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Arp2/3 Complex Activity Enables Nuclear YAP 

for Naïve Pluripotency of Human Embryonic Stem Cells  

Nathaniel Paul Meyer 

 

Abstract 

Despite current understanding of transcriptional and epigenetic programs regulating 

transitions of human embryonic stem cells between distinct stages of pluripotency, our 

knowledge of the cell biology of changes in pluripotency states remains limited. We report 

a dynamic remodeling of the actin cytoskeleton of human embryonic stem cells (hESCs) 

as they transition from primed to naïve pluripotency that includes assembly of a ring of 

contractile actin filaments encapsulating colonies of naïve hESCs. The actin ring requires 

activity of the Arp2/3 complex and traction force microscopy suggests a role in limiting 

cell-substrate tensional forces. Arp2/3 complex activity is also necessary for effective 

transition to the naïve pluripotency state, including translocation of the Hippo pathway 

effectors YAP and TAZ from the cytosol to the nucleus. In hESCs with inhibited Arp2/3 

complex activity, expressing a nuclear-localized YAP-S127A restores assembly of the 

actin ring and the naïve pluripotency state, including established markers and colony 

formation. Together these new findings on the cell biology of hESC reveal a signaling 

network of Arp2/3 complex activity for dynamic remodeling of contractile actin filaments 

and YAP/TAZ activity for transition to the naïve pluripotency state. 
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Chapter 1 – The Cytoskeleton and Human Naïve Pluripotency 
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1.1 – Primed and Naïve Pluripotency 

Derivation of clonal pluripotent stem cells (PSCs) from embryos yields cells with a 

spectrum of pluripotent states, dependent on developmental progression of the embryo, 

species, and culture condition. Clonal mouse embryonic stem cells (mESCs) represent a 

ground-state of pluripotency and closely recapitulate the naïve blastocyst from which they 

are isolated (Nichols & Smith, 2009). In contrast, clonal human and other primate PSCs, 

as conventionally isolated and maintained, exist in a primed state of pluripotency and 

more closely resemble the post-implantation epiblast (Nakamura et al., 2016). 

Importantly, naïve pluripotent stem cells retain characteristics of the inner cell mass, such 

as the ability to contribute to chimera formation including germ cells and dual active X-

chromosomes (Hanna et al., 2009). To study the naïve state of clonal human PSCs, 

culture conditions were developed that dedifferentiate primed human embryonic stem 

cells (hESCs) to a naïve state of pluripotency (Duggal et al., 2015; Szczerbinska et al., 

2019; Takashima et al., 2014a; Theunissen et al., 2014). Development of culture 

conditions that convert and sustain a naïve pluripotent state in human PSCs, which retain 

characteristics of the pre-implantation blastocyst, has provided an opportunity to study 

human development before gastrulation (Rossant & Tam, 2017).  

Utilizing these culture conditions, extensive studies have interrogated the 

transcriptional regulatory network that controls the switch between naïve and primed 

pluripotency in both human and mouse (Li & Belmonte, 2017; Weinberger et al., 2016).  

A number of pluripotency transcription factors have been identified in these studies, which 

sustain a cascade of regulatory events constituting a core gene regulatory network that 
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maintains the pluripotency status seen in both the naïve and primed states (Ng & Surani, 

2011). These core pluripotency factors include the conventional Yamanaka factors OCT4, 

SOX2, and NANOG, among others (Masui et al., 2007; Niwa et al., 2000). Through many 

global transcriptome analyses of both in vitro models of naïve pluripotency as well as 

human embryos, transcriptional signatures of human naïve pluripotency have been 

established which highlight KLF4, KLF17, ESRRB, and OTX2 as important markers of 

the human naïve state (Collier & Rugg-Gunn, 2018). Notably, specific transcription factors 

enriched in naive hESCs such as KLF4 and TFCP2L1 are sensitive to perturbation only 

in naïve hESCs, implying that a unique rewiring of the core pluripotency network occurs 

during transition to the naïve state (Takashima et al., 2014b). Despite these extensive 

studies, the transcriptomic heterogeneity of both naïve and primed hESCs has remained 

a primary focus within the field as methods used to generate, culture, and analyze 

pluripotent hESCs are found to markedly impact differences in gene expression 

(Messmer et al., 2019). Additionally, how other factors may influence pluripotency gene 

expression such as differences in the mechanical environment including cytoskeletal 

remodeling, mechanosensing, and cell-cell dynamics within hESC colonies remain poorly 

understood.  

  

1.2 – Arp2/3 Complex Activity and Actin Architectures in hESCs 

The in vitro models of naïve pluripotency have provided insights on the 

transcriptomic, epigenetic, and proteomic programs stem cells maintain for a functional 

naïve pluripotency state (Duggal et al., 2015; Theunissen et al., 2016; Warrier et al., 
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2017). We have limited understanding, however, of how established morphological 

changes during the transit from primed to naive states are regulated and whether 

morphological changes regulate state transitions. We do know that pluripotent stem cell 

fate is intricately regulated by biophysical cues transmitted through the actin cytoskeleton, 

which control gene expression, proliferation, and differentiation (Naqvi & McNamara, 

2020), and that coordinated changes in cell shape mediated by the actin cytoskeleton are 

essential for developmental embryogenesis (Chalut & Paluch, 2016). Consequently, 

mechanoregulation has been studied for roles in exit of the pluripotent state toward 

targeted cell fates including endodermal (Y. F. Chen et al., 2020), ectodermal (Keung et 

al., 2012), and mesodermal (Przybyla et al., 2016) lineages (Ireland & Simmons, 2015). 

Directly targeting actin filament dynamics has also been shown to regulate the pluripotent 

fate of stem cells (Gerecht et al., 2007; Hogrebe et al., 2020; Rosowski et al., 2015a).  

Actin filament remodeling is established to drive changes in cell shape associated 

with myriad cell behaviors, including motility, proliferation, and adherens junctions 

dynamics (Chhabra & Higgs, 2007; Goley & Welch, 2006; May, 2001). Actin filament 

architectures are predominantly generated by two classes of actin nucleators – the Arp2/3 

complex and the formins. The Arp2/3 complex comprises of seven subunits which 

nucleate branched actin filaments, whereas the formins, a family of fifteen mammalian 

isoforms, nucleate unbranched filaments. Actin filament nucleation is energetically 

unfavorable and these assembly factors overcome this barrier to facilitate dynamic 

cytoskeletal architectures and complex cell behaviors (Chhabra & Higgs, 2007). Each 

class of assembly factors are regulated by distinct mechanisms including mechanical 
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stimuli or signaling pathway stimulation and inhibition. Arp2/3 complex activity is critical 

for regulation of cellular and tissue mechanics including contractility, membrane stiffness 

and membrane tension (Papalazarou & Machesky, 2021). As such, Arp2/3 complex-

dependent actin remodeling lies at a critical interface between the cell and the 

microenvironment by mediating transmission of biological, chemical, and mechanical 

stimuli from the environment, including neighboring cells, to the cell interior. Despite this, 

the role of Arp2/3 complex activity, actin remodeling, and how those components regulate 

actin-associated proteins in human ESCs has remain understudied.  

Actin-associated proteins, including β-catenin for enabling Wnt pathway activity 

and ezrin-radixin-moesin (ERM) proteins for enabling tensional forces at the plasma 

membrane, facilitate maintenance of the naïve pluripotent state in mESCs (de Belly et al., 

2021b). During murine preimplantation development, actin filaments generate 

mechanical forces that contribute to differentiation throughout the blastocyst stage by 

modulating mechanosensitive signaling pathways such as Hippo signaling (Hirate et al., 

2015; Zenker et al., 2018). These actin structures allow cells within the developing 

blastocyst to organize based on contractility, coupling mechanosensing and fate 

specification (Maître et al., 2016). Despite evidence that morphological changes and actin 

filament remodeling determine naïve pluripotency during mouse development, their roles 

in human naïve pluripotency remain unknown.  
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1.3 – Physical Forces and Pluripotency 

Actin filament dynamics can be regulated by the mechanical microenvironment 

and transmit tensional signals to the cell interior (Janmey & McCulloch, 2007). 

Homeostasis of tension in response to mechanical forces is achieved in part by regulating 

focal adhesion assembly and disassembly and through regulating the underlying 

cytoskeletal structure through actomyosin contractility (Vining & Mooney, 2017). These 

changes in the actin cytoskeleton ultimately exert forces on the cell membrane and lead 

to changes in cell shape; thus, cell shape and the cytoskeleton are direct readouts of cell 

mechanics (Clark et al., 2014). Several studies have linked changes in cell shape to 

changes in cell signaling, transcriptional activity, and cell fate. For example, epidermal 

stem cell differentiation is regulated by actin polymerization controlling serum response 

factor signaling (Connelly et al., 2010). Additionally, changes in cell shape of mESCs 

regulate STAT3 signaling and self-renewal (Murray et al., 2013). Understanding how 

PSCs sense, interpret, and react to changes in their mechanical environment are thus 

vital to understanding stem cell biology.  

However, the use of mESCs for studying how mechanical stimuli interact with 

changes in cell fate and pluripotency has significant limitations. In mice, the first cell fate 

decision during blastomere compaction is resolved by Hippo signaling activity, a pathway 

known to be regulated by mechanical forces. The Hippo effector proteins YAP and TAZ 

repress naïve identity and promote trophectoderm differentiation in the developing 

blastomere (Frum et al., 2018). The signaling requirements to induce exit from naïve 

pluripotency were established and found to be largely driven by fibroblast growth factor 
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(FGF) and extracellular signal-regulated kinase (ERK) signaling (Kunath et al., 2007; Nett 

et al., 2018). Additionally, as mESCs exit the naïve state and differentiate, they display a 

striking remodeling of the actin cytoskeleton and changes in cell shape indicative of a 

change in cell mechanics (Aloisio & Barber, 2022; Chalut & Paluch, 2016). However, 

when naïve mESCs were directly stimulated mechanically, they were found to be 

extremely limited in their mechanoresponsitivity. Although minor acute cellular changes 

were observed, stimulated mESCs were found to be indistinguishable from unstimulated 

mESCs transcriptionally; only after exiting naïve pluripotency did mESCs alter their 

transcriptional response under mechanical stimulation (Verstreken et al., 2019). These 

data suggest that although mESCs remodel their cytoskeleton, regulate their 

transcriptional activity, and dynamically transition between states of pluripotency, these 

processes may be less directly regulated by mechanical stimuli than initially thought. In 

support of this, many of these processes are regulated by mechanically independent 

mechanisms. For example, YAP and TAZ can be regulated by adherens junctional and 

tight junctional sequestration independent of mechanical stimuli (Nishio et al., 2015). 

Unlike mESCs, human ESCs do appear to be mechanically sensitive and respond 

transcriptionally yet come with their own limitations for use as a model to interrogate 

mechanics, cell fate, and signaling. Unlike mESCs, hESCs are conventionally cultured in 

the primed state and thus studying pluripotency dynamics requires dedifferentiation to 

naïve pluripotency. Consistent with mESCs that have exited the naïve state, primed 

hESCs are known to be highly mechanoresponsive including changing cell shape, 

cytoskeletal dynamics including contractility, and their transcriptome in response to 
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mechanical stimuli (Y. Sun et al., 2012). However, upon dedifferentiation to a naïve state 

of pluripotency, hESCs were found to be mechanoresponsive with changes in the 

mechanical environment such as matrix stiffness and 3D culture conditions found to 

promote self-renewal and maintenance of the naïve state (McKee et al., 2021). In 

particular, maintaining naïve hESCs in different mechanical environments facilitates 

expression of genes such as FLNC, COL4, CAV1, SERPINE1, and AKT1, which have all 

been associated with integrin-mediated focal adhesion remodeling or actin cytoskeletal 

remodeling (Mair et al., 2019; Wrighton et al., 2014). Activation of integrin receptors 

stimulates PI3K/Akt signaling, which functions as an inhibitor of the ERK signaling 

pathway (Singh et al., 2012). Activation of Akt signaling alone is sufficient to maintain 

pluripotency in both mouse and human ESCs, playing an essential role in downstream 

regulation of STAT, ERK, and β-catenin signaling (Watanabe et al., 2006). Thus, hESCs 

represent a tractable model system to study the role of mechanical signaling in the context 

of cell shape changes, cell fate transition, and pluripotency. However, how responses to 

mechanical stimuli ultimately lead to changes in the dynamic pluripotency networks used 

to establish naïve or primed pluripotency remains unclear.  

1.4 – YAP, Hippo Signaling, and Pluripotency 

Changes in cell shape induced by mechanical stimuli often regulated by Rho 

GTPases and promote translocation of mechanosensitive transcription factors such as 

Yes-associated protein (YAP) in human ESCs (Hoon et al., 2016; Hsiao et al., 2016a). 

YAP and its transcriptional co-activator WW domain containing-transcription factor 1 

(WWTR1 or TAZ) are effector proteins for the Hippo signaling pathway (Plouffe et al., 
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2018). Much work has gone into understanding the role of Hippo signaling both 

developmentally as well as in in vitro models of human pluripotency, with Hippo signaling 

now recognized as a major regulator of stem cell pluripotency, but often with pleiotropic 

and context-dependent effects (Mo et al., 2014).  

For instance, Hippo signaling is highly regulated in primed mESCs, leading to the 

exclusion of YAP/TAZ from the nucleus (Nishioka et al., 2009b). Conversely, depletion of 

YAP/TAZ from naïve mESCs enhances resistance to differentiation and reinforced the 

naïve pluripotent state (Azzolin et al., 2014). The divergent roles of YAP/TAZ in mouse 

suggest that Hippo pathway function may act as a regulator of naïve and primed 

pluripotency status. This was recently confirmed for hESC whereupon YAP 

overexpression in primed hESCs promoted long-term survival and expansion of hESCs 

as well as facilitated dedifferentiation to naïve pluripotency (Ohgushi et al., 2015; Qin et 

al., 2016). These studies used both genetic and pharmacological approaches, including 

supplementing the culture medium with lysophosphatidic acid, which inhibits Hippo 

signaling and promotes nuclear YAP localization. Inhibiting YAP with Verteporfin 

markedly decreases expression of both core pluripotency markers as well as naïve 

pluripotency markers in naïve hESCs (McKee et al., 2019). Although mechanosensitive 

signaling pathways play an important role in the regulation of pluripotency states, the 

molecular machinery that regulates these pathways remains poorly understood. 
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1.5 – Chapter Conclusion  

Despite the recognized and substantial differences in cell morphology of distinct 

ESC pluripotency states (Tatapudy et al., 2017), we have a limited understanding of what 

regulates these distinct morphologies and whether they contribute to determining a 

pluripotent state. Embryonic stem cells are responsible for ultimately giving rise to every 

cell in the adult organism. To achieve this complexity, a wide-ranging and diverse series 

of cellular events occur between the first cell divisions, first cell fate specification, and the 

final terminal differentiation to a somatic cell type. Studying the mechanisms and methods 

of how cells navigate these changes will continue to be a fundamentally significant and 

clinically relevant area of study. 

As cells navigate changes in cell fate, many components of the cell change, 

including cell morphology. The role of mediators of cell morphology such as actin 

nucleators remains unknown in hESCs. A plethora of cytoskeletal components are known 

to facilitate many of these cell fate decisions, with actin dynamics itself playing vital and 

necessary roles in many of them. Interrogating how the environment communicates 

through the cytoskeleton to the cell interior to inform how, when, where, and why changes 

in cell shape, fate, and behavior occur are key to deepening our understanding of 

pluripotency. The divergent roles of mechanosensitive signaling pathways such as Hippo 

when comparing mouse and human underscore the importance of studying human 

biology for careful characterization of human pluripotency. The role of the actin 

cytoskeleton in human pluripotency, including the role of actin nucleators, actin 

architectures, physical forces, and mechanosensing remains unclear. Understanding the 
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mechanisms behind how and why these differences exist will facilitate optimization of 

downstream applications for human pluripotent stem cells. 

My thesis work addresses these questions by characterizing the role of 

cytoskeletal dynamics and remodeling in hESCs. We identified the assembly of a ring of 

contractile actin filaments encapsulating naïve but not primed colonies that is tethered to 

adherens junctions and decorated with phosphorylated myosin light chain (pMLC) and 

moesin. We found that nucleating activity of the Arp2/3 complex but not formins is 

necessary for the actin ring, naïve cell mechanics, including decreased cell-substrate 

tensional forces and colony formation, and transition to naïve pluripotency. RNAseq 

analysis revealed a role for Hippo pathway signaling in Arp2/3 regulated naïve 

pluripotency, which we confirmed by showing increased nuclear localization of the 

transcriptional co-activators YAP and TAZ in naïve compared with primed hESCs that is 

blocked by inhibiting Arp2/3 complex activity. Consistent with these findings, naïve 

pluripotency that is blocked with inhibiting Arp2/3 complex activity is restored by 

expressing a nuclear-localized non-phosphorylatable YAP (YAP-S127A) (Zhao et al., 

2007). These data provide new mechanistic insights on how actin filament dynamics 

regulates the naïve state of hESCs pluripotency and the integration between actin 

filament remodeling and pluripotency.  
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Chapter 2 – Arp2/3 Complex Activity Enables Nuclear YAP for 

Naïve Pluripotency of Human Embryonic Stem Cells  
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2.1 – Actin Filament Remodeling as hESCs Transition to a Naïve State 

For morphological analysis of pluripotency states, HUES8 primed hESCs were 

grown on Matrigel and dedifferentiated to naïve pluripotency using previously reported 

conditions in an mTeSR-based medium supplemented with ERK (PD0325901) and GSK3 

(CHIR99021) inhibitors, the adenylyl cyclase activator forskolin, human leukemia 

inhibitory factor (LIF), basic fibroblast growth factor (bFGF), and ascorbic acid (Duggal et 

al., 2015; Qin et al., 2016). We confirmed transition to a naïve state by showing that 

colonies have prominent doming by day 6 of dedifferentiation and increased expression 

of pluripotency markers DNMT3L, DPPA3, KLF2, and KLF4, as determined by rt-PCR 

(Fig. 2.1 A-B). Staining fixed cells for actin filaments with phalloidin revealed that naïve 

but not primed colonies had a ring of bundled actin filaments at the colony periphery (Fig. 

2.1 C). These supracellular actin rings also formed around colonies of naïve H9 cells and 

naïve WTC11 iPSCs (Fig 2.5 A) as well as HUES8 cells dedifferentiated by alternative 

medium supplements (Fig. 2.5 B). Moreover, the actin ring assembled independently of 

naïve colony size (Fig. 2.5 C).  

A similar actin ring is reported to encircle colonies of clonal human pluripotent stem 

cells to provide a mechanosensitive element linked to focal adhesions (Närvä et al., 

2017). The actin filament ring we observed around naïve hESC colonies was instead 

tethered to adherens junctions, as indicated by co-labeling for β-catenin, with separated 

interdigitated adherens junctions suggesting a contractile force (Fig. 2.1 D, crosshairs). 

The contractile property of the ring was also suggested by the actin ring being decorated 

with pMLC as determined by immunolabeling (Fig. 2.1 E). In contrast, primed hESC 
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colonies had irregular aggregates of pMLC with limited co-localization with actin filaments. 

Immunolabeling with pan-ERM antibodies showed co-localization with the actin filament 

ring in naïve cells, and ERM-specific antibodies revealed co-localization of moesin but 

not ezrin or radixin (Fig. 2.1 F, Fig. 2.5 D). Together, these data indicate a contractile 

actin ring surrounding naïve but not primed hESC colonies. 

The supracellular nature of the actin ring and differential pMLC labeling between 

naïve but not primed hESC colonies suggested a potential difference in colony 

mechanics, which we determined by using traction force microscopy. Increased cell-

matrix traction forces are associated with destabilized adherens junctions in epithelial 

monolayers (Mertz et al., 2013; Scarpa et al., 2015). Consistent with pMLC localization, 

primed colonies exhibited elevated cell-substrate tractions that were distributed 

throughout the colony (Fig. 2.1 G, left). In contrast, naïve colonies exhibited overall low 

magnitude cell-substrate tractions that were localized to the colony periphery and largely 

absent from the colony interior (Fig. 2.1 G, right), suggesting decreased cell-substrate 

tensional force and a likely shift to more stabilized cell-cell forces. Along with pMLC 

localization, these low tractions are consistent with uniform cell-cell adhesion in naïve 

hESC colonies. Together these data identify a significant reorganization of the actin 

cytoskeleton during transition to a naïve state of pluripotency that includes the assembly 

of a contractile actin ring surrounding naïve cell colonies, coincident with attenuated cell-

substrate traction forces and a transition to enhanced cell-cell junction traction force within 

the colony unit.  
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2.2 – Arp2/3 Complex Activity is Necessary for Transition of hESC to 

Naïve Pluripotency 

The assembly of an actin ring in naïve but not primed hESC colonies led us to ask whether 

the actin ring has a functional significance in the transition to naïve pluripotency. New 

actin filaments are predominantly generated by two distinct nucleators, the Arp2/3 

complex, which generates branched filaments, and formins, which generate unbranched 

filaments (Pollard, 2007). We found that the actin ring assembled when naïve cells are 

generated in the presence of SMIFH2, a broad-spectrum inhibitor of formin activity 

(Ganguly et al., 2015; Rizvi et al., 2009) but not CK666, a selective pharmacological 

inhibitor of Arp2/3 complex activity (Nolen et al., 2009; Yang et al., 2012) (Fig. 2.2 A). 

Additionally, CK666 blocked increased expression of markers of naïve pluripotency seen 

in controls, determined by qPCR of PECAM1, ESRRB, KLF4, and DNMT3L (Fig. 2.2 B). 

To eliminate the possibility that CK666 led cells to exit pluripotency and differentiate, we 

immunolabeled for the general pluripotency markers OCT4 and SOX2 and found that 

CK666 treated cells remained broadly pluripotent (Fig. 2.6). To further assess the 

pluripotent state of cells dedifferentiated in the presence of CK666, we immunolabeled 

for the primed pluripotent marker SSEA3 (Trusler et al., 2017). In controls, SSEA3 

expression significantly decreased with dedifferentiation, as previously reported (Liu et 

al., 2017) but not with CK666 (Fig. 2.2 C, D). Additionally, the naïve pluripotency marker 

KLF4 (Takashima et al., 2014c) translocated from the cytoplasm to the nucleus with 

control dedifferentiation but not in the presence of CK666 (Fig. 2.2 C, E). 
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We further tested for a functional naïve pluripotent state by staining for alkaline 

phosphatase (AKP) and scoring for colony formation, which indicates the capacity for 

clonogenic expansion and self-renewal (Rostovskaya et al., 2019). Primed and naïve 

hESCs were passaged and plated at clonogenic cell numbers and maintained for five 

days without or with CK666. In controls, colony formation was greater in naïve compared 

with primed hESC, as previously reported (Chen et al., 2022). However, with CK666, but 

not CK689, an inactive analog of CK666, there was no increase in colony formation in 

naïve compared with primed cells (Fig. 2.2 F). Additionally, traction force microscopy 

revealed that elevated cell-substrate tractions throughout colonies of primed but not naïve 

cells (Fig. 2.1 G) were retained when hESCs were dedifferentiated in the presence of 

CK666 (Fig. 2.2 G). These data identify an essential role for the Arp2/3 complex in 

promoting an actin filament ring and uniform naïve colony mechanics as well as acquiring 

a naïve pluripotent state in hESCs. 

 

2.3 – Arp2/3 Complex Activity Enables Active YAP for Naïve 

Pluripotency 

To understand how Arp2/3 complex activity affects the transcriptional circuitry 

required for naïve pluripotency, we performed bulk RNA-sequencing (RNAseq) on primed 

cells, naïve cells, and primed hESCs dedifferentiated in the presence of CK666 (Fig. 2.3 

A). We found that primed, naïve, and CK666-treated cells had a total of 12,817 

differentially expressed genes (DEGs) with an adjusted pval <0.05. Of these DEGs, 182 

were unique to control primed cells compared with control naïve cells and were not 
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differentially expressed in CK666-treated cells; CK666-treated cells compared with 

control primed or control naïve cells had 102 and 502 DEGs, respectively. To determine 

the transcriptional networks involved in the dedifferentiation from primed to naïve 

pluripotency, we identified KEGG pathways in control naïve dedifferentiation that revealed 

Hippo signaling as the top candidate (Fig. 2.3 B). Additionally, transcription factor binding 

motif analysis identified TEAD2 as a top candidate, which is a downstream effector of 

Hippo signaling (Fig. 2.3 C).  

The Hippo effector protein YAP is a known regulator of the human naïve pluripotent 

state, with overexpression of YAP in pluripotent stem cells promoting the acquisition of 

naïve pluripotency (Qin et al., 2016). Although actin filament dynamics, including a 

contractile ring of actin, regulate YAP signaling (Furukawa et al., 2017; Hsiao et al., 

2016b), to our knowledge a role for Arp2/3 complex activity regulating YAP or TAZ activity 

in human naïve pluripotency has not been reported. For an unbiased global analysis of 

known YAP target genes, we used two publicly available datasets (Estarás et al., 2017; 

Pagliari et al., 2021) and found that of the 3,744 YAP target genes identified in our 

RNAseq dataset, 3156 (84%) were not differentially expressed in any condition and 588 

(16%) were enriched in one or multiple conditions. Of those 588 enriched YAP-target 

genes, 174 (30%) were significantly enriched in the control naïve dedifferentiation 

condition versus the control primed condition; 407 (69%) were significantly enriched 

among CK666-treated dedifferentiation condition versus the control primed condition; and 

7 (1%) were significantly enriched in both conditions versus the control primed condition 

(Fig. 2.3 D, adjusted pval >0.05).  
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Of the genes significantly enriched in the control naïve condition compared with 

the control primed condition, known naïve pluripotency markers such as OTX2, DLG2, 

and CRY1 were significantly upregulated; these naïve markers failed to significantly 

increase in the CK666-treated condition (Fig 2.3 E, left).  As expected, genes significantly 

enriched among both DEG lists include known YAP and Hippo targets such as ANKRD1, 

SLIT2, and CHD10. (Fig. 2.3 E, right). Genes significantly enriched among the CK666-

treated condition include the negative Hippo regulator AMOT (Zhao et al., 2011), and 

lineage-commitment genes such as SOX6 and SPEF2 (Fig. 2.3 E, middle). These data 

suggested a Hippo signaling pathway program, driven by mediators such as YAP, occurs 

during dedifferentiation to naïve pluripotency but is disrupted by inhibiting Arp2/3-complex 

activity. To verify this prediction, we immunolabeled cells to determine YAP localization 

and found increased nuclear to cytoplasmic ratios of YAP (Fig. 2.3 F-G) and TAZ (Fig. 

2.6) with control dedifferentiation that was blocked by CK666.  

 Consistent with these data, during preimplantation development, actin filaments 

and associated proteins generate mechanical forces that contribute to differentiation 

throughout the blastocyst stage through modulation of mechanosensitive pathways such 

as Hippo signaling (Hirate et al., 2015; Zenker et al., 2018). These actin structures allow 

cells within the developing blastocyst to organize based on contractility, coupling 

mechanosensing and fate specification (Maître et al., 2016). Therefore, we hypothesized 

that Arp2/3 complex activity facilitated naïve dedifferentiation through increasing YAP 

nuclear localization. To test this prediction, we asked whether primed hESCs stably 

expressing a constitutively active, nuclear-localized form of YAP (YAP-S127A) could 
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restore naïve dedifferentiation in the presence of CK666. Accordingly, we observed that 

two immunofluorescence-based markers of the naïve state, increased nuclear 

localization of KLF4 (Fig. 2.4 A-B) and decreased SSEA3 (Fig. 2.4 C-D), were rescued 

by overexpression YAP-S127A in the presence of CK666. In contrast, acquisition of a 

naïve state of pluripotency remained blocked with CK666 treatment in cells 

overexpressing wildtype YAP (WT YAP) (Fig. 2.4 A-D). Additionally, YAP-S127A rescued 

colony formation, a functional form of naïve pluripotency, that was inhibited with CK666 

(Fig. 2.4 E).  

 

2.4 – Chapter Conclusion 

Our new findings support a model in which naïve pluripotency is characterized by 

an Arp2/3 complex-dependent remodeling of the actin cytoskeleton that includes 

formation of a contractile supracellular actin ring enclosing naïve colonies and 

establishment of uniformity in colony mechanics likely enabled by the actin ring being 

physically associated with β-catenin and moesin, which are known to play roles in 

pluripotency (de Belly et al., 2021a; Xu et al., 2016) (Fig. 2.4 F). Moreover, Arp2/3 activity 

facilitates dedifferentiation to a naïve state of pluripotency through promoting nuclear 

translocation of YAP and regulating Hippo target gene expression. Consistent with these 

findings, naïve pluripotency that is blocked with inhibited Arp2/3 complex activity is 

restored by expressing a constitutively active, nuclear-localized YAP-S127A.  

Our findings are distinct from those on a contractile actin filament ring that 

assembles around colonies of primed pluripotent stem cells (Närvä et al., 2017) and 

Xenopus neural crest cells (Shellard et al., 2018), which functions to enhance cell-
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substrate adhesion and migratory capacity, respectively. Our findings also highlight 

distinct differences between murine and human embryonic stem cells. Cells within the 

ICM of mouse blastocysts exclude YAP from the nucleus whereas cells within the ICM of 

human blastocysts maintain nuclear YAP (Nishioka et al., 2009; Qin et al., 2016).  This 

difference in YAP localization is retained in vitro, with murine naïve PSCs having 

predominantly cytosolic YAP (Chung et al., 2016), and human naïve PSCs having 

predominantly nuclear YAP (Fig. 2.3 F-G). How this difference in YAP localization occurs 

between mouse and human is unknown, although a number of cytoskeletal factors 

regulate YAP localization, including stability of the actin cytoskeleton, contractility, and 

mechanical regulators such as ERM proteins (Furukawa et al., 2017). The role of the actin 

cytoskeleton in the exit from the pluripotent state has also highlighted how actin dynamics 

may facilitate cell fate decisions. For example, cells located at the colony edge of primed 

hESCs have distinct cytoskeletal dynamics and are uniquely poised to exit pluripotency 

and differentiate (Kim et al., 2022; Rosowski et al., 2015b). Positional differences in 

differentiation potential such as these have been proposed as a mechanism executed in 

early embryo symmetry breaking with rearrangement of the actin cytoskeleton being 

required for the first cell fate decision in the blastocyst (Q. Chen et al., 2018; Skamagki 

et al., 2013). Thus, it may be possible that the contractile actin ring we observe at the 

edge of naïve colonies (Fig 2.1 C) functions as a hub for regulating cell fate dynamics 

through similar mechanisms as first cell fate decision including modulation of 

mechanosensitive signaling such as YAP and through pathways such as Hippo.  
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Further highlighting differences between human and mouse ESCs, we recently 

reported that Arp2/3 complex activity is necessary for the differentiation of clonal mouse 

naïve ESCs to the primed epiblast state, which is in part mediated by translocation of 

myocardin-related transcription factor MRTF from the cytosol to the nucleus (Aloisio & 

Barber, 2022). Additionally, a recent report suggests that Arp2/3 complex activity may 

form a positive feedback loop with YAP-TEAD1 transcriptional activity controlling 

cytoskeletal reorganization (Pagliari et al., 2020); thus Arp2/3 complex activity may 

regulate naïve pluripotency at multiple stages including initially to reorganize the actin 

cytoskeleton, but also during maintenance of naïve pluripotency through regulating YAP 

localization and hence activity. 

Our findings increase our understanding of actin dynamics and cell mechanics as 

regulators of cell fate transitions. A role for contractile actin filaments as a 

mechanoresponsive element for pluripotency states is well established (de Belly et al., 

2022), and our work identifies cytoskeletal dynamics essential for uniform colony 

mechanics and the naïve pluripotent state, the role of Arp2/3 complex activity, and 

YAP/TAZ activity as a promising target for reprogramming of hESCs and for regenerative 

medicine.  
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2.5 – Figures 

 

Figure 2.1: Dedifferentiation of primed hESCs to naïve pluripotency includes F-
actin filament remodeling and the formation of an actin ring.1 
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Figure 2.1: Dedifferentiation of primed hESCs to naïve pluripotency includes F-
actin filament remodeling and the formation of an actin ring.1 

A, Schematic of the dedifferentiation process from primed to naïve human embryonic 
stem cells (hESCs). B, Confirmation of dedifferentiation indicated by increased 
expression of pluripotency genes associated with a naïve state as determined by qPCR. 
Data represent the means ± S.E.M. normalized to Oct4 (n=3 separate cell preparations). 
P values were calculated using a two-tailed Student’s t-test. C-G Images of primed and 
naïve stem cells stained or immunolabeled for actin cytoskeleton components. C, 
Confocal (left and middle) and super-resolution (right) images of hESCs stained for F-
actin with phalloidin (white) and Hoechst (blue) show a bundled actin filament ring 
encapsulating colonies of naïve but not primed cells. D-F, Confocal images of naïve 
hESCs immunolabeled for β-catenin (D), pMLC (E), and ERM proteins (F) and stained 
for F-actin with phalloidin (magenta) demonstrating cytoskeletal remodeling. Scale bars, 
25 µM. G, Representative stress maps generated by traction force microscopy (TFM). 
Dotted outlines indicate colony borders. Scale bar, 50 µM. 
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Figure 2.2: Inhibiting Arp2/3 complex but not formin activity blocks formation of 
an actin ring and dedifferentiation to naïve pluripotency.2 
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Figure 2.2: Inhibiting Arp2/3 complex but not formin activity blocks formation of 
an actin ring and dedifferentiation to naïve pluripotency.  

A, Confocal images of D6 naïve hESCs maintained in the absence (control) or presence 
of 80 µM CK666 or 50 µM SMIFH2 and stained for F-actin with phalloidin and nuclei with 
Hoechst. B, Expression of the indicated pluripotency transcripts determined by qPCR at 
D6 of dedifferentiation in the absence (Control) or presence of CK666 or SMIFH2. The 
Arp2/3-complex activity inhibitor CK666 impairs upregulation of pluripotency genes used 
to identify naïve pluripotency. Data are the means ± S.E.M. of 3 determinations 
normalized to Oct4. P values were calculated using a two-tailed Student’s t-test. C-E, 
Confocal images of control primed and naïve hESCs and D6 cells dedifferentiated in the 
presence of CK666 immunolabeled for the primed marker SSEA3, quantified in (D) and 
the naïve marker KLF4, quantified in (E). Box plots in (D) and (E) show median, first and 
third quartile, with whiskers extending to observations within 1.5 times the interquartile 
range. F, Clonogenicity, determined by alkaline phosphatase positive colonies (quantified 
in top panel and representative brightfield images in bottom panel) in control primed and 
naïve hESC as well as dedifferentiated in the presence of CK666 or 80 µM CK689, an 
inactive analog of CK666. Data are the means ± S.E.M. normalized to the number of cells 
plated in 3 separate determinations. Box plots are as described in (D,E) with P values 
calculated using a two-tailed Student’s t-test. Scale bars, 25 µM. G, Representative stress 
maps generated by traction force microscopy (TFM). Dotted outlines indicate colony 
borders. Scale bar, 50 µM. 
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Figure 2.3: Inhibiting Arp2/3 complex activity disrupts Hippo signaling in naïve 
hESCs. 3 
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Figure 2.3: Inhibiting Arp2/3 complex activity disrupts Hippo signaling in naïve 
hESCs.  
A, Volcano plots showing transcriptome fold-changes (padj) of dedifferentiations in the 
absence (Control Naïve) or presence of CK666-treated dedifferentiations compared with 
primed hESCs. Each dot represents a single gene, with significant genes (padj < 0.05) in 
green). Notable primed and naïve markers are depicted in red and blue, respectively. B,C 
KEGG pathway analysis (B) and transcription factor enrichment analysis (C) of control 
primed and naïve hESCs. The number of DEGs indicated in each pathway is displayed 
and asterisks indicate significantly enriched pathways (p < 0.05).  D, Unbiased screening 
of all known YAP target genes in dedifferentiated cells in the absence (Control Naive) and 
presence of CK666. Affected genes were further analyzed to indicate whether they are 
enriched in control, CK666-treated, or both conditions when compared with primed 
controls. E, Expression of selected YAP target genes from bulk RNAseq, with asterisks 
indicating significant difference (padj < 0.05). F, Representative confocal images of 
control primed and naïve hESCs and naïve hESCs generated in the presence of 80 µM 
CK666 immunolabeled for YAP and stained for nuclei with Hoechst and F-actin with 
phalloidin. G, Quantification of nuclear to cytoplasmic ratio of YAP from images as shown 
in (F). Box plots show median, first and third quartile, with whiskers extending to 
observations within 1.5 times the interquartile range. Data are from 5 separate cell 
preparations with P values calculated using a two-tailed Student’s t-test. Scale bars, 25 
µM.  
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Figure 2.4: Overexpression of YAP-S127A rescues naïve pluripotency blocked with 
inhibiting Arp2/3 complex activity.4 
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Figure 2.4: Overexpression of YAP-S127A rescues naïve pluripotency blocked with 
inhibiting Arp2/3 complex activity.  
A, C, Representative confocal images of control primed, control naïve cells, and cells 
dedifferentiated in the presence of CK666 with or without stably overexpressing YAP WT 
or YAP-S127A immunolabeled for the primed marker SSEA3 (A) or the naïve marker 
KLF4 (C) and stained for nuclei with Hoechst and F-actin with phalloidin. B, D, Images as 
in A and C were used to quantify, respectively, the number of SSEA3 puncta (B) and the 
nuclear to cytoplasmic ratio of KLF4 (D). Box are plots as described for Figure 2. E, 
Clonogenicity, determined by alkaline phosphatase positive colonies (quantified in top 
panel and representative brightfield images in bottom panel) in control primed and naïve 
hESC, and dedifferentiated in the presence of CK666 with stably expressed YAP WT or 
YAP-S127A. Data are the means ± S.E.M. normalized to the number of cells plated from 
3 separate determinations, with box plots as described for Figure 2 d, e and P values are 
calculated using a two-tailed Student’s t-test. Scale bars, 25 µM. F, Model illustrating 
cytoskeletal remodeling that occurs during dedifferentiation to a naïve state of 
pluripotency. Successful dedifferentiation to naïve pluripotency includes the formation of 
an actin ring structure, uniformity of colony mechanics, recruitment of actin-binding 
proteins known to play roles in pluripotency, and the regulation of Hippo signaling.  
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Figure 2.5: Naïve stem cell cytoskeletal remodeling occurs in multiple culture 
conditions and cell lines.5 
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Figure 2.5: Naïve stem cell cytoskeletal remodeling occurs in multiple culture 
conditions and cell lines. 
A, Confocal images of naïve H9 hESCs and WTC11 iPSCs stained for F-actin with 
phalloidin. B, Confocal images of naïve hESCs using an alternative dedifferentiation 
medium(Qin et al., 2016). C, Confocal images of naïve hESCs at different colony sizes. 
D, Confocal images of primed hESCs immunolabeled with pan-ERM antibodies and 
stained for F-actin with phalloidin and nuclei with Hoechst. Scale bars, 25 µM. 
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Figure 2.6: Inhibition of Arp2/3 complex activity does not cause an exit from the 
pluripotent state.6 
A, Confocal images of naïve hESCs stained for F-actin with phalloidin (magenta) and 
Hoechst (blue) and immunolabeled for pluripotency markers Oct4 (green) and Sox2 
(yellow). Scale bars, 25 µM. 
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Figure 2.7: The Hippo effector protein TAZ is enriched in the nucleus in naïve stem 
cells and inhibited with CK666.7 
A, Confocal images of D6 primed and naïve hESCs in the absence (Control) or presence 
of 80 µM CK666 immunolabled for TAZ (green) and stained for F-actin with phalloidin 
(magenta) and Hoechst (blue). B, Quantification of nuclear to cytoplasmic ratio of TAZ 
from images shown in A. Box plots show median, first and third quartile, with whiskers 
extending to observations within 1.5 times the interquartile range. Data are from 5 
separate cell preparations with P values calculated using a two-tailed Student’s t-test. 
Scale bars, 25 µM.  
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3.1 – Preparation of Drosophila Ovarioles for Single-Cell RNA 

Sequencing 

The production of eggs in the Drosophila ovary requires complex interactions between 

multiple cell types that coexist within the same solid tissue. This cellular heterogeneity 

makes the ovary a rich subject of study, but also makes it challenging to identify 

transcriptional differences between individual cell types using methods such as bulk RNA 

sequencing. The development of single-cell RNA sequencing (scRNA-seq) techniques 

addresses this limitation by providing an avenue to profile genetic and functional 

heterogeneity at a cellular resolution. Here, we describe the isolation and preparation of 

the Drosophila ovary for scRNAseq. This protocol emphasizes a short preparation time, 

high cell viability, prevention of RNA-degradation, and reduction of technical variation to 

achieve highly reproducible single-cell profiles.  

See: 

Meyer, N., Peralta, J., Nystul, T. (2023). Preparation of Drosophila 

Ovarioles for Single-Cell RNA Sequencing. In: Giedt, M.S., Tootle, T.L. 

(eds) Drosophila Oogenesis. Methods in Molecular Biology, vol 2626. 

Humana, New York, NY. https://doi.org/10.1007/978-1-0716-2970-3_17  
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Abstract 

The production of eggs in the Drosophila ovary requires complex interactions between 

multiple cell types that coexist within the same solid tissue. This cellular heterogeneity 

makes the ovary a rich subject of study, but also makes it challenging to identify 

transcriptional differences between individual cell types using methods such as bulk RNA 

sequencing.  The development of single-cell RNA sequencing (scRNA-seq) techniques 

addresses this limitation by providing an avenue to profile genetic and functional 

heterogeneity at a cellular resolution. Here we describe the isolation and preparation of 

the Drosophila ovary for scRNA-seq. This protocol emphasizes a short preparation time, 

high cell viability, prevention of RNA-degradation, and reduction of technical variation for 

the production of highly reproducible single-cell profiles.  
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1 – Introduction 

Over the past decade, there has been a revolution in the technologies that enable single 

cell RNA sequencing (scRNA-seq) of whole tissues and organs [1–5]. These exciting 

developments make it possible to obtain transcriptional profiles of multiple different cell 

types in a heterogeneous tissue or organ, including rare cell types such as stem and 

progenitor cells.  At the same time, new bioinformatic methods are being developed to 

analyze the treasure trove of data produced by scRNA-seq experiments.  Standard 

clustering algorithms help to identify transcriptionally distinct subsets of cells that 

correspond to distinct cell types [6, 7], and other tools build on the output from these 

algorithms to generate additional predictions, such as the lineage relationships, regulon 

activity, or cell signaling relationships in specific cell types of interest within the tissue [8–

13].  Taken together, these new technologies are providing an unprecedented level of 

detail about the cellular diversity that exists in complex tissues, as well as the ways in 

which these cellular populations change over time and in different conditions.   

 

The key innovation that has made scRNA-seq possible is the development of methods to 

generate a unique cDNA library from each cell in the tissue.  The cDNA libraries are 

generated using primers with a different “barcoding” sequence (or set of sequences) for 

each cell.  This allows the cDNA libraries to be pooled together for sequencing and then 

sorted back out afterwards by grouping sequences with common barcodes.  To generate 

these cDNA libraries, the tissue is dissociated into a single cell suspension and then each 

cell is separated into a well or oil droplet where the reactions occur to generate the unique 
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libraries [1–3].  Alternatively, rather than creating cDNA libraries for each cell separately, 

the cells can be repeatedly pooled in different combinations so that each cell has a high 

probability of acquiring a unique set of barcodes [4].  Yet another alternative is to perform 

RNA sequencing on nuclei isolated from fresh or frozen tissue rather than on whole cells 

[14]. There are advantages and drawbacks to each approach, so the choice of which one 

to use depends on several factors, such as the number of cells and depth of sequencing 

that is desired, the size of the cells, and cost.  This protocol was developed to prepare 

cells from freshly isolated Drosophila ovaries to be submitted for single cell sequencing 

using the 10x Genomics droplet-based method, which is the method that was used in 

several recently published single-cell atlases of the Drosophila ovary [15–18].  However, 

it is likely that this protocol could be adapted for use with other strategies for scRNA-seq 

of whole cells with very few modifications (see Note 1).   

 

2 – Materials 

Prepare all solutions using molecular grade water (free of RNAses, DNAses, and 

proteases). Eliminate RNAse contamination from the working area using purifying agents 

such as RNAseZap or RNAse AWAY. Using freshly prepared reagents is ideal, however 

aliquoted sterile FBS and solubilized insulin may be prepared beforehand and stored at -

20°C. If using frozen reagents, allow at least 1 hour for reagents to thaw on ice prior to 

use. Preparation of all required buffers and solutions with thawed reagents will take 

approximately 1 hour. All reagents should be kept on ice or at 4°C until needed. 

Throughout this protocol, only use LoBind Eppendorf tubes and sterile filter tips. 
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2.1 Insulin in Acidified Water 

1. For 15 mL of Insulin in Acidified Water (1 mg/ mL): Add approximately 10 mL 

of water to a 15 mL conical tube. Add 15 mg of lyophilized insulin powder. Mix 

and adjust pH with HCl to pH ~2.5. Allow solution to fully solubilize by gently 

turning the conical tube for 2 - 3 minutes at room temperature. Solubilize longer 

if needed. Add molecular grade water to a final volume of 15 mL. Aliquot and 

store at -20°C (see Note 2). 

 

2.2 S2 Buffer 

1. For 7.2 mL of S2 Buffer: 5.28 mL S2 Medium, 720 μL sterile FBS, 1.2 mL and 

Insulin (1 mg/mL in acidified water). Sterile filter using a 0.22  μM filter syringe. 

Keep on ice. (see Note 3). 

 

2.3 Digestion Buffer 

1. For 1 mL of Digestion Buffer: 4 mg/mL of Elastase, 2.5 mg/mL Collagenase, 

and 1 mL Cell Dissociation Buffer (see Note 4). Keep on ice or at 4°C until use. 

 

2.4 Resuspension Buffer 

1. For 1 mL of resuspension Buffer: 1 mL 1X PBS and 8 μL Ultra-pure BSA (see 

Note 5). Keep on ice or at 4°C until use. 
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3 – Methods 

3.1 Preparation of Flies  

1. Female flies should be maintained on wet yeast in a bottle or vial for at least 5 days 

prior to dissections with sufficient males. Feed flies with fresh wet yeast 3-4 hours 

prior to dissection (see Note 6).  

2. During dissection, moving quickly and efficiently is required. If necessary, sort flies 

of the desired phenotype the night before dissections. Do not separate females 

from males prior to dissection. We recommend a ratio of 2 females to 1 male. (see 

Notes 7 and 8) 

 

3.2 Ovary Dissection and Enrichment for the Early (Non-Vitellogenic) Stages 

1. Isolate 60 pairs of ovaries using standard procedures [19] in S2 Buffer on an ice 

pack (see Note 9). Do not separate ovarioles. Complete all dissections, including 

microdissections within 60 minutes. 

2. Transfer isolated ovary pairs into a clean well filled with S2 Buffer (see Note 10). 

3. To enrich for younger, non-vitellogenic stages, grab one ovary pair using forceps 

then use a scalpel to cut the tissue. Transfer isolated tissue into a clean well filled 

with S2 Buffer (Figure 3.1.1).  (see Notes 11 and 12) 

4. Using a pre-wet P200 filter tip, transfer the tissues into a collection tube filled with 

200 μL of S2 Buffer on ice (see Note 13).  
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3.3 Tissue Digestion and Single Cell Isolation 

Before beginning tissue digestion, precool the centrifuge.  

1. Wash isolated ovaries with 750 μL of cold, sterile, Cell Dissociation Buffer. Briefly 

centrifuge tubes (~5 seconds) in a table-top microfuge to pool the tissue. Remove 

Cell Dissociation Buffer without disturbing the tissue pellet.  

2. Add 1 mL of Digestion Buffer to each sample.  

3. Continuously pipette the tissue up and down for 20 minutes without introducing air 

bubbles (see Notes 14 and 15).  

4. Using a pre-wet P200 filter tip, filter samples through a 50 μM filter into a new 

LoBind Eppendorf tube. Continue to digest the samples by continuously pipetting 

up and down for another 10 minutes without introducing air bubbles.  

5. Using a pre-wet P200 filter tip, filter samples through a 30 μM filter into a new 

LoBind Eppendorf tube.  

6. Quench the digestion by adding 500 μL of S2 Buffer and pellet cells via 

centrifugation (5 minutes, 4°C, 3500 rcf). Remove the supernatant carefully without 

disturbing the cell pellet.  

7. Gently resuspend and wash cells once with 1 mL of S2 Buffer and pellet cells via 

centrifugation (5 minutes, 4°C, 3500 rcf). Remove the supernatant carefully without 

disturbing the cell pellet.  

8. Resuspend cells in 200 μL of Resuspension Buffer. Mix well using a P200 to 

prevent clustering of cells.  
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3.4 Cell Counting 

1. Use a hemocytometer to count dissociated cells (Figure 3.1.2). (see Notes 16 and 

17). 

a. Add 10 μL of Trypan Blue to 10 μL of cells from Step 3.3.8. This gives a 

dilution factor of 2.  

b. Count 4 squares on the hemocytometer. Calculate the cell concentration: 

i. 
𝑈𝑛𝑙𝑎𝑏𝑒𝑙𝑒𝑑 𝐶𝑒𝑙𝑙𝑠 𝐶𝑜𝑢𝑛𝑡𝑒𝑑

𝑆𝑞𝑢𝑎𝑟𝑒𝑠 𝐶𝑜𝑢𝑛𝑡𝑒𝑑 (4)
 𝑥 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 (2) 𝑥 10,000 =

 𝐿𝑖𝑣𝑒 𝐶𝑒𝑙𝑙𝑠 𝑝𝑒𝑟 𝑚𝐿 

ii. 
𝐿𝑎𝑏𝑒𝑙𝑒𝑑 𝐶𝑒𝑙𝑙𝑠 𝐶𝑜𝑢𝑛𝑡𝑒𝑑

𝑆𝑞𝑢𝑎𝑟𝑒𝑠 𝐶𝑜𝑢𝑛𝑡𝑒𝑑 (4)
 𝑥 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 (2) 𝑥 10,000 =

 𝐷𝑒𝑎𝑑 𝐶𝑒𝑙𝑙𝑠 𝑝𝑒𝑟 𝑚𝐿 

c. Calculate the total cell number: 

i. 
𝐿𝑖𝑣𝑒 𝐶𝑒𝑙𝑙𝑠 𝑝𝑒𝑟 𝑚𝐿

1000 µ𝐿 / 𝑚𝐿
 𝑥 𝑉𝑜𝑙𝑢𝑚𝑒 𝑅𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 (𝑒. 𝑔. 190 𝜇𝐿)  =

 𝑇𝑜𝑡𝑎𝑙 𝐿𝑖𝑣𝑒 𝐶𝑒𝑙𝑙𝑠 

d. Dilute cells with Resuspension Buffer to a final concentration required by 

the single cell genomics platform you are using (see Note 17).  

 

The sample is now ready to be submitted for single cell sequencing using a method such 

as the 10x Genomics platform. 
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4 – Notes 

1. The germ cells and many of the follicle cell types in late-stage follicles are too big 

to be captured by the oil droplets in the 10x Genomics method, so these stages 

are removed in this protocol (see Section 3.2, step 3).  However, other methods, 

such as those in which cells are sorted into individual wells of a multiwell plate, 

may be able to capture the larger cell types in the ovary.  When using these 

methods, it may be desirable to skip Step 3 of Section 3.2 and retain the later 

stages. 

2. Insulin has low solubility at neutral pH. Solubilize using hydrochloric acid in water 

at pH 2-3. Stock solutions can be prepared, aliquoted, and stored at -20°C in 

single-use aliquots. Avoid freeze-thaw cycles. 

3. The S2 Buffer is used both during the dissection as well as collection of each tissue 

sample. We found that approximately 7 mL of S2 Buffer per sample is sufficient to 

thoroughly wash and clean each tissue sample with minimal waste.  

4. 1 mL of Digestion Buffer per sample is required. It is important that the elastase 

and collagenase are fresh. Using expired enzymes in this step will reduce yield of 

single cells as well as decrease viability.  

5. 200 μL of Resuspension Buffer per sample is required. The addition of BSA helps 

prevent cells from clumping together or sticking to any tips or tubes. Make no less 

than 1 mL of Resuspension Buffer at once.  

6. Feeding flies with wet yeast causes the ovary to be healthy and plump up. By 

feeding with wet yeast for at least 5 days prior to dissection, we ensure the tissue 
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is healthy. In addition, feeding the flies with fresh wet yeast 3-4 hours prior to 

dissection helps enlarge the ovary, which makes the ovary isolation and 

microdissection steps easier.  

7. In some cases, it may be time consuming to identify the flies of the correct 

genotype.  In these cases, it may be beneficial to isolate a large number of flies 

with the required genotype before starting the dissection process.  

8. The number of ovary pairs dissected can be changed. In cases where flies with 

the genotype of interest was relatively rare, we have used as little as 15 ovary pairs 

and found that we were still able to recover enough cells. However, we recommend 

aiming for approximately 60 pairs of ovaries if possible to ensure that a sufficient 

number of cells remain at the end of the protocol.  

9. We recommend completing the tissue dissection and beginning digestion within 

60 minutes. We found no noticeable difference in the amount of cell death during 

shorter dissection times. However, exceeding this time yielded noticeably larger 

amounts of dead cells in the final cell count.  If cells from multiple different 

populations of flies (e.g. different genotypes or experimental conditions) will be 

submitted at the same time, we recommend organizing a “dissection party” in 

which each population of flies is assigned to a different person and the ovary 

dissections occur in parallel. This will help ensure that the process is completed 

within this timeframe and at the same time for all samples.  

10. Moving the tissue through serial washes of S2 Buffer during the dissection helps 

clean the tissue. We found it easier to complete the dissection in 2-3 sets of 20-30 
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ovary pairs. Preparing 2-3 sets of dissection wells with S2 Buffer also prevented 

the dissection wells from accumulating debris from the dissections.  

11. The microdissection of the ovary to isolate the early stages can be difficult to 

perform in a quick, reproducible manner. The goal is to be able to isolate 60 pairs 

of ovaries, microdissect away the later stages, and pool the tissue together in a 

collection tube within 60 minutes. We recommend practicing these dissections 

prior to performing the full experiment.  

12. We do not recommend using scissors for this process. We found scissors to be 

difficult to position carefully, leading to poor enrichment of the earlier stages in the 

final isolate. In comparison, a scalpel can be positioned much more precisely.  

13. Throughout this protocol, we recommend pre-wetting all pipette tips. The isolated 

tissue can easily stick to the sides of the pipette tip. Pre-wetting the pipette tips 

minimizes tissue loss.  

14. Set a P200 to ~175 μL to prevent material contacting the filter while pipetting the 

tissue. During this process, the solution will become turbid, this is normal and 

expected. 

15. If digesting more than one sample, place tubes on a nutator when not pipetting. 

We recommend that one person work on no more than two samples, pipetting each 

sample for 1 - 2 minutes before switching samples. If a single person processes 

more than 2 samples, the tissue may not be fully digested within the recommend 

time.  
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16. When preparing single cell suspensions from 60 ovary pairs, we commonly 

achieved a yield of approximately 2-3 X 106 live cells and a viability ≥85%.  

17. Use a hemocytometer and count manually rather than using an automated cell 

counter. In our experience, automated cell counters are not calibrated for the size 

of Drosophila ovarian cells, and thus give inaccurate cell counts. We also found 

that assessing the single-cell suspension manually allowed us to determine if the 

single-cell prep was performed well (see Figure 3.1.2) 

18. We recommend preparing excess sample for submission and keeping the single 

cell isolation on ice until the sample is submitted. For example, our core facility 

requested that we provide 20,000 cells per sample, so we submitted 30,000 cells 

in 30 μL of Resuspension Buffer (a final concentration of 1,000 cells per μL).  
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Figures  

 

Figure 3.1.1: Ovary dissection and enrichment for the early (non-vitellogenic) 
stages.8 
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Figure 3.1.1: Ovary dissection and enrichment for the early (non-vitellogenic) 
stages. 

Microdissection strategy for the isolation of non-vitellogenic stages of Drosophila ovaries. 
(A) Under a dissecting microscope, the non-vitellogenic stages of the ovarioles within the 
ovary can be identified by their transparent morphology. Cutting along the border of the 
transparent non-vitellogenic stages and opaque vitellogenic stages enriches for the 
region of the earlier stages of oogenesis. (B) After cutting the tissue, the non-vitellogenic 
stages should remain attached as long as the ovarioles were not separated. This makes 
it easier to put the tissue into a tube.  
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Representative single cell isolates from Drosophila ovarian tissue, enriched for the early 
stages of oogenesis. It is important to assess the quality of the single cell isolate prior to 
submission for sequencing. (A) In a poor isolation, debris was present (red arrows) and 
there were not enough cells to meet the requirements for submission. (B) In a high-quality 
isolation, less debris was observed, the overall number of cells that are fully dissociated 
(i.e. not in doublets or higher order clusters, blue arrows) was high, and the number of 
dead cells was low.  
  

Figure 3.1.2: Counting cells in a single cell suspension.9 
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3.2 – Lineage dynamics of murine pancreatic development at single-

cell resolution 

Organogenesis requires the complex interactions of multiple cell lineages that coordinate 

their expansion, differentiation, and maturation over time. Here, we profile the cell types 

within the epithelial and mesenchymal compartments of the murine pancreas across 

developmental time using a combination of single-cell RNA sequencing, 

immunofluorescence, in situ hybridization, and genetic lineage tracing. We identify 

previously underappreciated cellular heterogeneity of the developing mesenchyme and 

reconstruct potential lineage relationships among the pancreatic mesothelium and 

mesenchymal cell types. Within the epithelium, we find a previously undescribed 

endocrine progenitor population, as well as an analogous population in both human fetal 

tissue and human embryonic stem cells differentiating toward a pancreatic beta cell fate. 

Further, we identify candidate transcriptional regulators along the differentiation trajectory 

of this population toward the alpha or beta cell lineages. This work establishes a roadmap 

of pancreatic development and demonstrates the broad utility of this approach for 

understanding lineage dynamics in developing organs. 

See: 

Byrnes, L.E., Wong, D.M., Subramaniam, M., Meyer, N.P., et al. Lineage 

dynamics of murine pancreatic development at single-cell resolution. Nat 

Commun 9, 3922 (2018). https://doi.org/10.1038/s41467-018-06176-3  
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Figure 3.2: Lineage dynamics of murine pancreatic development at single-cell 
resolution.  
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Chapter 4 – Methods 
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Cell Culture 

Primed human embryonic stem cell lines HUES8, H9, and WTC11 were maintained on 

Matrigel (Corning Life Science #354277) in feeder-free mTeSR-1 medium (STEMCELL 

Technologies # 85850) at 37°C with 5% CO2 with daily medium changes. Cells were 

passaged approximately every 3 days, by dissociating with Accutase (STEMCELL 

Technologies #07920) and including the Rho-associated coiled-coil kinase (ROCKi) 

inhibitor Y-276932 (10 µM; Selleckchem #S1049) in the plating medium to facilitate 

survival. All cell lines were routinely confirmed to be negative for mycoplasma by testing 

with a MycoAlert Mycoplasma Detection Kit (Lonza # LT07-701). 

 

Generation of Naïve hESCs 

Dedifferentiation was completed using previously published methods (Duggal et al., 2015; 

Qin et al., 2016). Cells were plated at a density of 10,000 cells per cm2 in the presence 

of ROCKi (10µM). After 24 h, cells were washed 3 times with PBS and incubated in naïve 

dedifferentiation medium of mTeSR-1 supplemented with 12 ng/mL bFGF (Peprotech 

#AF-100-18B), 1 µM PD0325901 (MEKi, Selleckchem #S1036), 3 µM CHIR99021 

(GSK3βi, Selleckchem # S2924), 10 µM Forskolin (StemCell Technologies #72112), 50 

ng/mL ascorbic acid (Sigma # A92902), and 1000 U recombinant human LIF (StemCell 

Technologies #78055). Medium was replaced daily, and cells were passaged every 3 

days with Accutase. Where indicated, the naïve dedifferentiation medium 2iFL was used, 

which was mTeSR-1 supplemented with 0.5 μM PD0325901, 3 μM CHIR9902, 10 μM 

Forskolin, and 1000 U recombinant human LIF. For actin nucleator experiments, naïve 
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dedifferentiation media was supplemented with either 80 μM CK666 (EMD Millipore 

#182515), 80 μM CK689 (EMD Millipore #182517), or 50 μM SMIFH2 (Sigma #S4826).  

 

qPCR 

Total RNA was isolated using RNAeasy Mini Plus (Qiagen #74134) kits and cDNA was 

generated using iScript cDNA Synthesis kits (Bio-Rad #1708890) as per the 

manufacturers specifications. Quantitative PCR was performed using iQ SYBR Green 

Supermix (Bio-Rad #1708882) and analyzed on a QuantStudio six Flex Real-Time PCR 

System (Applied Biosystems). For qPCR primer sequences, see Table 4.1. 

 

Staining and Immunolabeling 

For microscopy, cells were plated on Matrigel-coated glass coverslips prepared using an 

ultrasonic cleaning bath (Branson). In brief, coverslips were sonicated for 20 minutes in 

the presence of diluted Versa-Clear (FisherScientific #18-200-700) in double distilled H2O 

(ddH2O), washed three times using ddH2O, sonicated for 20 minutes in ddH2O, washed 

three times using ddH2O, and were sterilized and stored in 70% ethanol. Cells were 

maintained for indicated times, typically 3 days, washed briefly with PBS, fixed with 4% 

PFA for 12 minutes at room temperature, permeabilized with 0.1% Triton X-100 in PBS 

for 5 minutes, and incubated with blocking buffer consisting of 0.1% Triton X-100 in PBS 

and 1% BSA for 1 h.  Cells were then incubated with primary antibodies diluted in blocking 

buffer overnight at 4°C, washed with PBS three times, and incubated for 1 hour at room 

temperature with secondary antibodies, followed by a final PBS 3X wash, with the second 
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wash containing Hoechst 33342 (1:10,000; Molecular Probes #H-3570) to stain nuclei. 

To stain for actin filaments, either rhodamine phalloidin (1:400, Invitrogen # R415) or 

Phalloidin-iFluor 647 (1:1000, Abcam # ab176759) was added to the secondary antibody 

incubation. For antibody information, see Table 4.2. 

 

Confocal and Superresolution Image Acquisition and Quantification 

Cells were imaged using an inverted microscope system (Nikon Eclipse TE2000 Perfect 

Focus System; Nikon Instruments) equipped with a spinning-disk confocal scanner unit 

(CSU10; Yokogawa), a 488-nm solid-state laser (LMM5; Spectral Applied Research), and 

a multipoint stage (MS-2000; Applied Scientific Instruments). A CoolSnap HQ2 cooled 

charge-coupled camera (Photometrics) was used to take images with a camera triggered 

electronic shutter controlled by NIS Elements Imaging Software (Nikon) and a 60X Plan 

Apochromat TIRF 1.45 NA oil immersion objective. High resolution and superresolution 

images were acquired using a Yokogawa CSU-W1/SoRa spinning disk confocal system 

(Yokogawa) and an ORCA Fusion BT sCMOS camera (Hamamatsu) using 2x2 camera 

binning. Nuclear-to-cytoplasmic ratios of immunolabeled proteins and number of puncta 

per cell were quantified using NIS Elements Imaging Software (Nikon). Briefly, the 

fluorescence in the nucleus (detected by Hoescht) and in the cytoplasm were manually 

sampled by selection of regions-of-interest. Three regions-of-interest outside of any cell 

were used to calculate background fluorescence and was subtracted from both nuclear 

and cytoplasmic fluorescence values. The ratio of fluorescence was then determined by 

diving the nuclear fluorescence intensity with that of the cytoplasm for a given cell. 
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Quantification of puncta for SSEA3 was done by creating a 3D projection of full-cell z-

stacks by using NIS Elements Imaging Software. Surfaces were created using the 3D 

thresholding tool normalized across all images and the total number of puncta was 

recorded. The total number of cells was then counted, as determined by the number of 

Hoescht positive nuclei, and the number of puncta per cell was calculated by dividing the 

total number of puncta by the number of cells in each field of view.  

 

Colony Formation Assay 

To determine clonogenic potential, cells were dissociated with Accutase and plated on 

Matrigel-coated 6-well dishes at a density of 1,000 cells per cm2 in the presence of ROCKi 

(10 µM). Five days after plating, cells were stained for alkaline phosphatase as per the 

manufacturer’s protocol (StemAb Alkaline Phosphatase Staining Kit II, ReproCell #00-

0055) and imaged using a Leica DFC 7000t microscope. To quantify the number of 

alkaline phosphatase positive colonies, images were analyzed using Fiji (Schindelin et 

al., 2012).   

 

Library Preparation and RNA Sequencing 

RNA was extracted using RNeasy Mini kits (Qiagen) according to the manufacturer’s 

instructions and concentrations were determined by NanoDrop. Library preparation and 

RNA sequencing were performed by Novogene Co. Ltd (USA). Briefly, RNA purity was 

measured using a NanoPhotometer spectrophotometer (IMPLEN). RNA integrity and 

quantity were determined using a Bioanalyzer 2100 system (Agilent Technologies). Three 



 
60 

 

paired biological replicate libraries were prepared for each condition, with each library 

generated with 1 µg of RNA per sample. Sequencing libraries were generated using 

NEBNext Ultra RNA Library Prep Kit for Illumina (NEB) following manufacturer’s 

recommendations and index codes were added to attribute sequences to each sample. 

Briefly, mRNA was purified from total RNA using poly-T oligo-attached magnetic beads. 

Fragmentation was carried out using divalent cations under elevated temperature in 

NEBNext First Strand Synthesis Reaction Buffer (5X). First strand cDNA was synthesized 

using random hexamer primer and M-MuLV Reverse Transcriptase (RNase H-). Second 

strand cDNA synthesis was subsequently performed using DNA Polymerase I and RNase 

H. Remaining overhangs were converted into blunt ends via exonuclease/polymerase 

activities. After adenylation of 3’ ends of DNA fragments, NEBNext Adaptor with hairpin 

loop structure were ligated to prepare for hybridization. In order to select cDNA fragments 

of preferentially 150~200 bp in length, the library fragments were purified with AMPure 

XP system (Beckman Coulter, Beverly, USA). Then 3 µl USER Enzyme (NEB, USA) was 

used with size-selected, adaptorligated cDNA at 37 °C for 15 min followed by 5 min at 

95°C before PCR. Then PCR was performed with Phusion High-Fidelity DNA polymerase, 

Universal PCR primers and Index (X) Primer. At last, PCR products were purified 

(AMPure XP system) and library quality was assessed on the Agilent Bioanalyzer 2100 

system.  
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RNA Sequencing Analysis 

Raw data (raw reads) were processed through fastp to remove adapters, poly-N 

sequences, and reads with low quality. Q20, Q30 and GC content of the clean data were 

calculated and found to be within the normal range. All the downstream analyses were 

based on the clean data with high quality. Reference genome (ID: 51) and gene model 

annotation files were downloaded from genome website browser (NCBI) directly. Paired-

end clean reads were aligned to the reference genome using the Spliced Transcripts 

Alignment to a Reference (STAR) software. FeatureCounts was used to count the read 

numbers mapped of each gene. And then RPKM of each gene was calculated based on 

the length of the gene and reads count mapped to this gene. Differential expression 

analysis was performed using DESeq2 R package. The resulting P values were adjusted 

using the Benjamini and Hochberg’s approach for controlling the False Discovery Rate 

(FDR). Genes with a padj < 0.05 found by DESeq2 were assigned as differentially 

expressed. The R package clusterProfiler was used to test the statistical enrichment of 

differential expression genes in KEGG pathways. KEGG terms with padj < 0.05 were 

considered significant enrichment. Transcription factor binding motif analysis was 

performed using Enrichr(E. Y. Chen et al., 2013; Kuleshov et al., 2016). To investigate 

YAP target gene expression, supplementary tables generated as previously described 

(Pagliari et al., 2020 and Estarás et al. 2017, see Supplemental Methods) were used to 

generate YAP target gene lists (Estarás et al., 2017; Pagliari et al., 2021).  
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Plasmids, Site-Directed Mutagenesis, and Generation of Lentivirus 

pGAMA-YAP was a gift from Miguel Ramalho-Santos (Addgene plasmid #74942). Site-

directed mutagenesis was performed on the pGAMA-YAP construct to create p-GAMA-

YAP-S127A using the QuikChange Lightning kit (Agilent Technologies #210513). 

Forward primers used for the Ser-to-Ala substitution was as follows: 5′-

GTTCGAGCTCATGCCTCTCCAGC-3′ and 5’-GCTGGAGAGGCATGAGCTCGAAC-3’. 

The pGAMA-YAP-S127A plasmid was confirmed via DNA sequencing. To prepare 

lentivirus, HEK293-FT (Invitrogen # R70007) cells were grown in Dulbecco’s Modified 

Eagle Medium (ThermoFisher #11965118) supplemented with 10% fetal bovine serum 

(Peak Serum #PS-FB4), non-essential amino acids (UCSF CCF #CCFGA001), pen/strep 

(UCSF CCF #CCFGK003), and sodium pyruvate (UCSF CCF #CCFGE001) and 

maintained at 37°C with 5% CO2. Lentivirus was generated according to the 

manufacturer’s specifications by co-transfecting HEK293-FT’s with a mixture of 

packaging plasmids (ViraPower Lentivirus Expression System; ThermoFisher 

#K497500). Briefly, 5 x 106 HEK293-FT’s were seeded onto a 10 cm dish containing 10 

mL of complete medium without antibiotics. After 24h, cells were transfected with a 

mixture of 3 µg of the lentiviral plasmid containing the gene of interest and 9 µg of the 

ViraPower Packaging Mix using LipofectamineTM 2000 (ThermoFisher # 11668030). At 

72 hours post-transfection, supernatant was collected, filtered, and concentrated using 

Lenti-X Concentrator (Takarabio #631231). Concentrated viral supernatant was aliquoted 

and stored at -80°C.   
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To generate hESC lines stably expressing WT-YAP and YAP-S127A, primed 

HUES8 cells were grown to approximately 60% confluency in one well of a 6-well plate. 

Medium was aspirated, washed once with PBS, and cells were then fed with 1mL fresh 

media containing 2 µg of polybrene (Millipore Sigma #TR-1003-G), and incubated for 15 

minutes at 37°C. Concentrated virus supernatant (100 µL) was added and after 6-8 hours 

1 mL of fresh medium was added. After 36 h, viral particles were removed by replacing 

medium. Three days after virus infection, hESCs were passaged and expanded to three 

wells in a 6 well-plate. After reaching ~75% confluency, cells were sorted for high mCherry 

expression by using a BD FACS Aria3u, with sorted cell maintain with 1X 

penicillin/streptomycin for 3 days and then maintained in standard antibiotic-free TESR+ 

media.  
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Tables 

Table 4.1: List of qPCR Primers 

qPCR Primer Name Sequence (5’ to 3’) 

GAPDH_for ACAACTTTGGTATCGTGGAAGG 

GAPDH_rev GCCATCACGCCACAGTTTC 

Oct4_for GTGTTCAGCCAAAAGACCATCT 

Oct4_rev GGCCTGCATGAGGGTTTCT 

Dnmt3l_for TGAACAAGGAAGACCTGGACG 

Dnmt3l_rev CAGTGCCTGCTCCTTATGGCT 

Klf2_for ACCAAGAGCTCGCACCTAAA 

Klf2_rev GTGGCACTGAAAGGGTCTGT 

Klf4_for CGGACATCAACGACGTGAG 

Klf4_rev GACGCCTTCAGCACGAACT 

DPPA3_for TAGCGAATCTGTTTCCCCTCT 

DPPA3_rev CTGCTGTAAAGCCACTCATCTT 

PECAM1_for AACAGTGTTGACATGAAGAGCC 

PECAM1_rev TGTAAAACAGCACGTCATCCTT 

ESRRB_for ATCAAGTGCGAGTACATGCTC 

ESRRB_rev CGCCTCCGTTTGGTGATCTC 
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Table 4.2: List of Antibodies and Concentrations Used 

Antibody Source 
Catalog 
Number 

Dilution 

β-catenin 
BD 
Transduction 

#610154 1:200 ICC 

pMLC 
(Thr18/Ser19) 

Cell Signaling #3674 1:200 ICC 

pan-ERM Cell Signaling #3142 1:400 ICC 

Moesin Cell Signaling #3146 1:400 ICC 

Ezrin Cell Signaling #3145 1:400 ICC 

SSEA3 Santa Cruz sc-21703 1:200 ICC 

KLF4 Cell Signaling #4038 1:200 ICC 

YAP Sigma Aldrich HPA038885 1:400 ICC 

TAZ Sigma Aldrich HPA039557 1:400 ICC 

Oct3/4 Santa Cruz sc-5279 1:400 ICC 

Sox2 Cell Signaling #3579 1:400 ICC 
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Appendix A: JCAD and Naïve Pluripotency 

Done in collaboration Kyle Jacobs. 

 

Introduction: JCAD, Coronary Artery Disease, and Hippo Signaling 

Junctional Protein Associated with Coronary Artery Disease (JCAD) is an understudied 

protein which was first described in genome-wide association study that identified JCAD 

polymorphisms with linkage disequilibrium to risk for coronary artery disease (Erdmann 

et al., 2011; Peden et al., 2011). JCAD localizes to cell junctions, contains a 13 amino 

acid homology to ROCK1, Rho-GDI1, and cingulin, but has no known conserved 

functional domains. The function of JCAD remains poorly understood, with JCAD’s only 

suggested role being in negative regulation of Hippo signaling (Jones et al., 2018; Ye et 

al., 2017). The JCAD mouse ortholog is expressed in endothelium in development and 

germline knockout disrupts vascular homeostasis (Visel et al., 2004). Expression of the 

JCAD mouse ortholog has also been detected in naïve mouse embryonic stem cells 

(ESCs), with knockout of TAp73 leading to loss of JCAD expression (López-Ferreras et 

al., 2021). These data suggests that JCAD may serve additional roles in regulation of 

transcriptional programs regulating cell-cell and cell-matrix adhesions mechanics in 

addition to Hippo pathway regulation. Given this potential dual-function role in regulation 

of both Hippo signaling, adhesion mechanics, and detectable expression in naïve murine 

ESCs, we sought to characterize if JCAD was expressed in naïve human ESCs.  
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Results: JCAD is enriched at cell-cell junctions and in the nucleus of human 

naïve embryonic stem cells. 

For morphological analysis, HUES8 primed hESCs were grown on Matrigel and 

dedifferentiated to naïve pluripotency using previously reported conditions in an mTeSR-

based medium supplemented with ERK (PD0325901) and GSK3 (CHIR99021) inhibitors, 

the adenylyl cyclase activator forskolin, human leukemia inhibitory factor (LIF), basic 

fibroblast growth factor (bFGF), and ascorbic acid (Duggal et al., 2015; Qin et al., 2016). 

Colonies of cells were fixed, immunolabeled for JCAD (Sigma Aldrich, #HPA017956, 

1:200), and stained with phalloidin. Phalloidin staining confirmed the presence of a 

supracellular actin ring, which was inhibited with addition of CK666 (Figure 5.1). JCAD 

immunolabeling revealed prominent localization at cell-cell junctions in naïve colonies 

(Figure 5.1, yellow arrows). This was absent in both primed colonies and colonies 

differentiated in the presence of CK666. Additionally, we observed an increased in 

nuclear JCAD localization in naïve controls which was not mitigated with addition of 

CK666 (Figure 5.1, bottom row). 

 

Discussion and Future Directions 

To investigate the possibility of JCAD contributing to the regulation of the 

differences in Hippo signaling and cell-cell adhesion we observed upon transition to naïve 

pluripotency, we interrogated the expression and localization of JCAD in primed, naïve, 

and CK666-treated hESC colonies. We found that the naïve state correlated with 

prominent localization of JCAD both at cell-cell junctions as well as in the nucleus. JCAD 
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has been shown to mediate both cell-cell adhesion and cytoskeletal reorganization in 

endothelial cells suggesting that JCAD may play a role in maintaining the mechanical 

strength of endothelial cells (Akashi et al., 2011). The changes in cell-cell adhesion 

dynamics we observe upon transition to naïve pluripotency may in part be mediated by 

JCAD. Similarly, the increased junctional signal of JCAD is consistent with previous 

findings that junctional JCAD negatively regulates Hippo signaling and promotes nuclear 

YAP localization (Ye et al., 2017). These data suggest that JCAD may function both as a 

regulator of adhesion and colony mechanics, but also mechanosensitive signaling activity 

in human naïve ESCs. In the future, it may be worth knocking out JCAD in hESCs and 

assessing adhesion dynamics, colony mechanics, and Hippo signaling during acquisition 

of naïve pluripotency.   

 Localization of JCAD to cell-cell junctions was impaired with the addition of 

CK666; interestingly, the enriched nuclear localization of JCAD we observed in human 

naïve ESCs remained with addition of CK666. This suggests that JCAD may still be 

functioning transcriptionally, although the exact role of nuclear JCAD remains unknown. 

Cadherins themselves are known to be endogenously regulated during development, 

occurring as cells exit pluripotency (Bhatt et al., 2013). In mouse, a switch occurs from E-

cadherin expression in naïve ESCs to N-cadherin in primed ESCs (Weinberger et al., 

2016b). In humans however, naïve ESCs expression both E-cadherin and N-cadherin 

(Theunissen et al., 2016). Thus cadherin-associated proteins such as JCAD may read 

out this cadherin code in some capacity, although the specific cadherins JCAD associate 

with remains unclear. These links between adherens junctional proteins, their associated 



 
70 

 

binding partners, and the cell interior represent an exciting avenue to understand the 

molecular mechanisms behind how hESCs respond to mechanical stimulation both in 

vitro and in vivo. In the future, comparison studies between naïve hESCs with or without 

JCAD knockout may help inform the exact role that JCAD plays transcriptionally.   
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Figures 
 

 

Confocal images of D6 naïve hESCs maintained in the absence (control) or presence of 
80 µM CK666 and immunolabeled for JCAD, stained for F-actin with phalloidin and 
nuclei with Hoechst. Inset panels are magnifications of yellow boxes. Yellow arrows 
indicate JCAD localizing to cell-cell junctions. Scale bars, 25 µM.  
  

Figure 5.1: JCAD localizes to cell-cell junctions and is enriched in the nucleus of 
naïve hESCs.10 
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Chapter 6 – Discussion 
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Discussion and Future Directions 

Understanding the cell biology of embryonic stem cells, including how cell fate 

decisions are made, how differentiation occurs, and what regulates these decisions, is 

essential for our understanding of developmental biology and can contribute to 

approaches in regenerative medicine. Pluripotent stem cells (PSCs) are capable of self-

renewal and differentiation into any cell type of the body, thus making them the ideal 

source of cells for therapeutic regenerative interventions. To capitalize on the resource, 

research within the field has primarily focused on the role of transcription factors and how 

to regulate their activity in order to guide PSCs to specific cell fates. Despite this focus, 

the endogenous mechanisms which regulate these transcription factors, pathways, and 

stimuli which activate them remain poorly understood. A profound and consistent change 

in cellular morphology occurs when cells exit the pluripotent state and progress down 

lineages towards a terminal cell fate, yet how the cytoskeleton and cytoskeletal dynamics 

regulate human PSCs remains unknown.  

The main focus of my thesis work resolved a previously unrecognized critical role 

for Arp2/3 complex activity for the dedifferentiation of primed hESCs to a naïve state of 

pluripotency that is mediated in part by enabling the nuclear translocation of Hippo 

pathway effectors YAP and TAZ. This work highlights key fundamental differences 

between human and mouse PSCs which stresses the need for context and species-

specific study. For example, although PSCs from both species undergo profound 

morphological changes during differentiation and changes in cell fate, only human PSCs 

are responsive to mechanical stimuli in both the naïve and primed pluripotent states. This 
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difference may explain why specific mechanosensitive signaling pathways such as Hippo 

signaling are differentially activated in pre- and post-implantation blastocysts when 

comparing mouse and human embryos (Gu et al., 2022; Qin et al., 2016). Despite these 

differences, recent work from our lab also shows Arp2/3 complex activity in mESCs 

regulates differentiation yet seems to do so via a YAP-independent mechanism  (Aloisio 

& Barber, 2022). Comparisons such as these underscore the importance of using human 

ESCs for modeling early human development.  

In summary, our findings indicate that an actin nucleator and actin cytoskeletal 

dynamics play a pivotal role in regulating naïve pluripotency in hESCs. These data 

highlight three important questions for future study: (1) What role does Arp2/3 complex 

activity play in differentiation of naïve hESCs as they exit pluripotency? (2) How 

does Arp2/3 complex activity interface with traditional differentiation programs? 

(3) What is the role of Arp2/3 complex activity in native developmental contexts 

such as in the blastocyst?  

(1) Naïve hESCs provide several practical advantages over primed hESCs for 

downstream study towards targeted cell lineages including enhanced proliferation, single-

cell cloning, and a lack epigenetic marks (L. Sun et al., 2021). This lack of marks led to 

the assumption that, similar to conventions established in the mouse system, that human 

naïve ESCs had an unrestricted differentiation potential. However, when the 

differentiation potential of naïve hESCs was assessed, it was found that they exhibited a 

bias against mesoderm and endoderm differentiation capacity and a favored ectoderm 

potential (Lee et al., 2017). This differentiation bias was observed independent of the 
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culture condition, cell line, or method used to generate naïve hESCs, suggesting the 

source of this bias lies in a deeper-rooted mechanism beyond just transcriptomic 

regulation. One possible explanation for this differentiation bias lies in the link between 

colony and cellular mechanics, Wnt signaling, and cell fate determination. Mechanical 

forces were found to link to cell fate specification in primed hESCs by biasing BMP4 

patterning, junctional release of β-catenin, and altering Wnt signaling – ultimately 

promoting mesoderm differentiation (Muncie et al., 2020). Given our findings that Arp2/3 

complex activity regulates the naïve pluripotent state in part through changes in colony 

and cellular mechanics, Arp2/3 complex activity might also alter the mechanical 

responses during differentiation as cells exit the naïve state.  

(2) During differentiation, multiple transcription factors are known to cooperate, 

activate transcription of specific target genes, and alter the cellular phenotype. If Arp2/3 

complex activity plays a role in cell fate specification upon exit from pluripotency in 

humans, we would hypothesize that this would likely be independent of YAP and Hippo 

signaling. In this work, we identified YAP and TAZ, two transcription factor effectors of 

Hippo signaling as key regulators of naïve pluripotency in humans. However, when cells 

exit pluripotency and differentiate, YAP is inhibited suggesting Hippo signaling is not a 

major determinate of cell fate specification in human ESCs (Lian et al., 2010). Actin 

nucleators such as the Arp2/3 complex and changes in the cytoskeleton likely play larger 

roles than regulation of individual transcription factors. 

Typically, a single transcription factor is insufficient to alter the cellular phenotype 

and thus multiple transcription factors working in concert define transcriptional circuits 
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that regulate cellular identity and differentiation. However, this notion is challenged by 

certain ‘master’ transcription factors that have been identified which can alter cellular 

phenotype alone. For example, in part of a global screen of transcription factors in 

directed differentiations, only 4 out of 90 were individually sufficient to induce neural 

differentiation (Joung et al., 2023). Although this suggests these transcription factors 

serve as master regulators of neural differentiation, these targets also play roles in other 

contexts. For example, one of the four genes, RFX4 is known to regulate ciliogenesis and 

Shh signaling in the central nervous system (Ashique et al., 2009). How these 

transcription factor circuits function are highly context-dependent and likely undergo 

extensive rewiring during and after cells differentiate from one cell type into the next. Actin 

nucleators and cytoskeletal dynamics likely interface with numerous points of regulation 

in the detection, transmission, and interpretation of cellular cues. It is possible that Arp2/3 

complex activity may alter the context in which traditional transcription factor circuits are 

activated or repressed by the cell.  

(3) Although hESCs represent an attractive model of early human development, 

there are several key similarities and differences between endogenous blastocysts and 

the clonal cells used in our study. For example, previous work found that culturing either 

primed or naive hESCs in 3D facilitates expression of genes associated with actin 

cytoskeletal remodeling and facilitates dedifferentiation to naïve pluripotency (McKee et 

al., 2021). How expression of these actin cytoskeletal remodeling genes compares to 

levels observed in endogenous blastocysts or what their function may be remains unclear. 

Recently, models to generate a human blastocyst-like structures in vitro utilizing human 
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naïve stem cells were established, which appears analogous to the blastocyst stage. 

These ‘blastoids’ require inhibition of Hippo, ERK, and TGFBβ to form and efficiently 

generate the necessary extraembryonic tissues such as trophectoderm (Kagawa et al., 

2021; Rivron et al., 2018). These studies specifically highlight YAP and Hippo as key 

regulators of the formation of human blastocysts both developmentally and in these in 

vitro models, yet the endogenous mechanism responsible for Hippo repression and YAP 

translocation to the nucleus remains unknown. It may be possible that cytoskeletal 

remodeling and Arp2/3 complex activity is responsible for how these cells interact with 

their 3D environments.     

 

Understanding differences between naive and primed pluripotency and how these 

states correlate with in vivo development is crucial for the future of regenerative medicine. 

Multiple studies have demonstrated that naïve PSCs have less biased differentiation 

potential than primed PSCs, higher targeted differentiation efficiency, and that protocols 

utilizing naïve PSCs are more reproducible (Lee et al., 2017). Understanding the 

molecular mechanisms and regulatory systems of naive and primed pluripotency can help 

to optimize the differentiation of PSCs into specific cell types, enabling the development 

of more effective cell-based therapies for human diseases.   
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