via the 

linkage analysis (Ali, 2013). 

CAPN10 encodes a cysteine protease that belongs to the Calpain family, a huge family of 

ubiquitously expressing genes that display critical functions in intracellular rearrangement, 

post-receptor signaling, and other intracellular activities. This gene is embedded within 

chromosome 2 and is the first T2D related target gene identified by linkage analysis. 

Furthermore, CAPN10 is involved in several other activities including cell signaling, 

apoptosis, exocytosis, mitochondrial metabolism, and cytoskeletal remodeling. Impairment 

of CAPN10 expression and function has been reported in diverse pathologies. CAPN10 gene 

can be accounted for T2D prevalence, and its single nucleotide polymorphisms (SNP) are 

associated with an elevated risk of the disease (Hanis et al., 1996) (Panico et al., 2014). 
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The Gene of TCF7L2 is embedded within chromosome 10q. At the beginning, it was 

introduced as a T2D susceptibility gene. Besides the linkage analysis, the association 

between T2D and several SNPs in the TCF7L2 gene was approved in a number of Genome-

wide association studies (GWAS). Up to now, the TCF7L2 gene has remained the most 

observed and particularly associated T2D risk gene. The gene encodes a transcription factor, 

which exhibits a fundamental role in pancreatic islet development and function. It is 

considered as a player in WNT signaling pathway. TCF7L2 protein can bind to β-catenin 

generating heterodimers, which induce the expression of a number of genes, including the 

glucagon-like peptide 1 (GLP-1) gene, the insulin gene, and other candidate genes play roles 

in processing and exocytosis of insulin granules (Duggirala et al., 1999) (Jin, 2016) (Grant et 

al., 2006).  

1.9 Candidate Gene Analysis 

In a candidate gene approach, the target genes that are already supposed to have an impact 

on the pathogenesis and prevalence of T2D are determined via precise sequencing tests. The 

method relies on genes that have well-known functions in glucose uptake and metabolism, 

insulin production and secretion, insulin receptors, post-receptor signaling and lipid 

metabolism. These genes are peroxisome proliferator-activated receptor gamma (PPARG), 

potassium inwardly rectifying channel, subfamily J, member 11 (KCNJ11), Wolfram 

syndrome 1 (wolframin) (WFS1), HNF1 homeobox A (HNF1A), HNF1 homeobox B (HNF1B) 

and HNF4A (Gaulton et al., 2008).  

PPARG gene encodes the molecular target of thiazolidenediones, a typical form of anti-

diabetic drugs. Converting proline to arginine at position 36 in the PPARG protein increases 

the risk of diabetes by 20%. PPARG regulates glucose metabolism and fatty acid storage 

process. The target genes that are switched on by PPARG induce lipid uptake 

and adipogenesis in the fat cells. PPARG knockout mice lack adipose tissue, demonstrating 

PPARG gene is a major regulator of adipocyte differentiation. Furthermore, PPARG 

increases insulin sensitivity by several molecular mechanisms including induction of the fatty 

acids storage in the fat cells, stimulating FGF21-mediated stimulating adiponectin release 

from fat cells, and inducing the production of nicotinic acid adenine dinucleotide 
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phosphate  via upregulating the CD38 enzyme (Ruchat et al., 2009) (Cataldi et al., 2021) 

(Song et al., 2012).  

The gene of Potassium Voltage-Gated Channel Subfamily J Member 11 (KCNJ11) produces 

the Kir6.2 ATP-sensitive K+ channel that exhibits a major function in the control of insulin 

release from the ß-cells. Kir6.2 is an integral membrane protein that forms a channel that 

allows potassium to flow into the cells. This process is monitored by the G-proteins coupled 

sulfonylurea receptor (SUR), constituting the ATP-sensitive K+ channel. This channel 

couples the metabolic status of the cells to their electrical activity and is present in diverse 

cell types, including brain, cardiac, skeletal, smooth muscle, and pancreatic β-cells. 

Missense DNA polymorphisms in KCNJ11 are associated with T2D (Hani et al., 1998) 

(Pipatpolkai et al., 2020). 

WFS-1 gene encodes Wolframin (a protein inside the endoplasmic reticulum (ER) 

membrane) that is mutated in patients with the Wolfram syndrome. The disease is highlighted 

by diabetes insipidus, juvenile diabetes, optic atrophy, and deafness, usually presenting in 

childhood or early adult life. WFS-1 is particularly expressed in islet β-cells in which it forms 

a cation-selective ion channel playing fundamental roles. Pancreatic β-cells are selectively 

eliminated from the islets of wolfram syndrome patients. ER localization reveals that WFS1 

channel is involved in physiological events including membrane trafficking, secretion, 

processing and controlling ER calcium homeostasis. Dysregulations of these processes 

simulate ER stress responses and eventually apoptosis. Two SNPs in the WFS-1 gene are 

significantly associated with T2D (Ueda et al., 2005) (Sandhu et al., 2007). 

HNF1A, HNF1B, and HNF4A are famous as MODY genes involved in liver development, 

monitoring hepatic metabolic roles, and β-cells formation. However, they are also expressed 

in various tissues and organs, such as the pancreas and the kidney, regulating development 

and function. MODY genes carry rare high penetrance mutations that result in a monogenic 

form of diabetes in juveniles. Risk variants in these genes are linked to reduced insulin release 

and increased susceptibility to T2D in different human populations (Ma et al., 2016) (Lau et 

al., 2018).  
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1.10 Genome Wide Association Studies (GWAS) 

Candidate gene and linkage analyses discovered only a little T2D risk genes but have 

negligible contributions to the hereditary of T2D. Emerging and maturation of high-

throughput SNP genotyping technologies and the accessibility of Hapmap database 

(https://www.sanger.ac.uk/resources/downloads/human/hapmap3.html) lists hundreds of 

SNPs that have a link to T2D. Most SNPs are located inside and/or outside of coding genes. 

According to the GWAS studies, TCF7L2 gene is the most important target gene that has a 

function in the pathophysiology of T2D. The other most significant candidate genes 

include hematopoietically expressed homeobox (HHEX) HHEX, Solute carrier family 30 

member 8 (SLC30A8), insulin-like growth factor 2 mRNA binding protein 2 (IGF2BP2), 

KCNJ11, Peroxisome proliferator-activated receptor gamma (PPARG) and cyclin-

dependent kinase inhibitor 2A/B (CDKN2A/B) genes (Pal and McCarthy, 2013) (Cugino et 

al., 2012).  

1.11 INK4 Locus 

According to the GWAS studies, SNPs embedded upstream of the CDKN2A and 

CDKN2B genes are associated with the risk of T2D in several huge populations worldwide 

(Figure 1.1). This locus that contains CDKN2A and CDKN2B is called INK4 (Inhibitor of 

CDK4) as these two are inhibitors of cyclin-dependent kinase 4 and 6 (CDK4 and 6). INK4 

genes are found on chromosome 9p21.3 and are transcribed into several RNA isoforms, 

CDKN2A/CDKN2B/ARF resulting P16, P15 and P14 proteins. The INK4 locus also encodes 

a long non-coding RNA termed ANRIL. ANRIL is transcribed from the opposite DNA strand 

compared to the other INK4 genes. Its gene overlaps the CDKN2A gene promoter and all 

parts of CDKN2B gene. Furthermore, it is spliced into several linear or circular transcript 

variants (Kim and Sharpless, 2006) (Sharpless and Sherr, 2015b) (Figure 1.2) (Figure 1.3 A-

C). 

 

https://www.sanger.ac.uk/resources/downloads/human/hapmap3.html
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Figure 1-3: GWAS evidence for the INK4 link to T2D. Many GWAS studies showed that there are several 

SNPs located in the INK4 locus which have an association to the T2D prevalence (Hara et al., 2014a).  

 

 

 

Figure 1-4: INK4 locus genes and structure at human chromosomal region of 9P21.Genomic structure of 

INK4 locus. Ink4 locus harbors three protein-coding genes including CDKN2A, CDKN2B and ARF.  CDKN2A 

and ARF start with different first exon but share the remaining exons. These three genes are transcribed in the 

same direction.  The locus also harbors a non-coding RNA gene termed ANRIL that is transcribed in from the 

opposite DNA strand compared to the other INK4 genes (Kong et al., 2016). 
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Figure 1-5: Molecular functions of INK4 genes. A: The ANRIL non-coding RNA recruits EZH2, then induces 

p21 transcriptional silencing and NF-kB activation. B: Furthermore, ANRIL interacts with CBX7 (PRC1) and 

SUZ12 (PRC2) and induces transcriptionally silencing of CDKN2A/CDKN2B/ARF.  C: 

CDKN2A/CDKN2B/ARF codes P16/P15/P14 involving in P53 and RB pathways (Song et al., 2018) (Drak 

Alsibai et al., 2019) (Al-Kaabi et al., 2014). 

 

P16 and P14 are generated by the CDKN2A gene. The second and third exons are shared, but 

the first exon and promoter are different in the two transcripts. P16 and P14 have different 

open reading frames (ORF), leading to different protein sequences despite the common 

mRNA sequence. They are famous as inhibitors of CDK4 kinase. CDKN2B gene is located 

about 30 kb upstream of CDKN2A, and encodes p15 or INK4B. It generates at least 2 splice 

variants. CDKN2A/B genes control the cell cycle, and are known for their role in tumor 

suppression (Robertson and Jones, 1999).  

INK4 locus was identified to be linked to T2D in several GWAS reports among various 

human populations. It is predicted that the risk alleles add an odds ratio for the T2D 

prevalence between 1.2 and 1.5. Of note, the molecular mechanisms of how the risk variants 

in the INK4 locus increase the diabetes risk is not fully understood, but recent studies point 

to a failure in insulin release rather than insulin function. These risk alleles are also observed 

in GWAS for cardiovascular disorders, especially for atherosclerosis; however, the 

mechanism involving this association is not clear (Nanda et al., 2016) (Quelle et al., 1995) 

(Poi et al., 2013). 

The mouse Cdkn2a/b locus is located on chromosome 4, encoding p16Ink4a, p19Arf and 

p15Ink4b in a close order to the human locus. However, the locus encodes a different lncRNA 

termed AK148321 in the same location as ANRIL. P14, P15 and P16 are cell cycle inhibitors 
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and suppress cell cycle courses affecting tumorigenesis, senescence, and aging events. P16 

and P15 block activation of CDK4/6 by cyclin D. Hypophosphorylated retinoblastoma (Rb) 

mediated by CDK4/6 inhibits the early region 2 transcription factor (E2F), consequently 

preventing cell cycle entry. In addition, P14 is known as an anti-proliferative factor that 

stabilize the tumor suppressor P53 by seizing its negative regulator, mouse double minute 2 

homologue (MDM2) (Serrano et al., 1993) (Levine et al., 1991).  

The INK4 locus is also well-known for its role in metabolic pathways. The most significant 

adverse effects related to dysregulation of INK4 genes, mainly P16 are aging and decreased 

β cell proliferation/mass and regeneration. The p16INK4A gene is expressed in human islets 

in an age-dependent manner fashion and increases with age. Progressive demethylation of 

the CDKN2A locus with age has a potential role in this event. In the human pancreas, nuclear 

p16 staining is dramatically lower in samples from younger (age 0–9 years) than older (age 

10–59 and 60–79 years) patients (Taneera et al., 2013) (Avrahami et al., 2015) (Mizukami et 

al., 2014). 

1.12 Induced Pluripotent Stem Cells (iPSC) 

Induced pluripotent stem cells (iPSCs) are pluripotent stem cells that originated from somatic 

cells. These somatic cells are genetically reprogrammed to embryonic state through the 

ectopic expression of Yamanaka factors (Oct4, Sox2, Klf4, and c-Myc). These genes are 

mandatory for sustaining the pluripotent properties of stem cells. The generation of iPSCs 

allowed scientists to apply pluripotent stem cells for many research areas and clinical 

applications without the controversial use of embryo-derived stem cells. Indeed, this 

technology provided beneficial cellular tools to reprogram any kind of somatic cells. 

Additionally, the differentiated cells that are derived from iPSCs have a similar pattern of 

gene expression to the cell donor. This is a critical point for drug screening and disease 

modeling. It is estimated that iPSCs will help scientists uncover novel molecular pathways 

involved in cellular homeostasis. Furthermore, these valuable cells have a high potential to 

regenerate damaged cells in human (Singh et al., 2015) (Moradi et al., 2019) (Pfannkuche et 

al., 2010).  

The generation of mouse iPSCs from fibroblasts was initially performed in 2006 by the 

Yamanaka group. In 2007, human iPSCs were produced from human fibroblasts by two 
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independent Yamanaka’s and Thomson’s groups. They examined hundreds of genes to find 

the leading players of the pluripotency network. The reprogramming of somatic cells into 

iPSCs was initially carried out via ectopic expression of four players, Oct4, Sox2, Klf4, and 

c-Myc. Also, Oct4, Sox2, Nanog, and LIN28 can reprogram fibroblast cells into the iPSCs. 

The ectopic expression of these factors eventually gets silenced, and upon the generation of 

iPSCs, the cell expresses endogenous pluripotency markers involved in the cellular 

pluripotency network. The iPSCs can be generated from fibroblasts via viral integration of 

only three factors, Oct4, Sox2, and Klf4. Although these iPSCs revealed reduced 

tumorigenicity in chimeras and mice; however, the reprogramming rate and its efficiency are 

significantly reduced. These data demonstrated that the ectopic expression of the three TFs 

Oct4, Klf4, and Sox2 is mandatory for reprogramming somatic cells into the iPSCs 

(Takahashi and Yamanaka, 2006) (Takahashi et al., 2007) (Yu et al., 2007). 

1.13 iPSCs for Modeling of Diabetes  

The generation of insulin-producing β-cells from human stem cells can be a potential therapy 

for both T1D and T2D. Currently, iPSCs technology has led to a substantial achievement in 

generating functional β-cells. Human embryonic stem cells and iPSCs can be differentiated 

to convert into β like-cells in a similar manner. These technologies can be applied for disease 

modeling and drug screening, as well as for understanding the central pathways involved in 

β-cells development and function (Mayhew and Wells, 2010) (Nihad et al., 2021).   

Tateishi et al. showed that the human iPSCs could be differentiated into insulin-producing 

islet-like clusters (ILCs) under feeder-free conditions. The iPSCs-derived ILCs not only 

produced C-peptide and glucagon hormones but also secreted insulin in response to glucose 

stimuli. Similarly, Zhang et al. developed an efficient protocol to differentiate human iPSCs 

into mature insulin-producing β-cells in a chemical-dependent culture system. The resulting 

cells released insulin upon glucose stimulation similar to adult human islets. Interestingly, 

most iPSCs-derived β cells showed very similar expression patterns to adult β-cells. For 

example, mature β cell-specific markers including NKX6-1 and PDX1 were expressed in 

those cells (Tateishi et al., 2008) (Zhang et al., 2009).  

As mentioned above, iPSCs can also be applied for diabetes modeling. For example, many 

loss-of-function mutations in the PDX1 gene are linked to T2D. To understand the 
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pathomechanism of T2D, our group already generated an iPSC line from a female donor with 

a mutation (P33T) in the transactivation domain of PDX1 (PDX1P33T/P33T). Our group also 

generated iPSCs from a female donor with another mutation (C18R) in PDX1 

(PDX1C18R/C18R). Both iPSCs lines could be useful for investigating diabetes 

pathomechanisms related to PDX1 mutations. Applying an in vitro β-cell differentiation 

approach, Wang et al. claimed that both heterozygous PDX1P33T/+, PDX1C18R/+ and 

homozygous PDX1P33T/P33T, PDX1C18R/C18R mutations demonstrated failure in β-cell 

development and activity. Additionally, the differentiation efficiency of pancreatic 

progenitors (PPs) was reduced in iPSCs harboring PDX1+/- and PDX1P33T/P33T mutations. 

This could be due to  reduced activities of PDX1 target genes such as transcription factors 

PDX1 and MNX1 and insulin resistance gene CES1. Furthermore, the expression of long-

noncoding RNA, MEG3 and the imprinted gene NNAT was downregulated in PPs in both 

PDX1P33T/+ and PDX1P33T/P33T mutants. MEG3 and NNAT involve in the processes of insulin 

synthesis and secretion (Wang et al., 2016a) (Wang et al., 2016b) (Wang et al., 2019).  

1.14 Mapping iPSC Differentiation to Pancreas Development 

The iPSCs differentiation protocols to generate pancreatic islet-like cells mimic the 

pancreatic developmental stages, initiating with definitive endoderm and primitive gut tube, 

followed by limiting the cell fate to pancreatic and EPs, and eventually targeting the final 

differentiated β-like cells (Rezania et al., 2014) (Hogrebe et al., 2020) (Velazco-Cruz et al., 

2019). Small compounds, cytokines and growth factors are applied to steer the pathways 

essential for the differentiation process, imitating embryonic development. Recently, β-cell 

differentiation approaches have been carefully developed (Nostro and Keller, 2012) 

(Velazco-Cruz et al., 2020) (Theis and Lickert, 2019). Before the recent protocols, iPSCs 

could not differentiate into β cells as efficiently as embryonic stem cells. The relative 

immaturity of iPSC-derived β-cells could demonstrate an insufficient number or wrong 

combination of compounds essential for the appropriate pancreas development. Moreover, 

undesirable cells, including α and δ cells, would have been observed in past protocols; hence, 

the generated β cell clusters were renamed to islet clusters.  In the optimized protocols, the 

efficiencies for generating iPSC derived-β cells ranged from 17% to 73% C-Peptide+. 

However, the C-Peptide+ cells can be functional (NKX6.1+C-Peptide+) or nonfunctional and 

immature (GCG+C-Peptide+ and SST+C-Peptide+). Of note, the protocols with lower 

https://www.sciencedirect.com/topics/medicine-and-dentistry/endoderm
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efficiency applied gene reporter iPSC lines to enrich β cells according to the β cell markers 

such as insulin, NKX6.1, or CD177 (Augsornworawat et al., 2021) (Cosentino et al., 2018, 

Mahaddalkar et al., 2020) (Russ et al., 2015) . 

These advances generated a seven-stage protocol (Figure 1.6) for modelling iPSCs-derived 

human pancreas development. For example, little was known about the specification of 

pancreatic endoderm from trials on human embryogenesis. Following this, data from iPSCs 

differentiation suggested that SHH inhibitors such as SANT can be applied to induce 

pancreatic endoderm development from its foregut precursor (stage 4 in the protocol) 

(D'Amour et al., 2005) (Jennings et al., 2013) (Pagliuca et al., 2014) (Rezania et al., 2014).  

Noggin or LDN and retinoic acid (RA), as inhibitors of FGFs and BMP,are used to induce 

foregut differentiation and pancreatic identity (steps 3 and 4). The pancreatic endoderm cells 

produced by this advanced protocol were optimized for expressing TFs PDX1, NKX6.1 and 

SOX9. Furthermore, three-dimensional (3D) culture possibly allowed closer mimicry of in 

vivo pancreas formation and elevated the expression of NEUROG3 at stage 5 (McGrath et 

al., 2015) (Wandzioch and Zaret, 2009) (Pagliuca et al., 2014) (Rezania et al., 2014). 

Tri-iodothyronine (T3) is used to induce the maturation of endocrine progenitors into more 

mature β-cells at stages 6 and 7. Furthermore, adding an inhibitor to the AXL receptor 

tyrosine kinase, together with T3 and inhibition of TGFβ type 1 receptor kinase (also known 

as ALK5), induces the expression of MAFA, essential amendatory β-cell transcription factor, 

promoting β-cells maturation at stage 7 (Rezania et al., 2014) (Vanhoose et al., 2008). 

The use of BMP inhibitors during endocrine specification generates bihormonal cells in vitro. 

This demonstrates a normal status of human fetal development since both 

insulin+/glucagon+ cells emerge. However, their percentage is variable, ranging from ∼5% 

to 92% of endocrine cells in vitro differentiation models (Riedel et al., 2012). The iPSC-

derived monohormonal (insulin) β-cells expressing PDX1, NKX6.1 and MAFA are ideal 

resulting cells. But, they are not precisely insulin-releasing cells or not well-responsive to 

different concentrations of glucose, a major challenge for clinical transplantation (Russ et al., 

2015) (Riedel et al., 2012) (Riopel et al., 2014) (Rezania et al., 2014). Altogether, remarkable 

achievements have been reported towards development of in vitro iPSC-derived mature β-

cells. However, still there are more tips to be considered from human development to 

translate this innovation to the clinics.  
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Figure 1-6: In vitro differentiation of human PSCs (hPSCs) towards pancreatic β-cells. Schematic 

representation of the steps of in vitro pancreatic differentiation via recent published, and improved methods. 

Major molecular players of each step are accentuated, as are the markers used at each step to direct 

differentiation along the proper course. SANT, Hedgehog signaling antagonist; LDN, BMP type 1 receptor 

inhibitor; T3, triiodothyronine; ALK5i, ALK5 inhibitor; Vit C, vitamin C (Rezania et al., 2014) (Pagliuca et al., 

2014). 

 

1.15 Gene Editing with CRISPR System 

Clustered regularly interspaced short palindromic repeats (CRISPR) system belongs to 

bacteria and archaea to save them against viral pathogens. This system is recognized by 

palindromic repeats sequences ranging from 21 to 37 base pairs (bp). These sequences are 

interspaced by spacer segments that come from pathogens' DNA. CRISPR-associated (Cas) 

genes are close to the CRISPR locus. The CRISPR-Cas system can be categorized into three 

types (I-III) and 12 subtypes which have their distinct genetic information and structural 

variations (Barrangou, 2015) (Barrangou, 2015) (Makarova et al., 2015).  

Adaptation, biogenesis, and interference stages are observed in the activities of the CRISPR-

Cas system. In the adaptation stage, fragments of foreign DNA named protospacers are 

integrated into the CRISPR array as new spacers. These sequences generate a record of viral 

infections that will protect the bacteria from the next infection. Throughout the biogenesis 

stage, the CRISPR array is transcribed, resulting in a single long transcript termed pre-

crRNA. Then it is trimmed to generate CRISPR RNAs (crRNAs) with only one spacer 

sequence. During the interference, the spacers in these crRNAs guide Cas proteins to cut 

foreign DNAs (Barrangou, 2013) (Wiedenheft et al., 2012) (Marraffini and Sontheimer, 

2010). 

Cas9 protein belongs to the type II CRISPR-Cas system. It needs two small RNAs, the 

crRNA and the trans-encoded crRNA (tracrRNA). TracrRNA generates a secondary structure 

interacting with the cas9 enzyme. Moreover, it has a complementary region which can bind 

to pre-crRNA. The dsRNA formed between tracrRNA and pre-crRNA is then processed by 
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RNase III to produce mature crRNA guides (Sapranauskas et al., 2011) (Anders et al., 2014) 

(Nishimasu et al., 2014).  

In DNA editing, crRNA and tracrRNA are synthesized in a single RNA strand termed guide 

RNA (gRNA). A short DNA element (3-5 bp) named protospacer adjacent motif (PAM) is 

needed for gene targeting mediated by CRISPR/Cas9. Otherwise, the PAM sequence is 

mandatory for the activity of the Cas9 enzyme. The PAM element can be a component of the 

virus DNA or vector. The initial level in target recognition is the temporary binding of Cas9 

to PAM DNA. This resulted in the melting of the two DNA strands adjacent to the PAM. The 

spacer sequence of the crRNA attaches to the opened DNA (6-8 bp in length), and then 

creates an RNA-DNA heterodimer which stimulates cleavage of the target DNA. Following 

recognition, the CRISPR-Cas9 generates a crRNA-specific DSB in the target DNA that can 

be repaired either by homology-directed repair (HDR) or non-homologous end joining 

(NHEJ) repair pathways (Jinek et al., 2012) (Sternberg et al., 2014) (Szczelkun et al., 2014). 

Engineering nucleases such as ZFN, TALEN, and Cas9 are highly used in gene-targeting 

procedures. These enzymes generate a DSB at a specific position in DNA that can be 

corrected by NHEJ or HDR pathways. Additionally, there are several alternative error-prone 

DSB repair pathways including single-strand annealing (SSA) and breakage-induced 

replication (BIR). In SSA, reconnecting DNA ends with direct sequence repeats that occur 

without needing a homologous template. BIR repairs one-ended DSBs, an event that is 

induced by the collapse due to a replication fork (Shahryari et al., 2021a) (Shahryari et al., 

2021b) (Jasin and Rothstein, 2013) (Mayle et al., 2015) (Symington, 2014).   
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Figure 1-7: Non-homologous end joining repair pathway. Following CRISPR-Cas9 generated a DSB, NHEJ 

is triggered by the joining of the Ku heterodimeric complex. This eventually generates the major complex 

recognizing and binding to thebroken ends and holds them together. DNA-PK and Artemis join to this complex 

later. The ends will then be ligated by as XRCC4 ligase  (Liu et al., 2018) 

 

1.16 NHEJ Pathway 

After occurring a DSB in DNA, NHEJ is initially activated. Compared to other DNA repair 

routes, the NHEJ is fast, predominant, and highly flexible (Salsman and Dellaire, 2017). 

There are two types of NHEJ pathways, canonical NHEJ (c-NHEJ) and alternative NHEJ 

(alt-NHEJ). c-NHEJ stabilizes the DSB mediated by translocations throughout the cell cycle 

(Bae et al., 2014). There are several NHEJ complexes that are involved in repairing a DSB. 

The main complex includes the Ku heterodimer (Ku80/70), the DNA-dependent protein 

kinase catalytic subunit (DNA-PKcs), DNA ligase IV, and the X-ray repair cross-

complementing protein 4 (XRCC4), the XRCC4-like factor (XLF). Ku heterodimer is made 

of two subunits (70 and 80 kD), which attach to blunt DSBs. In c-NHEJ, Ku interacts with 

DNA-PKcs resulting in a stable complex at the DSB site. Then, DNA-PK regulates DSB 

event and attracts Artemis nuclease. Artemis has DNA-PKcs-dependent 5′ and 3′ 

endonuclease activity on single-stranded overhangs and hairpin structures. The X family 

DNA polymerases such as pol mu and pol lambda incorporate missing nucleotides at the 

DSB ends (Moshous et al., 2001) (Weterings et al., 2010) (Daley et al., 2005). Next, the 
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DSBs will be joined by Ligase IV/XRCC4/XLF, which is controlled by DNA-PK. DNA is 

often corrected via the c-NHEJ pathway with an efficiency of approximately 90% (Dow et 

al., 2015). 

1.17 HDR Pathway 

HDR is a repair mechanism in the cells to correct double-strand DNA lesions. The HDR 

mechanism can only be applied by the cell in the presence of a homologous fragment of DNA 

in the nucleus, which mostly occurs throughout G2 and S phases of the cell cycle. The most 

common shape of HDR is homologous recombination which only occurs in the presence of 

a homologous DNA template. Following occurring a DSB, the MRE11-RAD50- NBS1 

complex recognizes dsDNA generating a nick 15–20 bp from the 5′ -ends of the DSB. SGS1-

DNA2 and EXO1 exonucleases finish the resection stage. Then, it proceeds to flanking 

dsDNA regions and ataxia telangiectasia mutated (ATM) kinase is recruited. ATM interacts 

with CtIP. The DNA ends are tethered by MRN, facilitating ATM activation (Makharashvili 

and Paull, 2015) (Kim and Mirkin, 2018) (Dupre et al., 2006). 

The MRN complex is made of three subunits, MRE11, SAE2 and RAD50. SAE2 induces the 

endonuclease function of MRE11 and controls the resection stage in the course of cell cycle. 

RAD50 is responsible for chromosome maintenance and shows ATPase activity. RAD50 

homodimer binds to DNA. Then, MRE11 can link to the ATPase heads of the RAD50 

homodimer. RAD50, as the core part of MRN tethers DSB ends during homologous 

recombination (Hohl et al., 2011) (Cannavo and Cejka, 2014) (Mathiasen and Lisby, 2014). 

NBS1 and BRCA1 bind to MRE11 and recruit ATM, connecting the central MRN events to 

DNA failure response players. ATM induces phosphorylation of DDR cascades, including 

BRCA1, Chk2, and p53 (Lavin, 2008) (Williams et al., 2009). ssDNA can be produced by 

nuclease resection with the MRN-C-terminal binding protein-interacting protein (CtIP), and 

EXO1/BLM. BRCA1 is involved in HR by joining to MRN after DNA injury and binds 

directly to the resection factor CtIP (Sartori et al., 2007) (Mladenov et al., 2016).  

BRCA1 supports binding RAD51 to ssDNA by expelling RPA. This can help BRCA2 bind 

to DSBs through the bridging protein PALB2. BRCA1 also halts the resection suppressor 

53BP1. The formation of a RAD51 complex induces homologous screening by locating and 

pairing the 3′ -overhang with a homologous dsDNA and forming strand invasion termed 
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single-end invasion. The two terminuses of the DSB are same with different functions. One 

of the ends is known as the “1st end,” generates displacement loops (D-loops) structure 

searching for the homologous sequence and while the 2nd end involves in the next process 

(Zelensky et al., 2014) (Bunting et al., 2010) (Ma et al., 2017) (Kim and Mirkin, 2018).  

 

Figure 1-8: Homology-directed repair pathway. When DSB occurs during cell cycle, then DSB can be 

repaired via the HDR pathway if its ends are resected. Terminuses are occupied with different players and then 

bind to homologous duplex DNA to generate the D-loop structure. This structure is expanded by DNA synthesis. 

The second terminus connects to the D-loop and initiates extension. Ligation forms the Holliday junction, which 

can be cut by HJ resolvases into either crossover or non-crossover products. Following D-loop generation, 

amplification and branch migration occur that can result in D-loop translocation which collapses simply. 

Following collapse, the extended first terminus may hybridize to complementary ssDNA in the resected second 

terminus. Replicative extension of two terminuses and ligation yields non-crossover products (Liu et al., 2018).  

 

Among gene-editing platforms, the CRISPR-Cas9 system is dramatically used for gene 

manipulations as it is efficient, fast, and easy to run. The CRISPR technology is being applied 
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for different kinds of gene manipulations, including knock-out (KO) and knock-in (KI) aims, 

and generating short and long genomic DNA editing and/or rearrangements (Cong et al., 

2013) (Mali et al., 2013) (Shahryari et al., 2020). It is well-documented that both NHEJ and 

HDR repair events are functional in all types of cells. But, when a DSB occurs, NHEJ is the 

major route to fill up the gap. On the other hand, NHEJ is a quick process and basically 

occurring in less than one hour; however, the HDR pathway is much slower finishing in 

several hours (Mao et al., 2008) (Jasin, 1996).  

As mentioned earlier, the ku70-ku80 heterodimer, DNAPK and XRCC4 are the fundamental 

players in the NHEJ event. The KU70-KU80 complex binds to DSBs along with DNAPK 

connecting both DNA ends together. Later, XRCC4 and LIG4 correct the gap. As NHEJ 

produces indels at DSB, resulting in frameshifts, this can apply to the disruption of genes in 

loss-of-function (LOF) studies. However, the presence of a donor template is very critical for 

HDR to be recruited (Guschin et al., 2010) (Davis and Chen, 2013) (Her and Bunting, 2018) 

(Hug et al., 2016) (Branzei and Foiani, 2008).  

The HDR pathway is frequently used for generating precise gene-editing such as gene KI or 

point mutations. To correct a DSB, HDR reveals less functionally compared to NHEJ. For 

increasing precise gene editing, several methods have been emerged to downregulate NHEJ 

and/or boost HDR with small chemical compounds. Accordingly, elevated cellular death due 

to cytotoxic stress because of lipofectamine transfection is another barrier to efficient gene 

editing via CRISPR-Cas9 platform. Furthermore, a high level of Cas9 nuclease is toxic for 

the cell and causes cell death, resulting in decreased efficiency for gene editing (Liu et al., 

2018) (Ardehali et al., 2011) (Ihry et al., 2018). 

1.18 Aims of the Thesis 

1.18.1 Aim 1: Functional Analysis of the T2D Risk Region Upstream of INK4 

for β-cell Proliferation and Insulin Secretion  

Six SNPs linked to T2D located upstream of the INk4 locus suggests a potential role of that 

region in the regulation of the neighboring genes or INK4 genes in a cis or trans manner. 

First, we generate Δ INK4 T2D Risk Region in iPSCs using CRISPR/Cas9 and delete the 

whole region in human iPSCs encompassing all six SNPs. After the generation of knockout 
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cells, we performed quality control experiments, i.e., genotyping, karyotyping, pluripotency 

and differentiation tests. Then, we used validated cells for the next applications, such as 

generating the insulin-producing β-cells.  

Then, upon Upon the differentiation of iPSCs to insulin-producing β-like cells, we measured 

INK4 genes expression at RNA and protein levels at the early stages of differentiation 

(progenitor cells) and the final stages (immature β-cells and mature β-cells) of differentiation 

by qPCR and western blotting respectively. Of special interest was the proliferation rate, 

determined by staining for proliferation markers like Ki67 and EdU labeling, and quantitative 

FACS analysis. Finally, insulin secretion was measured in β-like cells by GSIS. The 

differential expression of RNAs at the early stages of differentiation (progenitor cells) and 

the final stages (immature β-cells and mature β-cells) of differentiation were also measured 

by RNA-Seq method.   

 

1.18.2 Aim 2: Design a Strategy for Increasing Gene Editing Efficiency  

Here, we designed new procedures to improve DNA editing efficiency for CRISPR/Cas9 

system. Like previous approaches, we downregulated NHEJ, and increased cell viability to 

enhance DNA editing efficiency in human iPSCs. We aimed to target the pluripotency gene 

of SOX2 as it is highly expressed in iPSCs, and it is easy to monitor SOX2-reporter 

expression. The gene of SOX2 was targeted in two different iPSC lines with the targeting 

plasmid, Addgene ID89991 (Balboa et al., 2017), to produce SOX2-Thosea asigna virus 2A 

like peptide-tandem dimer Tomato (SOX2-T2A-tdTomato) reporter iPSC lines. The process 

had a quantifiable readout as it was easy to quantify the percentage of the cells expressing 

the reporter by fluorescent activating cell sorting (FACS) machine. To interfere with NHEJ, 

we incorporated expression constructs of short hairpin RNA (shRNA) into the CRISPR/Cas9 

expression vector. Our shRNAs are designed to downregulate XRCC4 and DNAPK, the 

major players in the NHEJ repair pathway. In parallel, to interfere with stress-induced 

apoptosis and to increase cell survival, we integrated an expression construct of the miRNA-

21 into the Cas9 expression plasmid. Thus, we developed novel approaches to improve gene 
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KI efficiency for CRISPR-Cas9 by downregulating the activity of the NHEJ pathway and by 

enhancing cell viability in human stem cells such as iPSCs.  
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2. Results 
 

2.1 Increasing CRISPR/Cas9 Gene Editing Efficiency  

2.1.1 CRISPR/Cas9 Mediated SOX2-T2A-tdTomato KI in Human iPSCs 

The NHEJ and HDR repair pathways compete to repair a gap generated by the CRISPR/Cas9. 

Hence, NHEJ is a barrier to accurate gene integration or editing. Some small compounds 

such as SCR7 and NU7026 target the important players of NHEJ and can improve the 

efficiency of CRISPR/Cas9 for precise gene Knock-in (KI). Furthermore, increasing cell 

survival can improve the DNA editing efficiency of the CRISPR/Cas9 system. Lipofectamine 

transfection or the overexpressed Cas9 enzyme can lead to cellular stress resulting in massive 

cell death. This can reduce the genome targeting efficiency of CRISPR/Cas9. Herein, we 

could add to the efficiency of HDR-mediated gene targeting for CRISPR/Cas9 platform with 

two simple strategies. First, if main players of NHEJ pathway are downregulated by shRNAs, 

this can potentially improve the DNA editing efficiency of CRISPR/Cas9. Second, we 

wondered if improving cell survival via ectopic expression of an anti-apoptotic gene such as 

miR21 could also increase gene editing efficiency. To evaluate these two hypotheses, we 

looked for a highly expressed gene in iPSCs. Hence, SOX2 locus was targeted to produce 

SOX2-T2A-tdTomato reporter iPSC line. As the TF SOX2 is highly expressed in iPSCs we 

could quickly evaluate gene targeting efficiency by measuring fluorescent activity. To insert 

T2A-tdTomato reporter construct to the SOX2 locus by the CRISPR/Cas9 system, we used 

our two developted human iPSC lines (iPSC line I: HMGUi001-A; 46, XX) (Wang et al., 

2018) and (iPSC line II: HMGUi002-A; 46, XY) (Wang et al., 2016b). The T2A-tdTomato 

sequence was correctly added before the termination codon of the SOX2 gene following 

HDR-mediated gene targeting (Figure 2.1a). We could confirm the homologous 

recombination at the SOX2 gene region was by 5′ and 3′ genomic PCR analyses spanning the 

homologous recombination borders, as shown in Figure 2.1b.  

In order to evaluate the random incorporation of T2A-tdTomato, we carried out further PCR 

analyses with primers which anneal to the backbone of the targeting vector and the T2A-
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tdTomato sequence. The vector backbone is released if the non-digested targeting vector is 

inserted at the right region at the borders of both homology arms. On other hand, if random 

insertion happens, most probably the backbone close to homology arms would also be 

integrated. The PCR output indicated an 1888 bp amplicon particular for the targeting 

plasmid. The absence of that product in the targeting cells, declined the random integration 

of the T2A-tdTomato into the genome locus (Figure 2.1c).  

In brief, the cells that received CRISPR/Cas9 vectors, expressed Cas9-GFP fusion protein. 

Next, if HDR happens, the SOX2-T2A-tdTomato fusion protein is expressed in GFP+ cells. 

Three days after the transfection, GFP+ cells were sorted by FACS, and the percentage of 

cells expressing T2A-tdTomato was measured (Figure 2.2). The transfections efficiency of 

iPS cells were measured by the percentage of GFP+ cells using FACS analysis, ranging 

between 30 and 50% (Figure 2.3a and 3.3b). The T2A-tdTomato+ cells were propagated and 

cultured in 2D and 3D to produce cells populations for further analyses (Figure 2.4a-c). 

 

 



35 
 

Figure 2-1: A schematic representation of DNA KI method. A: HDR-mediated KI at SOX2 locus in iPSCs. 

Human SOX2 gene is an individual exon and embedded within chromosomal region of 3q26.3-q27. Targeting 

plasmid carrying LHA, tdTomato reporter and RHA was applied as a template to add the reporter to the 3′ 

terminus of SOX2 coding region. B: The precise gene integration at the SOX2 gene was approved by 5′ (left) 

and 3′ (right) genomic DNA PCR test spanning the boundaries of homologous recombination (1401bp and 

1310bp bands are representing KI and WT alleles, respectively, in the left-arm PCR while 1294bp and 753bp 

bands are representing for KI and WT alleles, respectively, in the right-arm PCR). C: PCR analysis for 

evaluating random insertion (PCR product size: 1888bp).  

 

 

 
Figure 2-2: Cloning screening and measuring the efficiency of gene KI. Targeting plasmid together with 

CRISPR/Cas9 expressing vectors were added to the stem cells. The cells received the vector, expressed Cas9 

that was fused to GFP protein. In these GFP+ cells, if precise insertion occurs then, the cells express SOX2-

T2A-tdTomato fusion protein. Following 72 hours post transfection, GFP+ cells were first sorted via FACS. 

Then among the sorted cells, T2A-tdTomato cells were measured representing the percentage of gene KI.  

 

 



36 
 

 

Figure 2-3: Non-quantitative control of transfection efficiency. A and B: GFP expression 48 hours after 

the transfection in iPSC lines I and II (Scale bar: 125µm).  
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Figure 2-4: Clone expansion. A: 72 hours following the transfection, some of the GFP+ cells express T2A-

tdTomato (Scale bar: 50µm). BF stands for bright field. B: After the sorting, single cells are cultured and 

expanded (Scale bar: 200µm). (c) The SOX2-T2A-tdTomato reporter iPSCs are cultured in 3D to produce cell 

clusters (Scale bar: 100µm). 
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2.1.2 shRNA-mediated Downregulation of NHEJ Increases HDR-mediated 

SOX2 T2A-tdTomato KI 

To address the first hypothesis and downregulate NHEJ, we knock-downed DNAPK and 

XRCC4 genes via shRNA. Instead of using small compounds targeting DNAPK and XRCC4 

genes, we generated CRISPR/Cas9 vector expressing their corresponding shRNAs cassettes 

(Figure 2.5). To this end, shRNAs targeting DNAPK and XRCC4 genes were designed. 

Initially, the shRNAs efficiency was measured. The downregulation of DNAPK and XRCC4 

genes mediated by shRNAs was confirmed by qPCR. The efficiency gene knockdown was 

0.15 and 0.11-fold for DNAPK and XRCC4, respectively (Figure 2.6a). Following 

determining shRNAs efficiency, the highly efficient ones were added into a single 

CRISPR/Cas9 vector generating Cas9-GFP/sgRNA-shRNAI-shRNAII construct. At the 

same time, each small RNA cassette was regulated and monitored by its own U6 promoter. 

Then, we examined the impact of targeting DNAPK and XRCC4 genes via shRNAs on the 

efficiency of HDR-mediated SOX2 KI in two independent iPSC lines. The efficiencies of KI 

for shRNAI-shRNAII targeting DNAPK and XRCC4 were15.52% in HMGUi001-A line (n 

= 3 and P-value < 0.001), and 22.48% in HMGUi002-A iPSC line (n = 3 and P-value < 0.01). 

Moreover, the efficiencies of scramble shRNA were 8.48% and 12.5% in HMGUi001-A and 

HMGUi002-A iPSC cells, respectively. Altogether, downregulation of DNAPK and XRCC4 

by shRNAs co-expressed with the CRISPR vector improved SOX2 KI 1.83-fold in 

HMGUi001-A and 1.79-fold in HMGUi002-A (almost 2-fold) (Figure 2.6a, Figure 2.6b and 

Figure 2.8).  

 

2.1.3 Cas9/miR21 Expression System Increases the Efficiency of SOX2 T2A-

tdTomato KI 

To test the second hypothesis and increase cell survival during gene editing, the small RNA 

miR21 was used as it concomitantly downregulates apoptotic genes, in particular Caspase3. 

It was estimated that ectopic expression of miR21 could improve cell survival and eventually 

increase the CRISPR/Cas9 gene targeting efficiency. To this end, miR21 sequence was added 

to the Cas9 expression plasmid producing the Cas9-GFP-sgRNA-miR21 cassette (Figure 

2.5). To calculate DNA editing efficiency, the same transfection and screening procedures 
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mentioned earlier were used e.g. the percentage of SOX2-tdTomato+ cells among the Cas9-

GFP+ cells was measured. The efficiency of DNA integration using miR21 was 24.66% (2.9-

fold) and 32.4% (2.59-fold) for the HMGUi001-A and HMGUi002-A iPSC lines, 

respectively (n =3 and P-value < 0.0001) (scramble shRNA was used as negative control). 

On other words, miR21 increased the efficiency of KI almost 3-fold compared with the 

scramble control (Figure 2.6b, Figure 2.6.c and Figure 2.8). Then, we examined if miR21 can 

increase cell survival in the HMGUi001-A iPSC line. To address this, the number of alive 

cells at 8 and 24 hours after the transfection was measured. We reported no significant 

difference in the survival rate of transfected iPSCs at 8 hours following the transfection (95% 

vs 93%). However, the survival rate improved at 24 hours (92% survival rate in the presence 

of miR21 versus 69% in its absence (n =2 and P-value < 0.01) (Figure 2.7a and Figure 2.7b). 

Altogether, the improved viability of transfected cells increased the efficiency of DNA 

editing for the CRISPR/Cas9 platform. 

 

 

Figure 2-5: CRISPR/Cas9 plasmids. The SOX2 LHA-T2A-SOX2 RHA targeting plasmid and cassettes 

expressed CRISPR/Cas9 systems (carrying sgRNA, sgRNA-shRNAI-shRNAII, sgRNA-scramble RNA and 

sgRNA-miR21). All our CRISPR/Cas9 plasmids expressed sgRNA together with shRNA or miR21.  

 

 



40 
 

 

Figure 2-6: Efficiency of HDR mediated Gene editing in iPSCs. A: Measuring shRNA efficiency by qPCR. 

The data were represented as mean + S.D. (n = 3). B and C: HDR mediated gene targeting efficiencies for 

production of SOX2-tdTomato reporter in our two iPSC lines, I and II. The iPS cells transfected with scramble 

shRNA were used as control. The data were shown as mean + S.D. (n = 3). (** p < 0.01 and ****p < 0.0001).  

 

 

 

 

Figure 2-7: Cell survival assay. A: Alterations in relative cell numbers after transfection with DNA editing 

and/targeting vectors harboring scramble shRNA and miR21. Cell survival was measured at two-time courses, 

8 and 24 h following treatment with trypan blue dye. The data were shown as mean + S.D. (n = 2), p < 0.01.  B:  

Representative images of human iPSCs at 8- and 24-hours following transfection with scramble shRNA and 

miR21 (scale bar: 1050µm).  
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Figure 2-8: Our strategies for measuring transfection efficiency and  DNA editing efficiencies for 

all plasmids conditions. A and B: The expression of Cas9-GFP fusion was detected by FACS, determining the 

transfection efficiency in our both iPSC lines, I and II for plasmids expressed sgRNA-scramble shRNA, 

sgRNA-miR21, sgRNA-shRNAI-shRNAII and shRNAs-miRNA. The non-transfected iPSCs were considered 

negative control. Among the GFP+ cells, the number of T2A-tdTomato expressing cells reflecting gene 

integration efficiency were measured. Importantly, the cells that received Cas9 fused toGFP vector, but not 

SOX2-T2A-tdTomato targeting plasmid were considered as negative control.  
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2.1.4 Additive Effect of miR21 and shRNAs on the Gene-editing Efficiency of 

CRISPR/Cas9 in iPSCs 

To evaluate an accumulative impact of increasing cell survival and downregulating NHEJ on 

gene KI efficiency of CRISPR/Cas9, DNAPK- XRCC4 shRNAs and miR-21 plasmids were 

combined. To calculate this, we used a mixture of Cas9-GFP-sgRNA- miR21, Cas9-GFP-

sgRNA-shRNAs and SOX2-T2A-tdTomato vectors transfect our two iPSC lines. Using both 

miRNA and shRNA expressing constructs improved the gene-editing efficiency in 

transfected cells to 31.4% versus miR21 plasmid alone (25.9%) or shRNA plasmids alone 

(16.6%). In the second iPSC cell line mixture of the plasmids improved the DNA editing 

efficiency in transfected cells to 37.5% from 22.8% and 33.4% using shRNA or miRNA 

plasmid alone (n =3 and P-value < 0.0001) (Figure 2.6 and Figure 2.8). The homologous 

recombination rate marginally enhanced upon combining both approaches. 

2.1.5 Differentiation of SOX2-tdTomato Reporter iPSC Line into Pancreatic 

Progenitors 

Temporary expression of miR21 could influence pluripotency and/or differentiation capacity 

of edited iPSCs. To examine this, the protein expression of major pluripotency markers, 

SOX2 and OCT4, were measured by immunostaining. Moreover, the edited HMGUi001-A 

iPSCs were differentiated towards pancreatic progenitors (PP) to observe if they differed 

from control iPSCs. The differentiation process was performed according to an altered 

Rezania protocol in 3D culture. The aggregates were collected on day 10 following 

differentiation (at the pancreatic progenitors stage). Then, we stained the aggregates for the 

two earliest pancreatic TFs, PDX1 and NKX6.1. The miR21 edited iPSCs showed high 

expression of SOX2 and OCT4; however, they were undetectable in the control iPSCs 

(Figure 2.9). Moreover, we could efficiently differentiate these cells to pancreatic progenitors 

as showed by a high expression of PDX1 only cells or PDX1 and NKX6.1 double-positive 

cells at time point, day 10 of the differentiation course (Figure 2.10).  

Our methods showed that co-expression of shRNAs downregulating  the leading players of 

NHEJ, XRCC4, and DNA-PK, together with miRNA-21 and Cas9, increase DNA editing 

efficiency for the CRISPR system. Our new CRISPR/Cas9 strategy dispenses more plasmids 

or small molecules and still interferes with the NHEJ event or stress-simulated cellular 
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apoptosis. This increased gene integration diminishes the downstream assignments essential 

for screening and recognizing the cells having a precise DNA editing mediated by HDR-

based genome editing. 

 

 

Figure 2-9: Non-quantitative expression of pluripotency markers in miR-21 treated iPS cells. 

Immunostaining of luripotency markers, SOX2 and OCT4 in the SOX2-tdTomato reporter iPSC line or 

miRNA-21 treated and non-treated iPS cells (scale bar: 100µm).  
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Figure 2-10: Differentiation of the SOX2-tdTomato reporter iPSCs into the pancreatic progenitors. A: 

Schematic representation of protocol for differentiating the iPSC line I (also named HMGUi001-A) into 

pancreatic progenitors. FGF7 (Fibroblast Growth Factor 7), VitC (Vitamin C), RA (Retinoic Acid), CHIR 

(CHIR99021), IWP-2 (Inhibitor of Wnt Production-2), SANT-1 (Inhibitor of hedgehog signaling). B: The iPSCs 

transferred from 2D to 3D culture. Bright-field picture of 3D cell clusters at stage 5 of differentiation (scale bar: 

100µm). C: Immunostaining for TFs PDX1 and NKX6.1 in pancreatic progenitors in the presence and absence 

of miR21 (scale bar: 100µm). 

 

 

2.2 Functional Analysis of INK4 Locus in Endocrine Development and 

Function  

2.2.1 In silico Analysis for Chromatin State of INK4 T2D Risk Region   

There is a T2D risk region (8 kb) inside the human INK4 locus but outside the gene coding 

region. Interestingly, six SNPs related to T2D are located in that genomic block. The 

molecular mechanisms of how these SNPs are linked to diabetes prevalence are still 

questionable. To address this, we decided to study the potential role(s) of that 8 kb genomic 

block. This block is located about 10 kb downstream of the non-coding RNA ANRIL gene. 
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The SNPs include rs2383208 (A > G / A > T), rs10965250 (G > A), rs7018475 (T > G), 

rs1333051 (A > G / A > T), rs10757283 (C > A / C > T), and rs10811661 (T > C). 

Interestingly, according to the published data as shown in Table 2.1 all these SNPs are 

associated with T2D.  

Table 2.1. Association of INK4 SNPs to T2D 

Name  Allele  Trait  p-value  Reference  

rs2383208  A > G / A > T Type 2 Diabetes  2E-29 (Takeuchi et al., 2009)  

Type 2 Diabetes  3E-17 (Li et al., 2013) 

Type 2 Diabetes  3E-6 (Tabassum et al., 2013) 

rs10965250  G > A Type 2 Diabetes  1E-10 (Voight et al., 2011) 

rs7018475  T > G Type 2 Diabetes  3E-8 (Huang et al., 2012) 

Glucose homeostasis traits   5E-6 (Palmer et al., 2015) 

rs1333051  A > G / A > T Type 2 Diabetes  6E-10 (Parra et al., 2011) 

rs10757283  C > A / C > T Type 2 Diabetes  5E-3 (Cheng et al., 2011) 

rs10811661  T > C Type 2 Diabetes  5E-8 (Saxena et al., 2007) 

Type 2 Diabetes  8E-15 (Scott et al., 2007) 

Type 2 Diabetes  5E-6 (Zeggini, 2007) 

Type 2 Diabetes  7E-7 (Timpson et al., 2009) 

Type 2 Diabetes  7E-6 (Manning et al., 2012) 

Type 2 Diabetes  1E-18 (Hara et al., 2014b) 

Fasting glucose-related 

traits  

1E-27 (Mahajan et al., 2014) 

Fasting plasma glucose   9E-12 (Hwang et al., 2015) 
 

 

Our first aim was to understand the chromatin status of this genomic block to check if the 

region harbors binding sites for well-known TFs or contains active histone or DNA marks. 

To this end, we used several web tools such as UCSC Genome Brower 

(https://genome.ucsc.edu), HaploReg https://pubs. 

broadinstitute.org/mammals/haploreg/haploreg_v4.php) and Islet Regulome Browser 

(http://pasqualilab.upf.edu/app/isletregulome). According to UCSC Genome Brower, the 

data analysis on the 8 kb genomic block shows high enrichment for the binding sites of major 

regulators involved in pancreas development, such as PDX1 and NKX2.2 in adult islets 

(Figure 2.11A). Other TFs such as FOXA2, NKX26.1 and MAFB showed high enrichment 

for binding at INK4-T2D risk region in adult islets (Figure 2.11B). Furthermore, as illustrated 

in Figure 2.11C, active histone marks, H3K27ac, H3K4me1, H3K4me3 and H3K436me3 

https://genome.ucsc.edu/
http://pasqualilab.upf.edu/app/isletregulome
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showed high chromatin enrichment in the T2D risk region at the INK4 genomic region in 

adult islets. 
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Figure 2-11: Chromatin state and chromatin enrichment for binding site of major regulators in pancreas 

development. A: Chromatin enrichment for binding sites of PDX1 and NKX2.2 at INK4-T2D risk region in 

adult islets. B: Chromatin enrichment for binding sites of FOXA2, NKX26.1 and MAFB at INK4-T2D risk 

region in adult islets. C: Chromatin enrichment for active histone marks, H3K27ac, H3K4me1, H3K4me3 and 

H3K436me3 at INK4-T2D risk region in adult islets. All these data are derived from UCSC genome browser.  

 

Further analysis of the 8 kb genomic block using HaploReg web tool showed that the 

chromatin contains an H3K4me1 histone mark which indicates/hints at the presence of an 

active enhancer in the pancreatic islets (Figure 2.12A). In line with this, analysis using the 

Islet Regulome Browser also revealed that the chromatin is open and contains a potential 

active enhancer. This tool also showed that transcription factors FOXA2 and MAFB have 

binding sites inside the enhancer in the adult islets (Figure 2.12B).  

 

 

Figure 2-12: Histone marks and evidence of binding TFs at the INK4-T2D risk region. A: 

Chromatin at INK4-T2D risk region represents H3K4me1 histone marks indicating a potential 

enhancer in pancreatic islets. The data is derived from HaploReg v4.1 browser. B: The INK4-T2D 
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risk region shows open chromatin and encompasses an active enhancer that has binding sites for 

FOXA2 and MAFB in adult islets. The data is derived from Islet Regulome browser.  

 

ChIP-seq data from previous studies in our lab (Wang et al., 2018) (XM001 Rezania protocol; 

stage 6 of differentiation) were analyzed to see the status of chromatin modifications at the 

INK4 locus. We focused on the 8 kb genomic block to check the chromatin status of those 

six SNPs. The H3K27ac histone mark is observed in positions of the two SNPs, rs10811661 

and rs10757283. Otherwise, these two SNPs are located in an active chromosomal region; 

however, according to this analysis, most SNPs are embedded in an inactive chromatin region 

(Figure. 2.13).  

Furthermore, Chromatin interactions at the INK4 locus and ChIP data were evaluated 

together. As illustrated in Figure. 2.14, several proximal and distal chromatin elements 

interact with the promoter and regulatory regions of the non-coding RNA ANRIL, CDKN2B 

and CDKN2A. As mentioned earlier, the INK4 T2D risk region is located about 10 kb 

downstream of the ANRIL gene. The diagram clearly represents that the INK4 T2D risk 

region has interactions with INK4 genes promoters, particularly ANRIL and CDKN2B 

(Figure 2.14). 
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Figure 2-13: Mapping T2D related SNPs with the histone marks at the INK-T2D risk region. According 

to the ChIP-seq data, most of the SNPs are in inactive regions. (Red lines on top are SNPs). Two of the SNPs, 

rs10811661 and rs10757283 are in a region with H3K27ac histone marks representing an active chromatin 

region/ state. 
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Figure 2-14: Chromatin interactions of proximal and distal regulatory elements at the human INK4 

locus. The diagram clearly represents that INK4 T2D risk region interacts with INK4 genes promoters (INK4 

T2D risk region is marked by blue line).  

 

2.2.2 Generation of an iPSC Line Lacking INK4 T2D Risk Region   

As mentioned above, the INK4 locus contains six T2D-associated SNPs embedded within an 

8 kb genomic block (we called the INK4 T2D risk region) near the ANRIL gene. Yet, the 

mechanisms of how these SNPs are linked to T2D is not known. To have a cell model for 

functional studies of the T2D-associated SNPs of the INK4 region, we decided to establish 

an iPSC line lacking genomic region of the INK4 T2D risk fragment e.g., null allele. To this 

end, we used our previous developed iPSC line (HMGUi001-A-1) (Wang et al., 2018) for 

gene editing with the CRISPR/Cas9 platfrom.  

2.2.2.1 Strategy for Genetic Manipulation of iPSCs via CRISPR/Cas9 

System 

To target the HMGUi001-A-1 iPSC line, we followed a 7-step strategy as illustrated in 

Figure. 2.15. These seven steps include 1) Cloning; preparation of vectors expressing sgRNA 

and Cas9 enzyme 2) Transfection; the process of introducing the generated vectors into the 

target cells 3) FACS analysis; Cas9 positive cells are sorted by FACS 4) Singularization; in 
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order to obtain single cells, the sorted cells are diluted and cultured 6) Expansion; single cell-

derived clones are grown and expanded 6) Analysis; each expanded single-cell clone is 

analyzed for desired genetic manipulation either insertion or deletion 7) Cell line; following 

analysis, the cell lines are established and cryo-conserved.  

 

Figure 2-15: General outlines for gene targeting of iPSC with CRISPR/Cas9 genome engineering.  

 

2.2.2.2 Design, and Cloning sgRNA Expression Plasmid for Targeting the 

INK4 Locus   

Initially, the CRISPR target sites were subjected to sequencing e.g. upstream (region A) and 

downstream (region B) of the INK4-T2D risk region since they are located in a low conserved 

genomic DNA. Hence, we checked if the target sites contain any variation and differ from 

the reference sequences. Hence, two pairs of primers (FA, RA; FB, RB) were designed to 

amplify the border sites of sgRNAs cut regions. Later, two pairs of sgRNAs with high 

specificity scores were designed by two web-tools CRISPETA and CRISPR. The details of 

designed sgRNAs are summarized in Figures 2.16 A and 3.16 B. Following synthesizing the 

oligos, they were subjected to annealing and cloning, into the CRISPR/Cas9 plasmid. The 

vector expresses Cas9 fused with GFP. By Gibson assembly cloning we produced a dual-

sgRNA CRISPR/Cas9-GFP plasmid, which co-expressed two sgRNAs targeting both ends 

of the 8 kb genomic DNA (Figure 2.17). As illustrated in Figure 2.18, the right cloning of 

single and dual sgRNA plasmids was confirmed via Sanger sequencing.  
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Figure 2-16: A schematic representation of CRISPR design platforms. A: The detailed information for first 

pair of sgRNAs designed by CRISPETA web-tool and B: the second pair that was designed via CRISPOR web-

tool. 
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Figure 2-17. Cloning sgRNA expression vectors. The single sgRNAs including sgRNA1 and sgRNA2 were 

initially cloned into the BbsI digested-pU6-CAG-Cas9Venus-bpA plasmid. Thenthe dual sgRNA expression 

vector were derived from single sgRNAs vectors using Gibson cloning method.  
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Figure 2-18. Sanger sequencing result. A and B: Following cloning of all four oligo nucleotides (two pairs 

of sgRNAs), they were subjected to the Sanger sequencing. The readout approved the accuracy of the cloning 

of sgRNAs.   

 

2.2.2.3 Screening the Cas9 Positive iPSC Cells for the Deletion  

Additionally, a pair of primers (FC, RC) was designed for screening the deletion (Figure 

2.19A). Two days after the transfection, the GFP+ cells were sorted using FACS. Highly 

GFP expressed cells that accounted for 7% population (5500 events) were sorted by FACS. 

Following plating and expansion of the GFP positive iPSCs, genomic DNA was extracted 

from a total of 234 single-cell clones. Genotyping for the 8 kb deletion using FA-RB and FC-

RC primers (Figure 2.19A) was performed, yielding a 1910 bp or 750 bp PCR product for 

the wild type or deleted allele respectively (Figure 2.19A/B and Figure2.20). After screening 
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234 clones, one homozygous and 19 heterozygous clones were identified. The average 

efficiency of deletion was 5%; however, this parameter for the generation of homozygous 

deletion was 0.4% (Table 2.2). To evaluate the accuracy of deletion at the target region, the 

PCR fragments were cloned in TA plasmid and sequenced via Sanger sequencing. The output 

confirmed the linking of the deletion borders in both alleles (Figure 2.19C). Eventually, we 

could successfully delete the 8 kb region in both alleles in the hiPSC clone. The resulting 

iPSC clone demonstrated normal iPSC morphology with no signature of unforced 

differentiation (Figure 2.19D). 

 

 

Figure 2-19. A schematic representation of gene targeting and screening. A: Schematic representation of 

the human INK4 genomic region at 9p21.3 region and the INK4 related T2D risk segment. The finalized sgRNA 

pair for the deletion of T2D risk region are represented as sgRNA I and sgRNA II at the terminal points of the 

target. The oligo primers applied for sequencing and screening are presented. FA-RB and FC-RC primer pairs 

were applied to identify the deletion products. B: The 750 bp and 1910 bp PCR amplicons reflect biallelic 

deletion and wild type respectively. C: Sanger sequencing approved the joint of the two terminal ends of the 

deletion parts. Deleted DNA bases are shown with dash marks. D: Bright field image of the selected colony at 

pluripotency step (Scale bar: 100 μm). 
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Figure 2-20:  PCR Screening of the clones.  The 750 bp and 1910 bp PCR amplicons are indicating biallelic 

deletion and wild type respectively. First well at the down arrow is the only homozygous DNA for deletion of 

the 8 kb.  

 

Table 2.2:  Statistics of screening and Efficiency of DNA editing  

Gene targeting details  Amount 

Transfection efficiency 20% 

Selection of Highest GFP Positive cells (7%) 55000 Events 

Number of picked clones 234 

Number of wild type clones 214 

Number of heterozygous cells for deletion 19 

Number of homozygous cells for deletion 1 

Efficiency of deletion (homozygous cells for 8 kb deletion) 0.4 % 

Total efficiency of deletion 5 % 
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2.2.2.4 Characterization of the Edited iPSC Line (HMGUi001-A-5)  

The only homozygous iPSC clone for the deletion of theINK4 T2D risk region was further 

characterized. Metaphase chromosomes were analyzed by using the standard G banding 

method and showed a normal karyotype (46, XX) of the iPSC clone (Figure 2.21A). The data 

from short tandem repeat (STR) analysis (for 16 sites) confirmed that the clone was derived 

from its parental iPSC line HMGU001-A (Table 2.3). Then, the expression of pluripotency 

factors OCT4 and SOX2 were examined by immunostaining and FACS analyses (Figure 

2.21B and Figure 2.21C). Finally, the ΔINK4 T2D risk region iPSC line was differentiated 

towards the three germ layers, endoderm, mesoderm, and ectoderm (Figure 2.22). The results 

indicate the well establishment of the ΔINK4 T2D risk region iPSC line that shows multi-

lineage potency. Furthermore, we checked three intergenic and/or intragenic genomic 

positions with the highest off- targeting degree for each sgRNA. The sequencing result 

showed no mutations at these regions (Figure 2.23A). Moreover, the iPSC clone does not 

contain mycoplasma contamination (Figure 2.23B). Altogether, the newly established iPSC 

line or HMGUi001-A-5 provides a beneficial cellular tool to investigate the potential causal 

association of INK4 SNPs to diabetes prevalence during the development of endocrine 

lineage or other stages of β-like cell development.  

 

 

Figure 2-21. Characterizing HMGUi001-A-5 iPSC line for Karyotyping and pluripotency markers. A: 

Chromosome karyotype of the HMGUi001-A-5 iPSC line showed normal karyotype (46, XX). B: ICC staining 

illustrates the expression of pluripotency markers, SOX2 and OCT4 in the ΔINK4 T2D risk region iPSC line at 
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the maintenance step (Scale bar: 100 μm). C: Representative FACS plots of double positive cells for expression 

of OCT4 and SOX2 c in the HMGUi001-A-5 iPSC line. 

 

 

Figure 2-22. Evaluating multi-lineage differentiation of HMGUi001-A-5 iPSC line. Using multi-lineage 

potency assay, the HMGUi001-A-5 iPSC line was differentiated towards the three germ layers, endoderm, 

mesoderm, and ectoderm and were immunostained for SOX17/FOXA2, CD144/SM22a and Nestin/SOX2, 

respectively (Scale bars: 100 μm). 

 

 

 

 

 

 

 

 

 

 

 

 

 



59 
 

Figure 2-23: Evaluating the off-target sites using Sanger segueing. A: The Sanger sequencing output of 

three different intergenic and/or intragenic genomic regions with the highest off- target degree for each sgRNA 

showed no scars. B: The HMGUi001-A-5 iPSC line was negative for mycoplasma. 
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Table 2.3. STR Result 

Gene Locus HMGUi001-A-1 

(original cell line) 

ΔINK4 T2D Risk 

Region iPSC line  

D8S1179 

 

D21S11 

 

D7S820 

 

CSF1PO 

 

D3S1358 

 

TH01 

 

D13S317 

 

D16S539 

 

D2S1338 

 

D19S433 

 

vWA 

 

TPOX 

 

D18S51 

 

AMEL 

 

D5S818 

 

FGA 

13 

 

28, 29 

 

9, 10 

 

10.2, 11 

 

17.2 

 

6, 9.3 

 

13, 15 

 

10, 12 

 

23, 26 

 

13, 16 

 

17, 18.2 

 

9 

 

18 

 

X 

 

11, 12 

 

24, 24.2 

13 

 

28, 29 

 

9, 10 

 

10.2, 11 

 

17.2 

 

6, 9.3 

 

13, 15 

 

10, 12 

 

23, 26 

 

13, 16 

 

17, 18.2 

 

9 

 

18 

 

X 

 

11, 12 

 

24, 24.2 

 

 

2.2.3 Differentiating the Edited iPSC into Pancreatic Progenitors and Insulin 

Secreting Cells 

After successfully characterizing the HMGUi001-A-5 iPSC line, we aimed to differentiate it 

into β-like cells. To this end, we used the Rezania protocol (Rezania et al., 2014) for the 

differentiation of iPSCs. In this protocol, the iPSCs were differentiated to anterior definitive 

endoderm (ADE), primitive gut tube (PGT), pancreatic progenitor (PP), endocrine progenitor 

(EP) and stem cell-derived β cells (SC-β). To test the efficiency of differentiation, the major 

TFs that have functions in the development of each stage were measured and quantified by 
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immunostaining and FACS analyses, respectively. For example, the pancreatic progenitors 

were measured for the expression of PDX1 and NKX6.1 on day 12 of differentiation. The 

endocrine cells were tested for the expression of NKX2.2 and NKX6.1 on day 15 of 

differentiation. Eventually, β-like cells were evaluated for the expression of C-peptide, 

Glucagon and NKX6.1 at the final stage of differentiation on day 20 (Figure 2.24).  

 

 

Figure 2-24: Protocol details for iPSC differentiation towards insulin secreting cells.  The details of 

Rezania’s protocol for iPSC differentiation to pancreatic progenitors and β-like cells including timelines and 

chemical reagents. FGF7 (Fibroblast Growth Factor 7), VitC (Vitamin C), RA (Retinoic Acid), CHIR 

(CHIR99021), IWP-2 (Inhibitor of Wnt Production-2), SANT-1 (Inhibitor of hedgehog signaling), Alk5 inh II 

(The TGFβ type I receptor kinase inhibitor II), T3 (3,3’,5-Triiodo-L-thyronine), LDN (BMP inhibitor), TPB 

(Protein kinase C activator), N-Cys (N-acetyl cysteine), Trolox (vitamin E analogue), R428 (AXL receptor 

tyrosine kinase inhibitor), GSiXX (gamma secretase inhibitor XX).  

 

2.2.3.1 Morphology and Size Changes of the Cell Clusters at Different Stages 

of Differentiation 

The differentiation process was carried out in 3D culture. At the beginning of the process, 

we disassociated iPSCs and made single cells. Then, the cells preferred to form cell clusters 

or aggregates in a 3D culture medium. The morphology and size of aggregates were evaluated 

during the time of differentiation (stage 1 to stage 6). As illustrated in Figure 2.25, the 

aggregates derived from HMGUi001-A-5 have a very similar shape in comparison to the 
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control aggregates. However, the HMGUi001-A-5 aggregates seem smaller compared to the 

control ones at stage 4, stage 5 and stage 6.   

 

 

Figure 2-25: Morphology of the cell clusters or aggregates during differentiation. Comparison of the 

morphology and size of aggregates during the time course of differentiation (scale bars, 300 μm and 750 μm). 

 

2.2.3.2 The INK4 Genes Show Distinct Expression Pattern During the β-cells 

Differentiation  

As mentioned above, the T2D risk region at the INK4 locus may harbor an enhancer or 

silencer regulatory element. Deleting this element could alter the expression of the adjacent 

genes. To this end, we delineate the expression patterns of INK4 genes, P15, P16, ANRIL 

and the neighboring genes, MTAP and DMRTA1, upon the course of β-cells differentiation. 

Hence, we harvested the cell clusters or aggregates at the end of each differentiation stage. 

Following RNA isolation and cDNA synthesis, we performed qPCR using TaqMan probes. 

We could not report the expression of INK4 genes at iPSCs and early stages of differentiation. 

From stage 3 onwards, the expression of ANRIL and P15 gradually increased and showed 

the highest level of expression at the late stages of differentiation, stage 6 and stage 7. 
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However, the expression of ANRIL and P15 in the HMGUi001-A-5 cells was significantly 

lower than in the control cells at stage 5, stage 6 and stage 7 (n=3, P-value < 0.01) (Figure 

2.26). The assay failed to detect any expression for P16 at the RNA level in iPSCs and during 

the following stages of differentiation; however, we could show that P16 was expressed at 

protein level at a later stage. Failing in qPCR could be due to the presence of several transcript 

variants for the P16 or the low quality of its TaqMan probe. Furthermore, the expression of 

two genes, MTAP and DMRTA1 in the vicinity of INK4 locus, were measured. MTAP and 

DMRTA1 are located > 100 kb upstream and downstream of the INK4 locus, respectively. 

As illustrated in Figure 2.26, both genes are expressed at high levels at stage 4 of 

differentiation. Deleting the INK4-T2D risk region did not affect the expression of DMRTA1 

and MTAP upon the differentiation of HMGUi001-A-5 towards β-like cells.  

 

 

Figure 2-26: Quantitative PCR of INK4 genes during β-like cells differentiation. The mRNA expression 

patterns of INK4 genes and the neighbor genes, MTAP and DMRTA1 during the HMGUi001-A-5 iPSCS 

differentiation to pancreatic progenitor, endocrine cells, and β-like cells. The mRNA expression levels were 

quantified by real time PCR (n = 3) and normalized to endogenous gene expression GAPDH. Student’s t test 

with two-tailed distribution and three-sample equal variance were applied for statistics analysis.  

 

2.2.3.3 Expression Analysis of PDX1 and NKX6.1 Markers in HMGUi001-A-

5 Derived Pancreatic Progenitors 

According to the published data (Annicotte et al., 2009), INK4 genes might have roles 

upstream of several regulatory pathways in β-cell proliferation and/or insulin secretion. To 

address this hypothesis, we looked for a phenotype in proliferating pancreatic progenitors or 

mature β-cells. We carried out immunostainings to verify the expression of PDX1, P15 and 

P16 at stage 4 or day12 of differentiation (pancreatic progenitors) using wild-type iPSCs. As 

illustrated in Figure 2.27, P16 is localized in the nucleus, whereas P15 is in both the 

cytoplasm and nucleus. As mentioned earlier, we could not detect the expression of P16 at 

the RNA level while it is detectable at the protein level as shown in Figure 2.27.  



64 
 

The sectioned clusters were stained for pancreatic progenitor markers, PDX1 and NKX6.1 at 

day 12 or stage 5, as shown in Figure 2.28. Apparently, clusters derived from HMGUi001-

A-5 do not show any significant difference for PDX1 and NKX6.1 expression. FCAS was 

used to measure the protein levels of PDX1 and NKX6.1. Immunostaining and FACS results 

showed that 59% of HMGUi001-A-5 cells are expressed PDX1 versus 61% of the control 

cells. Co-staining for PDX1 and NKX6.1 showed that 35% of HMGUi001-A-5 cells and 36% 

of the control cells are double-positive for both markers (n=3). According to the 

immunostaining and FACS results, we could not report any significant difference between 

the groups in the percentage of the cells expressing PDX1 and NKX6.1 (Figure 2.28, and 

Figure 2.29).  

 

Figure 2-27: Immunostaining for the pancreatic progenitor’s markers. Immunostaining of sectioned cell 

clusters derived from wild type iPSCs stained for PDX1, NKX6.1, and P15/P16 or with the nuclei marker DAPI 

at stage 4 or the pancreatic progenitor’s stage. Scale bar, 100 mm. 

 



65 
 

 

Figure 2-28: Immunostaining of HMGUi001-A-5 cells for the pancreatic progenitor’s markers at stage 

4. Immunostaining of sectioned aggregates or clusters stained for PDX1, and NKX6.1 or with the nuclei marker 

DAPI at stage 4 or the pancreatic progenitor’s stage. Scale bar, 100 mm. 
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Figure 2-29: Quantification of PDX-1/NKX6.1 at pancreatic progenitor stage. A: Representative FACS 

dot plots for co-staining of PDX-1 and NKX6.1 at pancreatic progenitor cells stage. B: Quantification of FACS 

analysis for percentage of PDX-1+ and NKX6.1 + cells at pancreatic progenitor cells stage from three 

independent assays. iPSCs and Only-secondary-antibody were considered as negative control. The data were 

represented as mean + S.D. (n = 3).   

 

2.2.3.4 Expression Analysis of PDX1 and NKX2.2 Markers in HMGUi001-A-

5 Derived Endocrine Cells 

To analyze how the deletion of the T2D risk region at the INK4 locus affects the endocrine 

induction, we collected cell aggregates in the middle of stage 4 (day 15) of differentiation in 

which the early endocrine progenitor cells express PDX1 and NKX2.2. Immunostaining and 

FACS analyses were carried out to measure the expression of PDX1 and NKX2.2. 

Furthermore, the cell clusters or aggregates were immunostained for P15 and P16 (Figure 

2.30). Immunostaining and FACS results showed that 59% of HMGUi001-A-5 cells 

expressed PDX1 versus 66% of the control cells on day 15. Co-staining for PDX1 and 

NKX2.2 showed that 42% of HMGUi001-A-5 cells were double-positive versus 53% of the 
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control cells. There is no significant difference in the expression of PDX1 between KO cells 

(HMGUi001-A-5 cells) and control. But KO cells express more PDX1/NKX2.2 (n=3, P-

value < 0.01) (Figure 2.31). This is the first hint that deletion of the INK4-T2D risk region 

affects the expression of endocrine markers. This result may show a difference in the 

functionality of the KO-derived endocrine cells.  

 

 

Figure 2-30:  Immunostaining of HMGUi001-A-5 cells for the endocrine’s markers and P15/P16. A and 

B: Immunostaining of sectioned aggregates stained for PDX1, NKX2.2 and P15/P16 or with the nuclei marker 

DAPI at stage 5 or the endocrine cells stage. Scale bar, 100 mm. 
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Figure 2-31: KO cells produce less PDX-1/NKX2.2 at endocrine cells stage. A: Representative FACS dot 

plots for co-staining of PDX-1 and NKX2.2 at endocrine cells stage. B: Quantification of FACS analysis for 

percentage of PDX-1+ and NKX2.2 + cells at endocrine cells stage from three independent assays. The data 

were shown as mean + S.D. (n = 3), p < 0.01.   

 

2.2.3.5 Expression Analysis of C-peptide and Glucagon in HMGUi001-A-

5 Derived β-like Cells  

We further analyzed clusters derived from iPSC for the expression of C-peptide and 

Glucagon at the late stage of differentiation (Figure 2.32 and Figure 2.33). To achieve this, 

the aggregates were picked at the end of stage 6 (day 20) and prepared for immunostaining 

and FACS analyses. The result showed that 20% of cell clusters derived from HMGUi001-
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A-5 expressed C-peptide versus 36% of the control cells at stage 6. 12% of KO cells 

expressed Glucagon versus 17% of the control cells. 3.1% of KO cells expressed both C-

peptide and Glucagon versus 3.2% of the control cells (n=3, P-value < 0.001). Moreover, 6% 

of KO cells were double positive for C-peptide and NKX6.1 versus 18% of the control cells 

(n=3, P-value < 0.001). Therefore, the KO cells express less Insulin and NKX6.1 than the 

control cells (Figure 2.33). This result shows that the T2D risk region at the INK4 locus might 

affect β-cell functionality rather than β-cells specification. 

 

 

Figure 2-32: Immunostaining of β-like cells for hormones and P15/P16. A and B: Representative 

immunostaining images of sectioned clusters stained for C-pep and GCG (Glucagon), P15/P16 or with the 

nuclei marker DAPI at stage 6 or the β-like cells stage. Scale bar, 100 mm. 
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Figure 2-33: KO cells produce less insulin and NKX6.1 in β-like cells. A: Representative FACS dot plots 

for co-staining of C-pep and GCG at β-like cells stage. B: Representative FACS dot plots for co-staining of C-

pep and NKX6.1 at β-like cells stage. C: Quantification of FACS analysis for percentage of C-pep+, GCG+ 

and C-pep+/NKX6.1+ cells at the stage of β-like cells from three independent assays. The data were represented 

as mean + S.D. (n = 3), p < 0.001.   

 

2.2.3.6 Deletion of T2D Risk Region at the INK4 Locus Resulted in 

Diminished Proliferation Rate in Pancreatic Progenitors, Endocrine Cells 

and β-like Cells  

As mentioned above, the INK4 genes negatively regulate the cell cycle and cell proliferation. 

By deletion of the T2D risk region at the INK4 locus, we expect to see an alteration in the 

expression of INK4 genes and possibly in cell proliferation. We performed EdU 

incorporation test to assess the effect of deleting the INK4-T2D risk region on cell 

proliferation during differentiation of iPSC towards β-like cells. Then, to evaluate the cell 
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proliferation rate in the KO cells, we treated the iPSC-derived cell clusters at three time points 

of differentiation e.g. pancreatic progenitors (day 12), endocrine cells (day 15) and SC-β like 

cells (day 20). EdU was added to the cells, and waited for at least 6 hours, then the aggregates 

were collected for FACS analysis. Interestingly, the proliferation rate decreased in the KO-

derived cell clusters at all three time points. The proliferation rates in the KO cells 

were12.5%, 3.4% and 1.35% at day 12, day 15 and day 20 of differentiation, respectively. 

While these ratios were 28%, 5.9% and 3.3% in the control-derived cell clusters (Figure 

2.34). The KO cells approximately showed a two-fold decrease in proliferation rate (n=3, P-

value < 0.001). This indicates that deletion of the T2D risk region at the INK4 locus might 

affect the expression of ANRIL and CDKN2B, leading to a reduction in cell proliferation.   

We further analyzed the proliferation rate in the C-peptide and glucagon positive cells at 

stage 6 or day 20 of differentiation. To this end, we co-stained EdU and C-peptide or 

Glucagon and analyzed them with FACS. Among the C-peptide positive cells, 1.15% were 

proliferating in the KO cells versus 3.5% in the control cells. Moreover, 2.2% of Glucagon 

positive cell were EdU positive or proliferating versus 3.2% in the control cells (n=3, P-value 

< 0.001) (Figure 2.35). 
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Figure 2-34: Analysis of cell proliferation at the stages of pancreatic progenitors, endocrine cells and β-

like cells. A: Representative FACS dot plots of staining with EdU at pancreatic progenitors, endocrine cells 

and β-like cells stage. B: Quantification of FACS analysis for percentage of proliferating cells (EdU+) from 

three independent assays. The data were represented as mean + S.D. (n = 3), p < 0.001.   
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Figure 2-35: Analysis of cell proliferation for hormone+ cells at β-like cells stage. and B: Representative 

FACS dot plots of C-pep or GCG co-staining with proliferation staining marker EdU for β-like cells stage. (C) 

Quantification of FACS analysis for percentage of C-pep+ or GCG+ cells within EdU+ cells from three 

independent assays. The wild type iPSCs and Only-secondary-antibody samples were considered as negative 

controls. The data were represented as mean + S.D. (n = 3), p < 0.001.   

 

2.2.3.7 Deletion of INK4-T2D Risk Region Affects Insulin Secretion in 

SC- β-like Cells 

Finally, we performed in vitro functional assays on HMGUi001-A-5 -derived β-like cells at 

stage 6 for insulin secretion using both static and dynamic glucose-stimulated insulin 

secretion (GSIS). HMGUi001-A-5 cells exhibited a different pattern in insulin secretion 

compared to the control cells. According to the static GSIS, the ratio of C-peptide secreted 
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in medium with high glucose (16.7 mM) to low glucose (2.8 mM) was 1.2-fold and 2.5-fold 

for HMGUi001-A-5 cells and control, respectively (Figure 2.36a). With dynamic GSIS, the 

KO cells displayed a slow first-phase insulin release following the high glucose exposure 

(16.7Mm). In the second phase, the ratio of secreted insulin/total insulin increased by 0.6 and 

4 in the KO and control cells, respectively (Figure 2.36b). Then, the β-cells-derived KO cells 

showed impairment in insulin secretion. As mentioned above, the β-cells-derived KO cells 

showed a reduced proliferation rate and expressed less insulin and NKX6.1. Hence, reduced 

insulin secretion could be due to less β-cells mass or proliferation rate or less functionality in 

the KO cells.   

 

 

Figure 2-36: In vitro analysis of static and dynamic GSIS at the β-like cells stage. A: Static GSIS assay of 

stage 6 cells treated to either 2.8- or 18.7-mM glucose. B: Dynamic GSIS assay of stage 6 cells treated either 

2.8 or 18.7 mM glucose.The data were shown as mean + S.D. (n = 3), p < 0.001.  
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3. Discussion  
 

3.1 Increasing the Efficiency of CRISPR/Cas9  

 

3.1.1 Improving Gene Editing Efficiency for CRISPR/Cas9 via Small RNAs 

in iPSCs 

The CRISPR/Cas9 system is highly used because it is more efficient and easier to handle 

than other platforms. Despite huge progress in engineering CRISPR/Cas9 to improve its 

activity and efficiency, the system still needs to be more efficient, reliable and safe (Shahryari 

et al., 2021a). Here, we developed two methods to enhance gene editing efficiency for 

CRISPR/Cas9 platform. NHEJ and HDR pathways play major roles in repairing DNA upon 

a DNA double strand break. Since the NHEJ occurs faster than HDR, we targeted the main 

players of NHEJ, e.g. XRCC4 and DNAPKs, by shRNA in order to boost the activity of HDR. 

To this end, we transfected our two established iPSC lines with a SOX2-T2A-tdTomato 

targeting plasmid and a triple expression cassette, sgRNA-shRNAI-shRNAII to 

downregulate XRCC4 and DNAPKs genes. The gene-editing efficiency increased by ∼2-fold. 

Furthermore, the number of used expression vectors decreased to one and this could provide 

co-expression of shRNAs and sgRNAs at the same time. Our second approach improving the 

gene-editing efficiency aimed to minimize stress and thus apoptosis that results from either 

the transfection method or a high level of Cas9 enzyme. Small RNA miR21 shows anti-

apoptotic activity, and it can improve cell viability. To increase cell survival and interfere 

with stress-stimulated cell death, we added miR21 expression cassette into the Cas9 

expression plasmid. This approach improved the gene editing efficiency for adding the T2A-

tdTomato reporter to the SOX2 locus by ∼3-fold in GFP+ iPSCs. Eventually, we tested 

whether both methods together, miR21and shRNAs, have an accumulative effect on DNA 

editing efficiency for CRISPR/Cas9 in human iPSCs. The combination of both methods 

demonstrated a 3.5-fold increase in DNA editing efficiency for the CRISPR system, showing 

that a combined approach is beneficial over a single method.  
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We improved the efficiency of HDR-based gene manipulation such as gene KI or integration 

via temporary modulating the NHEJ pathway in human iPSCs. Partial inhibiting the major 

actors of NHEJ event with small chemicals improves the efficiency of precise HDR mediated 

DNA editing. SCR7, a known suppressor of ligase IV, boosts gene-editing efficiency for 

CRISPR/Cas9 system. The gene-editing efficiencies for small DNA alterations ranged from 

3 to 19-fold improvement in various cell types (Maruyama et al., 2015) (Chu et al., 2015). 

However, in one study, the efficiency of HDR dependent gene editing did not improve by 

SCR7 (Pinder et al., 2015). These findings showed that the impact of SCR7 on HDR 

dependent DNA editing counts on the target DNA and cell types. Additionally, the efficiency 

of homologous recombination and precise DNA editing improved in the presence of other 

small chemicals such as RS-1 (activates Rad51), NU7441 and Ku-0060648 (both inhibit 

DNAPK) (Leahy et al., 2004) (Munck et al., 2012). We could replace small compounds 

(interfering with key players of NHEJ) with shRNAs that specifically targeted XRCC4 and 

DNAPK. The shRNA cassettes were inserted into the CRISPR plasmid, and this strategy 

abolished the use of chemical components. Cloning two shRNA expression segments into a 

single CRISPR/Cas9 vector guaranteed their co-expression and increased the SOX2 gene 

targeting efficiency by two-fold.  

Cellular stress upon the transfection or toxicity due to high expression of Cas9 can negatively 

affect the efficiency of gene editing. DNA damage can activate TP53 target genes, which 

induces rapid cell death in human stem cells (Hug et al., 2016). Furthermore, stem cells are 

criticized by DSBs generated via CRISPR/Cas9, which led to the activation of TP53 pathway, 

resulting in diminished cell survival and induction of apoptosis (Liu et al., 2013) (Conti and 

Di Micco, 2018). In line with this, enormous cell death was detected upon plasmid 

electroporation, which reduced gene editing efficiency for CRISPR/Cas9. To counteract this, 

overexpression of BCL-XL (Li et al., 2018), a gene with anti-apoptotic role, increased iPSC 

survival and thereby enhanced the efficiency of gene targeting. Hence, it increased the 

efficiency of both HDR- and NHEJ-mediated gene manipulations. 

To increase cell viability during the gene targeting, instead of BCL-XL, we applied miRNA-

21, a miRNA that has a role in downregulating apoptosis. Apoptotic Peptidase Activating 

Factor 1 (APAF1) binds to free cytochromes, generating APAF1/pro-caspase9 complex. The 
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expression of APAF1 is inhibited by miR21, and further caspase activation is downregulated. 

The active caspase9 stimulates caspase3 activity resulting in apoptosis. Therefore, miR21 

downregulates the activation of caspase3 and thereby interferes with apoptosis. Moreover, 

overexpression of miR21 resulted in elevated cell survival (Buscaglia and Li, 2011) 

(Papagiannakopoulos et al., 2008). The small size of the encoding region for miR21 allows 

adding of this into the CRISPR/Cas9 vector, while the BCL-XL strategy requires an 

additional vector, and this reduces targeting efficiency. In contrast, incorporating sgRNA-

miR21 cassette into the CRISPR/Cas9 plasmid guaranteed their co-expression in the iPSCs 

and therefore increased cell survival and the efficiency for SOX2 locus targeting.  

 

3.2 Functional Analysis of INK4 Locus in Endocrine Development and 

Function 

 

3.2.1 INK4 Locus Polymorphisms and Risk of T2D  

SNPs are highly regular forms of genetic diversity. Most SNPs are embedded within the non-

coding genomic loci; hence they frequently are non-pathogenic. However, many SNPs can 

raise the risk of special disorders. For example, most SNPs associated with T2D locate in the 

non-coding loci and potentially rise the susceptibility to T2D. However, the mechanism by 

which these SNPs regulate local genome architecture remains secret for most genomic 

regions. Risk alleles might function in several ways, interconnecting with different genes at 

different loci and other polymorphisms in a tissue-specific manner. There are several 

potential mechanisms for how polymorphism can increase the risk of diabetes. The risk SNPs 

might locate within regulatory elements either enhancer or silencer and then can influence 

the binding of TFs. For example, T2D-associated SNPs might affect the binding of major 

transcription factors, such as MAFB, NKX6.1, NFAT, FOXA2, NFκB, HNF1 and PDX1 that 

regulate β-cell fate, development, and maturation. Additionally, the SNPs might also affect 

the regulation of microRNA for transcription and/or translation (Harismendy et al., 2011) 

(Pasquali et al., 2014). Most of these SNPs increase the risk T2D by affecting the 

development and/or function of the islet: The cost and limited accessibility of human islets, 

and the useless of non-human organisms for the human genome study, are obstacles 
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uncovering the molecular mechanisms of the risk SNPs (Fuchsberger et al., 2016) (Gaulton, 

2017) (Teumer et al., 2016) (Pasquali et al., 2014).   

There are several SNPs at the INK4 locus that can increase risk of T2D and other related 

disorders including gestational diabetes mellitus, cystic fibrosis-related diabetes, and post-

transplant diabetes, indicating a central diabetogenic mechanism. The INK4 locus encodes 

three genes: CDKN2A, CDKN2B, and the noncoding RNA ANRIL. CDKN2A and CDKN2B 

genes encode cell cycle inhibitors that have roles in the regulation of RB and P53 pathways. 

Their aberrant expressions are observed in aging, senescence, and tumorigenesis. These 

SNPs include rs2383208, rs10965250, rs10811661, rs10757283, rs1333051 and rs7018475 

embedded within an 8 kb genomic block (termed INK4 T2D risk region) that is downstream 

of the ANRIL gene. Yet, the exact molecular mechanisms of how these SNPs can regulate 

the INK4 locus or raise the risk of T2D are still unknown (Pasmant et al., 2010) (Kong et al., 

2016) (Kim and Sharpless, 2006) (Sharpless and Sherr, 2015a).  

To analyze the potential functions of T2D-associated SNPs at the INK4 locus, we aimed to 

create a model system by generating a human iPSC line lacking the 8 kb genomic block 

containing the T2D risk SNPs termed HMGUi001-A-5 line. Then, following successful 

characterization ofHMGUi001-A-5 line, we differentiated towards endocrine cells and/or β-

like cells and examined if the deletion of the INK4-T2D risk region 1) affects the efficiency 

of differentiation or 2) changes the expression patterns of INK4 genes during this 

development or 3) affects proliferation of pancreatic progenitor or alters insulin secretion in 

β-like cells? 

3.2.2 T2D-associated SNPs of INK4 Locus Might Affect Gene Expression  

First, we wanted to address whether the deletion of T2D-associated SNPs at the INK4 locus 

affects gene expression of the locus and/or neighboring genes. To this end, we tested the 

expression of INK4 genes, and two neighboring genes, MTAP and DMRTA1C, at several time 

points during the differentiation towards β-like cells of wild type and HMGUi001-A-5 iPSCs. 

The INK4 genes did not show any expression at the initial steps of differentiation. The first 

detectable expression of ANRIL and CDKN2B were observed during the pancreatic 

progenitor stage (S4) and reached its maximum after the development of endocrine and β-

like cells (S6/S7) in the wild type cells. Interestingly, the expression of ANRIL and CDKN2B 
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in the HMGUi001-A-5 cells was significantly lower than in the wild-type cells in the 

endocrine and β-like cells. In other words, deletion of the INK4 related T2D risk region 

resulted in diminished expression of ANRIL and P15 (CDKN2B) at stage 6 of differentiation 

or β-like cells. Both MTAP and DMRTA1 genes are expressed at the maximum level at the 

pancreatic progenitor stage or stage 4. However, the 8 kb deletion did not affect their 

expression during differentiation. The data indicates that the 8 kb genomic block apparently 

affects the gene expression inside the INK4 locus rather than the outside.  

Current data of the expression quantitative trait locus (eQTL) do not show a precise 

mechanism by which SNPs at the INK4 locus increase T2D risk along local gene expression. 

However, those studies may not have been tested on the appropriate cell types, developmental 

stages, and environmental or food states to look for the exact phenotypes (Morris, 2014). 

These SNPs were not correlated with the expression of INK4 genes, CDKN2A and CDKN2B 

in the pancreas, colon, and liver (Fadista et al., 2014). ANRIL expression is correlated with 

the expression of INK4 genes, CDKN2A, and CDKN2B in several tissues, indicating 

coordinated regulation of the locus; however, independent regulation is also observed in 

several reports. Cardiovascular risk SNPs at the INK4 locus were associated with ANRIL 

expression. Both T2D and non-T2D SNPs located at the INK4 locus apparently reveal a more 

substantial effect on the expression of ANRIL in compared with other INK4 genes expression 

(Cunnington et al., 2010b) (Gil and Peters, 2006) (Folkersen et al., 2009).  

Kong et al. studied whether T2D risk SNPs located at the INK4 locus impact gene expression 

of the locus, insulin release and β-cell proliferation in human islets. Totally, 95 islets from 

healthy donors without diabetes were evaluated for SNPs genotype of rs10811661, 

rs2383208, rs564398, and rs10757283, and gene expression of CDKN2A, CDKN2B, 

ARF, MTAP, and ANRIL. The expression analysis showed the INK4 genes are coordinately 

expressed in human islets. The expression patterns of ARF, CDKN2A, and ANRIL (but not 

CDKN2B) were highly correlated with each other, which increased with age. On the other 

hand, CDKN2B expression was significantly correlated with the expression of MTAP. 

Hence, the INK4 locus genes are co-regulated in the human islets in two physically 

overlapped partners: ARF-CDKN2A-ANRIL and MTAP-CDKN2B. Risk alleles at 

rs10811661 and rs2383208 were associated with high expression of ANRIL, but 

not ARF, CDKN2A/B and MTAP, in an age-dependent manner e.g., younger donors with 
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homozygous risk genotype revealed higher ANRIL expression. Interestingly, they detected 

combinations of several risk SNPs that might influence the expression of the locus indicating 

the presence of potential mechanisms by which SNPs can control islet’s function and biology 

(Kong et al., 2018). 

In mouse, deletion of the noncoding  cardiovascular  risk  region (part of ANRIL and its 

downstream)  on  chromosome  4  resulted in diminished  aortic  expression  of  Arf  and  

Cdkn2b (but not Cdkn2b),  elevated  CDK-dependent  Smad2  linker  phosphorylation, and 

decreased canonical   TGF-β-dependent   Smad2   phosphorylation.  These results are 

correlated with raised susceptibility to aneurysm development. The KO mice are partly saved 

via a single therapy with a CDK inhibitor (Loinard et al., 2014). 

As mentioned earlier, other INK4 polymorphisms significantly increase the risk of CAD. 

These SNPs are located in 58 kb interval, a part of ANRIL gene and its downstream sequence. 

Visel et al. showed that deletion of its orthologous sequence at the mouse Ink4 locus on 

chromosome 4 affects the expression of the neighboring genes in several vascular-relevant 

cell types. Cardiac expression of Cdkn2a/b, is significantly reduced in KO mice, 

demonstrating that regulatory roles are embedded within the CAD risk region at the mice 

Ink4 locus. Interestingly, allele-specific expression of Cdkn2b in heterozygous mice 

demonstrated that the deletion has an impact on expression via a cis acting manner. The 

results yielded strong proof that the CAD risk interval regulates cardiac expression of 

Cdkn2a/b in mice (Visel et al., 2010).  

There is a regulatory element termed RDINK4/ARF upstream of the CDKN2B gene and 

shows a positive effect on the expression of CDKN2A/B and ARF genes. Evidently, the 

genetic changes of RDINK4/ARF, either heterozygous or homozygous deletions, can 

transcriptionally downregulate all of the INK4 genes e.g. CDKN2A/B and ARF, thus 

contributing to cancer initiation and/or progression. The RDINK4/ARF fragment is 

frequently deleted (monoallelic or biallelic) in various human cancer cell lines, 

demonstrating its potential role in carcinogenesis. INK4 genes are highly deleted in 

gastrinomas and pancreatic neuroendocrine tumors (rare endocrine tumors emerging from 

the islet cells). Poi et al. reported deletion of RDINK4/ARF in pancreatic neuroendocrine 
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tumors, demonstrating a functional role in islet cells fate and development (Poi et al., 2014) 

(Gonzalez et al., 2017) (Li et al., 2014) (Evers et al., 1994) (Muscarella et al., 1998).  

Unbalanced metabolic inputs such as overfeeding or food limitation can affect CpG 

methylation at the human INK4 locus. Additionally, DNA methylation can be changed by 

risk alleles of polymorphisms such as SNPs in the human genome. These changes could 

affect chromatin state and/or local gene expression. We have not examined DNA methylation 

patterns for the SNPs that are in the INK4 T2D-risk genomic block. However, there is a T2D-

associated SNP, rs564398, outside of the INK4-T2D risk region, located inside the ANRIL 

gene. The risk allele of this SNP disrupts a DNA methylation CpG site, resulting in 

diminished methylation of neighboring CpG sites. Although it does not affect local gene 

expression, it decreases insulin content in human islets. However, its molecular mechanism 

still remains unclear (Dayeh et al., 2013) (Popov and Gil, 2010) (Jacobsen et al., 2012) 

(Daniel and Tollefsbol, 2015).  

3.2.3 The Functions of INK4 Genes in Regulation of β-cell Proliferation  

Many reports demonstrate fundamental roles for INK4 genes in the regulation of the cell 

cycle and/or cell proliferation. Overexpression of CDKN2A gene yielded a decrease in β-cell 

proliferation in young mice. Accordingly, the knockout mice model for CDKN2A restored 

the age-related loss of proliferation (Krishnamurthy et al., 2006). In line with this, the ectopic 

expression of EZH2, a component of PRC2, downregulated CDKN2A, consequently 

increasing β-cell proliferation in young mice.  The similar phenotype was also reported in 

older mice upon the downregulation of CDKN2A (Zhou et al., 2013). Downregulating 

CDKN2A via siRNA technology reduced the loss of β-cell proliferation in an ex vivo system. 

Furthermore, targeting WIP1/p38MAPK/BMI1 or PTEN/E2F/EZH2 pathways 

downregulated CDKN2A expression resulting in elevated β-cell proliferation in aging mice 

(Pascoe et al., 2012) (Wong et al., 2009) (Zeng et al., 2013). P18INK4c as an INK family 

inhibitor could synergistically increase β-cell proliferation rate in the CDKN2A knockout 

mice in a CDK4-dependent manner. (Ramsey et al., 2007). Increased expression level of 

CDKN2A reduced islet regenerative capacity with age. An antagonist of HNF4α induced β-

cell proliferation by downregulating the CDK inhibitor, CDKN2A. Furthermore, suppressing 

HNF4α increased the cell proliferation rate in α-cells, β-cells and δ-cells (Chen et al., 2009) 
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(Kim et al., 2019). All these studies support the idea that CDKN2A is associated with 

decreased β-cell mass with age.  

Second, we wanted to address “does deletion of the T2D risk region at the INK4 locus affect 

β-cell proliferation or not? To this end, we treated the cell at three time points of 

differentiation e.g., pancreatic progenitors, endocrine cells and β-like cells with Edu. The rate 

of proliferation was significantly reduced (approximately two-fold decrease) in pancreatic 

progenitors, endocrine cells, and hormone-producing cells in the KO cells compared to the 

wild type cells. Furthermore, both C-peptide positive cells and Glucagon positive cells 

showed less proliferation rate in the KO cells compared with their counterparts in the control 

cells.  

In mice, CDKN2A and CDKN2B, also known as INK family inhibitors, physically inhibit 

CDK4/6. The inhibitor of INK family, and CDK4 play fundamental roles in islet biology and 

function. Knockout mice models for CDK4 represent severe insulin-deficient diabetes due to 

hypoplastic islets. CDK4 knockout also affects other endocrine systems, male and female 

infertility, impaired growth and proliferation, and pituitary defects. In this model, the 

morphology of the islets appears normal at the early stages of life, indicating CDK4 is not 

mandatory for pancreatic formation; however, islets show no proliferation during postnatal 

growth. Hence, CDK4 is crucial for regulating postnatal mouse β-cell mass (Rane et al., 

1999).  

Visel et al. also showed that deletion of mouse orthologous for INK4-CAD risk region affects 

the proliferation rate of vascular cells. KO mice showed a lower survival rate both during 

development and adulthood. In KO mice, primary cultures of aortic smooth muscle cells 

revealed more proliferation rate and reduced senescence; both were consistent with the 

pathogenesis of accelerated CAD. Altogether, their data suggested that the CAD risk interval 

at the INK4 locus has a significant role in regulating the locus. It can affect CAD progression 

by changing the proliferation dynamics of cardiovascular cells (Visel et al., 2010).  

A challenge is that human β-cell mass and proliferation could not be calculated in living 

human. Nevertheless, few studies examined whether INK4 polymorphism influences human 

β-cell proliferation or mass. Kong et al. measured cell cycle entry in 47 islets from healthy 

donors via the BrdU incorporation. To examine if any of the INK4 T2D SNPs influence β-
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cell proliferation, the proliferation index was stratified by SNP genotypes. Risk alleles of 

rs2383208, rs10811661, and rs10757283 did not differ in the proliferation index. However, 

the risk allele of rs564398 was highly correlated with a reduced β-cell proliferation index. 

The homozygous risk alleles demonstrate approximately half induction of proliferation rate 

compared with islets carrying healthy alleles for this SNP. This suggests that rs564398 or 

perhaps ANRIL have a functional role in maintaining human β-cell mass or proliferation 

(Kong et al., 2018).  

3.2.4 The Functions of INK4 Genes in Regulation of Insulin Secretion  

Several studies have reported that misregulation of INK4 genes and their downstream target 

genes impair insulin signaling pathways. For example, the CDKN2A Knockdown increased 

insulin secretion capacity in the EndoC-bH1 human β-cell line (Pal et al., 2016). In mice, 

telomerase haploinsufficiency induced CDKN2A expression resulting in decreased in insulin 

secretion via impaired regulation of exocytosis. Glucose intolerance was also observed; 

however, β-cell mass was normal, indicating the main impact on β-cell function rather than 

β-cell proliferation (Pulizzi et al., 2009). The downstream target of INK4, CDK4 can also 

regulate insulin secretion. This is triggered through Rb-dependent transcriptional regulation 

activation mediated by E2F1. The E2F1 transcription factor induces transcription of Kir6.2 

gene coding potassium inward rectifying channel involved in insulin secretion. In humans, 

patients suffering from familial melanoma with heterozygous loss of function in the 

CDKN2A gene revealed elevated insulin secretion, reduced insulin sensitivity and decreased 

hepatic insulin clearance (Annicotte et al., 2009). These data support the INK4 genes, mainly 

CDKN2A could impact on insulin secretory role, insulin clearance and insulin sensitivity.  

Third, we aimed to address whether the deletion of the T2D risk region at the INK4 locus 

affects insulin secretion in the β-cell. To this end, we evaluated insulin secretion via the GSIS 

method in iPSC-derived β-cells. Deletion of the 8 kb genomic block reduced rate of insulin 

secretion. The β-cells derived from HMGUi001-A-5 expressed less insulin/NKX6.1 than the 

control cells. The decreased insulin secretion could be due to less proliferation rate or less β-

cells mass, or less functionality.  
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The T2D risk SNPs located in the human INK4 locus might affect diabetes risk via insulin 

secretory capacity of β-cells in pancreas and insulin sensitivity of other organs. Therefore, 

CDKN2A/B locus SNPs could influence the biology of pancreatic islets and other metabolic 

tissues. It has been reported that the link between CDKN2A/B polymorphism rs10811661 

and T2D is influenced by age. This agrees with the identified interaction between age and 

CDKN2A role in islets (Perry and Frayling, 2008) (Peng et al., 2013). T allele of rs10811661 

as a risk allele is linked to a diminished insulin secretion capacity after both oral and 

intravenous glucose challenges. The reduced insulin secretory capacity due to INK4 

polymorphisms could be due to failures in β-cell functions such as glucose sensing, insulin 

production, stimulus-secretion coupling or reduced β-cell proliferation and mass (Grarup et 

al., 2007) (Hribal et al., 2011). 

Kong et al. tested 61 islets from healthy donors for insulin secretion stimulation index. This 

index was associated with BMI but indicated no correlation with donor age and sex. 

However, when the insulin release index was stratified by the INK4 SNP genotype, the T2D 

risk alleles did not demonstrate any proof for failure in ex vivo glucose sensing, insulin 

production and release in this small group (Kong et al., 2018). 

3.3 Conclusion   
 

Our methods revealed 1) temporary co-expression of shRNAs downregulating the major 

actors of NHEJ, XRCC4 and DNA-PK, and 2) temporary co-expression of miR21 with 

sgRNA and Cas9 improve the efficiency of HDR dependent DNA editing for CRISPR/Cas9. 

Our novel CRISPR/Cas9 targeting method abolishes the use of more vectors and/or 

compounds and still interferes with the NHEJ pathway or stress-induced apoptosis. The 

improved DNA editing efficiency was consumable due to the diminished downstream 

workload necessary for screening the cells having the desired gene editing.  

Initial attempts to use GWAS data to diagnose human diseases and develop therapies failed. 

Despite progress and valuable genetic data, T2D-associated SNPs in the CDKN2A/B locus 

do not yet have significant clinical implications and have low prognosis or disease risk value 

(van Hoek et al., 2008) (Majithia and Florez, 2009). There are many reports on the molecular 

functions of the INK4 locus genes in regulating the biology of islets and other metabolic 

organs, mainly in rodents and humans. INK4 genes regulate functions of pancreatic islet, 
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adipose, muscle, liver and immune cells at various stages ranging from embryonic 

development to aging. The INK4 genes, especially CDKN2A have critical roles in the 

regulation of rodent β-cell mass, but the exact molecular mechanism of how INK4 SNPs 

increase the risk of T2D is not fully understood. Genomic deletion of the 8 kb risk region 

harboring all T2D-related SNPs at the INK4 locus let to diminished β-cell proliferation and 

reduced insulin content and secretion in iPSC-derived β-cell. Gene regulation analyses do 

not still demonstrate a clear relationship between these SNPs and local or distal gene 

expression. To examine the exact molecular functions polymorphism at the INK4 locus, there 

is an urgent need to focus on each single SNPs. Another point is that analyses should perform 

in the proper developmental stage, proper tissue, metabolic context and/or subpopulation. 

Less availability of human samples in terms of tissues and developmental stages is a 

significant challenge. Hopefully, INK4 polymorphisms associated with T2D will improve 

our understanding of GWAS and diabetes and provide clinical applications in the future.  
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4. Materials and Methods 

4.1 Solution and Buffers  

The compounds and chemical that were used for preparation of solutions and buffers are 

listed in Table 4.1 

Table 4.1. Solutions and buffers 

Solutions and buffers Composition  

Solutions and buffers for 

immunostainings 

10x PBS: 

1.37 M NaCl, 26.8 mM KCl, 0,101 M Na2HPO4, 13.8 mM KH2PO4 

PBST:     

1x PBS + 0.1% Tween20 (adjust to pH 7.4) 

4% PFA:    

1.3 M PFA in 1x PBS (adjust to pH7.2-7.4) 

Permeabilisation (sections):  

0.2% TritonX-100, 100 mM Glycin in dH2O 

DAPI:     

5 mg DAPI in 25 ml PBS 

Blocking solution:  

5% FCS, 1% serum (goat or donkey) in PBST 

Elvanol (embedding):   

0.015 mM Polyvinyl-alcohol, 24 mM Tris pH 6.0, 2 g DABCO in 90 ml 

H2O and 37.8 ml Glycerol 

Antigen Retrieval:  10N HCl in H2O 
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10x Tris-Borat-Buffer:  10 mM Na2B2O7 in dH2O 

Glucose stimulated insulin 

secretion (GSIS) 

10x Krebs buffer: 

1.2 M NaCl, 48 mM KCl, 25 mM CaCl2*2H2O, 12 mM MgCl2 in dH2O 

1x Modified Krebs buffer:  

1x Krebs buffer, 5 mM HEPES, 0.025 mM NaHCO3, 0.1% BSA in H2O 

(adjust to pH7.4) 

FACS buffer:  

1x PBS (-Ca/Mg), 3% FCS, 5 mM EDTA 

DNA lysis buffer:  

100 mM Tris pH 8.0, 5 mM EDTA pH 8.0, 200 mM NaCl, 0.2% SDS in 

H2O 

Solutions and buffers for 

cell culture 

DPBS (-Ca/-Mg), Gibco 

Trypsin-EDTA, 0.05% or 0.25% Trypsin, 0.53 mM EDTA•4Na, Gibco 

Penicillin/Streptomycin (100x) Gibco 

iPS Brew medium, Gibco 

MCBD131, Gibco 

Accutase, Gibco 

 

4.2 sgRNA design and CRISPR-Cas9 plasmid construction  

To add the tdTomato reporter sequence to the end of the SOX2 gene, we designed sgRNA to 

target 3' end of the SOX2 ORF. The CRISPOR web tool (crispor.tefor.net) was used to design 

the sgRNA. For better expression and compatibility with the BbsI site of the vector, 

CACCGGG oligo was added to the 5' end of the sense sgRNA and AAAC and CCC oligos 

to 5' and 3' end of the antisense (the sgRNA sequence is listed in Table 4.2). To clone the 

sgRNA oligos, PU6-(BbsI) sgRNA_CAG-GFP-bpA plasmid (Addgene ID86985) was 
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digested with BbsI. Following the cloning, the expression plasmid was subjected to Sanger 

sequencing. 

To generate a large deletion at the INK4 locus, we designed sgRNAs via the web tool 

CRISPETa (crispeta.crg.eu) (the sequences of the oligos are listed in Table 4.3). Initially, 

sgRNAs DNA binding sites were sequenced due to genome variation and low conservation. 

The oligos CACCGGG, AAAC and CCC were added to the sgRNAs sequences as described 

above. PU6-(BbsI) sgRNA_CAG-Cas9-GFP-bpA plasmid, Addgene ID86985, containing 

BbsI site was used for cloning single gRNAs. 

 

Table 4.2. List of oligonucleotides and primers 

sgRNA, shRNA 

and primer Oligos 
Sequence (5´--3´) 

sgRNA sense / 

antisense 
caccgggCGGCCCTCACATGTGTGAGA / aaacTCTCACACATGTGAGGGCCGccc 

shRNA_XRCC4_F CCGGGCATGGACTGGGACAGTTTCTCTCGAGAGAAACTGTCCCAGTCCATGCTTTTTG 

shRNA_XRCC4_R AATTCAAAAAGCATGGACTGGGACAGTTTCTCTCGAGAGAAACTGTCCCAGTCCATGC 

shRNA_DNAPK_F CCGGGCATCCAGAGTAGCGAATACTCTCGAGAGTATTCGCTACTCTGGATGCTTTTTG 

shRNA_DNAPK_R AATTCAAAAAGCATCCAGAGTAGCGAATACTCTCGAGAGTATTCGCTACTCTGGATGC 

EP 1738-AF CAGGAAACAGCTATGACCATGAGGGCCCCCTTCACCGAGGGCCTATTTC 

EP 1739-AR CCGATGGCCAGGCCGATGCTGTGATCAAAAAAAGCACCGACTCGG 

EP 1740-BF ACAGCATCGGCCTGGCCATCGGGCCCCCTTCACCGAGGGCCTATTTC 

EP 1808-BR CTTGGCCATCTCGTTGCTGAAGATCTCTGCTGTCCCTGTAATAAACCC 

EP 1742-CF TTCAGCAACGAGATGGCCAAGGCCCCCTTCACCGAGGGCCTATTTC 

EP 1809-CR GTCAATAATCAATGTCGAATCCGGGATCTCTGCTGTCCCTGTAATAAACCC 

XRCC4_Fwd / 

XRCC4_Rev 
AGGAGACAGCGAATGCAAAG / CTTCTGGGCTGCTGTTTCTC (PCR product: 178 bp) 

DNAPK_Fwd / 

DNAPK_Rev 
GGAACAGCAGCATGTCATGG / CTGGCGTGTGAAACTTAGGC (PCR product: 148 bp) 

GAPDH_Fwd / 

GAPDH_Rev 
GGCCAAGGTCATCCATGA / TCAGTGTAGCCCAGGATG (PCR product: 354 bp) 

EP 034/ EP 035 GGAAACAGCTATGACCATG / CTCCGAGGACAACAACATGG (PCR product: 1888 bp) 

  



89 
 

 

Table 4.3. SgRNA Oligos and screening primers 

Name  Sequence 

sgRNA1-sense caccgggATATGGCTAAATAGTCCGTA  

sgRNA1-antisense aaacTACGGACTATTTAGCCATATccc  

sgRNA2-sense caccgggCCACCATGATCTAGCACTAA  

sgRNA2-antisense aaacTTAGTGCTAGATCATGGTGGccc 

Forward-A (FA) CCAAATTGCCTCAGCCAATG  

Reverse-A (RA) CAAATGGCCTTAGCCAGAGC  

Forward-B (FB) AAGCCACTTAGCTAGAGTAAGG  

Reverse-B (RB) CACCAGTCGTGTTGGATAAATG  

Forward-C (FC) GGAGCCATTCTATCGTGAACAG  

Reverse-C (RC) AAGCATAGGTGGGTTTCACTTC 

 

4.3 shRNA and miRNA-21 expressing plasmids construction 

ShRNAs were designed using Invitrogen's Block‐It RNAi Designer 

(https://rnaidesigner.invitrogen.com/rnaiexpress). shRNAs supposed to target the leading 

players of NHEJ repair pathway; DNAPK, and XRCC4 (Table 4.2). Two shRNAs per gene 

were designed. AgeI and EcoRI sites were added to the 5´ and 3´sites of shRNA oligos, 

respectively. Furthermore, CTCGAG oligo as a palindromic loop was incorporated between 

the complementary regions of the oligos. Then complement oligos were annealed and ligated 

into pLKO.1 plasmid (Addgene: ID8453) that was already digested with AgeI and EcoRI. 

The sequences for shRNAs and scramble are listed in Table 4.9. Furthermore, to generate 

miRNA-21 expressing vector, a 72-bp sequence of pre-miRNA-21 (NC_000017.11) with 50 

nucleotides harboring sequences at both sides was amplified by PCR using human genomic 

https://rnaidesigner.invitrogen.com/rnaiexpress
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DNA as a template. AgeI and EcoR1 sites were also added to the 5´ sites of the forward and 

reverse primers, respectively. The PCR product was added to the pLKO.1. vector. Following 

the cloning, all the plasmids were subjected to Sanger sequencing. 

4.4 Gibson assembly reaction for generating sgRNA-shRNA and sgRNA-

miRNA cassettes 

As Yumlu et al. (Yumlu et al., 2019) described we used Gibson assembly technique to 

generate a dual small RNA expression cassette in the vector either sgRNA or shRNA. Both 

single and dual gRNAs expression vectors were subjected to Sanger sequencing. Following 

incorporation of the cassettes into the PU6-(BbsI) sgRNA_CAG-Cas9-GFP-bpA plasmid, 

the sgRNAI-sgRNAII, sgRNA-shRNAI-shRNAII or sgRNA-miRNA-21 were generated. 

For amplification, Yumlu et al protocol was changed by adding two more primers EP1808-

BR and EP1809-CR for amplification of the miRNA (Table 4.9). Following the cloning, the 

resulting vectors were subjected to Sanger sequencing. 

4.5 Human iPSC culture and plasmids transfection 

We used two iPSCs lines, HMGUi001-A and HMGUi002-A. The cell lines were cultured on 

Geltrex-coated 6-well plates in the medium of StemMACS iPS-Brew. The cells were 

disassociated using 5 mM EDTA in PBS at 37 °C for 3 min or incubated with StemPro 

Accutase Cell Dissociation Reagent. To avoid cell death or cellular stress during the splitting 

time, 10 µM Y-27632 was added to the medium. The iPSCs were maintained at 37 °C, 20% 

O2 and 5% CO2. For the lipofectamine-based transfection, CRISPR-Cas9 plasmid 

containing the cassettes of sgRNA-shRNAI-shRNAII or the cassettes of sgRNA-

miRNA21SOX2 were mixed with targeting plasmid of pUC19-SOX2-T2A-2xNLS-

tdTomato-F2A-Puro (Addgene ID89991). 24 hours before the transfection, the cells were 

seeded at the density of 2x105 cells per well of the 6-well plate. 1 µg CRISPR-Cas9 plasmid 

and 2 µg SOX2 targeting plasmid were transfected into the iPSCs using 5µl Lipofectamine™ 

Stem Transfection Reagent and 200 µl OptiMEM medium, per each well according to the 

manufacturing instruction. Three days following the transfection, the cells were dissociated 

and harvested for flowcytometry analysis as well as RNA extractions.  
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4.6 Fluorescence activated cell sorting (FACS) enrichment of transfected 

iPSCs 

72 hours (SOX2 gene targeting) after the transfection, iPSCs were disassociated as described 

above and collected for the FACS. The cells were mixed in 0.5 ml iPS-Brew medium 

containing 10 µM Rock inhibitor and DAPI. Then, the cells suspension was filtered by a cell 

strainer and used for sorting. The efficiency of gene targeting in the transfected cell 

population was calculated by analyzing GFP- and Tomato- signal using FACSAria III. For 

establishing a stable fluorescent SOX2 reporter iPSC line double-positive GFP/tdTomato 

cells were FACS sorted and two thousand GFP+ cells were seeded on Geltrex coated 10 cm 

dishes. After 7-9 days single cell-derived iPSCs clones were picked, transferred to new plates, 

expanded, and subjected to PCR screening on isolated genomic DNA.  

For the INK4 gene targeting, 48 hours after the transfection, the cells were collected for the 

FACS analysis. Using the FACS Aria III, the cells with high GFP signal levels were sorted. 

Around 4000 cells were seeded in 10 cm plates. After one week, single cell-derived clones 

were picked, expanded, and screened by PCR. To quantify the clones' pluripotency 

expression, flow cytometry was used for OCT4 and SOX2 markers. The result data was 

analyzed using FlowJo software. 

4.7 Clone screening for CRIPR/Cas9-mediated genome editing  

The appropriate PCR primers for sequencing and clones screening for both SOX2 and INK4 

gene targeting were designed using Clone Manager Molecule software (Table 4.9 and Table 

4.10). For SOX2 gene KI, three-primer PCR using EP1890, EP671 and EP1891 primers for 

the left arm yields a 1270 or1409 bp representing KI or WT alleles, respectively. 

Furthermore, PCR for the right arm using EP1892, EP1893 and EP036 primers yields 852 or 

1265 bp representing KI or WT alleles, respectively. PCR reactions were performed using 

Taq DNA Polymerase enzyme using the following thermal conditions: initial denaturation at 

95°C for 3 min, amplification for 40 cycles with denaturation at 95°C for 30 sec, annealing 

at 60°C for 30 sec and extension at 72°C for 90 sec. Direct DNA sequencing was performed 

to confirm the authenticity of the PCR products.  
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In INK4 gene targeting, as listed in Table 4.10, FA-RB and FC-RC primer pairs were used 

to detect the deletion amplicons. Long Amp Taq DNA Polymerase enzyme (NEB) was used 

for PCR reactions. The 750 bp (the PCR product of FA and RB primers) and 1910 bp (the 

PCR product of FC-RC primers) PCR products were indicators for biallelic deletion and wild 

type, respectively. To confirm the deletion's authenticity at both alleles, the PCR products 

were cloned into a TA vector (NEB) and then were sequenced.  

4.8 Characterization of the hiPSCs for karyotyping and STR analysis  

To carry out karyotyping, the positive clones (hiPSCs P29) were collected at logarithmic 

phase point during the cellular growth. For this, the cells were incubated with the Colcemid 

chemical for 120 min, disassociated with Accutase, and then treated with hypotonic solution 

(0.075 M KCl) for 20 min. Then, the cells were fixed by methanol/acetic acid solution at a 

ratio of 3:1. Metaphase chromosomes were determined using the standard G banding 

approach. Around 50 counts were performed at the metaphase stage, and the average of 85% 

was defined as the final karyotype. Finally, AmpFℓSTR™Identifiler™ PCR Amplification 

Kit (appliedbiosystems, Cat# 4322288) was applied for STR analysis according to the 

manufacturer's instructions. 

4.9 Three germ layers differentiation  

The HMGUi001-A-5 hiPSC line was directly differentiated towards three germ layers using 

StemMACS™ Trilineage Differentiation Kit (Miltenyi Biotec, Cat# 130-115-660) according 

to manufacturer's instructions. Next, the differentiated cells were immunostained for 

expression of endoderm (SOX17 and FOXA2), mesoderm (CD144 and SM22a) and 

ectoderm (Nestin and SOX2) markers. 

4.10 Cell viability assay 

In order to evaluate cell viability during the transfection, the cells were examined at two time 

points, 8 and 24 hours after lipofectamine transfection by 0.4% trypan blue dye. Cells 

supernatant containing dead cells were collected. Adherent cells were dissociated as 

described above. Floating dead cells and dissociated cells were centrifuged and, resuspended 

in a 1 ml medium. 20 µl resuspended cells and 20 µl of 0.4% trypan blue were mixed and 

waited for 3 min. Then, the number of dead and viable cells was counted on a hemocytometer.  
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4.11 Human iPSCs differentiation towards insulin producing ß-like cells 

4.11.1 Rezania Protocol  

Our iPSCs lines (HMGUi001-A-5 and SOX2-T2A-tdTomato reporter iPSCs) generated from 

HMGUi001-A were cultured on Geltrex coated 10 cm plates in the StemMACS iPS-Brew 

XF. The confluent iPSCs at confluency 80% were dissociated into single cells using Accutase 

and cultured at ~75,000 cells/cm2 in the iPS-Brew medium supplemented with 10 μM Rock 

inhibitor in Ultra-Low Attachment 6-well plates. The medium was changed one day later and 

the differentiation process was started. The iPSCs were differentiated towards 

PDX1+NKX6.1+ pancreatic progenitor and ß-like cells according to the Rezania protocol 

(Rezania et al., 2014). The details of protocol, materials and concentrations are listed in Table 

4.4, Table 4.5, Table 4.6, and Table 4.7. The aggregates were collected and fixed at the end 

of each time point of differentiation.  

Table 4.4. Rezania protocol 

Stage  Differentiation Protocol  

S1 (3 d): 

definitive endoderm  

2.0 x106 cells per each well of 6-well low-binding plate were 

seeded in 4 ml of MCDB 131 medium further supplemented 

with 1.5 g/l sodium bicarbonate, 1× Glutamax 10 mM final 

glucose concentration, 0.5% BSA, 100 ng/ml Activin-A, and 

1.5 μM of CHIR-99021 for day 1 only. For day 2, cells were 

cultured in MCDB with same medium and component but 0.1 

μM of CHIR-99021. The third day, CHIR was completely 

deleted.   

S2 (2 d):  

primitive gut tube  

Cells were exposed to MCDB 131 medium further 

supplemented with 1.5 g/l sodium bicarbonate, 1× Glutamax, 

10 mM final glucose concentration, 0.5% BSA, 0.25 mM 

ascorbic acid and 50 ng/ml of FGF7 for 2 days. 

S3 (2 d):  

posterior foregut  

Cultures were continued for 2 d in MCDB 131 medium further 

supplemented with 2.5 g/l sodium bicarbonate, 1× Glutamax, 

10 mM final glucose concentration, 2% BSA, 0.25 mM 

ascorbic acid, 50 ng/ml of FGF7, 0.25 μM SANT-1, 1 μM 
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retinoic acid (RA) 100 nM LDN193189 (LDN; BMP receptor 

inhibitor) 1:200 ITS-X, and 200 nM TPB (PKC activator) 

S4 (3 d):  

pancreatic endoderm, 

PDX1+/NKX6.1+ cells  

MCDB 131 medium supplemented with 2.5 g/l sodium 

bicarbonate, 1× Glutamax, 10 mM final glucose concentration, 

2% BSA, 0.25 mM ascorbic acid, 2 ng/ml of FGF7, 0.25 μM 

SANT-1, 0.1 μM retinoic acid, 200 nM LDN193189, 1:200 

ITS-X, and 100 nM TPB for 3 d. 

S5 (3 d):  

pancreatic endocrine 

precursors, 

PDX1+/NKX6.1+/NEUROD1+  

The cells were exposed to MCDB 131 medium supplemented 

with 1.5 g/l sodium bicarbonate, 1× Glutamax, 20 mM final 

glucose concentration, 2% BSA, 0.25 μM SANT-1, 0.05 μM 

retinoic acid, 100 nM LDN193189, 1:200 ITS-X, 1 μM T3 

(3,3′,5-Triiodo-L-thyronine sodium salt), 10 μM ALK5 

inhibitor II, μM zinc sulfate and 10 μg/ml of heparin for 3 d.  

S6 (7–15 d):  

NKX6.1+/insulin+ cells  

MCDB 131 medium further supplemented with 1.5 g/l sodium 

bicarbonate, 1× Glutamax, 20 mM final glucose concentration, 

2% BSA, 100 nM LDN193189, 1:200 ITS-X, 1 μM T3, 10 μM 

ALK5 inhibitor II, 10 μM zinc sulfate, 100 nM gamma 

secretase inhibitor XX for the first 7 d only and 10 μg/ml of 

heparin for 7–15 d. 

S7 (7–15 d):  

NKX6.1+/insulin+/MAFA+ cells  

MCDB 131 medium supplemented with 1.5 g/l sodium 

bicarbonate, 1× Glutamax, 20 mM glucose concentration, 2% 

BSA, 1:200 ITS-X, 1 μM T3, 10 μM ALK5 inhibitor II, 10 μM 

zinc sulfate, 1 mM N-acetyl cysteine, 10 μM Trolox (Vitamin 

E analogue), 2 μM R428 (AXL inhibitor) and 10 μg/ml of 

heparin for 7–15 d. Unless otherwise specified, for all stages, 

the cultures were fed daily.  

 

Table 4.5. Components and concentrations in Rezania Protocol  

Stage  day media supplement 
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S0 (2d) d1 Seeded 75,000 hPSCs/cm2 

on vitronectin-coated plates 

in E8 media with 5 uM Y-

27632.   

 

d2 Changed media. 

S1 (3d) d0 S1-2 Activin A 100 ng/ml   CHIR-99021 5 uM 

d1 S1-2 Activin A 100 ng/ml CHIR-99021 0.3 uM 

d2 S1-2 Activin A 100 ng/ml   

d3 S1-2 >80% DE cells expressing endoderm markers including 

CXCR4, SOX17 and FOXA 

S2 (2d) d3-4 S1-2 Vitamin C 0.25 mM FGF7 50 ng/ml, IWP-2 1.25 uM 

S3 (2d) d5-6 S3-4 Vitamin C 0.25 mM, FGF7 50 ng/ml, SANT-1 0.25 uM, 

RA 1 uM, LDN 100 nM, ITS-X 1:200, TPB 200 nM 

S4 (3d) d7-9 S3-4 Vitamin C 0.25 mM, FGF7 2 ng/ml, SANT-1 0.25 uM, 

RA 0.1 uM, LDN 200 nM, ITS-X 1:200, TPB 100 nM 

S5 (3d) d10-12 S5-7 T3 1 uM, Alk5i II 10 uM, SANT-1 0.25 uM, RA 0.05 uM, 

LDN 100 nM, ITS-X 1:200, ZnSO4 10 uM, Heparin 10 

ug/ml 

S6 (7d) d13-19 S5-7 T3 1 uM, Alk5i II 10 uM, GSiXX 100 nM, LDN 100 nM, 

ITS-X 1:200, ZnSO4 10 uM, Heparin 10 ug/ml 

S7 (2w) d20-33 S5-7 T3 1 uM, Alk5i II 10 uM, N-Cys 1 mM, Trolox 10 uM, 

R428  

2 uMITS-X 1:200, ZnSO4 10 uM, Heparin 10 ug/ml 

 

Table 4.6. Medium components for Rezania Protocol  

Media Stage Media component (add corresponding supplements listed above) 

S1-2 MCDB 131     GlutaMAX 1X      BSA 0.5%         NaHCO3 1.5 g/L           Glucose 10 mM 

S3-4 MCDB 131     GlutaMAX 1X      BSA 2%         NaHCO3 2.5 g/L           Glucose 10 mM 

S5-7 MCDB 131     GlutaMAX 1X      BSA 2%         NaHCO3 1.5 g/L           Glucose 20 mM 

 

Table 4.7. Commercial data of components at Rezania Protocol 
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Components Vendor Cat. No. 

MCDB 131  GIBCO  10372-019 

GlutaMAX  GIBCO  35050-061 

NaHCO3 Fisher Scientific  144-55-8 

D-Glucose  Sigma-Aldrich  G8769 

BSA (bovine serum albumin)  LAMPIRE  7500855 

Activin A  PeproTech  120-14E 

CHIR-99021, GSK-3 inhibitor  Stemgent  04-0004 

L-Ascorbic acid (vitamin C)  Sigma-Aldrich  A4544 

FGF7 (KGF)  R&D  251-KG 

SANT-1, Hedgehog inhibitor  Sigma S4572 

RA (retinoic acid)  Sigma  R2625 

LDN, BMP inhibitor  Stemgent  04-0019 

ITS-X (insulin-transferrin-selenium-ethanolamine)  GIBCO  51500-056 

TPB, Protein kinase C (PKC) activator  EMD Millipore  565740 

T3 (3,3’,5-Triiodo-L-thyronine)  Sigma-Aldrich  T6397 

ALK5i II (ALK5 inhibitor II)  Enzo Life Sciences ALX-270-445 

ZnSO4  Sigma-Aldrich  Z0251 

Heparin  Sigma-Aldrich  H3149 

GSiXX (gamma secretase inhibitor XX)  EMD Millipore  565789 

N-Cys (N-acetyl cysteine)  Sigma-Aldrich  A9165 

Trolox, vitamin E analogue  EMD Millipore  648471 
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R428, AXL receptor tyrosine kinase inhibitor  Selleck Chemicals  S2841 

IWP-2, Wnt antagonist  Tocris Bioscience 3533 

 

4.11.2 Millman Protocol  

To initiate differentiation with Millman protocol (Millman et al., 2016), undifferentiated 

iPSCs were single-cell dispersed using Accutase. Then the cells were seeded at a density of 

6x105 cells/mL in StemMACS iPS-Brew XF containing 10 μM Y27632 in a 30-ml spinner 

flask. Cells were then passaged at least three times and cultured in the differentiation medium.  

The details of protocol, materials and concentrations are listed in Table 4.8, and Table 4.9.  

Table 4.8. Components and concentrations in Millman Protocol  

stage Media + Supplement  

Stage 1 (3 days) S1 media + 100 ng/ml Activin A + 3 μM Chir99021 for 1 day. S1 media 

+ 100 ng/ml Activin A for 2 days 

Stage 2 (3 days) S2 media + 50 ng/ml KGF  

Stage 3 (1 day) S3 media + 50 ng/ml KGF + 200 nM LDN193189 + 500 nM PdBU + 2 

μM RA+ 0.25 μM Sant1 + 10 μM Y27632 

Stage 4 (5 days) S4 media + 5 ng/mL Activin A + 50 ng/mL KGF + 0.1 μM Retinoic Acid 

+ 0.25 μM SANT1 + 10 μM Y27632 

Stage 5 (7 days) S5 media + 10 μM ALK5i II + 20 ng/mL Betacellulin + 0.1 μM Retinoic 

Acid + 0.25 μM SANT1 + 1 μM T3 + 1 μM XXI  

Stage 6 (7-35 days) ESFM differentiation medium  

 

Table 4.9. The medium formulation in Millman Protocol 

Medium  Formulations 

S1 media 500mL MCDB 131 supplemented with 0.22 g glucose, 1.23 g sodium 

bicarbonate, 10 g BSA, 10 μL ITS-X, 5 mL GlutaMAX, 22 mg vitamin C, 

and 5 mL P/S solution 
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S2 media 500mL MCDB 131 supplemented with 0.22 g glucose, 0.615 g sodium 

bicarbonate, 10 g BSA, 10 μL ITS-X, 5 mL GlutaMAX, 22 mg vitamin C, 

and 5 mL P/S. 

S3 media 500mL MCDB 131 supplemented with 0.22 g glucose, 0.615 g sodium 

bicarbonate, 10 g BSA, 2.5 mL ITS-X, 5 mL GlutaMAX, 22 mg vitamin 

C, and 5 mL P/S. 

S5 media 500mL MCDB 131 supplemented with 1.8 g glucose, 0.877 g sodium 

bicarbonate, 10 g BSA, 2.5 mL ITS-X, 5 mL GlutaMAX, 22 mg vitamin 

C, 5 mL P/S, and 5 mg heparin 

ESFM 500mL MCDB 131 supplemented with 0.23 g glucose, 10.5 g BSA, 5.2 

mL GlutaMAX, 5.2 mL P/S, 5 mg heparin, 5.2 mL MEM nonessential 

amino acids, 84 μg ZnSO4, 523 μL Trace Elements A, and 523 μL Trace 

Elements B  

 

4.12 Dynamic Glucose-Stimulated Insulin Secretion (dGSIS)  

70 stem cell-derived islet-like aggregates (100000-150000 cells) were initially resuspended 

and incubated in KRBH buffer containing 2.8 mM glucose for 30 min. Then, they were 

loaded on a nylon filter in a plastic perfusion chamber containing Bio-Gel P-4 acrylamide 

microbeads (solutions, and aggregates were maintained in a water bath at 37 °C). The 

aggregates were then sequentially perfused with 2.8 mM glucose (low glucose) for 12 min, 

followed by 20 mM glucose (high glucose) for 24 min, again low glucose (2.8 mM) for 

12 min and finally with 25 mM KCl for 12 min at a constant flow rate of 100 µl per 180 s 

using the BioRep perfusion system (Model No. PERI-4.2) maintained at 37 °C in a 

temperature-controlled chamber. At the same time, flow-through fractions were collected on 

a 96-well plate which was maintained at 4 °C. According to the manufacturer’s instruction, 

the plate was quantified for insulin content using Human Insulin ELISA (Mercodia, catalog 

no. 10-1113-01).  

4.13 Insulin Content 

The islet-like aggregates from the S6 stage of Millman protocol differentiation were washed 

twice with PBS and dissociated using Accutase reagent. Single cells were counted, and one 

thousand cells were considered to calculate insulin content. The cells were resuspended in 
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Acid-EtOH solution (1.5% HCl and 70% EtOH) and stored on a shaker at 4 °C overnight. 

The solution was centrifuged at 4000 rpm for 15 min. The supernatant was transferred into a 

new tube and an equal volume of neutralization buffer, 1 M Tris (pH 7.5), was added. Next, 

human insulin was calculated using the Mercodia Human Insulin ELISA kit according to the 

manufacturer’s instruction. 

4.14 Cell proliferation analysis using Edu staining  

At three time points, day 12, day 15 and day 20, iPSC-derived aggregates were treated with 

10 μM EdU for 8 h and so that EdU could bind to the DNA during cell proliferation. Next, 

the aggregates were washed with PBS and treated with Accutase to produce single cells. 

Following centrifuge, the cells were washed three times with PBS containing 3% BSA and 

fixed with 4% formaldehyde for 20 min, then washed again with 3% BSA in PBS and 

permeabilized with 0.5% Triton X-100 in PBS for 20 min. Finally, the cells were stained with 

Click-iT reaction cocktail prepared according to the manufacturer’s instructions (Click-iT™ 

EdU Cell Proliferation Kit for Imaging, Alexa Fluor™ 488 dye, C10337, Invitrogen™, 

Thermo Fisher Scientific) for 30 min protected from light. The nuclei were stained with 

5 µg/ml Hoechst 33342 solution. Quantification of the EdU positive cells was performed by 

the FACS machine. 

4.15 Cryopreservation 

The iPSCs clones were thawed fast in a 37°C warm water bath and transferred into a culture 

dish containing rock inhibitor and culture medium. The next day, the medium was renewed, 

and the cells were passaged for at least three times prior to an experiment. To cryopreserve 

iPSCs, the cells were treated with Accutane as described above and re-suspended in a 

freezing medium (2 ml) containing medium, DMSO and FBS with the ratio of 5:1:4. After 

transferring the cells into cryovials, the cells were stored in freezing boxes at -80°C for three 

days and then transferred into liquid N2 for long-term storage. 

4.16 Cryosections  

The islet-like aggregates were collected from the plates, washed twice with PBS, and fixed 

in 2% paraformaldehyde (PFA) for 20 min at RT. Next, the aggregates were cryoprotected 

in a sequential gradient of 15% and 30% sucrose in PBS for 2 h. The samples were inoculated 

https://www.ncbi.nlm.nih.gov/nuccore/C10337
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overnight in 30% sucrose in PBS and tissue embedding medium (Leica) with the ratio of 1:1. 

Then, the aggregates were placed in a 100% tissue embedding medium, in an embedding 

mold, frozen using dry ice and stored at -80°C. In order to prepare cryosections, the 

embedded and frozen aggregates were cut in 20 µm sections using a cryostat (Leica), 

mounted on a glass slide, and dried for 30 min at RT before use or storage at -20°C. 

4.17 Immunofluorescence imaging 

The sections from cryosections step were permeabilized with 0.1 M Glycine and 0.2% Triton 

in PBS for 30 min. Next, they were blocked with the blocking solution (3% serum donkey, 

0.1% BSA and Tween20). The primary antibodies were added and incubated overnight at 4 

°C in blocking buffer. The next day, the cells were washed three times with PBS containing 

0.1% Tween-20 (PBS-T). Then, the secondary antibodies were diluted in blocking buffer, 

added, and incubated for 4 h at RT (the primary and secondary antibodies and their dilution 

are listed in Table 4.10 and Table 4.11). Following washing three times with PBS-T, nuclei 

were stained with DAPI diluted in PBS for 30 min. The slides were washed 3 times in PBS-

T and mounted with Evanol on glass slides. Images were taken by Zeiss confocal microscope. 

10 aggregates were analyzed per conditions in z-stacks of 10 µm distance. Finally, the images 

were analyzed using Fiji software (Fiji).  

Table 4.10. Primary antibody 

ID Protein Name Generated in Dilution Company 

817 CDKN2B / p15 INK4b rabbit IF 1:300 Life sicence  

814 CDKN2A/p16INK4a rabbit IF 1:300 Abcam 

815 CDKN2A/p14ARF rabbit IF 1:300 Abcam 

48 Glucagon guinea pig IF 1:500 Millipore 

82 Ki67 rabbit IF 1:300 Novocastra 

121 Insulin guinea pig IF 1:300 Thermo Fisher Scientific 

123 Pdx1 rabbit IF 1:300 NEB 
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192 Nkx6.1 goat IF 1:200 R&D systems 

197 Nkx6.1 rabbit IF 1:300 Acris/Novus 

199 Ki67 rabbit IF 1:300 Abcam 

215 Insulin rabbit IF 1:300 Thermo Fisher Scientific 

216 Glucagon guinea pig IF 1:500 TAKARA 

221 SOX2 goat IF 1:500 Santa Cruz 

227 OCT4 goat IF 1:500 Santa Cruz 

277  FOXA2 rabbit IF 1:500 Cell Signaling 

302 SOX17 goat IF 1:500 Neuromics 

315 Nestin mouse IF 1:500 Abcam 

 

Table 4.11. Secondary antibody 

ID Name Conjugated Dilution Company 

11 Alexa Fluor phalloidin 546 IC 1:40 Invitrogen 

18 Donkey anti-goat IgG 633 IC 1:500 Invitrogen 

23 Donkey anti-mouse IgG 488 IC 1:500 Invitrogen 

24 Donkey anti-rabbit IgG 555 IC 1:500 Invitrogen 

28 Donkey anti-chicken IgY 488 IC 1:500 Dianova 

45 donkey anti-rat IgG  649 IC 1:500 Dianova 

46 donkey anti-guineapig  649 IC 1:500 Dianova 

56 Donkey anti-mouse IgG 594 IC 1:500 Invitrogen 
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62 Donkey anti-rat IgG 647 IC 1:500 Dianova 

63 Donkey anti-goat IgG 594 IC 1:500 Invitrogen 

64 Donkey anti-rabbit IgG 594 IC 1:500 Invitrogen 

4.18 RNA isolation/cDNA synthesis/quantitative real-time PCR  

RNA isolation from the iPSCs was carried out using Trizol Reagent (Invitrogen, Carlsbad, 

CA). The RNA was eluted in 50 µl of nuclease-free water. Then it was stored at -80°C. The 

DNA or RNA concentration was measured by a NanoDrop. The purity of the DNA and RNA 

was assessed by the quotient of E260nm/E280nm and E260nm/E230nm which had to be between 1.8 

and 2.0. cDNA was synthesized using the SuperScript VILO cDNA synthesis kit (Invitrogen, 

Carlsbad, CA). To this end, the RNA solution (100-500 ng RNA), 5x VILO™ reaction mix, 

and 10x SuperScript™ enzyme were incubated at 25°C for 10 min before 120 min at 85°C. 

Afterward, the cDNA was stored at -20°C or -80°C. 

For the SOX2 gene targeting project, qPCR was carried out using SsoAdvanced Universal 

SYBR Green Supermix. qPCR reactions were carried out for XRCC4, DNAPK, and GAPDH 

genes (GenBank accession numbers: NM_003401.5, NM_006904.7, and NM_002046.3, 

respectively). For the INK4 project, the qPCR was performed using TaqMan™ probes (Table 

4.12) and 100 ng cDNA per reaction. Each reaction has a total of 20 µl, consisting 2 µl cDNA 

in nuclease-free water, 10 µl TaqMan™ Advanced master mix (Life Technologies), and 1 µl 

TaqMan probe™ (Life Technologies) and 7 µl nuclease-free water. After sealing the 96 well 

plates (Life Technologies) and its centrifugation for 1 min at 1000 rpm, the qPCR was 

performed using Viia7 (Thermo Fisher Scientific) using the following thermal conditions: 

initiation at 95°C for 30 sec, amplification for 40 cycles with denaturation at 95°C for 10 sec, 

annealing/extending at 60°C for 1 min. 

Table 4.12. Taqman primers and probes 

Gene Order Information Gene Order Information 
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ANRIL Hs03300540_m1 P14 Hs99999189_m1 

P15 Hs00793225_m1 MTAP Hs00559618_m1 

P16 Hs02902543_Mh DMRTA1 Hs00403012_m1 

GAPDH Hs04420632_g1 P16gama Hs07290632_m1 

P12 Hs04189686_m1 

TaqMan primers and Probes were purchased from Life Technologies 

4.19 Statistical Analysis 

To analyze qPCR data, the Ct-values, a point of the linear slope of fluorescence, were 

normalized among samples, transformed to linear expression values, and normalized on 

reference genes and the control samples as are shown by the following formula: 

Relative expression (gene) = (2Ct (mean genes) – Ct (gene)) / (2Ct (mean references) – Ct (reference)) 

Normalized expression (gene) = Relative expression (gene) / Relative expression control (gene) 

Significance was determined using a two-tailed unpaired and Welch corrected t-test. The 

expression of each gene transcript was calculated by normalizing the respective 

housekeeping gene. The expression of target genes was normalized to the expression value 

of the housekeeping gene of GAPDH. The P-values were calculated using a two-tailed 

Student’s t-test.  

We applied GraphPad Prism software (GraphPad, San Diego, CA, USA) to carry out 

statistical analyses. All experimental tests were repeated at least two or three times. Data 

represented are the mean ± S.D. using two‐tailed Student's t-test or one-way analysis of 

variance (ANOVA). The criterion for statistical significance were * indicated P-values 

smaller than 0.05, ** > 0.01, *** > 0.001 and **** > 0.0001. 
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