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Abstract 

The transcriptional regulation of developmental processes was extensively studied over the last years, 

yet there is still a considerable gap of knowledge concerning the mechanistic and metabolic cues, 

and underlying morphological events that accompany human pluripotent stem cell (hPSC) 

differentiation. In search of such signals, I first identified the Amotl2 gene in the single-cell  

RNA-sequencing (scRNA-seq) data of the developing murine pancreata from embryonic days 14.5 

(e14.5) and 16.5 (e16.5). Interestingly, despite conserved canonical markers, the endocrine 

progenitor (EP) populations from these timepoints differed significantly in their transcriptomes, with 

e16.5 EPs being more prone to form pancreatic β-cells, and e14.5 EPs preferentially forming α-cells. 

Amotl2 was specifically expressed in the subtype of e16.5 EPs, which reflected EPs delamination 

from epithelial cords, a poorly understood event that might influence endocrine cell fate.  

AMOTL2 is a member of the angiomotin family. It is a cytoplasmic protein that resides either in 

cytosol or at the cellular junctions, facilitating signal transduction, cytoskeleton organization,  

and modulation of signaling pathways. AMOTL2 in a known regulator of Hippo pathway  

and its downstream effector YAP. One of the aims of this thesis was identification of AMOTL2 

expression patterns in developing human pancreas in vivo and pancreatic differentiation in vitro using 

publicly available scRNA-seq datasets. AMOTL2 was expressed at the different stages of pancreatic 

differentiation, including definitive endoderm, pancreatic progenitors, and EPs, in vitro,  

and in EPs, mesenchyme, and acinar cells in vivo. AMOTL2 expression did not persist into mature 

endocrine cell. Importantly, here, for the first time, is shown the existence of the NGN3(+) / 

AMOTL2(+) EP population in human, in both in vitro and in vivo, which was previously identified 

only in mice. AMOTL2 expression was also identified in the preimplantation embryo and hPSCs, 

suggesting that it might influence also earlier cell fate decisions.  

In this thesis, I developed an AMOTL2 knockout (KO) hPSC line using CRISPR/Cas9 approach. 

During initial characterization, a strong phenotype concerning colony morphology emerged,  

with AMOTL2 KO hPSC colonies being more irregular and less tightly packed than in wild type 

(WT). Additionally, AMOTL2 KO hPSCs showed increased confluency compared to WT hPSCs, 

which was a result of increased proliferation and decreased apoptosis rates.  

RNA-sequencing revealed substantial changes in terms connected with cytoskeleton, adhesion,  

and migration, development, cell metabolism, and signaling pathways. It also shown a potential 

developmental bias of AMOTL2 KO cells towards ectoderm, at the expense of endoderm  

and mesoderm, which was confirmed with spontaneous and directed differentiation. In search  

of the mechanism behind the differentiation bias, the F-actin depolymerization and increased YAP 

activity were identified as possible culprits. Surprisingly, spontaneous differentiation with F-actin 

depolymerizing agent, Y-27632, or YAP inhibitor, verteporfin, failed to repeat or rescue AMOTL2 

KO developmental phenotype. This indicates that there are other, more potent players in the game, 
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by which AMOTL2 controls cell fate, which, based on RNA-sequencing and preliminary functional 

data, might include energy production mechanism or cellular metabolism. 
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Streszczenie 

W ostatnich latach prowadzone były szerokie badania nad regulacją transkrypcji w procesach 

rozwojowych, jednakże nadal istnieje znaczna luka w wiedzy o mechanistycznych i metabolicznych 

sygnałach, oraz zdarzeniach morfologicznych towarzyszących różnicowaniu ludzkich 

pluripotencjalnych komórek macierzystych (ang. human pluripotent stem cells, hPSCs).  

W poszukiwaniu takich sygnałów po raz pierwszy zidentyfikowałem gen Amotl2 w danych  

z sekwencjonowania RNA pojedynczych komórek (ang. single cel RNA-sequencing, scRNA-seq)  

z rozwijającej się mysiej trzustki z dni embrionalnych 14.5 (e14.5) i 16.5 (e16.5). Co ciekawe, 

pomimo zachowanych kanonicznych markerów, populacje progenitorów endokrynnych  

(ang. endocrine progenitors, EP) z tych punktów czasowych różniły się znacząco pod względem 

transkryptomu, przy czym EP z dnia 16.5 preferencyjnie tworzyły komórki β trzustki, a e14.5 EP 

preferencyjnie tworzyły komórki α. Amotl2 ulegał specyficznej ekspresji w podtypie e16.5 EP,  

który odzwierciedlał wychodzenie EP ze struktury sznurów nabłonkowych, słabo poznane zdarzenie, 

które z kolei może wpływać na los komórek endokrynnych.  

AMOTL2 należy do rodziny angiomotyn. Jest to białko cytoplazmatyczne, które znajduje się  

w cytozolu lub na połączeniach komórkowych, ułatwiając przekazywanie sygnału, organizację 

cytoszkieletu, i modulację szlaków sygnalizacyjnych. AMOTL2 jest znanym regulatorem szlaku 

Hippo i jego efektora – białka YAP. Jednym z celów niniejszej pracy była identyfikacja wzorców 

ekspresji genu AMOTL2 w rozwoju ludzkiej trzustki in vivo i różnicowaniu trzustki in vitro przy 

użyciu publicznie dostępnych zbiorów danych scRNA-seq. AMOTL2 ulegał ekspresji na różnych 

etapach różnicowania trzustki, w tym w endodermie właściwej, komórkach prekursorowych trzustki 

i EP in vitro, ale także w EP, mezenchymie i komórkach pęcherzykowych in vivo. Ekspresja genu 

AMOTL2  

nie utrzymywała się w dojrzałych komórkach endokrynnych. Co ważne, tutaj po raz pierwszy 

wykazano istnienie populacji NGN3(+) / AMOTL2(+) PE u człowieka, zarówno in vitro, jak i in vivo, 

którą wcześniej zidentyfikowano jedynie u myszy. Ekspresję AMOTL2 zidentyfikowano także  

w zarodku przedimplantacyjnym i hPSCs, co sugeruje, że może on wpływać również na wcześniejsze 

decyzje dotyczące losu komórki. 

W niniejszej pracy wyprowadziłam linię hPSC z wyłączoną ekspresją genu AMOTL2  

(ang. knockout, KO) przy użyciu metody CRISPR/Cas9. Podczas wstępnej charakterystyki wyłonił 

się silny fenotyp dotyczący morfologii kolonii, przy czym kolonie AMOTL2 KO hPSC były bardziej 

nieregularne i mniej ciasno upakowane niż u typu dzikiego (ang. wild type, WT). Dodatkowo hPSC 

AMOTL2 KO wykazywały zwiększoną konfluencję w porównaniu z hPSC WT, co było wynikiem 

ich zwiększonej proliferacji i zmniejszonych szybkości apoptozy.  

Sekwencjonowanie RNA ujawniło istotne zmiany w zakresie cytoszkieletu, adhezji oraz migracji, 

rozwoju, metabolizmu komórkowego i szlaków sygnałowych. Wykazano również potencjalne 
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tendencje rozwojowe komórek AMOTL2 KO w kierunku ektodermy kosztem endodermy  

i mezodermy, co zostało potwierdzone spontanicznym i ukierunkowanym różnicowaniem.  

W poszukiwaniu mechanizmu odpowiedzialnego za takie tendencje w różnicowaniu jako możliwych 

winowajców zidentyfikowano depolimeryzację F-aktyny i zwiększoną aktywność YAP.  

Co zaskakujące, spontaniczne różnicowanie z dodatkiem substancji depolimeryzującej F-aktynę,  

Y-27632 lub inhibitora YAP, werteporfiny, nie powtórzyło ani nie uratowało fenotypu rozwojowego 

AMOTL2 KO. Oznacza to, że w grze biorą udział inni, silniejsi gracze, za pomocą których AMOTL2 

kontroluje los komórek, a którzy w oparciu o sekwencjonowanie RNA i wstępne dane funkcjonalne 

mogą obejmować mechanizm wytwarzania energii lub metabolizm komórkowy. 
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1. Introduction 

1.1. Pluripotency 

1.1.1. Pluripotent stem cell characteristics 

The pluripotent stem cells (PSCs) are characterized by their ability to self-renew, meaning that after 

every cell division at least one descendant cell remains an undifferentiated stem cell.  

In consequence, under proper culture conditions, PSCs can proliferate indefinitely, providing  

a potentially unlimited pool of cells. The second characteristic is PSC capacity to differentiate  

into cells from all three germ layers, namely endoderm, mesoderm, and ectoderm. Due to these 

features, PSCs constitute a valuable research tool for disease modeling, drug testing and studying  

the developmental processes, with a potential use in regenerative medicine and cell-based therapies.  

Two main subtypes of PSCs can be distinguished - embryonic stem cells (ESC) and induced 

pluripotent stem cells (iPSC). The former are derived from embryos at the blastocyst stage  

by isolating the inner cell mass (ICM) where the PSCs reside. However, this procedure raises 

significant ethical concerns since ESC isolation destroys the embryo. Consequently, working  

with human ESCs (hESCs) is prohibited in some countries or, if permitted, it is strictly regulated.  

The development of iPSC derivation provided an answer to this issue. The iPSCs are derived from 

adult somatic cells by the genetic reprogramming and activation of the set of so-called pluripotency 

factors. The first hESCs were derived in 1998 (Thomson et al., 1998), while first human iPSCs were 

derived in 2007 independently by two teams by introducing OCT3/4, SOX2, KLF4, and c-MYC 

(Octamer-Binding Transcription Factor 3/4, SRY-Box Transcription Factor 2, Kruppel-Like Factor 

4, and MYC Proto-Oncogene, BHLH Transcription Factor) (Takahashi et al., 2007) or OCT3/4, 

SOX2, NANOG, and LIN28 (Nanog Homeobox and Lin-28 Homolog A) (Yu et al., 2007) to human 

fibroblasts.  

1.1.2. Regulation of hPSC pluripotency 

Pluripotency maintenance is crucial for the successful use of PSCs in research and medicine.  

Self-renewal and pluripotency of PSCs are governed by the intricate, highly interconnected network 

of the extrinsic signals and pluripotency-related pathways which regulate the core pluripotency 

factors, OCT3/4, SOX2, and NANOG. On another level, the core pluripotency factors are involved 

in the auto- and cross-regulatory circuits. Finally, the balance of the pluripotency factors expression 

decides between the self-renewal and differentiation. An overview on the pluripotency regulatory 

network in hPSCs is outlined in Fig. 1.  
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Fig. 1: Regulation of pluripotency in hPSCs. The main signaling pathways involved in pluripotency include 

PI3K/AKT pathway, MAPK pathway, TGFβ pathway and BMP signaling, canonical WNT pathway,  

and Hippo pathway. The pathways are highly interconnected and cooperate in pluripotency maintenance. 

Interplay between the pathways is designated with horizontal lines: arrow - activation, perpendicular line - 

inhibition, circle - modulation depending on the context. The pathways transduce the extrinsic signals to gene 

expression of core pluripotency genes, OCT3/4, SOX2, and NANOG, and other pluripotency-related genes. 

The core pluripotency factors are involved in several auto- and cross-regulatory loops tightly regulating their 

expression level. Balanced expression of pluripotency genes inhibits differentiation into extraembryonic  

and embryonic tissues, however overexpression (dashed arrows) might induce differentiation. 
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1.1.2.1. Signaling pathways involved in hPSC pluripotency 

Among the signaling pathways involved in hPSC pluripotency regulation we can distinguish: 

1) PI3K/AKT and MAPK pathway governed by IGF/FGF receptor activation 

2) TGFβ and BMP signaling pathways 

3) canonical WNT pathway 

4) Hippo pathway 

1.1.2.1.1. PI3K/AKT and MAPK signaling pathways 

The PI3K/AKT (Phosphatidylinositol 3-Kinase/AKT Serine/Threonine Kinase) and MAPK 

(Mitogen-Activated Protein Kinase) are interconnected signaling pathways involved in the hPSC 

pluripotency maintenance. Both pathways are kinase cascades, meaning that the signal is propagated 

by phosphorylation and activation of sequential kinases. In the PI3K/AKT pathway, ligand binding 

to the receptor leads to the phosphorylation of the intracellular domain of the receptor which recruits  

and activates PI3K kinase. Active PI3K kinase, in turn binds to the PIP2 (Phosphatidylinositol 4,5-

Bisphosphate) phospholipid which is a part of the plasma membrane. Phosphorylation by the PI3K 

kinase forms PIP3 (Phosphatidylinositol (3,4,5)-Trisphosphate) which facilitates the recruitment  

of PDK1 (Pyruvate Dehydrogenase Kinase 1) to the plasma membrane. PDK1 phosphorylates  

and activates AKT which can further phosphorylate many targets, including GSK3 (Yu & Cui, 2016).  

In MAPK cascade, ligand binding recruits the small GTPase RAS (Rat Sarcoma Virus, GTPase)  

to the plasma membrane where it is phosphorylated and activated, which in turn recruits and activates 

RAF (RAF proto-oncogene serine/threonine-protein kinase). The signal is then transmitted to 

MEK1/2 (Mitogen-Activated Protein Kinase Kinase 1/2) and further to ERK1/2 (Extracellular 

Signal-Regulated Kinase 1/2). ERK1/2 can phosphorylate multiple cytosolic and nuclear targets, 

indirectly and directly influencing gene expression (Plotnikov et al., 2011; Haghighi et al., 2018).   

1.1.2.1.2. TGFβ and BMP signaling 

The TGFβ (Transforming Growth Factor β) signaling pathway is essential for the hPSC self-renewal 

(Beattie et al., 2005; Xiao et al., 2006). Upon binding of TGFβ/Activin/Nodal signals to TGFβ 

receptors, SMAD2/3 (Mothers Against Decapentaplegic Homolog 2/3) proteins are activated by 

phosphorylation, which allows them to form a complex with SMAD4 (Mothers Against 

Decapentaplegic Homolog 4). The complex translocates into the nucleus where it regulates gene 

expression (Mullen & Wrana, 2017). 

BMP (Bone Morphogenetic Protein) signaling is closely connected to the TGFβ pathway.  

The binding of the BMP4 ligand to its receptor results in the phosphorylation and activation  

of SMAD1/5/8 (Mothers Against Decapentaplegic Homolog 1/5/8), which forms complex  

with SMAD4 and is translocated into the nucleus to aid gene expression. Contrary to murine PSCs, 
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where BMP signaling promotes pluripotency, in hPSCs BMP4 inhibits the expression  

of pluripotency factors and drives differentiation (G. Wang et al., 2005; C. Xu et al., 2005). 

1.1.2.1.3. Canonical WNT pathway 

In the absence of WNT (Wingless-Type MMTV Integration Site) ligand, β-CAT (β-catenin, 

CTNNB1, Catenin Beta 1) forms a destruction complex with GSK3, AXIN, CK1 and APC 

(Glycogen Synthase Kinase 3, Axin, Casein Kinase 1 Alpha 1, and APC Regulator Of WNT 

Signaling Pathway). This leads to β-CAT phosphorylation by GSK3 and CK1 which targets  

it for further ubiquitination and proteasomal degradation. As a result, β-CAT cannot enter the nucleus 

and influence gene expression (Angers & Moon, 2009; Stamos & Weis, 2013). Activation  

of the canonical WNT pathway begins with binding of the WNT ligand to the LRP (LDL Receptor 

Related Protein) and FZD (Frizzled Class Receptor) proteins located on the cell membrane.  

This promotes activation of DVL (Dishevelled Segment Polarity Protein) protein and sequesters 

AXIN, CK1 and GSK3, preventing formation of the degradation complex. Stabilized β-CAT 

accumulates in cytoplasm and can be translocated into nucleus where it promotes the gene expression 

via inhibition of the TCF (T-Cell Factor) repressors (Angers & Moon, 2009). Similar effects  

to the activation of the canonical WNT pathway can be achieved by pharmacological inhibition  

of GSK3 (Sato et al., 2004).  

1.1.2.1.4. Hippo pathway 

Hippo pathway consists of three major levels: upstream regulators, a core kinase cascade,  

and downstream effectors. Hippo is an inhibitory pathway that transduces mechanical stimuli,  

such as those resulting from e.g. cell-cell contact to control the activity of YAP (Yes Associated 

Transcriptional Regulator). Activation of Hippo pathway induces activation of MST1/2 

(Macrophage Stimulating 1/2)-mediated phosphorylation and activation of LATS1/2 (Large Tumor 

Suppressor Kinase 1/2), which subsequently phosphorylates the main Hippo downstream effectors – 

transcriptional coactivators YAP and TAZ (WW Domain Containing Transcription Regulator 1). 

Phosphorylated YAP/TAZ are sequestered in the cytoplasm and therefore inactive. Further 

phosphorylation leads to YAP/TAZ ubiquitination and degradation by the proteasome. In case  

of inactive Hippo signaling, unphosphorylated YAP/TAZ can be translocated into the nucleus where 

they bind to TEAD (TEA Domain Transcription Factor 1) and mediate gene expression (Meng et al., 

2016).  

1.1.2.2. The interplay between the signaling pathways regulating hPSC pluripotency 

The signaling pathways involved in the hPSC self-renewal are widely interconnected  

and they exert mutual regulation (Fig. 1). For some pathways, the studies yielded inconclusive results 

concerning their role in self-renewal vs differentiation, which might stem from the dose-dependent 
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effects of pathway modification and complex the interplay between different signaling pathways. 

PI3K/AKT, MAPK/ERK and TGFβ pathways appear to be the dominant signaling pathways 

ensuring the pluripotency maintenance, with PI3K/AKT exerting regulatory control over many 

pathways involved in pluripotency.  

PI3K/AKT pathway is necessary for hPSC pluripotency maintenance (Armstrong et al., 2006)  

and its activation leads to the upregulation of NANOG and OCT3/4 expression (Alva et al., 2011; 

Madsen, 2020). Pharmacological inhibition of the PI3K/AKT pathway results in the loss  

of pluripotency in hPSCs (Bendall et al., 2007; McLean et al., 2007). MAPK/ERK signaling is highly 

active in hPSCs and it enhances self-renewal and inhibits differentiation towards trophectoderm, 

primitive endoderm and ectoderm, both directly and by the induction of the TGFβ pathway 

(Armstrong et al., 2006; Eiselleova et al., 2009; Haghighi et al., 2018; J. Li et al., 2007). PI3K/AKT  

is primarily activated by IGF (Insulin Like Growth Factor) ligand, while MAPK responds to FGF2 

(Fibroblast Growth Factor 2), however high concentrations of FGF2 also activate PI3K/AKT 

pathway (J. Li et al., 2007; Singh et al., 2012). In turn, high AKT levels inhibit MAPK pathway  

via inhibition of ERK, keeping the ERK activity in the appropriate range for self-renewal, since 

elevated MAPK signaling promotes differentiation (Singh et al., 2012). Additionally, high FGF2 

concentration supports hPSC self-renewal via BMP signaling inhibition (Levenstein et al., 2006).  

There are conflicting results on the role of the TGFβ pathway in the hPSC self-renewal. While some 

report that TGFβ/Activin/Nodal signaling is required for the maintenance of hPSC pluripotency 

(Beattie et al., 2005; James et al., 2005; Xiao et al., 2006), others show that Activin A treatment 

promotes formation of mesendoderm, a common progenitor of definitive endoderm and definitive 

mesoderm lineages (K. A. D’Amour et al., 2005; McLean et al., 2007). Consistently with the former,  

the downstream effectors of TGFβ pathway, SMAD2/3, cooperate with NANOG, SOX2 and OCT3/4 

in the regulation of their target genes (Brown et al., 2011; Chng et al., 2010; James et al., 2005; 

Vallier, Mendjan, et al., 2009; R. H. Xu et al., 2008). However, SMAD2/3 were also shown to target 

definitive endoderm genes (Brown et al., 2011).  

The role of WNT in hPSC pluripotency maintenance is not fully understood. Sato et al. showed  

that activation of the WNT pathway by pharmacological inhibition of GSK3 support hPSC 

pluripotency without inducing differentiation (Sato et al., 2004). In contrast, Cai et al. reported  

that WNT activation by the treatment of hPSCs with WNT3A (Wingless-Type MMTV Integration 

Site 3A) promotes differentiation (Cai et al., 2007). The WNT pathway activity is minimal  

in undifferentiated hPSCs and increases upon differentiation (Davidson et al., 2012; Dravid et al., 

2005). The effect of GSK3 inhibition or WNT activation on hPSC pluripotency appears to be dose-

dependent, since minimal canonical WNT activation and basal β-CAT levels does not hinder hPSC 

self-renewal, while elevated levels induce differentiation. Additionally, the differences might  

also be attributed to the duration of treatment, since another study found that WNT3A treatment  

and GSK3 inhibitor treatment required 1 week and 3 weeks, respectively, to significantly impair 
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hPSC self-renewal (Davidson et al., 2012). Further, short-term activation of the canonical  

WNT pathway supports hPSC self-renewal by activation of PI3K/AKT in CDH1 (Cadherin 1) -

mediated mechanism. Conversely, long-term activation induces differentiation due to the increased 

levels of β-CAT (T. S. Huang et al., 2015). 

PI3K/AKT, MAPK/ERK, TGFβ and WNT pathways cooperate to maintain hPSC self-renewal  

and neither FGF2 nor TGFβ signaling alone can maintain the hPSC self-renewal (R. H. Xu et al., 

2008). While TGFβ signaling is essential for hPSC self-renewal in presence of active PI3K/AKT 

pathway, it drives the specification of definitive endoderm when PI3K/AKT signaling is absent 

(McLean et al., 2007; Singh et al., 2012; Vallier et al., 2005). In hPSCs PI3K/AKT pathway  

is activated which (1) regulates SMAD2/3, thereby activating NANOG expression, and (2) inhibits 

ERK, preventing GSK3 suppression. Active GSK3 forms degradation complexes with β-CAT  

and decreases its levels to sustain the level compatible with the pluripotency maintenance.  

Upon PI3K/AKT inhibition, SMAD2/3 levels increase and ERK is activated. ERK activation blocks 

GSK3-mediated β-CAT degradation. Stabilized β-CAT forms complex with SMAD2/3 shifting their 

target genes from pluripotency-related to differentiation-related (Singh et al., 2012). Further, 

suppression of TGFβ pathway in the presence of FGF2 promotes neuroectodermal differentiation of 

hPSCs (Vallier, Touboul, Chng, et al., 2009). 

The BMP signaling is inhibited in hPSCs (James et al., 2005). Activation of the BMP signaling  

in hPSCs leads to the decrease of OCT3/4, SOX2 and NANOG expression and drives differentiation 

towards trophectoderm and primitive endoderm cells (Greber et al., 2008; Vallier, Touboul, Brown, 

et al., 2009; R. H. Xu et al., 2008). 

Hippo pathway inhibition is essential for the pluripotency maintenance in hPSCs. LATS2 

knockdown (KD), synonymous with Hippo inhibition, significantly enhances the human iPSC 

generation from human fibroblasts (Qin et al., 2012). Further, knockdown of TAZ, mimicking Hippo 

activation, leads to the loss of pluripotency factor expression in hPSCs (Varelas et al., 2008).  

The expression of NANOG and OCT3/4 is regulated by the Hippo pathway (Beyer et al., 2013). 

Hippo pathway is involved in the crosstalk with TGFβ signaling. TAZ supports hPSC pluripotency 

by binding SMAD2/3 and regulating their translocation into the nucleus (Varelas et al., 2008)  

and YAP/TAZ KD reduces SMAD2/3 nuclear accumulation (Beyer et al., 2013). Loss of nuclear 

accumulation of SMAD2/3 results in neuroectoderm differentiation (Varelas et al., 2008). 

Downstream effectors of Hippo pathway, including YAP, TAZ, and TEAD proteins form a complex 

with SMAD2/3 and OCT3/4 to modulate the expression of the pluripotency factors while repressing 

mesendoderm-related genes (Beyer et al., 2013). Without YAP/TAZ and TEAD in the complex,  

the SMAD2/3 activity promotes mesendoderm differentiation (Beyer et al., 2013). YAP also prevents 

Activin A-mediated WNT3 expression which otherwise promotes mesendodermal commitment 

(Estarás et al., 2017). 
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1.1.2.3. The core pluripotency factors 

The core pluripotency factors, OCT3/4, SOX2 and NANOG are crucial for hPSC self-renewal  

(Fig. 1). OCT3/4 inhibits differentiation into extraembryonic (Babaie et al., 2007; Hay et al., 2004; 

Matin et al., 2004; Z. Wang et al., 2012) or mesodermal tissues (Hay et al., 2004; Rodriguez et al., 

2007; Z. Wang et al., 2012). Wang et al. suggested that this effect might be cell line-specific  

and connected with BMP pathway activation status (Z. Wang et al., 2012). NANOG expression  

in hPSCs blocks differentiation into ectoderm (Fong et al., 2008; Vallier, Mendjan, et al., 2009; Z. 

Wang et al., 2012) and extraembryonic tissues (Fong et al., 2008; Hyslop et al., 2005; Zaehres et al., 

2005). Several studies showed that SOX2 KD results in the promotion of trophectodermal  

and endodermal fates (Adachi et al., 2010; Fong et al., 2008). Interestingly, Wang et al. (Z. Wang et 

al., 2012) reported that SOX2 expression is not essential for pluripotency maintenance due to partial 

compensation by SOX3. SOX3 is expressed at low levels in hPSCs, yet it is upregulated upon  

SOX2 KD. In consequence, cells remain pluripotent, however they show a bias towards 

mesendodermal lineages upon spontaneous differentiation. KD of both SOX2 and SOX3 induces 

mesendoderm differentiation. How the overexpression of pluripotency factors affects hPSCs  

is not clear. Wang et al. (Z. Wang et al., 2012) overexpressed all three core pluripotency factors  

and did not observe induction of differentiation, and therefore concluded that in hPSCs core 

pluripotency factors act predominantly as differentiation repressors and their overexpression does 

not jeopardize pluripotency. However, they noted that cells with increased expression of each 

pluripotency factor carry a bias towards specific lineages. The overexpression of OCT3/4 improved 

definitive endoderm formation and inhibited ectodermal commitment (Z. Wang et al., 2012).  

This is consistent with another report showing that OCT3/4 overexpression induces endodermal fate 

(Rodriguez et al., 2007). The overexpression of NANOG entirely blocked ectoderm differentiation 

in the study by Wang et al.  (Z. Wang et al., 2012).  

The core pluripotency factors bind the promoters of multiple genes and act as activators  

for the pluripotency-related genes and repressors for differentiation-related genes (Boyer et al., 

2005). They also regulate the components of the pluripotency-related signaling pathways (Boyer et 

al., 2005; Davidson et al., 2012), for instance, OCT3/4 inhibits β-CAT in hPSCs (Davidson et al., 

2012).  

OCT3/4, SOX2, and NANOG are involved in auto- and cross-regulatory feedback loops. All three 

pluripotency factors were shown to bind to their own promoters and modulate their own expression 

(Boyer et al., 2005; Das et al., 2012). Additionally, NANOG is regulated by both SOX2 and OCT3/4 

in hPSCs (Boyer et al., 2005; Rodda et al., 2005; Z. Wang et al., 2012) and OCT3/4 also regulates 

SOX2 (Chavez et al., 2009). In contrast, Wang et al. state that while OCT3/4  

and NANOG co-regulate each other, SOX2 is not involved in this loop, since SOX2 KD 

does not affect OCT3/4 and NANOG expression (Z. Wang et al., 2012).  
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1.2. Early cell fate decisions in developing embryo 

1.2.1. Trophectoderm vs inner cell mass segregation 

The first cell specification event during mammalian development takes place in the preimplantation 

embryo. After fertilization, the cells undergo a series of symmetrical divisions, sequentially forming 

the structures containing 2, 4, 8, 16, and 32 cells. At the 32-cell stage, the cells begin differentiating 

into trophectoderm (TE) and ICM, ultimately forming blastocyst. In the blastocyst, TE cells form  

a single-layered sheet that surrounds a fluid-filled cavity, where the ICM cells reside in a tightly 

packed group. The TE and ICM cells differ in terms of morphology and gene expression. While  

the TE cells are polarized and express Cdx2 (Caudal Type Homeobox 2) and Gata3 (GATA Binding 

Protein 3) (Home et al., 2009; Ralston et al., 2010; Ralston & Rossant, 2008; Strumpf et al., 2005), 

the ICM cells remain non-polar and retain Oct3/4 and Nanog expression (Dietrich & Hiiragi, 2007; 

Ralston et al., 2010). Later in the development, TE cells will contribute to the extraembryonic tissue 

formation, including trophoblast and placenta, which are essential for the implantation.  

The ICM provides the pool of the pluripotent stem cells that will further differentiate into epiblast 

and give rise to all three germ layers, namely endoderm, mesoderm, and ectoderm, which will 

ultimately form the whole embryo (Fig. 2) (Fujimori, 2010; Marikawa & Alarcon, 2014; Stephenson 

et al., 2012; Zernicka-Goetz et al., 2009). The mechanism of TE vs ICM segregation in mouse 

blastocyst is relatively well studied and appears to be dependent on the Hippo pathway and Yap.  

Due to the ethical concerns, this kind of research was not performed in human (Zernicka-Goetz et 

al., 2009). 

 

 

 

 

 

 

 

 

 

Fig. 2: Early cell fate decisions  

in the developing embryo. During 

early embryo development PSCs 

segregate, forming trophectoderm, 

which will give rise to placenta  

and trophoblast, and ICM cells, 

which will differentiate into cells  

of three germ layers, namely 

ectoderm, endoderm, and 

mesoderm. ICM – inner cell mass. 
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1.2.2. The germ layer specification 

The fate decisions of ICM cells are crucial for the proper embryo formation. The ectoderm  

is specified by inhibition of canonical WNT, BMP, and TGFβ signaling and upregulation of FGF 

signaling (Kumar et al., 2021). The ectoderm will give rise to the nervous system, neural crest, tooth 

enamel, cornea and lens of the eye, and epidermis, together with its derivatives such as hair, nails, 

sweat glands, and sensory receptors. Further, mesendodermal determination relies on canonical 

WNT pathway inhibition and TGFβ activation. The endodermal derivatives include liver, pancreas, 

thymus, thyroid, and epithelial lining of respiratory, urinary, digestive, and reproductive systems. 

Mesodermal lineages differentiate into skeletal and muscle system, including cardiac muscles,  

and hematopoietic lineages (Fig. 2).  

1.3. The hPCS in vitro differentiation as a model for studies on cell fate decisions 

In vivo PSCs within ICM differentiate into all cells within the body in a highly regulated process  

that relies on the intricate balance of signaling pathways. The mechanisms behind this intrinsic 

regulation are not entirely understood. In vitro hPSCs retain their ability to self-organize  

and upregulate the signals needed for differentiation into cells of all three lineages, when deprived 

of the pluripotency-maintaining signals. This process is named spontaneous differentiation  

and results in the highly heterogeneous cell population. There are several systems for in vitro 

spontaneous differentiation, including micropatterned colonies, embryoid bodies, gastruloids  

and blastoids (Morales et al., 2021). Embryoid bodies (EBs) are three-dimensional (3D) aggregates 

of hPSCs which recapitulate some aspects of early development, such as tight cell packing  

and differentiation into all three germ layers, however, lack axial elongation typical for early 

developing embryos.  

As opposed to spontaneous differentiation, directed differentiation relies on mimicking the natural 

developmental processes and guiding cells through the consecutive developmental stages  

by the administration of a cocktail of growth factors and small molecules. Directed differentiation 

protocols are frequently used to derive a specific cell type of choice, e.g. pancreatic β-cells, liver 

cells, neurons.  

1.4. Pancreas 

1.4.1. Pancreas structure and function 

The pancreas is a glandular organ composed of the exocrine and endocrine compartments.  

The exocrine part, which accounts for ~95% of the pancreatic tissue, includes acinar and ductal cells. 

The acinar cells produce and secrete the digestive enzymes responsible for the breakdown  

of carbohydrates, proteins and fatty acids. The duct cells collect the enzymes and transport them into 
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the duodenum for digestion. The endocrine part comprises five types of hormone-producing cells:  

α, β, δ, ε and PP-cells, that secrete glucagon, insulin, somatostatin, ghrelin, and pancreatic 

polypeptide, respectively. The role of the endocrine cells is to collectively regulate blood glucose 

levels. Insulin decreases and glucagon increases the glucose concentration in blood,  

while somatostatin, ghrelin, and pancreatic polypeptide regulate the α- and β-cell function.  

The endocrine cells are organized in the clusters called the Langerhans islets. There are certain 

differences in the composition and architecture of human and murine Langerhans islets. Mouse 

pancreatic islets exhibit a characteristic core-mantle architecture with β-cells located within the core 

and other cell types surrounding them. Instead, in humans the endocrine cells are not highly 

organized, rather randomly distributed within islets. In mice pancreatic islets are composed  

of 60-80% β-cells, 15-20% α-cells, up to 10% δ-cell and rare ε and PP cells. In human, β-cells account 

for up to 50% of all endocrine cells, α-cells up to 40% and remaining cell types together up to 10% 

(Brissova et al., 2005; Steiner et al., 2010). Fig. 3 illustrates the pancreatic structure. 

 

1.4.2. Pancreatic development in vivo 

Pancreatic differentiation in human starts around 29-33 dpc (days post conception)  

with the endoderm thickening and forming two distinct buds, called dorsal and ventral pancreatic 

buds, which will subsequently fuse into a single organ around 37-40 dpc. The cells within the buds 

are multipotent pancreatic progenitors (MPPs), capable of differentiating into all pancreatic cell 

types. The MPPs are marked by the expression of PDX1, SOX9, GATA4, and NKX6.1 (Pancreatic 

and Duodenal Homeobox 1, SRY-Box Transcription Factor 9, GATA Binding Protein 4, and NK6 

Homeobox 1). Between 5 and 7 wpc (weeks post conception) MPPs proliferate, and buds undergo 

Fig. 3: Schematic structure of human pancreas. The pancreas is composed of the endocrine (α, β, δ, ε  

and PP) cells which collectively regulate blood glucose level by the production of the appropriate hormones, 

and exocrine (acinar and duct) cells which are responsible for the secretion and transport of the digestive 

enzymes. 
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morphogenesis to form microlumens, which then assemble into tubular structures called epithelial 

cords. Around 7 wpc epithelial cells within cords further specify into “tip” and “trunk” domains  

and form branching structures that will later become the ducts of the pancreas. Tip and trunk domains 

are distinguishable by the expression of GATA4, which is sustained in the tip cells and diminishes 

in the trunk cells. Together with the specification into tip and trunk domains, the MPPs potency 

becomes restricted. The tip cells, which lose NKX6.1 expression by 10 wpc and SOX9 expression 

between 10 and 14 wpc, will differentiate into acinar cells later in development. In turn, pancreatic 

progenitors within trunk domains are bipotent, capable of differentiating into both duct and endocrine 

cells. A transient expression of NGN3 (Neurogenin 3) marks EPs which will give rise to all endocrine 

cell types within the pancreas, while trunk cells without the NGN3 expression will eventually become 

duct cells (Jennings et al., 2013, Jennings et al.,2015; Nair & Hebrok, 2015). The NGN3 expression 

in humans starts around 8 wpc and continues until around 20 wpc, with new EPs being constantly 

born (Jennings et al., 2013; Salisbury et al., 2014). Unlike mice, which have biphasic Ngn3 

expression, humans exhibit only a single wave of NGN3 expression (Jennings et al., 2013; Salisbury 

et al., 2014). NGN3(+) EPs differentiate into endocrine cells, with β-cells being the first detectable 

hormone-producing cell type in human pancreatic development (Jeon et al., 2009; Piper et al., 2004). 

A unique feature of human pancreatic development is the presence of up to 30% of multihormonal 

INS(+) / GCG(+) cells within endocrine lineage (Anderson et al., 2013; Jeon et al., 2009; Riedel et 

al., 2012).  

The requirement of NGN3 for endocrine cell formation in humans has been unclear. Reported 

individuals carrying mutations in NGN3 gene, still showed a low but detectable secretion  

of the c-peptide (C-PEP), an insulin maturation by-product, indicating the presence and at least 

partial functionality of β-cells. All of the patients presented with diabetes, however the age of onset 

differed significantly, from 13 days-old to 23 years-old (Hancili et al., 2017; Rubio-Cabezas et al., 

2011, 2014; J. Wang et al., 2006; Zhang et al., 2019). The NGN3 knockout in hPSCs revealed  

that complete NGN3 deficiency prevents hormone-producing cell formation. In contrast, NGN3 KD, 

up to 90% only minimally affected the endocrine cells, which is in line with the idea that NGN3 

mutations in the patients were rather hypomorphic than truly null mutations (Mcgrath et al., 2015). 

In turn, Rosen et al. consistently detected a small number (~0.5%) of INS(+) cells in differentiated 

NGN3 knockout hPSCs, however the majority of them were not functional in terms of glucose-

stimulated insulin secretion. The authors suggest that while NGN3 is important for endocrine 

lineages, the requirement is not absolute and there might be a yet unidentified compensatory 

mechanism involved. Nevertheless, NGN3 is crucial for the efficient endocrine lineage 

differentiation (Rosen & Gonza, 2016). 
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1.4.3. In vitro directed differentiation of hPSCs towards pancreatic lineages 

Most pancreatic differentiation protocols involve up to 7 consecutive stages that mimic natural 

development: definitive endoderm (DE), primitive gut tube (PGT), posterior foregut (also called 

pancreatic endoderm), pancreatic progenitors (PPs), EPs, immature β-cells and maturing β-cells 

(Pagliuca et al., 2014; Rezania et al., 2014; Velazco-Cruz et al., 2019). The first step is differentiating 

hPSCs into DE cells, characterized by the expression of SOX17, FOXA2, and CXCR4 (SRY-Box 

Transcription Factor 17, Forkhead Box A2, and C-X-C Motif Chemokine Receptor 4).  

This is obtained by activating the canonical WNT and TGFβ pathways (K. D’Amour et al., 2005; K. 

a D’Amour et al., 2006; Velazco-Cruz et al., 2019; Pagliuca et al., 2014)). Next, cells differentiate 

into primitive gut tube, marked by SOX17, FOXA2, and HNF1B (HNF1 Homeobox B) (K. D’Amour 

et al., 2006; Kroon et al., 2008; Russ et al., 2015; Velazco-Cruz et al., 2019). Further, PPs  

are characterized by the expression of: PDX1, NKX6.1, and SOX9. Next, cells differentiate into EPs, 

marked by PDX1, NKX6.1, NGN3, NEUROD1 (Neuronal Differentiation 1), and CHGA 

(Chromogranin A). The last step of the differentiation are β-cells, which should show the expression 

of PDX1, NKX6.1, and CHGA, INS (Insulin), and C-PEP (C-peptide). Mature β-cells do not express 

any other pancreatic hormones, e.g. GCG (Glucagon) or SST (Somatostatin). The overview  

on the in vitro pancreatic differentiation can be found at Fig. 4. For the proper differentiation,  

not only induction of the pancreatic fate is necessary, but also inhibition of the alternative cell fates. 

     

 

Fig. 4: An overview on the stages of in vitro pancreatic differentiation. hPSC – human pluripotent stem 

cell, DE – definitive endoderm, PGT – primitive gut tube, PP – pancreatic progenitor, EP – endocrine 

progenitor. 

While we generally know how to guide cells into the pancreatic β-cells, there is still room for 

improvement. Firstly, the efficiency of the pancreatic differentiation decreases with each successive 

step - while current protocols yield high numbers of differentiated cells at early stages, for instance 

with 95% efficiency in DE generation, only 20-50% of cells ultimately differentiate into β-cells. 

Secondly, many differentiation protocols generate multihormonal cells, which fail to terminally 

differentiate into functional β-cells and do not respond to changing glucose levels in a proper manner.  

It was shown that premature expression of NGN3 drives the formation of multihormonal cells 
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(Hogrebe et al., 2020; Johansson et al., 2007). Next, β-cells obtained by in vitro differentiation often 

exhibit decreased insulin content and secretion, and blunted response to glucose compared  

to the primary human islets (Hanley, 2014; Kushner et al., 2014; Pagliuca et al., 2014; Rezania et al., 

2014).  

Although the transcriptional regulation of the developmental processes was extensively studied over 

the last years, there is a considerable gap of knowledge concerning the mechanistic cues  

and underlying morphological events that accompany differentiation. In search of such signals,  

we identified AMOTL2 as a potential regulator of hPSC cell fate.  

1.5. AMOTL2 

1.5.1. Angiomotin family proteins 

Human angiomotin (AMOT) was initially identified in the yeast two-hybrid system through its ability 

to bind angiostatin, a potent inhibitor of angiogenesis and metastases. Angiomotin promotes 

endothelial cell migration, while angiostatin antagonizes its function, likely by blocking  

complex formation with other proteins (O’Reilly et al., 1994; Troyanovsky et al., 2001).  

Two additional proteins with high sequence similarity were identified as members of the angiomotin 

family and named AMOTL1 (Angiomotin Like 1) and AMOTL2 (Angiomotin Like 2). The protein 

sequences of all three family members are highly conserved across species. AMOTL1 and AMOTL2 

lack the angiostatin-binding domain of AMOT and therefore are unlikely to bind angiostatin (Bratt 

et al., 2002). All angiomotin family members share five highly conserved regions within their amino 

acid (aa) sequence (the aa positions provided are for AMOTL2):  

1) YAP-binding regions, which in AMOTL2 include LPTY and PPQY motifs located  

at 104-107aa and 210-213aa, respectively. AMOT and AMOTL1 have one more  

YAP-binding site; 

2) LATS phosphorylation site at S159, within the HVRSLS motif (154-159aa);  

3) actin-binding region, 142-175aa; 

4) putative coil-coiled domain, also called angiomotin domain: 308-737aa; 

5) PDZ-binding motif EILI (777-780aa) 

Despite the high sequence and domain similarity among angiomotins, AMOTL2 is a unique member 

of the family. First, phylogenetic analysis showed that while all three proteins share the evolutionary 

origin, AMOTL2 seems to be an evolutionary outlier compared to AMOT and AMOTL1 (Bratt et 

al., 2002). Second, AMOTL2 but not AMOT or AMOTL1 is a downstream target of both YAP  

and TAZ (Lee et al., 2018). Next, AMOTL2 is uniquely regulated and phosphorylated by mTORC2-

RICTOR (Mechanistic Target Of Rapamycin Kinase Complex 2 -  RPTOR Independent Companion 

Of MTOR Complex 2) complex, while other angiomotins are not associated with the complex  

and lack the S760 phosphorylation site (Artinian et al., 2015). Further, the NEDD4 (NEDD4 E3 
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Ubiquitin Protein Ligase) ubiquitin ligase promotes degradation of AMOT and AMOTL1  

but not AMOTL2 (Chenji Wang et al., 2012). AMOTL2 directly binds AKT and decreases  

its phosphorylation but AMOTL1 does not show a functional redundancy in AKT signaling (Han et 

al., 2017). At the pluripotency stage, Amotl2 but not Amotl1 is expressed in mouse preimplantation 

embryos (Hirate et al., 2013), and similarly, in human, AMOTL2 is the most abundant family 

member in ICM and naive PSCs (Subramani et al., 2023).  

1.5.2. Identification of Amotl2 as delaminating EP marker in e16.5 murine pancreas 

We first identified the Amotl2 gene in the single-cell RNA-sequencing (scRNA-seq) data  

of the developing murine pancreata performed by a former PhD student of Prof. Borowiak, Marissa 

Scavuzzo (Scavuzzo et al., 2018). The scRNA-seq revealed that Ngn3(+) EPs from embryonic day 

(e)14.5 and e16.5 group into four transcriptionally distinct clusters, aligning with a developmental 

trajectory that reflects EP maturation (Fig. 5A-D). This suggests that new Ngn3(+) EPs are constantly 

born at both timepoints, and they undergo similar maturation. Interestingly, despite conserved 

canonical markers, e14.5 and e16.5 EPs cluster separately on the principal component analysis (PCA) 

plots (Fig. 5E), suggesting that corresponding subtypes change over time. As assessed by single-cell 

Assay for Transposase-Accessible Chromatin (ATAC)-sequencing, gene expression and chromatin 

accessibility, the key α- and β-cell motifs become enriched at e14.5 and e16.5, respectively (Fig. 5F). 

Additionally, more Gcg(+) endocrine cells are born at e14.5, while Ins(+) cells are dominant at e16.5 

(Fig. 5G), indicating that EPs are temporally biased, with e16.5 EPs being more prone to form  

β-cells, and e14.5 EPs preferentially forming α-cells. As my Master thesis, I further analyzed  

the Ngn3(+) EP scRNA-seq data, to identify candidate genes involved in EP regulation. My task  

was to analyze e16.5 dataset, as the one biased towards β-cell fate and in cluster 2 (subtype 2),  

which exhibited high expression of EMT (epithelial-mesenchymal transition) and mesenchymal 

genes, together with epithelial genes, potentially reflecting EP delamination from the pancreatic 

epithelium, a poorly understood process that might influence endocrine cell fate. I hypothesized  

that cell fate and delamination are interconnected, namely morphological changes and mechanistic 

signals during EP exit from epithelial cords influence endocrine cell fate determination. Therefore,  

I selected a group of genes uniquely enriched in subtype 2 (EP2) of e16.5 EPs, one of which was 

Amotl2 (Fig. 5H, first panel), on which I focus in this thesis.  
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Fig. 5: Amotl2 expression in murine pancreatic development by scRNA-seq. A-G from (Scavuzzo et al., 

2018); A, C. Subclustering of e14.5 (A) and e16.5 (C) Ngn3(+) cells visualized using tSNE. Colors indicate 

cluster identity. Clusters were numbered by developmental trajectory. B, D. Pseudotemporal ordering of single 

cells from e14.5 (B) and e16.5 (D) revealing the developmental trajectory. E. PCA of e14.5 and e16.5 Ngn3(+) 

cell subtypes and original Ngn3(+) cell clusters. As a control, e14.5 BPs are shown in yellow. F. Top 

differentially enriched motifs in accessible chromatin regions of e14.5 (in navy) and e16.5 EPs (in light blue). 

G. Quantification of Gcg(+) cell number over Ins(+) cell number from e14.5 and e16.5 pancreata. N=4  
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for e14.5 and N=6 for e16.5. p < 0.005 by two-sided Student’s t-test. H. Amotl2, Amot, and Amotl1 mRNA 

expression in EP subtypes at e14.5 and e16.5. tSNE – t-distributed stochastic neighbor embedding,  

PCA – principal component analysis, BPs – bipotent progenitors, AU – arbitrary units 

Amotl2 expression was 2.5-fold higher in e16.5 EP2 than in EP1 and EP3 from the same timepoint 

and 16-fold higher than in e14.5 EP2 (Fig. 5H). I also examined the expression of other angiomotin 

family members. Amot was generally expressed at very low levels in EPs from both timepoints  

and undetectable in e16.5 EP2, EP3, and EP4 (Fig. 5H, middle panel). While the Amotl1 expression 

(Fig. 5H, right panel) followed a somewhat similar pattern to Amotl2, with an increase in e16.5 EP2, 

it was expressed at the markedly lower levels. To conclude, Amotl2 is a dominant family member  

in murine Ngn3(+) EPs and is highly upregulated in 16.5 EP2. 

If AMOTL2 is expressed in human in vivo pancreatic differentiation and if the population  

of AMOTL2(+) EPs exists in human, remains unknown. 

1.5.3. AMOTL2  

AMOTL2 is a cytoplasmic protein that localizes either in cytosol or at the cellular junctions, 

facilitating signal transduction, cytoskeleton organization, and modulation of signaling pathways. 

Angiomotins, including AMOTL2, are known regulators of Hippo pathway. By the interactions  

with YAP/TAZ and LATS1/2, AMOTL2 regulates Hippo pathway regulation on multiple levels. 

First, AMOTL2 directly binds YAP/TAZ (Fig. 6, Fig. 7) and sequestrates them in the cytoplasm , 

therefore inhibiting their activity (Lucci et al., 2013; Paramasivam et al., 2011; W. Wang et al., 2011; 

Zhao et al., 2011). Second, AMOTL2 binds to LATS1/2 and promotes its autophosphorylation  

and activation (Fig. 6, Fig. 7). LATS1/2 phosphorylation is further passed onto YAP, which marks 

it for ubiquitination and degradation (Chan et al., 2013; Mana-Capelli & McCollum, 2018; 

Paramasivam et al., 2011). Third, AMOTL2 is one of the YAP/TAZ downstream regulated genes, 

Fig. 6: AMOTL2 cooperates with Hippo pathway to regulate YAP/TAZ activity. P - phosphorylation 
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which forms a negative feedback loop (Fig. 6) (Han et al., 2017). Additionally, AMOTL2  

can be phosphorylated by LATS1/2 at S159, which inhibits its ability to bind F-actin, simultaneously 

promoting YAP binding (Chan et al., 2013). Due to the close proximity of YAP-binding sites, 

LATS1/2 phosphorylation site and actin-binding region, actin competes with YAP (Hildebrand et 

al., 2017; S. Mana-Capelli et al., 2014) and  LATS1/2  (S. Mana-Capelli et al., 2014)  for  binding  

to  AMOTL2 (Fig. 7). Binding of a scaffold junctional protein MAGI1, which associates with actin,  

is also dependent on AMOTL2 LPTY YAP-binding sites (Fig. 7) (Hildebrand et al., 2017; Hultin et 

al., 2014; Kantar et al., 2021). Interaction with PAR is essential for AMOTL2-actin association,  

which is involved in establishing cell polarity (Fig. 7) (Hultin et al., 2017; Mojallal et al., 2014). 

AMOTL2 can also associate with CDH1 (Fig. 7) (Hildebrand et al., 2017).  

Apart from the Hippo pathway, AMOTL2 is involved in FGF and canonical WNT signaling. 

AMOTL2 was reported to negatively regulate AKT phosphorylation and activation by direct 

association (Fig. 7) (Han et al., 2017; W. Wang et al., 2011). Wang W. et al. also described AMOTL2 

inhibiting effect on ERK activity (W. Wang et al., 2011). In contrast, in the study by Wang Y. et al. 

AMOTL2 positively regulated MAPK/ERK signaling in PDZ-independent mechanism (Y. Wang et 

al., 2011). AMOTL2 was phosphorylated at Y107 by FGF receptor kinase activity which allowed  

it to bind c-SRC and retain it in the cytoplasm (Fig. 7), where it phosphorylated and activated  

the MAPK/ERK signaling cascade (Y. Wang et al., 2011). As for canonical WNT signaling, 

AMOTL2 regulated WNT pathway trapping β-CAT in recycling endosomes (Fig. 7), which blocks 

its translocation into nucleus and subsequent activation of gene expression in both zebrafish and 

human (Agarwala et al., 2015; X. Chen et al., 2021; Hultin et al., 2014; Z. Li et al., 2012).  

AMOTL2 was reported to regulate cell size, tissue architecture, and cytoskeleton, predominantly  

in Hippo-dependent manner, in various endothelial and epithelial, immortalized and transformed, 

mouse, canine, and human cell lines. However, AMOTL2 role in primed hPSCs was not previously 

studied. Dattani et al. knocked out AMOTL2 in naive hPSCs, which resulted in destabilization  

of the naive pluripotency and differentiation towards trophectoderm (Dattani et al., 2022). Naïve, 

primed, and formative pluripotency are different pluripotency stages. Under standard culture 

conditions, hPSCs cell lines are a mixture of primed and formative pluripotency, with the proportions 

depending on the cell line (Arthur et al., 2024). With specific culture conditions applied, hPSCs can 

be maintained in the naive stage. The pluripotency stages differ significantly in terms of colony 

morphology, gene regulatory networks and pathway dependency, epigenetic state, energy 

metabolism, self-renewal and ability to form all three germ layer derivatives in vitro (Arthur et al., 

2024; Pera & Rossant, 2021), and therefore it is reasonable that AMOTL2 deficiency might have  

a different influence on primed and naive hPSCs. The AMOTL2 mRNA expression was observed  

in human iPSCs (Pagliari et al., 2021) and the presence of AMOTL2 protein was identified in hPSC 

line H9 (Zaltsman et al., 2019), but its role was not followed up by authors. AMOTL2 mRNA  
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and protein expression were also identified in human blastocyst (Hildebrand et al., 2017),  

yet the functional experiments in this paper were performed with mouse blastocysts. 

 

Fig. 7: An overview on AMOTL2 functional domains and interacting partners; * - phosphorylation, UB - 

ubiquitination, K – lysine, S – serine,    - binding & sequestration;        - activation;      - inhibition; colors  

of the proteins correspond with the binding places within AMOTL2 sequence 
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2. Aims of the thesis 

 

 

1. To establish AMOTL2 expression patterns in developing human pancreas in vivo  

and confirm the existence of the NGN3(+) / AMOTL2(+) EPs. 

2. To establish AMOTL2 expression patterns in hPSCs in vitro and confirm the existence  

of the NGN3(+) / AMOTL2(+) EPs. 

3. To assess the transcriptional differences between AMOTL2(+) and AMOTL2(-) populations 

in human EPs. 

4. To design and generate hPSC lines with AMOTL2 KO. 

5. To identify AMOTL2 KO phenotype in hPSCs. 

6. To identify AMOTL2 influence on pluripotency and cell fate. 
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3. Results 

3.1. AMOTL2 is expressed in hPSCs and during in vivo pancreatic development  

In this dissertation I investigated the expression and role of AMOTL2 in human context. For that, 

I performed a broad meta-analysis of the publicly available scRNA-seq datasets to explore  

the AMOTL2 expression patterns in hPSCs and pancreatic differentiation. 

3.1.1. AMOTL2 is expressed in NGN3(+) EPs and other cell types in human fetal 

           pancreas in vivo and human pancreatic differentiation in vitro 

Olaniru et al. (Olaniru et al., 2023) provided a comprehensive work including scRNA-seq data from 

human fetal pancreas samples from 10 developmental stages, from 8 wpc to 20 wpc, as a publicly 

available gene browser. I analyzed the AMOTL2 mRNA expression, to reveal that it could  

be observed in mesenchyme, endothelial, duct, acinar, and Schwann cells, but importantly,  

also in the fraction of NGN3(+) EPs and early endocrine cells (Fig. 8A, B). I extracted the specific 

Fig. 8: AMOTL2 expression in NGN3(+) EPs in scRNA-seq of the human developing pancreas  

from  (Olaniru et al., 2023). A. Expression of NGN3 and AMOTL2 in the different fetal pancreatic cell types. 

B. The close-up on the EP/endocrine cell cluster with NGN3 and AMOTL2 expression. C. The number  

of NGN3(+) cells and NGN3(+) / AMOTL2(+) cells identified at the consecutive developmental stages 

normalized to 1 000 sequenced cells. D. Fraction of AMOTL2(+) cells among NGN3(+) EPs. EPs – endocrine 

progenitors; UMAP - Uniform Manifold Approximation and Projection 
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cell numbers (Table 1) showing 524 NGN3(+) cells within 53 204 sequenced cells among  

10 developmental stages.  

This accounts for less than 1% of all cells, showing how small and transient the NGN3(+) EP 

population is. I also identified the NGN3(+) / AMOTL2(+) population, which was previously only 

identified in mice (Scavuzzo et al., 2018). Among NGN3(+) EPs, 47 cells also co-expressed 

AMOTL2, which is 9% of NGN3(+) cells, and 0.09% of all sequenced cells. For this reason, scRNA-

seq is an extremely valuable tool to study NGN3(+) / AMOTL2(+) progenitors, since conventional 

methods lack the resolution needed to detect populations this small. The NGN3(+) EPs were present 

at all stages, from 8 wpc to 20 wpc, which is consistent with a previous knowledge about human 

pancreatic development (Jennings et al., 2013; Nair & Hebrok, 2015; Salisbury et al., 2014).  

The peak in NGN3 expression occurred between 14 wpc and 16 wpc. There was a dramatic drop  

in NGN3(+) EP number at 15 wpc, yet this might be a technical artifact, since the number  

of sequenced cells was significantly lower than at other timepoints (Table 1). Further, I showed  

that the highest number of NGN3(+) EPs, calculated per 1 000 sequenced cells, was present  

at 16 wpc, while the greatest number of NGN3(+) / AMOTL2(+) cells could be found at 14 wpc  

(Fig. 8C, Table 1). Within the stages with higher numbers of NGN3(+) EPs (10 - 19 wpc),  

the fraction of AMOTL2(+) cells among NGN3(+) EPs reached the highest values of 20%  

at 12 and 13 wpc (Fig. 8D, Table 1). 

Table 1: AMOTL2 mRNA expression in NGN3(+) EPs in scRNA-seq of the human developing pancreas. 

Based on (Olaniru et al., 2023). 

 
NGN3(+) 

NGN3(+) / 

AMOTL2(+) 

% of AMOTL2(+)  

in NGN3(+) 

Total number of 

sequenced cells 

8 wpc 5 2 40% 8 267 

10 wpc 33 5 15% 5 284 

12 wpc 56 12 21% 7 874 

13 wpc 35 7 20% 6795 

14 wpc 108 14 13% 6 168 

15 wpc 2 0 0% 1 579 

16 wpc 161 1 1% 3 557 

18 wpc 48 4 8% 6 347 

19 wpc 70 1 1% 5 814 

20 wpc 6 1 17% 1 519 

TOTAL 524 47 9% 53 204 

Further, I performed the immunofluorescent staining at 10 wpc and 13 wpc human fetal pancreas 

and confirmed AMOTL2 protein expression at both timepoints. I quantified the numbers  

of AMOTL2(+) cells and the level of its co-expression with other pancreatic markers. I found more 

AMOTL2(+) cells at 13 wpc than at 10 wpc, which is in line with scRNA-seq data (Olaniru et al., 

2023). At 10 wpc all AMOTL2(+) cells co-expressed the pan-endocrine marker CHGA and 90%  
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of AMOTL2(+) cells co-expressed β-cell marker, C-PEP (Fig. 9A, B). At 13 wpc, the vast majority 

of AMOTL2(+) cells (~95%) co-expressed CHGA and α-cell marker GCG (Fig. 9E, F), and ~50% 

co-expressed also β-cell marker C-PEP (Fig. 9C, D, F). This is consistent with the presence  

of multihormonal C-PEP(+) / GCG(+) cells during early pancreatic development (Riopel et al., 

2014). There were almost no AMOTL2(+) / SST(+) cells at 13 wpc (Fig. 9D, F). 

Fig. 9: AMOTL2 protein expression in the samples of human developing pancreas from 10 and 13 wpc. 

A. Representative images of immunofluorescent staining at 10 wpc against AMOTL2 (white), CHGA (green), 

and C-PEP (red). Nuclei are stained in blue with DAPI. The arrows and close-up show cells co-expressing all 

three proteins. Scale bar = 50 μm. B. Quantification of protein co-expression at 10 wpc, showing the fraction 

of AMOTL2(+) / CHGA(+) or AMOTL2(+) / C-PEP(+) cells. C-E. Representative images  

of immunofluorescent staining at 13 wpc: C. against AMOTL2 (white), CHGA (green), and C-PEP (red).  

D. against AMOTL2 (white), SST (green), and C-PEP (red). E. against AMOTL2 (white), GCG (green),  

and C-PEP (red). Nuclei are stained in blue with DAPI. The arrows and close-ups show cells co-expressing 

different combinations of markers. Scale bar = 50 μm. F. Quantification of protein co-expression at 13 wpc, 

showing the fraction of AMOTL2(+) / CHGA(+), AMOTL2(+) / GCG(+), AMOTL2(+) / C-PEP(+), 

AMOTL2(+) / SST(+) or triple-positive AMOTL2(+) / GCG(+) / C-PEP(+) cells. 
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I also performed the meta-analysis of scRNA-seq data from hPSC pancreatic differentiation,  

which serves as an in vitro model of human pancreatic development. In both analyzed datasets, 

AMOTL2 was expressed at the very low levels from the beginning of the differentiation,  

Fig. 10: AMOTL2 expression in scRNA-seq datasets of hPSC pancreatic differentiation from (Weng et 

al., 2020) (A-B) and (Sharon, Vanderhooft, et al., 2019) (C). hESC – human embryonic stem cells,  

ME – mesendoderm, DE – definitive endoderm, FG – foregut, PSC – pancreatic stellate cells, H1 – H1 cell 

line, S – stage, D – day, FPKM – fragments per kilobase million 
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with the peak at the PP stage (stage 4) and in early EPs (stage 5), and its expression did not persist 

into endocrine β-cells (Fig. 10A, C)(Sharon, Vanderhooft, et al., 2019; Weng et al., 2020). 

Additionally, in the first dataset, the low expression of AMOTL2 could be found in duct-like cells 

(Fig. 10A) (Weng et al., 2020). The highest expression of AMOTL2 occurred in the branch 

unidentified by authors yet based on the expression of VIM (Vimentin), COL1A1 (Collagen Type I 

Alpha 1 Chain), and COL1A2 (Collagen Type I Alpha 2 Chain), I hypothesized that it could  

be a mesenchymal lineage (Fig. 10A, B). 

Further, I analyzed the scRNA-seq data of in vitro pancreatic differentiation from our laboratory.  

The original experiment was carried out by Dr. Natalia Ziojła as a part of her PhD thesis, to compare 

wild type (WT) and ETV1 KO cells at day 12 (d12) of pancreatic differentiation. Day 12 in our 

protocol is stage 4 when both PP and EP cells are present. Using Loupe Browser, I analyzed  

the scRNA-seq data using only WT dataset and identified the clusters based on the known marker 

gene expression (Fig. 11A). I assigned the VIM(+) / COL1A1(+) cluster as mesenchyme  

(Fig. 11A-C), NKX6.1(+) / PDX1(+) cluster as PPs (Fig. 11A, D, E), NGN3(+) cluster as early EPs 

(Fig. 11A, G), and NGN3(-) / NEUROD1(+) cells as late EPs which adopt endocrine fate  

(Fig. 11A, G, H). I further subclustered PP and NGN3(+) EP populations to extract AMOTL2(+) cells 

in both groups. Among total of 5 943 sequenced cells, 393 NGN3(+) cells (6.6% of total population) 

and 70 NGN3(+) / AMOTL2(+) cells (1.2% of total population and 17.8% of NGN3(+) EPs were 

identified. Among 4 696 PP cells, 1 281 co-expressed AMOTL2 (27.3% of PPs and 21.6%  

of all sequenced cells). AMOTL2 expression was also identified in 47% of the mesenchymal cells.  

Next, I plotted the expression of known EP/early endocrine markers. During development, NGN3 

appears first, marking the start of the EP population, and activating the expression of its downstream 

target NEUROD1 (H.-P. Huang et al., 2000). CHGA is activated in EPs that adopt endocrine cell fate 

and start to express pancreatic hormones (Portela-Gomes et al., 2008). FEV (FEV Transcription 

Factor, ETS Family Member) was identified in mice as a late EP/early endocrine marker  

and its expression was also confirmed in human development (Byrnes et al., 2018). Finally,  

INS is expressed in late EP and committed β-cells. In our scRNA-seq data from d12 pancreatic 

differentiation these markers followed similar pattern, increasing from NGN3(+) / AMOTL2(+) cells, 

through NGN3(+) / AMOTL2(-) cells, up to late EPs (Fig. 11G-K), which suggests that NGN3(+) / 

AMOTL2(+) cells are the developmentally younger EP population than NGN3(+) / AMOTL2(-) cells.  

Further, I extracted a group of differentially expressed genes (DEGs) between NGN3(+) / 

AMOTL2(+) and NGN3(+) / AMOTL2(-) EPs. Within genes upregulated in NGN3(+) / AMOTL2(-) 

EPs there were CHGA and INS (Fig. 12A), which further confirms that this cluster is developmentally 

older than NGN3(+) / AMOTL2(+) EPs. Interestingly, several genes connected with cell adhesion  

and migration were identified among the genes upregulated in the NGN3(+) / AMOTL2(+) cluster 

(Fig. 12A). For instance, FN1 (Fibronectin 1) gene was identified, which is known to regulate cell 

adhesion, migration processes including those during embryogenesis, wound healing, and metastasis 
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Fig. 11: The analysis of the scRNA-seq of day 12 hPSC pancreatic differentiation (performed  

in our laboratory by Dr. Natalia Ziojła). A. The UMAP plots for two biological replicates with marked 

clusters. Numbers in the brackets indicate the number of cells in respective clusters. B-K. Expression  

of the selected genes in clusters. B-C. marker genes for the mesenchyme cluster: VIM (B) and COL1A1 (C); 

D-E. marker genes for the PP cluster: NKX6.1 (D) and PDX1 (E); F. AMOTL2 expression; G-K. expression  

of EP/early endocrine markers: NGN3 (G), NEUROD1 (H), FEV (I), CHGA (J), INS (K). WT - wild type, 

MITO - mitochondrial, PP - pancreatic progenitors, EP - endocrine progenitors, MES - mesenchyme,  

A - AMOTL2 

(Patten & Wang, 2021; Zollinger & Smith, 2017). Further, SLIT3 (Slit Guidance Ligand 3),  

which interacts with Roundabout signaling pathway to affect cell migration by actin polymerization 

and is required for β-cell survival (Geutskens et al., 2012; Yang et al., 2013). SEMA3C (Semaphorin 

3C) is a neuronal guidance cue and correlates with changes in cell invasion and adhesion in cancer 

(Bica et al., 2023; Toledano et al., 2019). FRAS1 (Fraser Extracellular Matrix Complex Subunit 1) 

is predicted to regulate epidermal-basement membrane adhesion and organogenesis an to be involved 

in ECM organization (Pavlakis et al., 2011; Short et al., 2007). Finally, NRG3 (Neuregulin 3) affects 

neuroblast proliferation, migration, and differentiation by signaling through ERBB4 (Erb-B2 

Receptor Tyrosine Kinase 4) (Anton et al., 2004; Howard, 2008).  

Next, I performed the functional term enrichment analysis to compare NGN3(+) / AMOTL2(+)  

with NGN3(+) / AMOTL2(-) population (Fig. 12B). The biological processes upregulated  

in NGN3(+) / AMOTL2(+) cluster included terms associated with development (nervous system 

development, neural tube development, heart development, muscle organ development, and body 

morphogenesis), cell adhesion and migration (chemorepulsion involved in cell migration, cardiac 

endothelial to mesenchymal transition, response to wounding, cell attachment to the substrate,  

cell-matrix adhesion, and cell-substrate junction assembly), and regulation of proliferation  

and apoptosis. Additionally, three signaling pathways were identified: non-canonical WNT pathway,  

TGFβ pathway, and Roundabout pathway. Within biological processes downregulated in NGN3(+) 

/ AMOTL2(+) cluster, there were terms connected with regulation of cardiac muscle contraction  

and relaxation, nervous system and neurotransmitter production (serotonin biosynthetic process, 

dopamine biosynthetic process, catecholamine biosynthetic and metabolic process, neurotransmitter 

loading into synaptic vesicle, neuron projection maintenance), and regulation of G-protein-coupled 

receptor signaling pathway. Moreover, there was a group of downregulated terms including positive 

regulation of dense core granules, protein localization to secretory granules, positive regulation  

of peptide hormone secretion, negative regulation of glycogen catabolic process, which are all terms 

connected with insulin production by β-cells. 

Summarizing, NGN3(+) / AMOTL2(+) cluster was enriched in terms associated with development, 

adhesion, and migration, while in NGN3(+) / AMOTL2(-) cluster dominate terms connected  

with hormone and neurotransmitter biosynthesis and secretion, suggesting the endocrine 

commitment. This further supports the hypothesis that NGN3(+) / AMOTL2(+) EPs developmentally 
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precede NGN3(+) / AMOTL2(-) EPs and that NGN3(+) / AMOTL2(+) cells might be a delaminating 

EP population. 

 

 

Fig. 12: Comparison of NGN3+ / AMOTL2(+) and NGN3+ / AMOTL2(-) cluster expression profiles.  

A. Heatmap showing the significant differentially expressed genes (DEGs) in the NGN3(+) / AMOTL2(+) 

population, compared to the NGN3(+) / AMOTL2(-) population (p-value<0.01). Heatmap generated  

with the Loupe Browser software. B. Selected biological processes significantly changed in the NGN3(+) / 

AMOTL2(+) population, compared to the NGN3(+) / AMOTL2(-) population. 
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3.1.2. AMOTL2 is not expressed in endocrine cells in adult human pancreas  

Data from scRNA-seq datasets from human developing pancreas and in vitro pancreatic 

differentiation, suggested that AMOTL2 expression could be found in a fraction of the earliest 

hormone-producing cells, yet its expression did not seem to persist in mature endocrine cells.  

To confirm this, I examined several scRNA-seq data (Baron et al., 2016; Enge et al., 2017; Fang et 

al., 2019) from adult human pancreata to reveal AMOTL2 absence in endocrine cells but presence  

in a fraction of ductal and pancreatic stellate cells (Fig. 13A-C). Additionally, in two datasets  

(Fig. 13B, C) (Baron et al., 2016; Enge et al., 2017), AMOTL2 was expressed in a portion of acinar 

and endothelial cells.  
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Fig. 13: AMOTL2 in adult pancreas. A. based on (Z. Fang et al., 2019) B. based on (Baron et al., 2016)  

C. based on (Enge et al., 2017); PSC - pancreatic stellate cells, PP – pancreatic polypeptide cells 
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3.1.3. AMOTL2 is expressed in hPSCs and definitive endoderm 

The hPSC pancreatic differentiation atlases showed AMOTL2 expression also at the pluripotent  

and DE stage of pancreatic differentiation (Fig. 10A, C). Therefore, I also included the analysis  

of scRNA-seq datasets from in vivo preimplantation embryos and different hPSC lines.  

AMOTL2 mRNA was detected in hPSCs, and its expression increased as they differentiated  

into DE (Yiangou et al., 2019) (Fig. 14A). AMOTL2 could also be found in human preimplantation 

embryos (Fig. 14B-D). In the data from Petropoulos et al. (Petropoulos et al., 2016), AMOTL2  

was expressed from late e4 (morula) stage till e7 (late blastocyst) stage (Fig. 14B). Similarly,  

at GRAPPA atlas (Boroviak et al., 2018), AMOTL2 expression started at the morula stage  

and persisted in both early and late ICM (Fig. 14C). Additionally, in Yan dataset (Yan et al., 2013), 

AMOTL2 was expressed at blastocyst stage, and in hESCs isolated from ICM (Fig. 14D).  
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Fig. 14: AMOTL2 in human embryo, hPSCs and definitive endoderm. SOX2 - hPSC marker, SOX17 - 

definitive endoderm marker A. based on (Yiangou et al., 2019) B. based on (Petropoulos et al., 2016) C. based 

on GRAPPA expression atlas (Boroviak et al., 2018) D. based on (Yan et al., 2013); hPSC - human pluripotent 

stem cells, DE - definitive endoderm, ICM - inner cell mass, CPM - counts per million (mapped reads), FPKM 

- fragments per kilobase million 
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Further, I examined the gene expression of angiomotin family members in the Hues8-iCas9 hPSC 

line by bulk RNA-sequencing (RNA-seq), confirming AMOTL2 expression at mRNA level.  

The expression level of AMOTL1 was comparable to AMOTL2, while AMOT expression was 20-fold 

lower (Fig. 15A). I also performed the immunostaining to confirm that at the protein level, the vast 

majority of SOX2(+) hPSCs co-express AMOTL2 (Fig. 15B). 

 

 

Fig. 15: AMOTL2 in hPSCs. A. AMOT family mRNA expression assessed by bulk RNA-seq. Statistics:  

t-Student test N=2 B. Representative images of immunostaining against SOX2 (red) and AMOTL2 (green). 

Nuclei stained in blue with DAPI. N=3 Left panel: scale bar = 100 µm. Right panel: scale bar = 50 µm. 
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3.2. AMOTL2 knockout in hPSCs with CRISPR-Cas9 method 

To experimentally explore the role of AMOTL2 in pluripotency and in vitro pancreatic 

differentiation, I generated hPSC line with AMOTL2 gene KO using the clustered regularly 

interspaced short palindromic repeats (CRISPR)-Cas9 system. I designed the single guide RNAs 

(sgRNAs) according to the following criteria:  

● I chose three sgRNAs, with 75 nt and 50 nt intervals (Fig. 16B, C). First, such an approach 

increases the specificity of the targeting in comparison to only one sgRNA. Second,  

it improves the chance of creating either one long or many smaller deletions, which is harder 

to be repaired by the cell compared to the single short deletion, and therefore increases  

the frameshifting rate and KO efficiency. 

● To generate a deletion and induce frameshifting resulting in the premature STOP codon early 

in the aa sequence, in a way that would change amino acid sequence before any identified 

domain (Fig. 16A, C). 

● To cover as many isoforms as possible. There are ten known isoforms of AMOTL2, ranging 

from 33 aa to 837 aa (Fig. 16B), with a canonical isoform of 779 aa. I compared the isoform 

amino acid sequences and selected a fragment common for all but one isoform (33aa). 

Targeting such sites in the KO experiment minimizes the potential functional compensation 

by remaining isoforms. Importantly, 33 aa isoform does not contain any identified domains. 

 

 

Fig. 16: AMOTL2 knockout in hPSCs using CRISPR/Cas9 method. A. Functional domains within 

AMOTL2 protein sequence (based on Mana-Capelli, 2014) B. AMOTL2 KO design strategy with primers used 

for the initial readout of the deletion presence and its approximate length. C. Detailed positions of selected 

sgRNAs (dark green) in relation to protein domains: YAP-binding region (red), actin-binding region (light 

green), and LATS phosphorylation site (blue). 

I generated AMOTL2 KO in Hues8-iCas9 cells, a hPSC line with doxycycline-inducible Cas9 

protein expression (Zhu et al., 2014). This cell line was developed using TALEN technique to insert 

the Cas9 protein-coding inducible cassette into AAVS1 locus. This system significantly increases 

the KO efficiency since it requires transfection with only sgRNAs instead of the additional plasmid 
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encoding Cas9 protein. I introduced the sgRNAs into Hues8-iCas9 cells in various combinations and 

performed bulk DNA isolation and sequencing to find the sgRNA set with the highest KO efficiency. 

I analyzed the results using ICE (Interference of CRISPR Edits) analysis software by Synthego 

(Conant et al., 2022) (Fig. 17, Fig. 18), which conducts deconvolution of bulk sequencing data  

and displays the types of indel (insertion-deletion) events within the sample. ICE analysis showed 

generally low KO efficiency, up to 31% of indel (insertion-deletion) events, and 27% of STOP 

codon-inducing indels. The most commonly occurring mutation was 1nt insertion at sgRNA_B  

cut site. Longer deletions accounted for up to 8%.  

 

 

 

 

Fig. 17: AMOTL2 KO efficiency 

depending on the combination  

of sgRNA used. A, B, C - sgRNAs, 

INDEL - insertion-deletion 

 

 

 

Fig. 18: ICE analysis of AMOTL2 KO including the exact mutation and the frequency of their 

occurrence 
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Next, I selected the transfections with the highest frequency of longer deletions (BC and ABC)  

(Fig. 17), passaged them into single cells and cultured into colonies to ensure the clonal AMOTL2 KO 

cell lines. After 10 days, I isolated the DNA from each clonal line, performed PCR (polymerase chain 

reaction) with primers encompassing the deletion (Fig. 19A), and sequenced selected PCR products  

to determine the exact mutations (Table 2). 

For further analyses I selected the AD3 clone, with nonsense mutations on both alleles and presence  

of multiple STOP codons close to the deletion site (Fig. 19B, C). At the first allele there was 83nt 

deletion resulting in a frameshift and STOP codon at 132aa. At the second allele there was 50nt deletion 

resulting in frameshift and STOP codon at 143aa. Both mutations removed the actin binding site,  

and the second YAP-binding motif. Additionally, at allele one the first YAP-binding motif was also lost 

due to frameshift. The AD3 clone will be further referred to as AMOTL2 KO. Some experiments were 

also conducted on AD6 (-1nt/-1nt homozygous knockout) and AA3 (a heterozygote with monoallelic 

mutation of -10nt), in which cases it will be clearly stated. 

 

 

Fig. 19: AMOTL2 KO in hPSCs. A. Agarose gel electrophoresis of PCR products from single-cell clones.  

B. Schematic outline of the WT and AD3 clone mutations caused by deletion of the parts of DNA. C. A detailed 

view of WT and AD3 clone, showing exact deletions, frameshifting, loss of functional domains and STOP codons. 

CTRL - control, WT - wild type, KO - knockout, ALL - allele, * - STOP codon, YAP - YAP binding site 
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Table 2: AMOTL2-deficient single-cell clonal cell lines. The length of the deletions at both alleles is shown  

and a phenotype is designated. +/- monoallelic mutation, -/- biallelic mutation 

 AA3 AB4 AB5 AC3 AF3 AG5 AH5 AC5 AD1 AD3 AD6 AG3 

ALLELE_1 - - - - - - - +1nt +1nt -83nt +1nt -11nt 

ALLELE_2 -10nt -7nt +1nt -5nt +1nt -44nt +1nt +1nt +1nt -50nt +1nt -20nt 

PHENOTYPE +/- +/- +/- +/- +/- +/- +/- -/- -/- -/- -/- -/- 

 

Additionally, I generated the KO specifically targeting the longest, 837 aa, isoform, which as the only 

one of AMOTL2 isoforms has an alternative starting site and additional exon at the beginning  

of the sequence. I used three sgRNAs, targeting a region of the coding sequence in exon 1, which  

is unique for 837aa isoform (Fig. 20A). As previously, I introduced sgRNAs hPSCs, passaged 

transfected cells into single cells and cultured into colonies to ensure the clonal AMOTL2 knockout cell 

lines. After 10 days, I isolated the DNA from each clonal line, performed PCR with primers 

encompassing the deletion (Fig. 20B) and sequenced selected PCR products to determine the exact 

mutations (Table 3). I selected three clones - H1, B1, and B8. The H1 one clone had a deletion of 22nt 

and STOP codon at 52aa at allele one and deletion of 38nt with STOP codon at 22aa at the second allele 

(Fig. 20C). The B1 clone was a heterozygote with a monoallelic deletion of 37nt, and B8 clone  

was a homozygote with a deletion of 86nt at both alleles. All clones with the deletion in isoform 837aa 

will be further called AMOTL2(837)-/- in contrast to the clones with deletion in exon 2 of all isoforms, 

called AMOTL2-/-. 
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Fig. 20: AMOTL2 KO in hPSCs, isoform 837 aa. A. Detailed positions of the selected sgRNAs targeting 

specifically isoform 837 aa. B. Agarose gel electrophoresis of PCR products from single-cell clones. C. A detailed 

view of WT and H1 clone, showing the exact deletions, frameshifting, and STOP codons. CTRL - control,  

WT - wild type, ALL - allele, * - STOP codon 

 

Table 3: AMOTL2-deficient single-cell clonal cell lines, isoform 837 aa. The length of the deletions at both 

alleles is shown and a phenotype is designated. +/- monoallelic mutation, -/- biallelic mutation. 

 

 

 

 

3.3. RNA-sequencing of WT and AMOTL2 KO hPSCs  

To explore the transcriptional changes in AMOTL2 KO hPSCs compared to WT, bulk RNA-seq was 

performed. I analyzed the data using iDEP software (Ge et al., 2018). The size of the individual libraries, 

assessed by total reads count, was similar, oscillating around 6 million read counts per sample  

(Fig. 21A). The distribution (Fig. 21B) and density (Fig. 21C) of the transformed data (transformation 

algorithm: EdgeR: log2(CMP+4)) were highly similar between the samples, which made them suitable 

for the further comparisons. 

 

 B1 B8 H1 

ALLELE_1 - -86nt -22nt 

ALLELE_2 -37nt -86nt -38nt 

PHENOTYPE +/- -/- -/- 
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Fig. 21: Preprocessing of the RNA-seq data. A. The size of the libraries as total read counts. B. Distribution  

of the transformed data. C. Density plot of the transformed data; WT - wild type, KO - knockout. 
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I performed the hierarchical clustering based on the 1 000 most variable genes which showed  

that AMOTL2 KO repeats cluster together and WT repeats cluster together (Fig. 22). The WT  

and AMOTL2 KO samples differed significantly, indicating that AMOTL2 deficiency results  

in the major changes in the transcriptome.  

 

 

 

 
 
Fig. 22: Hierarchical clustering of 1 000 most variable genes between WT and AMOTL2 KO hPSC samples. 

WT - wild type, KO - knockout   
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Next, I identified DEGs using DESeq2 software (Love et al., 2014) (Fig. 23). For FDR (False Discovery 

Rate) < 0.05 and Fold Change ≥ 2, 238 downregulated and 491 upregulated transcripts were identified 

in AMOTL2 KO hPSCs compared to WT. For further analysis I used only protein-coding genes,  

which gives 220 and 460 downregulated and upregulated genes, respectively. 

 

 

Fig. 23: Volcano plot of statistically significant DEGs between WT and AMOTL2 KO hPSCs.  

 

Using GeneCodis software (Garcia-Moreno et al., 2022), I identified enriched pathways and biological 

processes (Fig. 24). Further, I grouped the statistically significant (p<0.01) enriched pathways into four 

main categories: 1) cell adhesion, extracellular matrix (ECM), and migration (Fig. 24A); 2) cell fate and 

development (Fig. 24B); 3) metabolism (Fig. 24C); and 4) signaling pathways (Fig. 24D).  

The downregulated terms associated with cell adhesion (Fig. 24A) were ECM, actin filaments  

and regulation of actin cytoskeleton organization, negative regulation of cell adhesion mediated  

by integrins, and regulation of cell migration. The upregulated terms connected to cell adhesion included 

plasma membrane, cell adhesion, cell junction, ECM organization, negative regulation of microtubule 

polymerization, cortical cytoskeleton organization, regulation of cell shape, cell projection, and positive 

regulation of cell adhesion. This suggests that AMOTL2 KO results in major changes in ECM  

and cytoskeleton, further resulting in the cell adhesion and migration changes. 

The next group of downregulated functional terms, connected with cell fate and development (Fig. 24B), 

covered the terms such as signaling pathways regulating the pluripotency of stem cells, cell fate 

commitment, cell differentiation, embryonic pattern specification, anatomical structure morphogenesis, 

and primitive streak formation. Additionally, terms connected with all three germ layers were 

downregulated, specifically: nervous system development, endodermal cell differentiation and lung 
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Fig. 24: Selected statistically significant (p<0.01) pathways and biological processes in AMOTL2 KO vs WT 

hPSCs. A. Terms connected to cytoskeleton, ECM, adhesion, and migration. B. Terms connected to cell fate and 

development. C. Terms connected to metabolism. D. Signaling pathways.  WT - wild type, KO - knockout, ECM 

- extracellular matrix. 

development, and mesodermal commitment pathway, with two derivatives – skeletal system 

development and heart development. The upregulated terms from this category included cell 

differentiation, animal organ morphogenesis, and organ growth. Additionally, there were multiple terms 

connected with ectoderm, such as nervous system development, neuron projection, regulation  

of presynapse assembly, regulation of postsynaptic specialization assembly, chemical synaptic 

transmission, GABA signaling pathways, neuron differentiation, regulation of neuron apoptotic process, 

and mesoderm-related term – bone development. This suggests a possible developmental bias  

of AMOTL2 KO hPSCs towards ectoderm, at the expense of endoderm and mesoderm.  

Further, the terms connected with metabolism (Fig. 24C) were also changed between AMOTL2 KO  

and WT hPSCs. Among the downregulated terms there were glutamate decarboxylation to succinate, 

mevalonate pathway, and triglyceride metabolic process, cellular response to hydrogen peroxide  

and negative regulation of oxidative stress-induced cell death, and calcium ion homeostasis.  

The upregulated terms encompassed recycling endosome membrane, phospholipid-translocating 

ATPase complex and peptide transport, oligosaccharide metabolic process, and calcium regulation  

in cardiac cells. This implies the changes in the energy production, ROS, and intracellular calcium.  

Among the downregulated signaling pathways (Fig. 24D) there were canonical WNT signaling 

pathway, BMP signaling pathway, TGFβ signaling pathway, Notch signaling pathway, negative 

regulation of MAP kinase activity, Hippo signaling pathway, and p53 signaling pathway. The signaling 

pathways upregulated in AMOTL2 KO were: regulation of GPCR signaling pathway, VEGF (vascular 

endothelial growth factor) signaling pathway, Rap1 (RAP1 GTPase Activating Protein) signaling 

pathway, and regulation of canonical WNT signaling pathway. Additionally, negative regulation of cell 

population proliferation and positive regulation of apoptotic process were both downregulated. 
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Further, I examined how the expression of angiomotin family proteins changed upon AMOTL2 KO. 

The bulk RNA-seq also revealed AMOTL2 mRNA downregulation without compensation from neither 

AMOTL1 nor AMOT (Fig. 25). 

 

 

 

 

 

 

 

 

 

Fig. 25: AMOT family mRNA expression in AMOTL2 

KO hPSCs compared to WT. N=2; Statistical significance 

calculated with DESeq2 

 

 

 

3.4. AMOTL2 controls colony morphology in hPSCs 

During standard culture I observed changes in the colony morphology between the AMOTL2-/- and WT 

hPSCs (Fig. 26A, B). The colony architecture was dissimilar, with WT cells growing in compact, round 

colonies with sharp edges (as typical for hPSCs). In contrast, AMOTL2-/- colonies were sparsely 

arranged, with holes and protruding cells. Similar phenotype was observed in two independent 

AMOTL2-/- clones (AD3 and AD6). Additionally, AMOTL2+/- heterozygote (AA3 clone) exhibited  

a phenotype more similar to WT hPSCs.  

For quantification purposes, I stained AMOTL2 KO and WT hPSCs against ꞵ-CAT to visualize cell 

body (Fig. 26D, E). I analyzed the images of single AMOTL2 KO and WT hPSC colonies  

with a custom Cell Profiler pipeline, to outline the colonies and calculate the shape descriptors  

(Fig. 26C). I chose the Form Factor for the quantification of the colony shape. Form Factor is commonly 

used to measure nuclear shape but can also be adapted for colony or organoid shape. It assumes values 

from 0 to 1, with 1 being a perfect circle and lower values indicating the more irregular shape, caused 

by the presence of blebs or invaginations (Janssen et al., 2022). Further, I chose Euler Number  

as a descriptor of the number of holes in a given object (Fig. 26C). With the increasing number of holes, 

Euler Number assumes negative values and therefore lower (more negative) values indicate more holes 

in the object.  
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Fig. 26: Colony morphology of AMOTL2-deficient hPSCs compared to WT. A. Representative brightfield 

photographs of AMOTL2-/-, AMOTL2+/- and WT hPSCs. Arrows indicate holes in the colonies. Scale bar = 500 

µm. N=3 B. Representative brightfield photographs of single colonies of AMOTL2 KO and WT hPSCs. Arrows 

indicate holes in the colonies. Scale bar = 500 µm. N=3. C. Visual representation and mathematical definition  

of the Form Factor and Euler Number parameters used as shape descriptors. D. Representative images  

of immunostaining against ꞵ-CAT (green) and DAPI (blue) showing the differences is colony morphology between 
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AMOTL2 KO and WT hPSCs. Scale bar = 500 µm. N=3. E. Representative images of immunostaining against  

ꞵ-CAT (yellow) and DAPI (blue) showing single AMOTL2 KO and WT colonies (left panel) and colony outline 

overlay (red) from Cell Profiler (right panel). Arrows indicate holes in the colonies. Scale bar = 100 µm. N=3.  

F. Quantification of AMOTL2 KO and WT hPSCs colony shape as Form Factor. Statistics: t-Student test  

with Welch’s correction. N=3 G. Quantification of the number of holes in the AMOTL2 KO and WT hPSC 

colonies using Euler Number. Statistics: t-Student test with Welch’s correction. N=3. 

AMOTL2 KO colonies had on average 1.7-fold lower Form Factor compared to WT colonies, indicating 

that they were less regular (Fig. 26E, F). The number of holes in the AMOTL2 KO colonies  

was dramatically, on average 11-fold, higher than in WT cells, as indicated by Euler Number. Of note, 

while Euler Number itself decreases with the number of holes, the normalization to the WT results  

in a positive value, increasing with the number of holes (Fig. 26E, G). 

3.5. AMOTL2 deficiency increases confluency in hPSCs 

During standard culture I repeatedly observed an increase in the confluency of AMOTL2-/- hPSCs 

compared to WT. To confirm this phenotype, I passaged AMOTL2 KO and WT hPSCs as single cells, 

counted them and seeded at the same densities. Further, I cultured them for 24h in the growth medium 

with ROCKi (ROCK inhibitor, Y-27632), and then for the additional 48h without ROCKi,  

up to the total of 72h. The photographs based on which confluency was examined were taken every  

2h by Incucyte S3 System. I assessed the confluency and the rate of the cell growth over time.  

The confluency was calculated as the percentage of the area of the field of view occupied by cells. 

Additionally, for several experiments, I cultured the hPSCs in the presence of a SiR-DNA fluorescent 

dye that allows labeling live cells and provides an opportunity to observe the cell numbers from the first 

moments of the culture. I first examined the starting confluency and cell number, defined here  

as the cells that were attached at the first scan, 2h after the passage. I observed no significant differences 

in the initial confluency (Fig. 27A-C) or initial cell number (Fig. 27D-F) between WT and AMOTL2 

KO hPSCs. This suggests that the initial adhesion of AMOTL2 KO hPSCs was not changed. In contrast, 

I detected a highly significant increase in confluency of AMOTL2 KO vs WT hPSCs during the next 

days of culture, with 19% increase after 24h and 26% increase after 48h and 29% increase after  

72h (Fig. 27A-C). The increase in confluency also corresponded with increased cell numbers.  

There were on average 17%, 22%, and 29% more AMOTL2 KO hPSCs compared to WT at 24h, 48h, 

and 72h, respectively (Fig. 27D-F).  
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Fig. 27: Changes in AMOTL2 KO confluency and cell number compared to WT. A. Representative images 

of WT and AMOTL2 KO confluency over 2h, 48h and 72h culture. Scale bar = 500 µm. N=4 B. Growth curve  

of WT and AMOTL2 KO hPSCs as confluency normalized to WT. N=4. C. Confluency normalized to WT at 2h, 

24h, 48h, and 72h. N=4 Statistics: t-Student test with Welch’s correction D. Representative images of WT  

and AMOTL2 KO cell number over 2h, 48h and 72h culture. Scale bar = 500 µm. E. Growth curve of WT  

and AMOTL2 KO cells as cell number normalized to WT. N=3 F. Cell number normalized to WT at 2h, 24h, 48h, 

and 72h. N=3 Statistics: t-Student test with Welch’s correction. 

 

The increase in confluency was even more pronounced in AMOTL2(837)-/- hPSCs. After 48h of culture, 

I observed a statistically significant, 77%, 67% and 67% increase in the confluency in three independent 

AMOTL2(837)-deficient clones (B1, B8, and H1, respectively) compared to WT cells (Fig. 28).  

Of note, there was no difference in the confluency increase between clones with biallelic deletion  

(H1 and B8) and B1 clone with monoallelic mutation after 48h. The initial confluency was also 

unchanged in AMOTL2(837)-deficient clones.  
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Fig. 28: Changes in AMOTL2 KO confluency, isoform 837 aa. A. Representative images of WT  

and AMOTL2(837)-deficient confluency over 2h and 48h culture. Scale bar = 500 µm. B. Growth curve of WT 

and AMOTL2(837)-deficient cells as confluency normalized to WT. N=3 C. Confluency normalized to WT at 2h, 

24h, and 48h. N=3 Statistics: t-Student test with Welch’s correction; p-values compared to WT, only statistically 

significant p<0.05 are shown.  

 

3.6. AMOTL2 deficiency promotes hPSC proliferation and decreases apoptosis 

The increased confluency and cell numbers of AMOTL2-deficient hPSCs might stem from increased 

proliferation or decreased apoptosis, or the combination of the two. The bulk RNA-seq of AMOTL2 

KO and WT hPSCs revealed a significant downregulation of the genes negatively regulating 

proliferation and positively regulating apoptosis in AMOTL2 KO compared to WT (Fig. 29A, E), 

suggesting that both increased proliferation and decreased apoptosis might be responsible for higher cell 

numbers in AMOTL2 KO.  

To assess the proliferation rate, I performed an immunofluorescent staining for the proliferation marker 

phosphorylated histone H3 (pHH3) in AMOTL2 KO and WT cells (Fig. 29B). Histone H3  

is phosphorylated from late G2 phase and through the M phase of the cell cycle, and dephosphorylated 

upon the exit from mitosis, making it a highly specific marker of mitotically active cells. Additionally, 

in the imaging, pHH3 exhibits two distinct staining patterns: speckled for G2 phase, and more clumpy, 
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solid for M phase (Khieu et al., 2019). I performed the quantitative analysis based on the images using 

a custom CellProfiler pipeline. I trained the software to count both solid, strong signals and speckles, 

which are all positive signals. The nuclei with less than three speckles were assigned as pHH3(-) and 

filtered out from the analysis as it is technically very challenging to assess if the nuclei with low speckle 

count are just starting to be phosphorylated or if it is a technical artifact from immunostaining.  

I normalized the pHH3(+) cells to the total cell number, based on the DAPI staining (also counted  

by CellProfiler). The results showed a statistically significant increase in the proliferation rate  

of AMOTL2 KO hPSCs compared to WT. When I counted all positive signals (both G2 and M phase), 

the increase varied from 5% to 30%, with the mean of 17% (Fig. 29C). When I considered only M phase 

cells, a very consistent increase of 14% was observed in hPSC proliferation (Fig. 29D). 

Next, I measured the apoptosis rate using immunofluorescent staining against Cleaved Caspase 3  

(Fig. 29F). The nuclei were counted using CellProfiler, while Cleaved Caspase 3(+) cells were counted 

manually. The apoptotic rate was on average 18% lower in AMOTL2 KO compared to WT (Fig. 29G). 
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Fig. 29: Proliferation and apoptosis rates in AMOTL2 KO versus WT hPSCs. A. Selected DEGs involved  

in the negative regulation of proliferation from bulk RNA-seq. N=2. Statistical significance calculated  

with DESeq2. B. Representative images of AMOTL2 KO and WT hPSCs stained against pHH3 (red). Nuclei 

stained in blue with DAPI. Scale bar = 300 µm. B-C. Quantification of pHH3(+) cells normalized to the total cell 

number (DAPI). Statistics: paired t-Student test. N=3. C. G2 and M phase, D. M phase only. E. Selected DEGs 

involved in the positive regulation of apoptotic process from bulk RNA-seq. N=2. Statistical significance 

calculated with DESeq2. F. Representative images of AMOTL2 KO and WT hPSCs stained against Cleaved 

Caspase 3 (green). Insets show close-ups on the positively stained cells. Nuclei stained in blue with DAPI. Scale 

bar = 200 µm. N=3. G. Quantification of Cleaved Caspase 3(+) cells normalized to the total cell number (DAPI). 

N=3. Statistics: paired t-Student test. N=3 
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3.7. AMOTL2 deficiency alters pluripotency 

3.7.1. AMOTL2 deficiency does not impair the canonical pluripotency factor expression  

The expression of the classical pluripotency markers, OCT3/4, SOX2, and NANOG was not changed  

in the bulk RNA-seq, yet the pathways involved in stem cell pluripotency, such as canonical WNT 

signaling, BMP signaling or TGFβ signaling were (Fig. 24D). Therefore, to further assess the changes 

in the pluripotency of AMOTL2 KO hPSCs at the protein level, I performed the immunofluorescent 

staining against SOX2, NANOG, and OCT3/4 (Fig. 30A-C). I measured the mean fluorescence intensity 

and normalized it to DAPI. There were no significant differences in the mean intensity of SOX2  

and NANOG between the WT and AMOTL2 KO (Fig. 30A, B), while OCT3/4 was increased  

in AMOTL2 KO (Fig. 30C).  

 

Fig. 30: Pluripotency factors in AMOTL2 KO and WT hPSCs. Representative images of immunofluorescent 

staining against SOX2 (A), NANOG (B), and OCT3/4 (C) Nuclei stained in blue with DAPI. Scale bar = 100 µm. 

N=3 Below, quantification of the mean fluorescence intensity of the pluripotency marker expression normalized 

to DAPI. Statistics: t-Student test with Welch’s correction. N=3  
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3.7.2. AMOTL2 deficiency results in the differentiation bias towards ectoderm  

     at the expense of endoderm 

The bulk RNA-seq pointed at cell fate bias in AMOTL2 KO, revealing the dysregulation of the terms 

connected with nervous system development, and downregulation of endoderm and mesoderm 

development (Fig. 24B). Selected genes from these GO terms are shown in Fig. 31A. Additionally,  

the crucial signaling pathways which are inhibited with small molecules in the ectoderm differentiation 

protocols, namely BMP signaling pathway and TGFβ signaling pathway were downregulated,  

and canonical WNT signaling pathway was dysregulated in AMOTL2 KO (Fig.D;). Moreover,  

in the scRNA-seq atlas of hPSCs and DE (Yiangou et al., 2019) (Fig. 14A) AMOTL2 expression  

was present in both hPSCs and DE, and the expression level was higher in DE. Together, this suggests 

that AMOTL2 might be crucial to endoderm formation.  

To study this effect further, I spontaneously differentiated AMOTL2 KO and WT hPSCs in the form  

of 3D cell aggregates called embryoid bodies (EBs), over the course of 9 days (Fig. 31B). On day 2  

and day 9, I collected the RNA from WT and AMOTL2 KO cells (Fig. 31B) to examine the expression 

of the genes specific for each of the three germ layers: FOXA2, GATA4, SOX7, and SOX17 for endoderm, 

MEIS2, MIXL1, PDGFRA, and TNNT2 for mesoderm, and OTX2, PAX6, SOX1, and SOX2 for ectoderm 

(Fig. 31C). On both day 2 and day 9 the expression of endoderm-related genes was decreased  

in AMOTL2 KO compared to WT cells, instead, the expression of ectoderm-related genes was increased 

in AMOTL2 KO. The statistically significant (-log10 (adj p-val)＞1.30) decrease was observed  

for FOXA2, GATA4, and SOX17 on day 2 and GATA4, SOX7, and SOX17 on day 9. The statistically 

significant increase was detected for all ectoderm-related genes on both day 2 and day 9, except  

for SOX2 at day 9. As for the expression of mesoderm-related genes, on day 2 PDGFRA and TNNT2 

were minimally, yet significantly downregulated, and this downregulation became more pronounced on 

day 9, while MEIS2 and MIXL1 remained unchanged on both day 2 and day 9 (Fig. 31C). This indicates 

that AMOTL2 KO EBs preferentially differentiate towards ectoderm lineages, greatly at the expense  

of endoderm and at a minor expense of mesoderm.  
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Fig. 31: AMOTL2 deficiency results in the differentiation bias towards ectoderm at the expense  

of endoderm. A. Selected DEGs involved in endoderm and nervous system development from RNA-seq. N=2. 

Statistical significance calculated with DESeq2. B. Schematic outline of EB spontaneous differentiation. C. Gene 

expression analysis of the germ line-specific genes after 2 and 9 days in AMOTL2 KO compared to WT cells. 

N=3. Statistics: t-Student test with Welch’s correction. Statistically significant genes are marked with thicker 

border. RT-qPCR – real time-quantitative polymerase chain reaction, d2 – day2  

 

To further confirm the cell fate bias of AMOTL2 KO hPSCs, the 2D directed differentiation towards 

ectodermal progenitors was performed for 8 days, with the addition of LDN193189 (LDN), SB431542 

(SB), and CHIR99021 (CHIR) for days 1-4, and LDN with CHIR for days 5-8 (Fig. 32A). On day 8,  

I fixed the cells for immunofluorescent staining and flow cytometry. The differentiating cells form  

the specific structures, the spots of densely packed cells that express the ectoderm markers. In WT cells, 

the spots were small and not abundant, while in AMOTL2 KO the dense spots were widespread, taking 

almost all available space (Fig. 32B). I stained the WT and AMOTL2 KO cells against ectoderm 

markers, CDH2 and SOX2. Compared to WT, AMOTL2 KO cells exhibited on average 2-fold  

and 2.5-fold higher expression of CDH2 and SOX2, respectively (Fig. 32B, C). Next, I used flow 

cytometry to assess another ectoderm marker, SOX1 and OCT3/4 as a control. The median fluorescence 

intensity was 1.5-fold increased in AMOTL2 KO (Fig. 32D: left panel; Fig. 32E). The expression  

of OCT3/4 was still present in ectodermal progenitors, with 92% of WT but only 51% of AMOTL2 KO 

cells being OCT3/4(+). OCT3/4 median fluorescence intensity was almost 4.4-fold decreased  

in AMOTL2 KO (Fig. 32D: right panel; Fig. 32E). To investigate this deeper, I co-stained WT  

and AMOTL2 KO cells against SOX1 with OCT3/4, and OTX2 with OCT3/4. In AMOTL2 KO, 

SOX1(+) / OCT3/4(-) cells accounted for 60% of all cells, while the same population in WT was only 

8% (Fig. 32F, G). Similarly, for the OTX2(+) / OCT3/4(-) population accounted for 69% in AMOTL2 

KO but only 6% in WT (Fig. 32H, I). The co-expression of pluripotent and ectoderm markers in early 

neural progenitors was reported previously (Noisa et al., 2012), with the pluripotency markers 

diminishing and ectoderm markers increasing over time. This suggests that AMOTL2 KO ectoderm 

progenitors are more mature compared to WT and the ectoderm differentiation is accelerated  

in AMOTL2 KO.  
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Fig. 32: AMOTL2 deficiency accelerates ectoderm formation. A. Schematic outline of the directed 

differentiation towards ectoderm. B. Representative images of immunofluorescent staining against CDH2 (green) 

and SOX2 (red). Nuclei stained in blue with DAPI. Scale bar = 200 µm. N=3. C. Quantification of the mean 

fluorescent intensity of CDH2 and SOX2 normalized to DAPI, calculated from the immunofluorescent staining 

photographs. The values for AMOTL2 KO were normalized to WT. N=3. Statistics: t-Student test with Welch’s 

correction. D. Representative histograms for flow cytometry analysis of SOX1 and OCT3/4. N=3. E. Flow 

cytometry analysis of the SOX1 and OCT3/4 median fluorescence intensity. N=3. Statistics: t-Student test  

with Welch’s correction. F. Representative density plots for flow cytometry analysis co-stained SOX1  

and OCT3/4. N=3. G. Quantification of the percentage of two subpopulations: SOX1(+) / OCT3/4(+)  

and SOX1(+) / OCT3/4(-). N=3. Statistics: t-Student test with Welch’s correction. H. Representative density plots 

for flow cytometry analysis co-stained OTX2 and OCT3/4. N=3. I. Quantification of the percentage of two 

subpopulations: OTX2(+) / OCT3/4(+) and OTX2(+) / OCT3/4(-). N=3. Statistics: t-Student test with Welch’s 

correction. WT - wild type, KO - knockout, EB - embryoid body, AA - Activin A, CHIR - Chiron99021,  

LDN - LDN193189, SB - SB431542, FC – flow cytometry, IF – immunofluorescence, d4 – day4 

 

3.8. AMOTL2 deficiency induces changes in cytoskeleton yet F-actin 

          depolymerization is not responsible for the cell fate bias in AMOTL2 KO 

AMOTL2 KO in hPSCs resulted in the major dysregulation of the terms connected with cytoskeleton, 

adhesion, and ECM in the bulk RNA-seq (Fig. 24A), in particular, the dysregulation in adhesion-related 

proteins (Fig.33A) and downregulation of the genes connected to the actin cytoskeleton organization 

(Fig. 33B) was observed in AMOTL2 KO. Out of the adhesion proteins, CDH1, β-CAT, ITGA5 (Integrin 

Subunit Alpha 5), and VCL (Vinculin) were not significantly changed in RNA-seq (Fig. 33A).  

The CDH2 (Cadherin 2), CDH7 (Cadherin 7), and VIM were upregulated, while δ-CAT (Catenin Delta 

1) was downregulated in AMOTL2 KO hPSCs. Within actin-related genes (Fig. 33B), ACTA1 (Actin 

Alpha 1), encoding one of the actin isoforms was downregulated. Further, ANXA1 (Annexin A1),  

which can be involved in Ca2+-dependent F-actin cytoskeleton stabilization (Hayes et al., 2004)  

was dramatically decreased in AMOTL2 KO hPSCs. Another downregulated gene was RHOB (Rat 

Sarcoma Virus, GTPase), a small GTPase that promotes F-actin assembly (Fernandez-Borja et al., 

2005). The F-actin fiber organization was disrupted, and fiber thickness was decreased in AMOTL2 KO 

hPSCs (data not shown).  

The F-actin organization was previously reported to be involved in cell fate decisions in other contexts, 

for instance in osteogenic commitment of mesenchymal stem cells (L. Chen et al., 2015; Müller et al., 

2013), the ICM vs trophectoderm determination (Skory et al., 2023), or induction of the endocrine 

progenitors during pancreatic differentiation (Hogrebe et al., 2020). Therefore, the disruption of F-actin 

cytoskeleton in AMOTL2 KO hPSCs prompted us to examine if this might be a reason  

for the ectodermal lineage bias in differentiating AMOTL2 KO cells. I repeated the spontaneous 

differentiation  of  AMOTL2  KO  and  WT  hPSCs  with  10µM  Y-27632  (referred  as  ROCK inhibitor,  

ROCKi) which inhibits ROCK1/2 by inducing actin depolymerization (Hirose et al., 1998; Narumiya et 

al., 2000). If actin depolymerization was indeed responsible for the lineage bias, one would expect more 

ectodermal phenotype in ROCKi-treated WT EBs. On day 2 and day 9 of the spontaneous 

differentiation, I collected the RNA from WT and AMOTL2 KO cells (Fig. 33C). Comparing WT 
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ROCKi(+) with AMOTL2 KO ROCKi(-) showed that F-actin depolymerization in WT did not change 

the lineage bias, since WT ROCKi(+) hPSCs still preferentially differentiated  

into endoderm and mesoderm at both d2 and d9 (Fig. 33D, E). Further, comparison of WT ROCKi(+) 

with WT ROCKi(-) EBs and AMOTL2 KO ROCKi(+) with AMOTL2 KO ROCKi(-) EBs shown a 

trend suggesting that treatment with ROCKi promotes differentiation in general but not necessarily 

towards a particular germ layer at the early stages of differentiation (d2), and deepens the phenotype  

at the later stages (d9), in both cases irrespective of the genetic background (Fig. 33D, E).  

 

Fig. 33: AMOTL2 deficiency induces changes in hPSCs cytoskeleton. A. Selected genes connected with 

adhesion from RNA-seq. N=2. Note that genes with -log10 (adj p-val)＜1.3 are not significantly changed. Statistical 

significance calculated with DESeq2. B. Selected DEGs involved in actin cytoskeleton organization from RNA-

seq. N=2. Statistical significance calculated with DESeq2. C. Schematic illustration of the protocol used for 

spontaneous EB differentiation with ROCKi. D-E. Gene expression analysis of day 2 (D) and day 9 (E) 

spontaneously differentiating EBs with ROCKi. N=3 

3.9. AMOTL2 influences size and shape of spontaneously differentiating EBs 

During the AMOTL2 KO and WT hPSCs spontaneous differentiation, I took photographs of EBs daily 

to assess the morphological differences in their size and shape (Fig. 34). I calculated the size as the area 

of single organoids from 2D images. For the shape, I used the Form Factor parameter (Fig. 26C).  

I calculated both parameters using a custom Cell Profiler pipeline.  

At day 0, before pluripotency-maintaining factors were removed, there were no statistically significant 

differences in size of the WT and AMOTL2 KO EBs (Fig. 34A, B). After removal of the pluripotency-
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maintaining factors, the WT ROCKi(-) EBs were gradually increasing in size during the first six days 

of the spontaneous differentiation but did not grow further after day 6, which might be connected  

to the fact that the more differentiated the cells are, the lower their proliferation rate is. In contrast, 

AMOTL2 KO ROCKi(-) EBs continued growing throughout the whole course of the differentiation, 

becoming significantly bigger than WT EBs at days 7-9 (Fig. 34A, B). The addition of ROCKi affected 

the size of both WT and AMOTL2 EBs. The WT EBs differentiated with ROCKi were significantly 

smaller than WT ROCKi(-) EBs from day 3 onwards, yet they followed a highly similar pattern  

of growth until day 6 and not increasing in size after day 6. Surprisingly, AMOTL2 KO ROCKi(+) EBs 

increased in size only marginally throughout the 9 days of the differentiation. The AMOTL2 KO 

ROCKi(+) EBs were significantly smaller than WT ROCKi(-) and AMOTL2 KO ROCKi(-) EBs  

from day 3 and 2 onwards, respectively, and smaller than WT ROCKi(+) EBs from day 5 onwards  

(Fig. 34A, B). On the graph only significant p-values compared to the WT ROCKi(-) conditions  

are shown, the full list of comparisons can be found in Table 4.  



  

79 
 

 

Fig. 34: Spontaneous differentiation of WT and AMOTL2 KO EBs with and without ROCKi.  

A. Representative images of the differentiating WT and AMOTL2 KO EBs at day 0, day 3, day 6, and day 9  

of the culture. Scale bar = 500 µm. N=3 B. Size (Area) of WT and AMOTL2 KO EBs during spontaneous 

differentiation, normalized to day 0 WT. C. Form Factor of WT and AMOTL2 KO EBs during spontaneous 

differentiation. B-C. N=3 Statistics: 2-way Anova. P-values compared to WT, shown only when significant, 

remaining p-values shown in Table 4 and Table 5. 
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Table 4: Multiple comparisons of 2-way Anova statistical analysis of the size of WT and AMOTL2 KO EBs 

treated and not treated with ROCKi. 

Comparison p-value (2-way Anova) 

d0 

WT ROCKi(-) vs AMOTL2 KO ROCKi(-) >0.9999 

WT ROCKi(-) vs WT ROCKi(+) >0.9999 

WT ROCKi(-) vs AMOTL2 KO ROCKi(+) >0.9999 

AMOTL2 KO ROCKi(-) vs WT ROCKi(+) >0.9999 

AMOTL2 KO ROCKi(-) vs AMOTL2 KO ROCKi (+) >0.9999 

WT ROCKi(+) vs AMOTL2 KO ROCKi (+) >0.9999 

d1 

WT ROCKi(-) vs AMOTL2 KO ROCKi(-) >0.9999 

WT ROCKi(-) vs WT ROCKi(+) >0.9999 

WT ROCKi(-) vs AMOTL2 KO ROCKi(+) >0.9999 

AMOTL2 KO ROCKi(-) vs WT ROCKi(+)   0.9855 

AMOTL2 KO ROCKi(-) vs AMOTL2 KO ROCKi (+)   0.8185 

WT ROCKi(+) vs AMOTL2 KO ROCKi (+) >0.9999 

d2 

WT ROCKi(-) vs AMOTL2 KO ROCKi(-) >0.9999 

WT ROCKi(-) vs WT ROCKi(+)   0.5890 

WT ROCKi(-) vs AMOTL2 KO ROCKi(+)   0.0728 

AMOTL2 KO ROCKi(-) vs WT ROCKi(+)   0.1366 

AMOTL2 KO ROCKi(-) vs AMOTL2 KO ROCKi (+)   0.0108 

WT ROCKi(+) vs AMOTL2 KO ROCKi (+) >0.9999 

d3 

WT ROCKi(-) vs AMOTL2 KO ROCKi(-) >0.9999 

WT ROCKi(-) vs WT ROCKi (+)   0.0003 

WT ROCKi(-) vs AMOTL2 KO ROCKi(+) <0.0001 

AMOTL2 KO ROCKi(-) vs WT ROCKi(+) <0.0001 

AMOTL2 KO ROCKi(-) vs AMOTL2 KO ROCKi (+) <0.0001 

WT ROCKi(+) vs AMOTL2 KO ROCKi (+) >0.9999 

d4 

WT ROCKi(-) vs AMOTL2 KO ROCKi(-)   0.9989 

WT ROCKi(-) vs WT ROCKi(+) <0.0001 

WT ROCKi(-) vs AMOTL2 KO ROCKi(+) <0.0001 

AMOTL2 KO ROCKi(-) vs WT ROCKi(+) <0.0001 

AMOTL2 KO ROCKi(-) vs AMOTL2 KO ROCKi (+) <0.0001 

WT ROCKi(+) vs AMOTL2 KO ROCKi (+)   0.9762 

d5 

WT ROCKi(-) vs AMOTL2 KO ROCKi(-) >0.9999 

WT ROCKi(-) vs WT ROCKi(+) <0.0001 
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WT ROCKi(-) vs AMOTL2 KO ROCKi(+) <0.0001 

AMOTL2 KO ROCKi(-) vs WT ROCKi(+) <0.0001 

AMOTL2 KO ROCKi(-) vs AMOTL2 KO ROCKi (+) <0.0001 

WT ROCKi(+) vs AMOTL2 KO ROCKi (+)   0.0390 

d6 

WT ROCKi(-) vs AMOTL2 KO ROCKi(-) >0.9999 

WT ROCKi(-) vs WT ROCKi(+) <0.0001 

WT ROCKi(-) vs AMOTL2 KO ROCKi(+) <0.0001 

AMOTL2 KO ROCKi(-) vs WT ROCKi(+) <0.0001 

AMOTL2 KO ROCKi(-) vs AMOTL2 KO ROCKi (+) <0.0001 

WT ROCKi(+) vs AMOTL2 KO ROCKi (+)   0.0022 

d7 

WT ROCKi(-) vs AMOTL2 KO ROCKi(-)   0.0353 

WT ROCKi(-) vs WT ROCKi(+) <0.0001 

WT ROCKi(-) vs AMOTL2 KO ROCKi(+) <0.0001 

AMOTL2 KO ROCKi(-) vs WT ROCKi(+) <0.0001 

AMOTL2 KO ROCKi(-) vs AMOTL2 KO ROCKi (+) <0.0001 

WT ROCKi(+) vs AMOTL2 KO ROCKi (+)   0.0013 

d8 

WT ROCKi(-) vs AMOTL2 KO ROCKi(-) <0.0001 

WT ROCKi(-) vs WT ROCKi(+) <0.0001 

WT ROCKi(-) vs AMOTL2 KO ROCKi(+) <0.0001 

AMOTL2 KO ROCKi(-) vs WT ROCKi(+) <0.0001 

AMOTL2 KO ROCKi(-) vs AMOTL2 KO ROCKi (+) <0.0001 

WT ROCKi(+) vs AMOTL2 KO ROCKi (+)   0.0036 

d9 

WT ROCKi(-) vs AMOTL2 KO ROCKi(-) <0.0001 

WT ROCKi(-) vs WT ROCKi(+) <0.0001 

WT ROCKi(-) vs AMOTL2 KO ROCKi(+) <0.0001 

AMOTL2 KO ROCKi(-) vs WT ROCKi(+) <0.0001 

AMOTL2 KO ROCKi(-) vs AMOTL2 KO ROCKi (+) <0.0001 

WT ROCKi(+) vs AMOTL2 KO ROCKi (+)   0.0052 
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I assessed the shape of the organoids using Form Factor (Fig. 26C). At day 0, I observed no statistically 

significant differences in the Form Factor of the WT and AMOTL2 KO EBs (Fig. 34A, C). 

Differentiating WT ROCKi(-) EBs became more round through days 1-4 and more irregular from day 

5 onwards. Conversely, AMOTL2 KO ROCKi(-) EBs showed an opposite pattern with highly 

pronounced rosette-like irregular shape during days 1-4 (significantly different from WT ROCKi(-)  

at days 2-4), and becoming round again from day 5 onwards. The addition of ROCKi did not affect  

the shape of WT EBs, as they followed a pattern highly similar to WT ROCKi(-) EBs, becoming more 

regularly shaped during days 1-4 and less regular during days 5-9. In contrast, ROCKi treatment induced 

dramatic changes in AMOTL2 KO EBs, which maintained their round shape through the whole course 

of the differentiation without any major irregularities (Fig. 34A, C). Of note, the irregularities of WT 

ROCKi(-) and WT ROCKi(+) EBs on days 8 and 9 were different from those observed in AMOTL2 

KO ROCKi(-) EBs during days 1-4 (cysts vs rosettes, respectively). On day 9 both ROCKi(-)  

and ROCKi(+) WT EBs were more irregular than either ROCKi(-) or ROCKi(+) AMOTL2 KO EBs. 

The differences reached the statistical significance for WT ROCKi(+) vs AMOTL2 KO ROCKi(+)  

and for WT ROCKi(+) vs AMOTL2 KO ROCKi(-), and almost for WT ROCKi(-) vs AMOTL2 KO 

ROCKi(-), with the p-value of 0.0534. On the graph only significant p-values compared to the WT 

ROCKi(-) conditions are shown, the full list of comparisons can be found in Table 5. Interestingly,  

it appears that AMOTL2 deficiency allows formation of the rosette-shaped organoids which is blocked 

by the addition of ROCKi. However, the cyst-like irregularities in WT organoids are ROCKi-

independent.  

Table 5: Multiple comparisons of 2-way Anova statistical analysis of the Form Factor of WT and AMOTL2 

KO EBs treated and not treated with ROCKi. 

Comparison p-value (2-way Anova) 

d0 

WT ROCKi(-) vs AMOTL2 KO ROCKi(-) >0.9999 

WT ROCKi(-) vs WT ROCKi(+) >0.9999 

WT ROCKi(-) vs AMOTL2 KO ROCKi(+) >0.9999 

AMOTL2 KO ROCKi(-) vs WT ROCKi(+) >0.9999 

AMOTL2 KO ROCKi(-) vs AMOTL2 KO ROCKi (+) >0.9999 

WT ROCKi(+) vs AMOTL2 KO ROCKi (+) >0.9999 

d1 

WT ROCKi(-) vs AMOTL2 KO ROCKi(-)   0.1248 

WT ROCKi(-) vs WT ROCKi(+)   0.8882 

WT ROCKi(-) vs AMOTL2 KO ROCKi(+)   0.9369 

AMOTL2 KO ROCKi(-) vs WT ROCKi(+) <0.0001 

AMOTL2 KO ROCKi(-) vs AMOTL2 KO ROCKi (+) <0.0001 

WT ROCKi(+) vs AMOTL2 KO ROCKi (+) >0.9999 

d2 
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WT ROCKi(-) vs AMOTL2 KO ROCKi(-)   0.0006 

WT ROCKi(-) vs WT ROCKi(+) >0.9999 

WT ROCKi(-) vs AMOTL2 KO ROCKi(+) >0.9999 

AMOTL2 KO ROCKi(-) vs WT ROCKi(+) <0.0001 

AMOTL2 KO ROCKi(-) vs AMOTL2 KO ROCKi (+) <0.0001 

WT ROCKi(+) vs AMOTL2 KO ROCKi (+) >0.9999 

d3 

WT ROCKi(-) vs AMOTL2 KO ROCKi(-) <0.0001 

WT ROCKi(-) vs WT ROCKi (+) >0.9999 

WT ROCKi(-) vs AMOTL2 KO ROCKi(+) >0.9999 

AMOTL2 KO ROCKi(-) vs WT ROCKi(+) <0.0001 

AMOTL2 KO ROCKi(-) vs AMOTL2 KO ROCKi (+) <0.0001 

WT ROCKi(+) vs AMOTL2 KO ROCKi (+) >0.9999 

d4 

WT ROCKi(-) vs AMOTL2 KO ROCKi(-)   0.0022 

WT ROCKi(-) vs WT ROCKi(+) >0.9999 

WT ROCKi(-) vs AMOTL2 KO ROCKi(+) >0.9999 

AMOTL2 KO ROCKi(-) vs WT ROCKi(+)   0.0030 

AMOTL2 KO ROCKi(-) vs AMOTL2 KO ROCKi (+)   0.0005 

WT ROCKi(+) vs AMOTL2 KO ROCKi (+) >0.9999 

d5 

WT ROCKi(-) vs AMOTL2 KO ROCKi(-) >0.9999 

WT ROCKi(-) vs WT ROCKi(+) >0.9999 

WT ROCKi(-) vs AMOTL2 KO ROCKi(+) >0.9999 

AMOTL2 KO ROCKi(-) vs WT ROCKi(+) >0.9999 

AMOTL2 KO ROCKi(-) vs AMOTL2 KO ROCKi (+) >0.9999 

WT ROCKi(+) vs AMOTL2 KO ROCKi (+) >0.9999 

d6 

WT ROCKi(-) vs AMOTL2 KO ROCKi(-) >0.9999 

WT ROCKi(-) vs WT ROCKi(+) >0.9999 

WT ROCKi(-) vs AMOTL2 KO ROCKi(+) >0.9999 

AMOTL2 KO ROCKi(-) vs WT ROCKi(+) >0.9999 

AMOTL2 KO ROCKi(-) vs AMOTL2 KO ROCKi (+) >0.9999 

WT ROCKi(+) vs AMOTL2 KO ROCKi (+) >0.9999 

d7 

WT ROCKi(-) vs AMOTL2 KO ROCKi(-) >0.9999 

WT ROCKi(-) vs WT ROCKi(+) >0.9999 

WT ROCKi(-) vs AMOTL2 KO ROCKi(+)   0.9981 

AMOTL2 KO ROCKi(-) vs WT ROCKi(+)   0.9991 

AMOTL2 KO ROCKi(-) vs AMOTL2 KO ROCKi (+) >0.9999 

WT ROCKi(+) vs AMOTL2 KO ROCKi (+)   0.7762 
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d8 

WT ROCKi(-) vs AMOTL2 KO ROCKi(-)   0.6912 

WT ROCKi(-) vs WT ROCKi(+) >0.9999 

WT ROCKi(-) vs AMOTL2 KO ROCKi(+)   0.7669 

AMOTL2 KO ROCKi(-) vs WT ROCKi(+)   0.2602 

AMOTL2 KO ROCKi(-) vs AMOTL2 KO ROCKi (+) >0.9999 

WT ROCKi(+) vs AMOTL2 KO ROCKi (+)   0.3187 

d9 

WT ROCKi(-) vs AMOTL2 KO ROCKi(-)   0.0534 

WT ROCKi(-) vs WT ROCKi(+) >0.9999 

WT ROCKi(-) vs AMOTL2 KO ROCKi(+)   0.5610 

AMOTL2 KO ROCKi(-) vs WT ROCKi(+)   0.0007 

AMOTL2 KO ROCKi(-) vs AMOTL2 KO ROCKi (+) >0.9999 

WT ROCKi(+) vs AMOTL2 KO ROCKi (+)   0.0201 

 

3.10. AMOTL2 KO promotes YAP activity in hPSCs yet the lineage bias  

    in AMOTL2 KO is YAP-independent  

Hippo is an inhibitory pathway regulating YAP activity. While YAP itself was not changed in our bulk 

RNA-seq data, the Hippo pathway GO term was downregulated (Fig. 24D). The downregulation  

of the Hippo pathway decreases YAP phosphorylation, which is synonymous with its cytoplasmic 

localization, and consequently, promotes nuclear localization synonymous with higher YAP activity. 

AMOTL2 supports Hippo pathway in its inhibitory role against YAP (Fig. 6), and therefore, its knockout 

would be expected to promote YAP nuclear localization and activity. To assess YAP subcellular 

localization at the protein level, I stained WT and AMOTL2 KO hPSCs against YAP (Fig. 35A). Next, 

I identified the nuclear and cytoplasmic compartments using a custom Cell Profiler pipeline  

and calculated the ratio of nuclear vs cytoplasmic YAP mean intensity, revealing increased nuclear 

localization of YAP in AMOTL2 KO hPSCs (Fig. 35B). YAP was previously reported to affect cell 

fate, especially ICM vs trophectoderm determination (Alarcon & Marikawa, 2018; Hirate et al., 2013; 

Leung & Zernicka-Goetz, 2013), and self-renewal vs differentiation decision, with YAP repression 

being permissible for the latter (Estarás et al., 2017; Meyer et al., 2023). To assess whether AMOTL2 

KO phenotype in lineage bias is dependent on YAP, I performed EB spontaneous differentiation with 

verteporfin. Verteporfin inhibits YAP activity by increasing the level of 14-3-3σ protein, which in turn 

sequestrates YAP in the cytoplasm and targets it for proteasomal degradation (Chao Wang et al., 2016). 

Therefore, if AMOTL2 KO cell fate bias was dependent on YAP, verteporfin should reverse it, meaning 

upregulate endoderm-related genes and downregulate ectoderm-related genes. After 2 days  

of spontaneous differentiation, I collected the RNA from control and verteporfin-treated EBs to examine 

the gene expression of the previously used lineage markers (Fig. 35C, D). Treatment of AMOTL2 KO 

EBs with verteporfin did not influence the cell fate bias, since AMOTL2 KO verteporfin(+) EBs still 
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preferentially differentiated into ectoderm, similarly to untreated AMOTL2 KO EBs (Fig. 35D).  

In contrast, in WT EBs, verteporfin treatment inhibited endoderm and mesoderm formation, compared 

to untreated WT, yet without ectoderm induction (Fig. 35D). This indicates that AMOTL2 deficiency 

overrides the sole effect of YAP inhibition, strongly suggesting that there are other players  

by which AMOTL2 controls cell fate.  

 

Fig. 35: AMOTL2 KO promotes YAP activity in hPSCs yet the lineage bias in AMOTL2 KO is YAP-

independent. A. Representative images of immunofluorescent staining against YAP (green). Nuclei stained  

in blue with DAPI. Scale bar = 100 µm. N=3. The last panel is a zoom in from the marked square. B. Quantification 

of the nucleus to cytoplasm ratio of YAP mean fluorescence intensity. Statistics: t-Student test with Welch’s 

correction. N=3. C. Schematic illustration of the protocol used for spontaneous EB differentiation with verteporfin. 

D. Gene expression analysis of day 2 spontaneously differentiating EBs with verteporfin. N=3 Statistics: t-Student 

test with Welch’s correction. 
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3.11. Calcium channel PIEZO1 is decreased in AMOTL2 KO  

Hippo pathway is a mechanosensing pathway, meaning that it integrates the outside mechanical cues 

into gene expression. In AMOTL2 KO hPSCs I observed downregulation of the mechanosensing Ca2+ 

channel PIEZO1 mRNA expression, with simultaneous upregulation of PIEZO2 (Fig. 36A). Based  

on bulk RNA-seq, PIEZO1 is a dominant family member in hPSC (Fig. 36B). I further confirmed 

PIEZO1 protein presence in hPSCs and its decreased level in AMOTL2 KO (Fig. 36C, D). 

 

 

Fig. 36: Mechanosensing channel PIEZO1 in AMOTL2 KO hPSCs. A. Selected genes connected  

with mechanotransduction from RNA-seq. N=2. Note that genes with -log10 (adj p-val)＜1.3 are not significantly 

changed. Statistical significance calculated with DESeq2. B. PIEZO mRNA expression in WT hPSCs assessed  

by bulk RNA-seq. Statistics: t-Student test N=2 C. Representative images of immunostaining against β-CAT (red) 

and PIEZO1 (green). Nuclei stained in blue with DAPI. N=3 Scale bar = 50 µm. D. Quantification PIEZO1 mean 

fluorescence intensity. Statistics: t-Student test with Welch’s correction. N=3. 
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4. Discussion 

4.1. AMOTL2 expression in human 

This thesis includes a first comprehensive analysis of AMOTL2 expression patterns in human 

pluripotency and pancreatic development. AMOTL2 expression was previously reported in several 

human cell lines, including HEK293A, HEK293T, MCF10A (Kim et al., 2016; Z. Li et al., 2012; S. 

Mana-Capelli et al., 2014; Sebastian Mana-Capelli & McCollum, 2018; Paramasivam et al., 2011; W. 

Wang et al., 2015; Y. Wang et al., 2011), HeLa (Z. Li et al., 2012; S. Mana-Capelli et al., 2014; Sebastian 

Mana-Capelli & McCollum, 2018), HUVEC (Y. Wang et al., 2011), U87 and U251 glioblastoma cell 

lines (Artinian et al., 2015; X. Chen et al., 2021), and HepG2 (Han et al., 2017). 

Here, I showed by the analysis of the publicly available scRNA-seq data, that AMOTL2 earliest 

expression during development was found at the morula stage of preimplantation embryos,  

and it continued to be expressed in ICM in vivo and four independent lines of hPSCs cultured in vitro, 

proving that AMOTL2 expression is not line-specific. I also confirmed the presence of AMOTL2 protein 

in hPSCs. This is consistent with the reports that identified AMOTL2 expression in human blastocyst, 

and in hPSCs (Hildebrand et al., 2017; Pagliari et al., 2021; Zaltsman et al., 2019). 

Further, I showed that as we progress into pancreatic differentiation, AMOTL2 mRNA expression  

was widespread at the DE stage, with varying levels, depending on the dataset. Next, AMOTL2 mRNA 

could be found in a fraction of PP and EP cells during in vitro differentiation, and in a population  

of EP/early endocrine cells in developing human pancreas from 8-20 wpc. I confirmed the presence  

of AMOTL2 protein in human fetal pancreatic tissue from 10 wpc and 13 wpc. The expression pattern 

of known EP/early endocrine markers suggested that AMOTL2 mRNA was expressed in early EPs  

and its expression diminished as they progressed into endocrine cells. AMOTL2 mRNA was also 

detected in mesenchymal and ductal cells, as well as in a fraction of acinar, endothelial, and pancreatic 

stellate cells in both embryonic and adult tissues. In adult pancreas AMOTL2 was not expressed  

in the endocrine cells. AMOTL2 expression was not previously explored in human pancreatic 

differentiation, except for the article by Scavuzzo et al. (Scavuzzo et al., 2018) from previous  

prof. Borowiak lab. There, AMOTL2 downregulation in the hPSC-derived EPs increased α-cell 

differentiation efficiency at the expense of β-cells (Scavuzzo et al., 2018). 

Importantly, here, for the first time, I show the existence of the NGN3(+) / AMOTL2(+) endocrine 

progenitor population in human, in both in vitro directed pancreatic differentiation and in vivo pancreatic 

development. This specific population was earlier identified only in mice (Scavuzzo et al., 2018; van 

Gurp et al., 2019). 

In this thesis, AMOTL2 protein was identified in 10 wpc and 13 wpc human fetal pancreatic tissue.  

The specimens were not stained against NGN3 for the following reasons: 1) the majority  

of the antibodies against NGN3 for immunofluorescence developed up to date are not of satisfactory 



  

88 
 

quality. 2) NGN3 expression in EPs is transient. Considering that the NGN3(+) population at a given 

timepoint is extremely small, accounting for up to 2% of all cells in the pancreas (Olaniru et al., 2023), 

there was a high probability that we would not detect NGN3(+) cells in the single tissue slides. 3)  

The NGN3(+) cells quickly progress into early endocrine cells, marked by the expression of CHGA. 

Since 93% of the NGN3(+) EPs in the developing human pancreas already co-express CHGA (Olaniru 

et al., 2023) and antibodies against CHGA produce a strong and specific signal, we decided to use this 

marker.  

4.2. AMOTL2 in colony architecture 

Here, I showed that AMOTL2 deficiency influences hPSC colony morphology, making them more 

irregular in shape as opposed to the classical hPSC colonies with well-defined smooth edges. 

Additionally, AMOTL2 KO colonies had more holes which are generally not found in WT hPSC 

colonies. While it is not direct evidence, these morphology changes might be a sign of increased 

mesenchymal phenotype of AMOTL2 KO hPSCs. This is supported by a clear dysregulation  

of the EMT- and migration-related genes in AMOTL2 KO in our bulk RNA-seq data, including 

upregulation of canonical EMT markers, such as CDH2, VIM, FN1, and MMP2 (Matrix 

Metallopeptidase 2). Additionally, in our lab, we assessed the level of several adhesion proteins, which 

revealed decrease in the VCL and CDH1 levels, increase of CDH2 and VIM levels and unchanged levels 

of β-CAT, PXN (Paxilin), and ITGA5 (Fig. 37).  

I attempted to assess the AMOTL2 KO hPSC motility, with a classical wound-healing migration assay, 

yet it was not best-suited for hPSCs. In wound-healing assay, the cells are grown into a confluent 

monolayer and a cell-free area is created either by scratch or by removing an insert that was preventing 

cells from growing in the particular area. However, hPSCs require coating for adherence, which was 

most probably disrupted while removing insert, since in my experiments neither WT nor AMOTL2 KO 

hPSCs have grown into the wound. I also tested time-lapse imaging paired with single-cell movement 

tracking as proposed by several groups (Chang et al., 2019; L. Li et al., 2010; Phadnis et al., 2015; 

Wadkin et al., 2017; Yamamoto et al., 2018) with the ImageJ TrackMate plugin. While the initial data 

suggest an increase in the speed (µm/h) of AMOTL2 KO hPSCs movement compared to WT, more 

technical and biological replicates would be needed to ensure the reliability. There are several factors  

to consider when examining hPSC motility: 1) hPSC movement is influenced by the proximity of the 

other cells, with more random-walk type and less directional movement as the distance between cells 

increases (L. Li et al., 2010); 2) Passaging hPSCs as single cells and seeding them sparsely is detrimental 

for their wellbeing and results in dissociation-induced apoptosis (Watanabe et al., 2007) unless treated  

with ROCKi. However, ROCKi increases hPSC migration (L. Li et al., 2010) and therefore might 

influence the results; 3) Tracking cells with brightfield images is challenging, hence the desire  

to use live cell stains, which however can also influence the migration rate (Wadkin et al., 2017). 
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Based on literature, AMOTL2 indeed has a role in cell motility, yet the results remain inconclusive. 

AMOTL2 KD resulted in the increase in cell migration in human epithelial cell lines, more spindle-like 

cell shape, and lower expression of the epithelial marker CDH1 with increased mesenchymal markers 

VIM and CDH2 (Artinian et al., 2015; X. Chen et al., 2021; Kim et al., 2016; W. Wang et al., 2011), 

which is also the most similar to our data on AMOTL2 KO in hPSCs (Fig. 37). Further, Amotl2 KD  

in canine epithelial cells led to the loss of contact inhibition (Zhao et al., 2011). The overexpression  

of AMOTL2 p60 isoform, which was reported to mimic AMOTL2 p100 isoform knockdown did not 

affect invasion in the study by Mojallaj et al. but increased invasiveness in the study by Subramani et 

al. (Mojallal et al., 2014; Subramani et al., 2023). AMOTL2 overexpression increased epithelial cell 

migration in Huang et. al (H. Huang et al., 2007) yet decreased it in (X. Chen et al., 2021). In human 

endothelial cells AMOTL2 deficiency inhibited migration (Y. Wang et al., 2011), similarly  

as in zebrafish embryo (H. Huang et al., 2007).  

While experimentally beyond the scope of this thesis, the potentially upregulated migration  

of AMOTL2-deficient cells might become crucial during differentiation towards pancreatic cells,  

at the EP stage. I selected Amotl2 as a gene specifically upregulated in the EP subtype 2, which was 

identified as EPs delaminating from epithelial cords into surrounding mesenchyme (Scavuzzo et al., 

2018). This process is crucial for the formation of Langerhans islets. The mechanism behind EP exit 

from epithelial cords is still vague, yet it is strongly suggested to rely on the increased mesenchymal EP 

phenotype. According to the traditional, yet currently questioned, dispersal-aggregation model, 

Fig. 37: Schematic summary of the changes in adhesion molecules in AMOTL2 KO compared to WT hPSCs. 

Black/gray indicate no changes in protein level, blue - decreased level, red - increased level. 
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NGN3(+) EPs would undergo the EMT, which would allow them to leave epithelial cords and migrate 

into mesenchyme. Then, by the unknown mechanism, the dispersed cells would aggregate into islets 

and regain epithelial features (Benitez et al., 2012; Pan & Wright, 2011). Another model of EP exit  

from epithelial cords, a peninsular model, was first proposed in 1944 by Hard (Hard, 1944) and recently 

revisited by Sharon et al. (Sharon, Chawla, et al., 2019). There, EPs would undergo only partial EMT, 

where the upregulation of the mesenchymal genes is accompanied by the sustained expression  

of epithelial genes. As a result, the epithelial cord architecture becomes loosened, yet the cell-cell 

contacts are not entirely disrupted. Consequently, newly born EPs delaminate and form bud-like 

structures, called peninsulas, which eventually detach from cords to form islets. It is currently unknown 

if this model is applicable also in humans, however, peninsula-like buds were previously observed  

in hPSC pancreatic differentiation (Sharon, Chawla, et al., 2019). 

It remains unclear how AMOTL2 would regulate EP delamination, yet it appears to be an exciting 

direction to explore. Since AMOTL2 KO results in the more mesenchymal phenotype in hPSCs,  

it is possible that not the increase in AMOTL2 expression in EP2 but AMOTL2 loss that happens 

between EP2 and EP3 is crucial for EP delamination. This remains to be studied in depth during hPSC 

pancreatic differentiation, however, we would need different tools, preferably inducible KO and OE 

constructs, since we showed that AMOTL2 KO hinders an efficient DE formation, which is a crucial 

step before EP formation.   

4.3. AMOTL2 in proliferation and apoptosis 

In this thesis I showed that AMOTL2 deficiency results in the increased proliferation and decreased 

apoptosis in hPSCs. The influence of AMOTL2 manipulation on the proliferation was previously 

studied in different models, with fairly consistent results. In epithelial cells AMOTL2 expression inhibits 

proliferation in both mouse and human (X. Chen et al., 2021; Cui et al., 2021; P. Fang et al., 2021), 

while AMOTL2 deficiency promotes proliferation in zebrafish, mouse, and human (Agarwala et al., 

2015; Artinian et al., 2015; X. Chen et al., 2021; P. Fang et al., 2021). In contrast, AMOTL2 KD  

in endothelial cells resulted in decreased proliferation in both zebrafish and human (Y. Wang et al., 

2011). AMOTL2 influence on proliferation was not yet studied in hPSCs. The apoptosis in the context 

of AMOTL2 was generally not studied previously. The influence on the proliferation and apoptosis  

is most probably connected with increased YAP activity in AMOTL2 KO, since YAP and Hippo 

pathway have a well-established role in those processes (Fu et al., 2022; Liu et al., 2012), and YAP 

overexpression in hESC induces proliferation (Choe et al., 2022).  

4.4. AMOTL2 and lineage bias 

Here, I showed that pluripotency factor expression was not impaired in AMOTL2 KO - SOX2  

and NANOG levels were unchanged, while OCT3/4 was increased. Confronted with literature, both 

overexpression and KD of OCT3/4 in hESC promoted the endodermal fate in study by Rodriguez et al. 
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(Rodriguez et al., 2007). Further, Wang et al. (Z. Wang et al., 2012) showed that OCT3/4 overexpression 

stimulates endoderm formation, while inhibiting ectoderm. This seemingly stands in opposition  

to our data, however, might be connected with the OCT3/4 dosage, since in AMOTL2 KO OCT3/4 was 

1.25-fold upregulated, in contrast to 4-fold increase in Wang et al. (Z. Wang et al., 2012). Additionally, 

OCT3/4 might regulate the expression of BMP4 (Z. Wang et al., 2012), the endoderm-related gene 

which is downregulated in our RNA-seq data from AMOTL2 KO.  

In this thesis, I proved that AMOTL2 KO promotes ectoderm formation and hinders endoderm 

differentiation in spontaneous differentiation, also confirming ectoderm acceleration with directed 

differentiation. Both methods have their strengths and weaknesses and should be considered 

complementary. The spontaneous differentiation performed in the differentiation-permissive medium 

without any small molecules provides the most unbiased results, however it might suffer from the high 

variability between biological replicates. While the ectoderm dominance was consistently present  

with every round of the spontaneous differentiation that I performed, the gene expression levels varied, 

in some cases making it challenging to reach statistical significance. We also attempted to use another 

spontaneous differentiation assay, relying on micropatterned colonies in cooperation with the protocol 

authors (Warmflash et al., 2014). Two issues arose: 1) the protocol was originally applied to H1 cells 

and Hues8-iCas9 cell line did not follow the same differentiation patterns; and 2) in this system there 

were no significant differences between WT and AMOTL2 KO differentiating cells, which might  

be attributed to the fact that micropatterned colonies are treated with BMP4 to induce differentiation.  

Directed differentiation, while more reproducible, is frequently performed with the excess of small 

molecules to achieve the desired efficiency in various hPSC lines. If the cell fate bias is more subtle, 

this excess can mask the existing phenotype.  

In the directed differentiation towards ectoderm, I demonstrated the existence of the dominant double-

positive SOX1(+) / OCT3/4(+) and OTX2(+) / OCT3/4(+) populations in differentiating WT cells. 

Instead in AMOTL2 cells this population was dramatically reduced and replaced by ectoderm marker(+) 

/ OCT3/4(-) populations. Similar pattern was also observed by Noisa et al. (Noisa et al., 2012)  

in H1 and H7 hPSC lines with the intermediate neural progenitor population co-expressing pluripotency 

markers and ectodermal markers, OCT3/4 and PAX6 respectively. The pluripotency factors would 

further diminish, and ectodermal markers increase as the differentiation progressed (Noisa et al., 2012). 

This indicates that AMOTL2 KO neural progenitors are more mature than in WT.  

AMOTL2 was not previously studied in the context of tri-lineage specification. Angiomotin family 

members were shown to be involved in the first cell fate decision between TE and ICM in mouse 

blastocyst. Amot was enriched in the ICM vs TE, where it prevented the expression of TE marker, Cdx2, 

in F-actin, Yap, and Rho-dependent manner. Depletion of Amot or its co-depletion with Amotl2 resulted 

in the Hippo pathway activation, exclusion of Yap form the nucleus, downregulation of pluripotency 

markers, differentiation towards TE and compromised embryo development (Hirate et al., 2013; Leung 
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& Zernicka-Goetz, 2013; Shi et al., 2017). The Cdx2 was not upregulated in Amotl2-deficient mouse 

blastocyst, indicating no Amotl2 involvement in TE vs ICM determination (Hildebrand et al., 2017). 

The Amotl2 mRNA was upregulated in TE vs ICM in both mouse and human blastocyst, suggesting  

a differential functions of Amot and Amotl2 in this cell fate decision (Hildebrand et al., 2017). However, 

I showed that in human the expression of AMOT in hPSCs is 22-fold lower than of AMOTL2,  

and therefore it seems unlikely that AMOT could be involved in tri-lineage determination.  

4.5. AMOTL2 and F-actin cytoskeleton 

AMOTL2 involvement in cytoskeleton changes was previously reported by several groups in different 

systems, however not in hPSCs. Both overexpression and knockdown of AMOTL2 result in changes in 

F-actin. AMOTL2 overexpression in human epithelial cells disrupted peripheral F-actin fibers (H. 

Huang et al., 2007). AMOTL2 knockdown or overexpression of the p60 isoform caused the loss of radial 

F-actin fibers in canine and human epithelial cells, and in mouse blastocyst (Hildebrand et al., 2017; 

Subramani et al., 2023). Studies in zebrafish also showed less abundant and disrupted F-actin fibers 

following Amotl2 knockdown (H. Huang et al., 2007; Hultin et al., 2014, 2017).  

F-actin depolymerization with ROCKi (Y-27632) in WT did not mimic the ectodermal cell fate bias  

of AMOTL2 KO. ROCKi treatment appeared to generally improve the differentiation efficiency  

but without particular direction. Boraas et al. (Boraas et al., 2018) performed a similar experiment, where 

they treated spontaneously differentiating EBs with cytochalasin D, as F-actin depolymerization agent, 

and jasplakinolide for the opposite effect. F-actin depolymerization resulted in increase in endoderm 

differentiation efficiency, and mixed results for mesoderm efficiency. Ectoderm was not studied  

by authors. While I could see an improvement in endoderm formation efficiency in WT ROCKi(+)  

vs WT ROCKi(-) EBs, this effect was not visible in AMOTL2 KO (Fig. 33E, F), suggesting that there 

is a dominant factor over F-actin depolymerization in AMOTL2 deficiency-related cell bias.  

Additional experiments could be performed, with other F-actin depolymerizing agents,  

such as latrunculin A (Coue et al., 1987; Fujiwara et al., 2018) or cytochalasin D (Casella et al., 1981; 

Goddette & Frieden, 1986) to further confirm this phenotype.  

4.6. AMOTL2 and YAP 

In this thesis, we showed that AMOTL2 deficiency activates YAP in hPSCs, which is in line with 

AMOTL2 being a known YAP and Hippo pathway regulator in other systems. AMOTL2 KD in murine 

and human epithelial cells resulted in increased YAP/TAZ activity, as designated by the increase  

in the nuclear localization of YAP/TAZ, decrease in their phosphorylation, and decreased LATS1/2 

phosphorylation/activity (P. Fang et al., 2021; Paramasivam et al., 2011; Zhao et al., 2011). AMOTL2 

overexpression caused cytoplasmic localization of YAP/TAZ and increase in YAP/TAZ 

phosphorylation in both human and mice (P. Fang et al., 2021; Lucci et al., 2013; Paramasivam et al., 
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2011). Of note, in the studies by Mana-Capelli et al. the knockdown or overexpression of individual 

angiomotin family members did not induce significant changes in Hippo pathway, yet modulation  

of all three angiomotins mimicked the results obtained by other groups (S. Mana-Capelli et al., 2014; 

Sebastian Mana-Capelli & McCollum, 2018). Similarly, in mouse preimplantation embryo, Amotl2  

and Amot simultaneous knockdown promoted Yap nuclear localization, as opposed to Amotl2 

knockdown only (Hirate et al., 2013). 

YAP has a relatively well documented role in cell fate decisions at the different stages of differentiation. 

For instance, YAP is involved in the fate specification between TE and ICM. In mouse blastocyst, 

nuclear active Yap is present in the outer cells where it is required for the expression  

of the trophectoderm-related gene Cdx2, while in the ICM cells YAP is sequestered in cytoplasm (Hirate 

et al., 2013; Leung & Zernicka-Goetz, 2013; Shi et al., 2017). This YAP expression pattern  

and TE vs ICM determination mechanism appears to be conserved in human (Gerri et al., 2020). Along 

this line, the stable self-renewal of naive hPSCs requires YAP inhibition, while YAP induction results 

in the activation of the trophectodermal fate (Dattani et al., 2022). After this first cell fate decision, Yap 

is activated in the murine ICM cells and is necessary for the high expression of the pluripotency factors 

(Hashimoto & Sasaki, 2019). YAP is also predominantly active (nuclear) in primed hPSC lines (Beyer 

et al., 2013; Pagliari et al., 2021; Qin et al., 2012; Varelas et al., 2008), however it is not indispensable 

for pluripotency, since neither upregulation nor downregulation of YAP impairs hPSC colony 

morphology and pluripotency marker levels (Estarás et al., 2017; Laowtammathron et al., 2023; Quan 

et al., 2022; Zeevaert et al., 2023). 

The influence of YAP was also previously studied in the tri-lineage specification. In directed 

differentiation YAP OE hinders mesoderm formation (Pagliari et al., 2021; Quan et al., 2022), while 

YAP deficiency generally promotes endoderm and mesoderm differentiation, and inhibits ectodermal 

fate (Estarás et al., 2017; Pagliari et al., 2021; Quan et al., 2022; Stronati et al., 2022; Zeevaert et al., 

2023), however the effect on mesoderm and ectoderm formation was not always present (Pagliari et al., 

2021; Zeevaert et al., 2023). In the EB spontaneous differentiation performed by Laowtammathron et 

al. (Laowtammathron et al., 2023) YAP KO promotes mesoderm but do not influence endoderm 

formation, while YAP OE upregulates endoderm and inhibits mesoderm. None influences the ectoderm 

specification (Laowtammathron et al., 2023). In contrast, another group performed a semi-spontaneous 

differentiation with the addition of SB431542, where the YAP KO EBs did not differentiate and retained 

the high levels of pluripotency markers (Zeevaert et al., 2023). The 2D self-patterning YAP KO 

organoids primed with BMP4 upregulated endoderm and mesoderm at the expense of ectoderm (Stronati 

et al., 2022). 

Interestingly, this YAP KO phenotype appears to be the opposite of our AMOTL2 KO phenotype, which 

would suggest that AMOTL2 KO cell fate bias could be YAP-dependent. However, I showed  

that treatment with YAP inhibitor, verteporfin, does not promote mesendodermal fate. Manipulation 

with YAP activity did not result in the reversal of AMOTL2 KO differentiation bias towards ectoderm 
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(Fig. 35D). In WT, verteporfin treatment resulted in decreased efficiency of endoderm and mesoderm 

formation, which appears to be opposite to what was expected. This indicates, that while YAP could  

be partially responsible for the mesendodermal part of the phenotype, AMOTL2 KO cell fate bias 

phenotype is not entirely YAP-dependent and there are more potent players in the game. 

4.7. AMOTL2 influences size and shape of spontaneously differentiating EBs 

This thesis demonstrates that AMOTL2 KO spontaneously differentiating EBs differ from WT EBs  

in size and shape. The addition of ROCKi affects the size of WT EBs but not their growth  

or shape pattern. In contrast, the ROCKi treatment of AMOTL2 KO EBs induces dramatic changes 

compared to the untreated AMOTL2 KO EBs, with growth and shape patterns more similar to WT  

and almost no increase in the size during culture. AMOTL2 KO EBs show differentiation bias towards 

ectodermal lineages, and inhibited endoderm and mesoderm fate, compared to WT EBs. The addition 

of ROCKi does not significantly affect the cell fate. This suggests that EB morphological changes  

are not coupled with the cell fate decisions in this setting. On the other hand, in the rare cases when  

I did not observe the characteristic rosette-like structure formation, I also did not observe the differences 

in cell fate. This is an intriguing phenomenon, however it would require further research, which  

is beyond the scope of this thesis. 

4.8. Future directions 

The previous research on angiomotin family members in the TE vs ICM cell fate decisions implied  

a heavy involvement of both cytoskeleton and YAP in the process. While I can clearly see  

the dysregulation of the cytoskeleton and YAP in the AMOTL2 KO hPSCs, the experimental data 

indicate that neither of them is a main player in AMOTL2-dependent ectoderm bias during 

differentiation. 

In the future, it would be exciting to explore the YAP-independent modes of AMOTL2 action.  

The preliminary data points to the possible directions: 

1) In AMOTL2 KO hPSCs I observed downregulation of the mechanosensing Ca2+ channel 

PIEZO1. Consequently, the intracellular Ca2+ levels are also changed in AMOTL2 KO. Ca2+  

is an important intracellular messenger that influences various cellular functions. There are also 

implications that Ca2+ levels might be involved in the cell fate regulation (Bikle et al., 2012; 

Hao et al., 2016; Sinha et al., 2022). Treatment with PIEZO1 activator, YODA1 (Botello-Smith 

et al., 2019), or alternatively, activation of another calcium channel during spontaneous 

differentiation could shed a light on Ca2+ importance for lineage determination.  

2) The RNA-seq showed significant changes in the cellular metabolism and energy production 

mechanisms in AMOTL2 KO compared to WT. The preliminary functional assays confirmed 

changes in mitochondria activity in AMOTL2 KO. Both mitochondria status and metabolism 
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can be involved in the differentiation or change as cells differentiate, which sets an interesting 

course for future research (Lv et al., 2022; Qi et al., 2022; Seo et al., 2018). 

Last but not least, it is compelling to investigate AMOTL2 role in human pancreatic differentiation.  

I first identified Amotl2 in the specific population of mouse EPs biased towards β-cell production. Here, 

I showed that the AMOTL2(+) EP population exists also in human, raising the question if AMOTL2 can 

be a regulator of β-cell differentiation in human. In support of this, AMOTL2 KD in hPSC-derived PPs 

resulted in the decreased number of β-cells (Scavuzzo et al., 2018), however the underlying mechanisms 

were not explored. Since Amotl2 expression in mice was specific for the delaminating EPs,  

and AMOTL2 is known to have a role in cell migration in several systems, it would be super interesting 

to explore if and how these two processes are interconnected.  
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5. Materials and methods 

5.1. scRNA-seq atlases analyzed in the thesis 

Table 6: List of scRNA-seq atlases used in the thesis 

AUTHOR & YEAR CELL TYPE PUBLICATION 
LINK TO THE 

ATLAS 

(Baron et al., 2016) ●  adult pancreas 

A Single-Cell 

Transcriptomic Map of 

the Human and Mouse 

Pancreas Reveals Inter- 

and Intra-cell Population 

Structure 

https://human-

pancreas.cells.ucsc.edu 

(Enge et al., 2017) 

●  adult pancreas: 

 mixed ages,  

 from 1 month  

 to 54 years 

Single-Cell Analysis of 

Human Pancreas 

Reveals Transcriptional 

Signatures of Aging and 

Somatic Mutation 

Patterns 

https://adultPancreas.cel

ls.ucsc.edu 

(Z. Fang et al., 2019) 

●  hESC (H1, H9) 

●  human primary 

 islets 

Single-Cell 

Heterogeneity Analysis 

and CRISPR Screen 

Identify Key β-Cell-

Specific Disease Genes 

Beta cell Hub (case.edu) 

GRAPPA 

(Boroviak et al., 2018) 

●  preimplantation 

 embryos 

Single cell 

transcriptome analysis 

of human, marmoset and 

mouse embryos reveals 

common and divergent 

features of 

preimplantation 

development 

https://boroviaklab.pdn

.cam.ac.uk/resources/ 

https://app.stemcells.c

am.ac.uk/GRAPPA/ 

(currently unavailable) 

(Olaniru et al., 2023) 
●  fetal pancreas:  

 8-20 wpc 

Single-cell 

transcriptomic and 

spatial landscapes of the 

developing human 

pancreas 

Human fetal pancreas 

(shinyapps.io) 

(Petropoulos et al., 2016) 

●  preimplantation 

 embryos:  

 days 3-7 

Single-Cell RNA-Seq 

Reveals Lineage and X 

Chromosome Dynamics 

in Human 

Preimplantation 

Embryos 

https://cells.ucsc.edu/?

ds=preimplant-

embryos&layout=0&g

ene=NANOG&pal=tol

-dv# 

(Sharon, Vanderhooft, et 

al., 2019) 

●  pancreatic 

 differentiation:  

 from ES to  

 endocrine cells  

 (H8) 

Wnt Signaling Separates 

the Progenitor and 

Endocrine 

Compartments during 

Pancreas Development 

https://ifx.rc.fas.harvar

d.edu/invitrobetacells/ 

https://adultpancreas.cells.ucsc.edu/
https://adultpancreas.cells.ucsc.edu/
http://hiview.case.edu/public/BetaCellHub/Primaryislet.cellReports.php
https://boroviaklab.pdn.cam.ac.uk/resources/
https://boroviaklab.pdn.cam.ac.uk/resources/
https://app.stemcells.cam.ac.uk/GRAPPA/
https://app.stemcells.cam.ac.uk/GRAPPA/
https://eolaniru.shinyapps.io/shinyapp/
https://eolaniru.shinyapps.io/shinyapp/
https://cells.ucsc.edu/?ds=preimplant-embryos&layout=0&gene=NANOG&pal=tol-dv
https://cells.ucsc.edu/?ds=preimplant-embryos&layout=0&gene=NANOG&pal=tol-dv
https://cells.ucsc.edu/?ds=preimplant-embryos&layout=0&gene=NANOG&pal=tol-dv
https://cells.ucsc.edu/?ds=preimplant-embryos&layout=0&gene=NANOG&pal=tol-dv
https://cells.ucsc.edu/?ds=preimplant-embryos&layout=0&gene=NANOG&pal=tol-dv
https://ifx.rc.fas.harvard.edu/invitrobetacells/
https://ifx.rc.fas.harvard.edu/invitrobetacells/
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(Weng et al., 2020) 

●  pancreatic 

 differentiation: 

 from ES to  

 endocrine cells 

Single-cell lineage 

analysis reveals 

extensive multimodal 

transcriptional control 

during directed beta-cell 

differentiation 

http://hiview.case.edu/

public/BetaCellHub/di

fferentiation.php 

 

(Yan et al., 2013) 

●  preimplantation 

 embryos 

●  hESC 

Single-cell RNA-Seq 

profiling of human 

preimplantation 

embryos and embryonic 

stem cells 

https://www.ebi.ac.uk/

gxa/sc/experiments/E-

GEOD-

36552/results?colourB

y=developmental+stag

e&plotOption=20& 

plotType=umap&gene

Id=ENSG0000012601

6 

(Yiangou et al., 2019) 

●  hESC (H9) 

●  iPSC 

●  pluripotent  

 vs DE 

Method to Synchronize 

Cell Cycle of Human 

Pluripotent Stem Cells 

without Affecting Their 

Fundamental 

Characteristics 

https://www.ebi.ac.uk/

gxa/sc/experiments/E-

MTAB-

7008/results?colourBy

=sampling+time+point

&plotType 

=umap&plotOption=2

0&geneId=ENSG0000

0126016 

Ziojła Natalia, 2022 

(Borowiak Lab) 

●  pancreatic 

 differentiation: 

 day 12 

Rola czynnika 

transkrypcyjnego ETV1 

w adhezji ludzkich 

pluripotencjalnych 

komórek macierzystych 

i rozwoju in vitro 

ludzkiej endokrynnej 

trzustki (PhD thesis) 

- 

 

5.2. scRNA-seq data analysis 

The scRNA-seq data obtained in our laboratory were analyzed using Loupe Browser 6.4.1. Gene/Feature 

Expression and Filter functions were used to visualize the expression of selected genes and define 

clusters. The NGN3(+) / AMOTL2(-) vs NGN3(+) / AMOTL2(+) differentially expressed genes were 

identified using the Globally Distinguish option in Significant Feature Comparison. The analysis 

excluded the genes with low average count - genes with an average occurrence greater than 1 count per 

cell across the entire dataset. The pathways were identified using Gene Codis (Garcia-Moreno et al., 

2022). 

 

http://hiview.case.edu/public/BetaCellHub/differentiation.php
http://hiview.case.edu/public/BetaCellHub/differentiation.php
http://hiview.case.edu/public/BetaCellHub/differentiation.php
https://www.ebi.ac.uk/gxa/sc/experiments/E-GEOD-36552/results?colourBy=developmental+stage&plotOption=20&plotType=umap&geneId=ENSG00000126016
https://www.ebi.ac.uk/gxa/sc/experiments/E-GEOD-36552/results?colourBy=developmental+stage&plotOption=20&plotType=umap&geneId=ENSG00000126016
https://www.ebi.ac.uk/gxa/sc/experiments/E-GEOD-36552/results?colourBy=developmental+stage&plotOption=20&plotType=umap&geneId=ENSG00000126016
https://www.ebi.ac.uk/gxa/sc/experiments/E-GEOD-36552/results?colourBy=developmental+stage&plotOption=20&plotType=umap&geneId=ENSG00000126016
https://www.ebi.ac.uk/gxa/sc/experiments/E-GEOD-36552/results?colourBy=developmental+stage&plotOption=20&plotType=umap&geneId=ENSG00000126016
https://www.ebi.ac.uk/gxa/sc/experiments/E-GEOD-36552/results?colourBy=developmental+stage&plotOption=20&plotType=umap&geneId=ENSG00000126016
https://www.ebi.ac.uk/gxa/sc/experiments/E-GEOD-36552/results?colourBy=developmental+stage&plotOption=20&plotType=umap&geneId=ENSG00000126016
https://www.ebi.ac.uk/gxa/sc/experiments/E-GEOD-36552/results?colourBy=developmental+stage&plotOption=20&plotType=umap&geneId=ENSG00000126016
https://www.ebi.ac.uk/gxa/sc/experiments/E-GEOD-36552/results?colourBy=developmental+stage&plotOption=20&plotType=umap&geneId=ENSG00000126016
https://www.ebi.ac.uk/gxa/sc/experiments/E-MTAB-7008/results?colourBy=sampling+time+point&plotType=umap&plotOption=20&geneId=ENSG00000126016
https://www.ebi.ac.uk/gxa/sc/experiments/E-MTAB-7008/results?colourBy=sampling+time+point&plotType=umap&plotOption=20&geneId=ENSG00000126016
https://www.ebi.ac.uk/gxa/sc/experiments/E-MTAB-7008/results?colourBy=sampling+time+point&plotType=umap&plotOption=20&geneId=ENSG00000126016
https://www.ebi.ac.uk/gxa/sc/experiments/E-MTAB-7008/results?colourBy=sampling+time+point&plotType=umap&plotOption=20&geneId=ENSG00000126016
https://www.ebi.ac.uk/gxa/sc/experiments/E-MTAB-7008/results?colourBy=sampling+time+point&plotType=umap&plotOption=20&geneId=ENSG00000126016
https://www.ebi.ac.uk/gxa/sc/experiments/E-MTAB-7008/results?colourBy=sampling+time+point&plotType=umap&plotOption=20&geneId=ENSG00000126016
https://www.ebi.ac.uk/gxa/sc/experiments/E-MTAB-7008/results?colourBy=sampling+time+point&plotType=umap&plotOption=20&geneId=ENSG00000126016
https://www.ebi.ac.uk/gxa/sc/experiments/E-MTAB-7008/results?colourBy=sampling+time+point&plotType=umap&plotOption=20&geneId=ENSG00000126016
https://www.ebi.ac.uk/gxa/sc/experiments/E-MTAB-7008/results?colourBy=sampling+time+point&plotType=umap&plotOption=20&geneId=ENSG00000126016
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5.3. Development of AMOTL2 KO hPSC line 

5.3.1. sgRNA 

AMOTL2 KO was generated in the hPSC line Hue8-iCas9, with a doxycycline-inducible expression  

of iCas9 protein (González et al., 2014). Two sets of three sgRNAs were designed, one set targeting the 

region of exon 2 with the highest overlap in AMOTL2 isoforms, and second, with sgRNAs targeting 

exon 1, unique for 837 aa isoform. The sgRNA sequences were designed using the Benchling CRISPR 

tool. Benchling CRISPR tool provides “on-target” score, which is a predicted efficiency and “off-target” 

score that is a measure of the specificity. The sgRNAs with the highest scores possible (the higher  

the scores, the better) were selected, prioritizing specificity over efficiency. The sgRNA sequences were 

flanked with T7 promoter sequence at the beginning and Tracr sequence at the end (Table 7).  

Table 7: The sgRNAs used for AMOTL2 KO in hPSCs 

ISOFORM sgRNA RNA SEQUENCE (5’ TO 3’) T7 - gRNA - TRACR 

ALL 

ISOFORMS 

AMOTL2_sgRNA_A 

TAATACGACTCACTATAGGGCTGTGGGCATAGC

CGGTAGAGTTTTAGAGCTAGAAATAGCAAGTTA

AAATAAGGCTAGTCCGTTATCAACTTGAAAAAGT

GGCACCGAGTCGGTGCTTTT 

AMOTL2_sgRNA_B 

TAATACGACTCACTATAGGGAGCCCACTCGCAG

TACTATGGTTTTAGAGCTAGAAATAGCAAGTTAA

AATAAGGCTAGTCCGTTATCAACTTGAAAAAGTG

GCACCGAGTCGGTGCTTTT 

AMOTL2_sgRNA_C 

TAATACGACTCACTATAGGGCGGGGGACCGAGA

TCCCCGTGTTTTAGAGCTAGAAATAGCAAGTTAA

AATAAGGCTAGTCCGTTATCAACTTGAAAAAGTG

GCACCGAGTCGGTGCTTTT 

837 AA 

AMOTL2_sgRNA_1A 

TAATACGACTCACTATAGGGACTGGGCGAAAAG

CCAGCGGGTTTTAGAGCTAGAAATAGCAAGTTA

AAATAAGGCTAGTCCGTTATCAACTTGAAAAAGT

GGCACCGAGTCGGTGCTTTT 

AMOTL2_sgRNA_1B 

TAATACGACTCACTATAGGGGGGCGCCTATTAT

CACCTTGGTTTTAGAGCTAGAAATAGCAAGTTAA

AATAAGGCTAGTCCGTTATCAACTTGAAAAAGTG

GCACCGAGTCGGTGCTTTT 

AMOTL2_sgRNA_1C 

TAATACGACTCACTATAGGGTGGCGGCGGGTGA

TTCAGTTGTTTTAGAGCTAGAAATAGCAAGTTAA

AATAAGGCTAGTCCGTTATCAACTTGAAAAAGTG

GCACCGAGTCGGTGCTTTT 

 

5.3.2. AMOTL2 KO procedure 

The sgRNA oligonucleotides were multiplied in PCR reaction using Q5 polymerase. The PCR products 

were purified with DNA Purification GeneJet Kit (Invitrogen) according to the manufacturer 

instructions. Next, the PCR products were used for in vitro transcription reaction with MEGA shortscript 
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kit (Invitrogen) according to the manufacturer instructions, to obtain RNA molecules. The quantity  

and quality of RNA was assessed with NanoDrop.  

The hPSCs were cultured with 2 μg/ml doxycycline for 24 h before lipofection to activate the expression 

of iCas9 protein. The reverse transfection method was used - cells were dissociated from the plate, 

counted and 1.5 x 105 cells (per 24-well) were seeded onto new plate in E8 medium with 10 μM  

Y-27632, 2 μg/ml doxycycline, lipofectamine RNAiMAX, and the mix of sgRNAs in various 

configurations. After 24 h the medium was changed to StemFlex without Y-27632 and cells were 

cultured for the additional 24 h. Further, the fraction of the cells was collected, and DNA was isolated 

using A&A Biotechnology Genomic Mini Kit, according to the manufacturer instructions. The PCR 

reaction with the primers flanking the CRISPR/Cas9 edition sites was performed and PCR products 

were Sanger sequenced. Primer sequences are listed in Table 8. The sequencing results were analyzed 

using ICE CRISPR Analysis Tool for a bioinformatic analysis of knockout efficiency. The transfected 

cells with the higher knockout efficiency were dispersed and seeded as single cells to ensure clonal cell 

lines. DNA from single-cell colonies was isolated and the PCR reaction primers flanking  

the CRISPR/Cas9 edition sites was performed. The PCR products were visualized on the 1% agarose 

gel electrophoresis and Sanger sequenced. The exact mutations were identified using Benchling  

and INDIGO Gear Genomics (Rausch et al., 2020) platforms.  

Table 8: Primers used for the sequencing of sgRNA-targeted regions 

ISOFORM sgRNA SEQUENCE (5’ TO 3’) 

all 
AMOTL2_seq_F CATCCAGGAGCAGCTGCGCTAC 

AMOTL2_seq_R TTCAGCATGCTGGAAGTGCGGG 

837 aa 
AMOTL2_seq1_F TGGAAGTGTCCTGGGGGCAGAG 

AMOTL2_seq1_R TGCTTCCAGCCACAGAGCCTCT 

 

5.4. hPSC culture 

The hPSCs were cultured at the vitronectin-coated plates in StemFlex medium with supplement  

in a 37ᵒC incubator with 5% CO2. Cells were passaged as clusters with PBS-EDTA (0.5 mM EDTA  

in 1 × PBS) every 3-5 days after reaching 80% confluency. Whenever the experiment required seeding 

a defined number of cells, hPSCs were passaged as single cells with TrypLE, counted using 

CellCountess ThermoFischer Scientific), and seeded in the StemFlex medium with the addition  

of 10 μM ROCKi (Y-27632) for the first 24 h. The hPSCs Hues8-iCas9 cell line was obtained from 

Prof. Huangfu laboratory (MSCK, NYC, USA). Cell lines were routinely tested for mycoplasma and 

found negative.  
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5.5. Immunofluorescent staining 

5.5.1. Adherent cells 

Cells from adherent cultures were fixed with 4% paraformaldehyde (PFA) for 15 min in room 

temperature (RT). For the staining against nuclear proteins, fixed cells were permeabilized with 0.5% 

TritonX100 in PBS for 15 min at RT (room temperature) and washed three times with PBS. Cells were 

blocked for 1 h at RT with 3% BSA (bovine albumin serum) + 0.1% Tween20 in PBS. Cells were stained 

with primary antibodies diluted in 5% NDS (normal donkey serum) + 0.1% Tween20 + PBS overnight 

at 4ᵒC. The following day, the cells were washed three times with 0.1% Tween20 in PBS and stained 

with secondary antibodies diluted in 5% NDS + 0.1% Tween20 + PBS for 1h at RT. Next, cells were 

washed two times with 0.1% Tween20 in PBS and incubated with DAPI (1: 10 000) for 5 min in RT.  

5.5.2. Human fetal pancreas tissues 

The human 10 and 13 wpc fetal pancreas sections were processed at Baylor College of Medicine  

in Houston (Texas, USA) with the approval to Malgorzata Borowiak (IRB-3097). The donor identities 

were encrypted, and the data were analyzed anonymously. Pancreata were fixed with 4% PFA for 4 h, 

washed with PBS and soaked in 30% sucrose. Next, tissues were embedded in TissueTek and cut into 

12 µm-thick sections, which were placed onto SuperFrost Plus coated glass slides and stored at -80ᵒC. 

For immunostaining, slides were warmed up in RT for 30 min, then washed in PBS two times  

for 10 min to remove TissueTek residue. Sections were blocked for 45 min in RT in 5% NDS + 0.1% 

Tween20 + PBS. Slides were stained with primary antibodies diluted in 5% NDS + 0.1% Tween20  

+ PBS overnight at 4ᵒC. 

The following day the tissue was washed three times (10 min each) with 0.1% Tween20 in PBS  

and stained with secondary antibodies diluted in 5% NDS + 0.1% Tween20 + PBS for 1h at RT. Next, 

cells were washed two times (10 min each) with 0.1% Tween20 in PBS and incubated with DAPI  

(1: 10 000) for 5 min in RT.  

5.5.3. Antibodies  

Table 9: Antibodies used for immunofluorescent staining. Hu = human, Mus = mouse, Mk = monkey 

ANTIBODY 

NAME 
COMPANY CATALOG # DILUTION 

PRIMARY / 

SECONDARY 
HOST REACTIVITY 

CHGA Santa Cruz, CA sc-393941 1:200 Primary Mouse Hu, Mus, Rat 

C-PEP DSHB GN-ID4 1:20 Primary Rat Hu 

GCG Santa Cruz, CA sc-514592 1:100 Primary Mouse Hu, Mus, Rat 

pHH3 Millipore 06-570 1:100 Primary Rabbit Hu, Mus 

cleaved 

CASP3 
Cell Signaling 9664 1:400 Primary Rabbit 

Hu, Mus, Rat, 

Mk 
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AMOTL2 US Biological KIAA0989 1:400 Primary Rabbit Hu 

SST Santa Cruz, CA sc-55565 1:100 Primary Mouse Hu 

NANOG R&D AF1997 1:100 Primary Goat Hu 

OCT3/4 Santa Cruz, CA sc-5279 1:100 Primary Mouse Hu, Mus, Rat 

SOX2 R&D MAB2018 1:100 Primary Mouse Hu, Mus, Rat 

β-CAT Santa Cruz, CA sc-7963 1:100 Primary Mouse Hu, Mus, Rat 

AlexaFluor488 
Jackson 

Immunoresearch 
715-545-150 1:400 Secondary Donkey 

anti-Mouse IgG 

(H+L) 

AlexaFluor488 
Jackson 

Immunoresearch 
711-545-152 1:400 Secondary Donkey 

anti-Rabbit IgG 

(H+L) 

TRITC 
Jackson 

Immunoresearch 
705-025-147 1:400 Secondary Donkey 

anti-Goat IgG 

(H+L) 

TRITC 
Jackson 

Immunoresearch 
715-025-150 1:400 Secondary Donkey 

anti-Mouse IgG 

(H+L) 

TRITC 
Jackson 

Immunoresearch 
711-025-152 1:400 Secondary Donkey 

anti-Rabbit IgG 

(H+L) 

TRITC 
Jackson 

Immunoresearch 
712-025-153 1:400 Secondary Donkey 

anti-Rat IgG 

(H+L) 

AlexaFluor647 
Jackson 

Immunoresearch 
711-605-152 1:400 Secondary Donkey 

anti-Rabbit IgG 

(H+L) 

AlexaFluor647 
Jackson 

Immunoresearch 
715-605-151 1:400 Secondary Donkey 

anti-Mouse IgG 

(H+L) 

 

5.6. Imaging 

Epifluorescence microscopy was performed using Leica DM IL-Led microscope with N Plan Fluor 

4x/0.12, N Plan Fluor 10x/0.30, N Plan Fluor 20x/0.40 and N Plan Fluor 40x/0.60 lenses  

with JENOPTIK Progres Gryphax camera. Confocal microscopy was performed using 1) Nikon A1Rsi 

microscope with Plan Fluor 4x/0.13, Plan Apo 10x/0.45 DIC N1, Plan Apo VC 20x/0.75 DIC N2, Apo 

40x/1.25 WI λS DIC N2, and Plan Apo VC 60x/1.4 Oil DIC N2 lenses, with Nikon NIS Elements AR 

software; and 2) Leica Stellaris 8 microscope with HC PL FLUOTAR 10x/0.20 Air, HC PL APO 

20x/0.75 CS2 Air, HC PL IRAPO 40x/1.10 W CORR, PL APO 63x/1.20 W CORR CS2, and HC PL 

APO 63x-1.40 OIL CS2 lenses, with Leica LAS X software. 

5.7. RNA isolation and real time quantitative PCR (RT-qPCR) 

The total RNA was isolated using TRIzol Reagent and phenol/chloroform method, according  

to the manufacturer’s instructions. The RNA was dissolved in RNase-free water and subjected  

to the DNase treatment. Quality and concentration of RNA was analyzed spectrophotometrically  

at A260/230 and A260/280. For cDNA synthesis, 1 ng of DNA-free RNA was reverse-transcribed  

with RevertAid First Strand cDNA Synthesis kit, using random hexamer primers. The qPCR was 

performed with Power SYBR Green qPCR MasterMix at QuantStudio 7 Flex Real-Time PCR System. 
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The sequences of the primers are listed in Table 10. Gene expression was calculated in QuantStudio 7 

software using the ΔΔCT quantification method (Willems et al., 2008) and double-normalized  

by algorithmically incorporating multiple endogenous controls - GAPDH and ACTB. 

Table 10: RT-qPCR primers 

PRIMER NAME SEQUENCE (5’ TO 3’) 

GAPDH_F AAGGTGAAGGTCGGAGTCAA 

GAPDH_R AATGAAGGGGTCATTGATGG 

ACTB_F ACAGAGCCTCGCCTTTGCCGAT 

ACTB_R ATCATCCATGGTGAGCTGGCGG 

FOXA2_F GGTCGTTTGTTGTGGCTGTTA 

FOXA2_R GTTCATGTTGCTCACGGAGGA 

GATA4_F CGACACCCCAATCTCGATATGT 

GATA4_R ACAGATAGTGACCCGTCCCA 

SOX7_F TTTGGGCCAAGGACGAGAGG 

SOX7_R CTTCCACGACTTTCCCAGCAT 

SOX17_F CGCTTTCATGGTGTGGGCTA 

SOX17_R CTTCCACGACTTGCCCAGC 

MEIS2_F TCCAGCATCTCACACATCCG 

MEIS2_R ACTGGTCAATCATGGGCTGT 

MIXL1_F GGATCCAGCTTTTATTTTCTCCCC 

MIXL1_R TCCAGGAGCACAGTGGTTGA 

PDGFRA_F CTATGTGCCAGACCCAGATGT 

PDGFRA_R CAGGAGTCTCGGGATCAGTTG 

TNNT2_F GAATGAGCGGGAGAAGGAGC 

TNNT2_R TGCTTCTGGATGTAACCCCC 

OTX2_F CGAGGGTGCAGGTATGGTTTA 

OTX2_R GCCACTTGTTCCACTCTCTGA 

PAX6_F CGATAACATACCAAGCGTGTCA 

PAX6_R TGCCCGTTCAACATCCTTAGT 

SOX1_F GCAGGTCCAAGCACTTACAAG 

SOX1_R GGGTGGTGGTGGTAATCTCTT 

SOX2_F CATGCACCGCTACGACGT 

SOX2_R CTGCGAGTAGGACATGCTGTA 

AMOTL2_seq_F CATCCAGGAGCAGCTGCGCTAC 

AMOTL2_seq_R TTCAGCATGCTGGAAGTGCGGG 
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5.8. RNA-sequencing 

Total RNA was extracted with the phenol-chloroform method. For the library preparation, 1 000 ng  

of total RNA from WT and AMOTL2 KO hPSCs were used. The RNA quality was checked  

on Bioanalyzer (Agilent) and samples with RNA integrity above 9.0 were used for cDNA library 

preparation. Libraries were prepared in duplicates, using Illumina TruSeq RNA Library Prep Kit v2, 

according to the manufacturer's protocol. Library quantification was performed using Qubit fluorometer 

(TFS) and quality assessment using Agilent High Sensitivity DNA kit (Agilent Technologies).  

The sequencing was performed at the outside facility.  

RNA-seq raw paired-end reads were trimmed with fastp (S. Chen et al., 2018). Trimmed reads were 

aligned to the human genome (Ensembl GRCh38) using STAR (v2.7) (Dobin et al., 2013) and counts 

were obtained using featureCounts v1.6.3 (Liao et al., 2014). To establish the differentially expressed 

genes, the read counts were normalized and analyzed with iDEP.96 (Ge et al., 2018) and DESeq2 (Love 

et al., 2014) software. Genes differentially expressed between WT And AMOTL2 KO hPSCs with p≤ 

0.05 and fold change ≥ 2.0 were used for further analysis. Cluster analysis was performed with Genesis 

(Sturn & Quackenbush, 2002) software, using the average linkage method for hierarchical clustering. 

Volcano plot was prepared with GraphPad Prism9. Functional enrichment analysis was performed using 

Gene Codis (Garcia-Moreno et al., 2022) web-based platform. The cut-off value for significant pathway 

results was p<0.005. 

5.9. Live cell imaging (IncuCyte) 

The analysis of the confluency and cell number was performed using IncuCyte Live Cell Imager 

(Sartorius). Photographs were automatically taken every 2 h. The confluency and cell number were 

analyzed using IncuCyte Base Analysis Software. For cell number analysis, the cells were cultured with 

50 mM SiR-DNA and 100 nM verapamil for the nuclear staining of live cells.   

5.10. Spontaneous differentiation 

Spontaneous differentiation was performed as 3D organoids. Two days before the differentiation, 

adherent cultures were dissociated into single cells, counted, and 1 x 106 cells were plated onto a 10 cm 

dish. After 48 h, hPSCs were once more dissociated into single cells. Cells were counted and plated  

in E8 medium with Y-27632 onto low-attachment 6-well plates, 3x 106 cells per well. Cells were 

cultured on the orbital shaker that allows formation of the homogeneously sized organoids and prevents 

clumping. After 24 h, the medium was changed for E8 without Y-27632, and after next 24 h to the basal 

differentiation medium deprived of the pluripotency factors. For the first 48 h cells were cultured in S1 

medium and then in S2 medium, up to 9 days. For the treatments, 10 μM Y-27632 or 350 nM verteporfin 

were added to the medium every two days, with the medium change. The components  

of the differentiation media are listed in Table 11.  
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Table 11: Component of the media for spontaneous differentiation. 

 S1 MEDIUM S2 MEDIUM  

ADVANCED DMEM/F12 48 ml 43.5 ml 

PEN/STREP (10 000 U/ML, 100X) 500 μl 500 μl 

GLUTAMAX (100X) 500 μl 500 μl 

FBS 2 ml (2 %) 5 ml (10 %) 

NEAA (100X) - 500 μl 

TOTAL 50 ml 50 ml 

 

5.11. Directed differentiation towards ectoderm 

The hPSC directed differentiation into ectoderm lineage was performed using a modified Calvo-Garrido 

protocol (Calvo-Garrido et al., 2021). The hPSCs were dissociated into single cells, counted and seeded 

at the density of 3.5 x 104 cells per cm2 on the GelTrex-coated plates. The cells were cultured for 24 h 

in E8 medium with Y-27632. During days 1-4 cells were differentiated in the KOSR medium 

supplemented with LDN193189, SB431542, and Chir99021. On day 5 differentiating cells were 

dissociated into single cells, counted and plated onto new GelTrex-coated plates at the density  

of 2.4 x 105 cells per cm2. From day 5 till day 9 cells were cultured in the mix of KOSR and N2B27 

medium supplemented with LDN193189 and CHIR99021. The media components are listed  

in Table 12. The proportions of the KOSR and N2B27 media for each day and small molecules  

are stated in Table 13.  

 

Table 12: Composition of ectoderm differentiation media 

 KOSR MEDIUM N2B27 MEDIUM 

DMEM/F12 + GLUTAMAX 39.5 ml 24 ml 

KOSR 10 ml - 

NEAA 500 μl - 

2-MERCAPTOETHANOL 91 μl 91 μl 

PEN/STREP 500 μl 500 μl 

NEUROBASAL - 24 ml 

GLUTAMAX - 250 μl 

N2 - 250 μl 

B27 - 500 μl 
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Table 13: Media composition and small molecules for each day of ectoderm differentiation 

DAY  KOSR MEDIUM N2B27 MEDIUM SMALL MOLECULES 

1-4 100% 0% 

LDN193189 1 : 1 250 

SB431542 1 : 5 000 

CHIR99021 1 : 3 000 

5-6 75% 25% 
LDN193189 1 : 1 250 

CHIR99021 1 : 3 000 

7-8 50% 50% 
LDN193189 1 : 1 250 

CHIR99021 1 : 3 000 

 

5.12. Flow cytometry 

Cells were dissociated into a single-cell suspension, washed with PBS, and fixed with 4% PFA + 0.1% 

saponin in PBS for 45 min at 4°C, followed by wash with SBP solution: 0.1% saponin + 1% BSA  

in PBS (SBP). Fixed cells were permeabilized for 15 min at 4°C using 1% TritonX100 in PBS, followed 

by two washes with SBP. Next, samples were incubated with primary antibodies diluted in SBP 

overnight at 4 °C on a roller. The cells were then washed twice with SBP and incubated with secondary 

antibodies diluted in SBP, for 1 hour at 4°C. Subsequently, cells were centrifuged at 2,000 × g for 5 min, 

washed with SBP, and filtered through a 40 μm cell strainer before flow cytometry. Flow cytometry data 

were acquired using NovoCyte (Agilent Technologies, USA). Flow cytometry data analysis was 

performed with NovoCyte software. The primary and secondary antibodies used in the study are listed 

in Table 14. 

Table 14: Antibodies used for flow cytometry. Hu = human, Mus = mouse 

ANTIBODY 

NAME 
COMPANY CATALOG # DILUTION 

PRIMARY / 

SECONDARY 
HOST REACTIVITY 

OTX2 R&D AF1979 1:300 Primary goat Hu 

SOX1 Cell Signaling 4194s 1:150 Primary mouse Hu, Mus, Rat 

OCT3/4 Santa Cruz, CA sc-5279 1:300 Primary mouse Hu, Mus, Rat 

AlexaFluor647 
Jackson 

Immunoresearch 
705-605-147 1:1000 Secondary donkey 

anti-Goat 

IgG (H+L) 

AlexaFluor647 
Jackson 

Immunoresearch 
705-605-151 1:1000 Secondary donkey 

anti-Mouse 

IgG (H+L) 

 

5.13. Statistical analysis 

Graphs were prepared using GraphPad Prism 9. For statistical analysis, the t-Student test with Welch’s 

correction was used in the majority of experiments. In some cases, the 2-way Anova or paired t-Student 

test were used. The statistical tests used for the particular experiments are stated in the figure legend. 
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5.14. Figure preparation 

Graphs, heatmaps, and bubble plots were prepared using GraphPad Prism 9. Figures were prepared 

using Adobe Photoshop, and illustrations were created with Adobe Illustrator.  

5.15. Software  

Table 15: Software used in the thesis 

SOFTWARE SOURCE CITATION 

Ensembl Genome Browser 
https://www.ensembl.org/index

.html 
(Zerbino et al., 2018) 

GeneCards  

Human Gene Database 
https://www.genecards.org/ (Stelzer et al., 2016) 

Prism GraphPad 9 
https://www.graphpad.com/scie

ntific-software/prism/ 
- 

ImageJ (FiJi),  

ScientiFig plugin 
https://imagej.net/Welcome 

(Aigouy & Mirouse, 2013; 

Rueden et al., 2017;  

Schindelin et al., 2012) 

QuantStudio TM Real-Time 

PCR Software (Applied 

Biosystems by ThermoFisher 

Scientific) 

https://www.thermofisher.com/

pl/en/home/technical-

resources/software-

downloads/quantstudio-flex-

real-time-pcr-system.html 

- 

ClustalW 
https://www.genome.jp/tools-

bin/clustalw 
(Thompson et al., 1994) 

Loupe Browser 
https://www.10xgenomics.com

/products/loupe-browser 
- 

fastp 

https://bioinformaticshome.co

m/tools/rna-

seq/descriptions/fastp.html#gsc

.tab=0 

(S. Chen et al., 2018) 

STAR 
https://github.com/alexdobin/S

TAR/releases 
(Dobin et al., 2013) 

featureCounts 
https://subread.sourceforge.net/

featureCounts.html 
(Liao et al., 2014) 

iDEP.96 
http://bioinformatics.sdstate.ed

u/idep96/ 
(Ge et al., 2018) 

DESeq2  

https://bioconductor.org/packag

es/release/bioc/html/DESeq2.ht

ml 

(Love et al., 2014) 

Genesis 

https://genome.tugraz.at/genesi

sclient/genesisclient_descriptio

n.shtml 

 (Sturn & Quackenbush, 2002) 

Gene Codis  https://genecodis.genyo.es/ (Garcia-Moreno et al., 2022) 

CellProfiler https://cellprofiler.org/ (Stirling et al., 2021) 

UCSC Browser https://cells.ucsc.edu/ (Speir et al., 2021) 

ICE CRISPR Analysis Tool,  

Synthego 

https://www.synthego.com/pro

ducts/bioinformatics/crispr-

analysis 

(Conant et al., 2022) 

Chromas 
https://technelysium.com.au/w

p/chromas/ 
- 

Benchling https://www.benchling.com/ - 

INDIGO Gear Genomics 
https://www.gear-

genomics.com/indigo/ 
(Rausch et al., 2020) 

https://www.ensembl.org/index.html
https://www.ensembl.org/index.html
https://www.genecards.org/
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://imagej.net/Welcome
https://www.thermofisher.com/pl/en/home/technical-resources/software-downloads/quantstudio-flex-real-time-pcr-system.html
https://www.thermofisher.com/pl/en/home/technical-resources/software-downloads/quantstudio-flex-real-time-pcr-system.html
https://www.thermofisher.com/pl/en/home/technical-resources/software-downloads/quantstudio-flex-real-time-pcr-system.html
https://www.thermofisher.com/pl/en/home/technical-resources/software-downloads/quantstudio-flex-real-time-pcr-system.html
https://www.thermofisher.com/pl/en/home/technical-resources/software-downloads/quantstudio-flex-real-time-pcr-system.html
https://www.genome.jp/tools-bin/clustalw
https://www.genome.jp/tools-bin/clustalw
https://www.10xgenomics.com/products/loupe-browser
https://www.10xgenomics.com/products/loupe-browser
https://bioinformaticshome.com/tools/rna-seq/descriptions/fastp.html#gsc.tab=0
https://bioinformaticshome.com/tools/rna-seq/descriptions/fastp.html#gsc.tab=0
https://bioinformaticshome.com/tools/rna-seq/descriptions/fastp.html#gsc.tab=0
https://bioinformaticshome.com/tools/rna-seq/descriptions/fastp.html#gsc.tab=0
https://github.com/alexdobin/STAR/releases
https://github.com/alexdobin/STAR/releases
https://subread.sourceforge.net/featureCounts.html
https://subread.sourceforge.net/featureCounts.html
http://bioinformatics.sdstate.edu/idep96/
http://bioinformatics.sdstate.edu/idep96/
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://genome.tugraz.at/genesisclient/genesisclient_description.shtml
https://genome.tugraz.at/genesisclient/genesisclient_description.shtml
https://genome.tugraz.at/genesisclient/genesisclient_description.shtml
https://genecodis.genyo.es/
https://cellprofiler.org/
https://cells.ucsc.edu/
https://www.synthego.com/products/bioinformatics/crispr-analysis
https://www.synthego.com/products/bioinformatics/crispr-analysis
https://www.synthego.com/products/bioinformatics/crispr-analysis
https://technelysium.com.au/wp/chromas/
https://technelysium.com.au/wp/chromas/
https://www.benchling.com/
https://www.gear-genomics.com/indigo/
https://www.gear-genomics.com/indigo/
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Nikon NIS Elements AR 

https://www.microscope.health

care.nikon.com/en_EU/product

s/software/nis-elements/nis-

elements-advanced-research 

 

Leica LAS X 

https://www.leica-

microsystems.com/products/mi

croscope-software/p/leica-las-

x-ls/ 

- 

 

5.16. Image analysis 

Fluorescent and bright field images were processed and analyzed using custom Cell Profiler pipelines, 

in some cases ImageJ or Leica LAS X software was used. 

5.17. Reagents 

Table 16: List of the reagents used in the thesis 

REAGENT MANUFACTURER CATALOG # 

6x DNA loading buffer ThermoFisher Scientific R0611 

Advanced DMEM/F12 medium ThermoFisher Scientific 12634-010 

Agarose Sigma Aldrich A9539 

Agilent High Sensitivity DNA Kit Agilent 5067-4626 

B27 supplement ThermoFisher Scientific 17504044 

CHIR99021 Peprotech 2520691 

Chloroform CZDA 98.5% Chempur 363-112344306 

DAPI Sigma Aldrich D9542 

DMEM/F12 medium ThermoFisher Scientific 10-090-CV 

DMSO Bioshop DMS555.1 

DNA Marker 1 A&A Biotechnology 3000-500 

DNase I, RNase-free (1 U/μL) ThermoFisher Scientific EN0521 

dNTP ThermoFisher Scientific R0182 

Doxycycline Sigma Aldrich D9891 

E8 (Essential 8) medium ThermoFisher Scientific A1516901 

EDTA  Sigma Aldrich D2650 

Ethanol CZDA 99.8% Chempur 363-113964800 

FBS Sigma Aldrich F7524 

Geltrex (for hPSCs) ThermoFisher Scientific A1413302 

GeneJET PCR Purification Kit ThermoFisher Scientific K0702 

Genomic Mini DNA isolation Kit 
A&A Biotechnology 

 
116-250 

Glutamax ThermoFisher Scientific 35050038 

GoTaq G2 Hot Start Promega M7405 

Illumina TruSeq RNA Library Prep Kit v2 Illumina RS-122-2001 
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Izopropanol CZDA 99.7% Chempur 363-117515002 

KOSR ThermoFisher Scientific 10828010 

LDN193189 Peprotech 1066208 

Lipofectamine RNAiMax ThermoFisher Scientific 13778-100 

MEGAshortscript™ T7 Transcription Kit ThermoFisher Scientific AM1354 

N2 supplement ThermoFisher Scientific 17502048 

NDS (normal donkey serum) Jackson Immunoresearch 017-000-121 

NEAA (100x) ThermoFisher Scientific 11140035 

Neurobasal medium ThermoFisher Scientific 21103-049 

OptiMEM medium ThermoFisher Scientific 11058021 

Paraformaldehyde Sigma Aldrich 158127 

PBS Invitrogen  3002 

penicillin/streptomycin (10,000 U/mL, 100×) ThermoFisher Scientific 15140122 

Power SYBR Green qPCR MasterMix ThermoFisher Scientific 4367659 

Probumin Bovine Serum Albumin Merck Millipore 810685 

ProLong Diamond Invitrogen P36961 

Q5 start high-fidelity NEB M0493L 

Qubit™ dsDNA HS Assay Kit Invitrogen Q32850 

Qubit™ dsDNA standards Invitrogen Q32854 

RevertAid First Strand cDNA Synthesis Kit ThermoFisher Scientific K1622 

Saponin  Carl Roth ROTH-4185.1 

SB431542 Peprotech 3014193 

SiR-DNA Tebubio 251SC007 

StemFlex medium ThermoFisher Scientific A3349301 

Triton X-100 Bioshop TRX777.100 

TRIzol™ ThermoFisher Scientific 15596026 

Trypan blue (0.4%) ThermoFisher Scientific 15250061 

TrypLE Express ThermoFisher Scientific 12604021 

Tween20 Bioshop WN510.100 

UltraPure™ DNase/RNase-Free Distilled 

Water 
ThermoFisher Scientific  

 

10977035 

Verteporfin Sigma Aldrich SML0534 

Vitronectin ThermoFisher Scientific A14700 

Y-27632 Peprotech 1293823 
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