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In vitro modeling of human β cell differentiation, regeneration and function 

Abstract 
	
 Stem cell-derived β cells offer an inexhaustible source of functional β cells for cell 

therapy and disease modeling for diabetes.  We capitalize on the in vitro differentiation 

of β cells as a model of human development to identify regulators of cell fate. Our 

analysis identified YAP, an effector of the Hippo pathway, as a factor critical for the 

differentiation of multipotent pancreatic progenitors. Its downregulation in progenitors 

promotes cell cycle exit and endocrine differentiation in vitro. We further show evidence 

for the utility of a YAP inhibitor to enhance the differentiation of glucose-responsive β 

cells. Our analysis also indicated that YAP re-activation in β cells promotes cell cycle re-

entry, a process essential for the control of β cell mass. To identify novel regulators of β 

cell proliferation, we performed single cell RNA-sequencing of YAP-overexpressing β 

cells. This led to the identification of a LIF-responsive subpopulation of β cells that can 

be expanded in vitro and in vivo. Our work also delineated downstream gene regulatory 

networks that control β cell replication. Finally, we developed a technology to discover 

novel hormones expressed in β cells. We identified an uncharacterized gene, ER-

seq08, that reduces blood glucose levels in vivo in an insulin-independent manner. Our 

work suggests that this axis may represent a second system by which β cells regulate 

glucose metabolism. In all, our work highlights the potential of using in vitro-derived β 

cells for the study of human development, regeneration and function.  
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1.1 Diabetes and pancreatic insulin-producing β cells 

1.1.1 Glucose homeostasis and β cells 

 Blood glucose levels must be maintained within a narrow range to support 

healthy body function. After a meal, food is metabolized resulting in rising blood glucose 

levels, which is distributed to most tissues in the body as a critical source of energy.  To 

maintain glucose homeostasis, pancreatic endocrine cells contained within the islets of 

Langerhans secrete hormones into the bloodstream to promote glucose metabolism in 

tissues such as the liver, fat and muscle. This dynamic glucose regulation is mostly 

dictated by the function of insulin-producing β cells and glucagon-producing α cells (Lin 

et al., 2011; Leto et al., 2012; Ramnanan et al., 2011). β cells secrete insulin to promote 

blood glucose clearance and α cells secrete glucagon to generate glucose from stored 

glycogen. Their function is dynamically regulated by cell intrinsic glucose-sensing 

machineries that allow β cells to secrete insulin in response to rising levels of glucose 

and α cells to secrete glucagon in response to decreasing glucose levels.  This counter-

regulatory response is key to prevent hypo- and hyperglycemia (Zhang et al., 2013). 

The dysregulated activity of these endocrine axes leads to metabolic disorders such as 

diabetes.  

1.1.2 Functional β cells are missing in diabetics 

 Diabetes is the most common endocrine disorder and a growing health 

problem worldwide afflicting more than 422 million people in the world (World Health 

Organization). It is characterized by chronic hyperglycemia due to either the 

autoimmune destruction in type I or the dysfunction of insulin-producing β cells in type II 
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diabetes. Diabetic patients can not maintain proper glycemic control and require 

treatment with oral hypoglycemics and/or insulin therapy. Current strategies to treat 

diabetics include insulin injection, augmenting endogenous insulin secretion, increasing 

glucose absorption, or increasing glucose excretion (Benni et al., 2016; American 

Diabetes Association).  

 Although constant glucose monitoring and insulin therapy can treat most 

forms of the disease, persistent dysregulation of glucose homeostasis in these patients 

often lead to secondary chronic complications such as infections, retinopathy, 

nephropathy, peripheral neuropathy, and macrovascular disease (Caro et al., 2002).  In 

both type 1 and type 2 diabetes, there is a deficit in β cell mass (Butler et al., 2003; 

Kloppel et al., 1985; Meier et al., 2005; Yoon et al., 2003; Sakuraba et al., 2002) and 

impaired glucose-induced insulin secretion (Gerich et al., 1998; Sherry et al., 2005). 

Therapeutic interventions that can replenish functional β cell mass may overcome 

chronic hyperglycemia and its complications and may represent a strategy for curing the 

disease.  

1.1.3 Cell replacement therapies to cure diabetes 

 Cell replacement strategies have been explored to supplant missing 

functional β cells. The transplantation of human donor pancreatic islets, the tissue 

structures where β cells reside, has been shown to control glucose levels in diabetic 

patients (Alejandro et al., 1997; Ryan et al., 2001; Scharp et al., 1990; Shapiro et al., 

2000). The Edmonton protocol described the first effective cell replacement therapy for 

type I diabetes by infusing cadaveric islets via the portal vein combined with 
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immunosuppression (Shapirto et al., 2000). Several patients achieved normal glucose 

tolerance (Ryan et al., 2001) and long-term independence from insulin therapy after 

transplantation (Brennan et al., 2016; Qi et al., 2014). Those patients that did not 

achieve insulin independence were still protected from hypoglycemic events, which can 

be deadly in type I diabetic patients (Ryan et al., 2001). Although these clinical studies 

suggest there are beneficial clinical outcomes upon islet transplantation, the insufficient 

quantity and unpredictable quality of islets limit the feasibility of this approach as a 

standard treatment (Gibly et al., 2011). Therefore, considerable efforts are directed 

towards generating an inexhaustible supply of functional β cells from human pluripotent 

stem cells (hPSCs) (Pagliuca et al., 2013; Pagliuca et al., 2014; Rezania et al., 2014). 

1.2 Differentiation of pancreatic β cells in vivo and in vitro 

1.2.1 Development of the pancreas in vivo and β cell differentiation 

 The pancreas is a glandular organ comprised of exocrine and endocrine 

tissue essential for metabolic homeostasis. The endocrine tissue, arranged into islets of 

Langerhans containing β (insulin+), α (glucagon+), δ (somatostatin+), ε (ghrelin+), and γ 

(pancreatic polypeptide+) cells, secretes hormones into the bloodstream that are 

required for glycemic control and the regulation of a myriad of systemic processes. The 

exocrine tissue is comprised of acinar cells that secrete digestive enzymes into the 

small intestine and ductal cells that line the pancreatic ductal epithelium. Both exocrine 

and endocrine cells develop from a population of multipotent progenitors that arise at 

the site of pancreatic specification within the primitive gut tube (PGT) known as the 

anterior intestinal portal (Jørgensen et al., 2007). A rapid expansion of pancreatic 
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progenitors demarks the formation of ventral and dorsal pancreatic buds (Piper et al., 

2002).  These buds are subdivided into duct-like pro-endocrine structures and 

peripheral clusters of multipotent cells generating a stratified epithelium under active 

plexus remodeling (Bhushan et al., 2001; Guo et al., 2013; Hart et al., 2003).  

 Early multipotent pancreatic progenitors (MPPs) actively divide to establish 

a progenitor pool that will determine final pancreas size (Stanger et al., 2007). 

Differentiation-inducing signals specify a subset of these MPPs as endocrine 

progenitors by inducing the expression and stability of NGN3, a transcription factor 

essential for endocrine specification (Gradwohl et al., 2000; Gu et al., 2002; McGrath et 

al., 2015; Zhou et al., 2007). Cell cycle arrest of these progenitors accompanies their 

further differentiation to β cells and other hormone-producing cells (Azzarelli et al., 

2017; Gu et al., 2002; Krentz et al., 2017; Miyatsuka et al., 2011). A key step in this 

process is the formation of peninsular structures within the developing pancreatic 

epithelium that coordinate endocrine differentiation with islet morphogenesis (Sharon et 

al., 2019). During late gestation and shortly after birth, endocrine cells get integrated 

into mature islets with β cells predominantly forming the core and capable of 

maintaining glucose homeostasis throughout life (Jeon et al., 2009).  

1.2.2 Generating functional β cells from hPSCs 

 Our understanding of in vivo pancreas organogenesis has guided the 

development of in vitro directed differentiation protocols into the β cell lineage. Our lab 

has recently described a step-wise directed differentiation approach for the generation 

of β cells from hPSCs (Figure 1.1) (Pagliuca et al., 2014). The protocol simulates  
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Figure 1.1 Derivation of functional β cells from hPSCs. a) Representative 
immunostaining images of hPSCs differentiating towards the β cell lineage during 

directed differentiation in vitro. Expression of relevant stage-specific differentiation 

markers are shown. 15-30% of differentiated cells at the end are β cells. b) 

Transplantation of SC-β cells into diabetic mice can rescue glycemia. 

 

pancreas development in vitro by modulating a set of signals known to specify 

pancreatic and endocrine progenitors in vertebrate models (Bhushan et al., 2001; Guo 

et al., 2013; Apelqvist et al., 1992; Hebrok et al., 1997; Kim et al., 1998; Murtaugh et al., 

2003; Ninomiya et al., 1999).  Across vertebrate species, sonic hedgehog (SHH) 

inhibition directs early specification of pancreatic endoderm (D’Amour et al., 2005; 

D’Amour et al, 2006).  Stimulation with FGFs and retinoic acid (RA) along with BMP, 

TGF- β, and Notch inhibition further specify these pancreatic progenitors into endocrine 
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progenitors and render this set of cells competent for β cell differentiation (Pagliuca et 

al., 2014; Rezania et al., 2045). A subset of these endocrine progenitors later become β 

cells co-expressing insulin and other β cell-specific markers generally in 15-30% of the 

population (Pagliuca et al., 2014). Moreover, these cells secrete insulin in response to 

glucose stimulation and can rescue glycemia upon transplantation into the kidney 

capsule of diabetic mice, both hallmarks of functional β cells (Figure 1.1) (Pagliuca et 

al., 2014; Rezania et al., 2015). Although in small percentages, polyhormonal cells can 

be observed possibly due to premature differentiation of MPPs (Jennings et al., 2015; 

Nostro et al., 2015; Pan et al., 2011; Sharon et al., 2019; Veres et al., 2019).  

The in vitro differentiated stem cell-derived β (SC-β) cells express NKX6.1, 

PDX1, and insulin, among other genes, all of which are key to their glucose-stimulated 

insulin secretion (GSIS) function (Pagliuca et al., 2014; Rezania et al., 2014; Sander et 

al., 2000; Stoffers et al., 1992). Genetic studies have indicated a prominent role for 

NKX6.1 in the development of β cells from endocrine progenitors (Sander et al., 2000) 

and methods to enhance the numbers of pancreatic progenitors that express NKX6.1 

from hPSCs have been described (Kroon et al., 2008, Nostro et al., 2011; Nostro et al., 

2015; Pagliuca et al., 2014; Rezania et al., 2014; Rezania et al., 2012). It is the 

subsequent step of differentiation, wherein pancreatic progenitors form functional β 

cells, that the signals controlling the differentiation are less well understood. A key step 

in this process is the specification of NGN3+ endocrine progenitor cells that delaminate 

from pancreatic epithelial chords to form mature islets in vivo (Figure 1.2) (Gradwohl et 

al., 2000; Gu et al., 2002; McGrath et al., 2015; Zhou et al., 2007; Sharon et al., 2019).  
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Figure 1.2: Model of pancreatic endocrine development. a) A small subset of 
multipotent pancreatic progenitors (green) get specified as endocrine precursors (blue). 

These endocrine progenitors delaminate and get integrated into islets containing 

hormone-producing cells. b) In cycling progenitor cells, cyclin-dependent kinases 

(CDKs) phosphorylate NGN3 and promote its degradation. A cell cycle arrest of 

pancreatic progenitors lead to a release from inhibition of CDKs and promote 

stabilization of NGN3 and endocrinogenesis. 
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During this step of differentiation, the induction and post-translational regulation of 

NGN3, a master regulator of endocrine development, is pivotal (Gradwohl et al., 2000; 

Gu et al., 2002). The activity of NGN3 in mitotically-active MPPs is inhibited by cyclin-

dependent kinases that promote NGN3 destabilization by phosphorylation (Figure 1.2) 

(Azzarelli et al., 2017; Krentz et al., 2017). A cell cycle arrest in MPPs promote NGN3 

stabilization and endocrine induction due to a released inhibition from CDKs (Figure 1.2) 

(Azzarelli et al., 2017; Krentz et al., 2017). Although Notch and BMP are instrumental 

for endocrine induction in post-mitotic progenitors (Murtaugh et al., 2003; Pagliuca et 

al., 2014), pathways that promote cell cycle exit in MPPs to promote NGN3 stabilization 

and activity during early endocrine induction remain elusive.   

 

1.2.3 Current challenges of in vitro β cell differentiation protocols 

Despite various directed differentiation protocols result in the generation of cells 

resembling human adult β cells in function and gene expression (Pagliuca et al., 2014; 

Rezania et al., 2014), it is still not possible to generate a purified population of 

differentiated β cells. These protocols also display large batch-to-batch variations in cell 

type proportion and composition as well as in the functionality of differentiated β cells 

depending on the stem cell line used (Pagliuca et al., 2014; Rezania et al., 2014; Veres 

et al., 2019). Interestingly, a comprehensive single cell RNA-sequencing analysis during 

in vitro β cell differentiation has led to the identification of at least 5 other  

transcriptionally distinct subpopulations of cells that co-differentiate with SC-β cells 

(Veres et al., 2019). These cell types are robust to multiple directed differentiation 
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protocols and stem cell lines used (Veres et al., 2019). These include endocrine cells 

such as α-like polyhormonal cells, δ-like cells and enterochromaffin cells as well as 

other non-endocrine cells resembling progenitor-like ductal and exocrine cells (Veres et 

al., 2019). As expected, all endocrine cells that appear during in vitro β cell 

differentiation seem to arise from a common NGN3+ endocrine precursor (Veres et al., 

2019; Sharon et al., 2019). Similarly, non-endocrine cells present arise from a common 

non-endocrine precursor (Veres et al., 2019). The identification of pathways regulating 

this lineage bifurcation in vitro will inform better strategies for generating functional β 

cells and to limit the differentiation of undesirable endocrine cells and progenitor-like 

non-endocrine cells (Rezania et al., 2012). 

SC-β cells lack some physiological properties and the expression of markers of 

functionally mature adult islet β cells (Veres et al., 2019; Pagliuca et al., 2014; Rezania 

et al., 2014). Recent efforts based on the dispersion and reaggregation of SC-β cells, 

which recapitulate aspects of endocrine cell clustering that occur during in vivo 

development, have shown promise for the induction of the metabolic maturation of 

these cells (Veres et al., 2019; Nair et al., 2019). Reaggregated SC-β cells display 

robust dynamic glucose-stimulated insulin secretion, enhanced response to insulin 

secretagogues and improved mitochondrial energization (Nair et al., 2019). Ideally, 

these methods that induce metabolic maturation should be coupled with an efficient 

generation of SC-β cells. This will require the elucidation of an exhaustive catalog of 

genes and pathways directing β cell differentiation and maturation in vitro. 

Generating functional β cells from hPSCs requires a detailed understanding of 

the developmental processes of the corresponding cells in vivo. Although 
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developmental studies in vertebrate models have provided exceptional models from 

which to infer key human pancreas developmental processes, some elements are not 

conserved during human pancreas development (Pan et al., 2011). The stepwise 

synchronous differentiation of human β cells provides a novel paradigm for the study of 

human developmental processes. Importantly, a subset of locus variants that have been 

associated with type II diabetes through genome-wide association studies may relate to 

developmental processes (Mahajan et al., 2014). The in vitro β cell differentiation 

platform allows for the interrogation of how genetic vulnerabilities may lead to defects in 

the sufficient production of functional β cells to support metabolic homeostasis 

throughout life (Jennings et al., 2015). Simply put, there is a fundamental need for 

studying β cell development using human models due to its relevance to diabetes and 

to devise better strategies for its treatment.  

 

1.3 Homeostatic control and regeneration of β cell mass  

1.3.1 β cell mass is controlled by the proliferation of pre-existing β cells 

After the initial allocation of islet β cells during the development, the primary 

mechanisms controlling β cell mass is the proliferation of pre-existing β cells (Dor et al., 

2004; Georgia et al., 2004; Meier et al., 2008). Contrary to the skin, blood and intestine, 

which all rely on a resident adult stem cell pool for regeneration, post-mitotic β cells 

must couple cell cycle re-entry and function to attain a sufficient endocrine mass to 

properly control blood glucose levels (Dor et al., 2004; Georgia et al., 2004). This mass 

is exquisitely coordinated with metabolic demands. In rodents, β cell mass can 

significantly expand during pregnancy, obesity and genetic insulin resistance (Sorenson 
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et al., 1997; Bruning et al., 1997; El Ouaamari et al., 2013). Similarly, it is increased in 

human obese non-diabetic individuals suggestive of a cellular adaptation in response to 

increased metabolic demands in humans as well (Butler et al., 2003; Klöppel et al., 

1985). This adaptive regenerative capacity declines with age in both humans and mice 

due to a paucity in proliferation and an increased senescence of β cells (Rankin et al., 

2009; Reers et al., 2009; Krishnamurthy et al., 2006). This equilibrium between 

metabolic homeostasis and compensatory β cell mass is disrupted in diabetic patients 

as both type 1 and type 2 diabetic patients display reduced β cell mass (Butler et al., 

2003; Kloppel et al., 1985; Meier et al., 2005; Yoon et al., 2003; Sakuraba et al., 2002). 

Adult human β cell replication is very limited and confined to approximately 0.2% 

of all β cells (Meier et al., 2008). The rate of β cell replication is highest in infancy and 

dramatically declines from youth to adulthood (Meier et al., 2008). From birth to 

adolescence, the number of β cells per islet increases which results in a net increase in 

islet size (Meier et al., 2008). As there is no increase in the number of pancreatic islets 

during this period (Meier et al., 2008; Dor et al., 2004), the replication of pre-existing β 

cells appears to be the predominant mechanism coordinating cellular expansion during 

postnatal development. The postnatal decline in replication coincides with the metabolic 

maturation and increased glucose sensitivity of β cells (Blum et al., 2012; Jermendy et 

al., 2009; Martens et al., 2014; Qiu et al., 2017; Zeng et al., 2017).   

The developmental restriction of replicative potential and functional maturation of   

β cells indicates an inverse relation between the functional state and proliferation of 

these cells. Single cell transcriptomic analysis revealed that the acquisition of functional 

maturation during postnatal development results in an active repression of cell cycle 
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regulators (Zeng et al., 2017). Consistent with these results, a transcriptomic analysis of 

sorted replicating adult β cells display a downregulated expression of genes involved in 

glucose sensing, insulin secretion and maturation (Klochendler et al., 2016). Moreover, 

priming β cells to re-enter the cell cycle by overexpressing the cell cycle effector c-Myc 

leads to a reversal of maturity and functional defects similar to those observed in fetal 

immature β cells (Puri et al., 2018). This evidence suggests there is a balance between 

mature functionality and replicative potential that must be met to integrate cellular 

function with the control of β cell mass. How this balance is coordinated in humans 

remains elusive. 

 

1.3.2 β cell heterogeneity and replication competence 

 β cells differ in size, glucose responsiveness and electrochemical properties 

(Salomon et al., 1986; Heimberg et al., 1993; Katsuta, Farack et al., 2019; Johnston et 

al., 2016). A central question in β cell biology is how cellular heterogeneity reflects 

differences in functionality and replicative potential. Recent studies have generated a 

catalog of molecularly defined subpopulations of β cells. In mice, subpopulations of β 

cells have been described based on the expression of the Wnt/planar cell polarity 

effector Flattop that subdivide replicating and mature beta cells (Bader et al., 2016).  

These transcriptionally distinct subpopulations display differences in proliferative 

potential, cellular composition and responses to pathological insulin resistance (Bader 

et al. 2016). However, whether such heterogeneity exist in the human context has not 

been addressed (Liu et al., 2017).  
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Multiple studies have defined subpopulations of human β cells based on single 

cell transcriptomic analysis (Segerstolpe et al., 2016; Muraro et al., 2016; Baron et al., 

2016; Wang et al., 2016). Distinct subclasses of human β cells exhibiting differences in 

basal and glucose-stimulated insulin secretion have also been identified based on the 

expression of cell surface markers ST8SIA1 and CD9 (Dorrell et al., 2016). An analysis 

of how this heterogeneity reflects replication competence and responsiveness to 

proliferative cues in subpopulations of human β cells is incomplete.  

 

1.3.3 Regulators of human β cell proliferation 

 A significant challenge in identifying regulators of human β cell proliferation is 

that they are unresponsive to the many mitogens, nutrients and growth factors that can 

modulate the proliferation of rodent β cells (Stewart et al., 2015). Although human β 

cells can replicate upon overexpression of cyclins and CDKs, upstream signaling 

regulators of cell cycle regulators in this cell type are somewhat elusive (Fiaschi-

Taesch, et al., 2009; Karslioglu et al., 2011; Guthalu et al., 2010). The replication and 

expansion of adult human β cells can be induced by the combined inhibition of TGFβ, 

DYRK1A and GSK3β signaling (Aamodt et al., 2016; Abdolazimi et al., 2018; Dirice et 

al., 2016; El Ouaamari et al., 2016; Shen et al., 2015; Wang et al., 2015; Wang et al., 

2019). The increased proliferative capacity is due to an induction of the expression of 

cell cycle effectors accompanied by reductions in key cell cycle inhibitors such as 

CDKN1C and CDKN1A upon treatment with these inhibitors (Wang et al., 2019). 

Importantly, the inhibition of these pathways in vivo can enhance glycemic control in 

diabetic mice due to an expansion of β cell mass (Wang et al., 2015; Wang et al., 2019). 
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Thus, these treatment modalities may modify diabetes progression in vivo.  However, 

these pharmacological interventions do not result in a β cell-specific induction of 

proliferation as they can promote cell cycle re-entry in other cell types as well (Shen et 

al., 2015; Wang et al., 2015; Wang et al., 2019). Thus, targeting these pathways to 

induce β cell regeneration in diabetic patients may not be therapeutically sound. 

Dissecting the genetic determinants of cell cycle re-entry in human β cells has 

been challenging due to a lack of model systems relevant to the human context 

(Stewart et al., 2015). Thus, informed efforts to stimulate therapeutic human β cell 

proliferation in diabetic patients have been limited. The elucidation of factors that control 

this process in human β cells may provide therapeutic targets and inform the 

development of therapies for the regeneration of β cell mass in diabetics. In this work, 

we ascribe important roles of two signaling networks controlling this process: the Hippo 

and leukemia inhibitory factor (LIF) signaling pathways. 

 

1.4 Hippo signaling and the control of organ development and regeneration 

1.4.1 Hippo signaling is a universal plexus for organ size control 

Multiple developmental signaling pathways that control organogenesis also 

orchestrate organ regeneration in adult tissues. One of such pathways is the Hippo 

signaling pathway, considered to be a universal plexus for organ size control during 

development and regeneration (Hansen et al., 2015). First discovered in the fruit fly D. 

melanogaster through genetic screens (Dong et al., 2007), it is a highly-conserved 

pathway regulating cell proliferation, survival and differentiation (Hansen et al., 2015).  It 

does so by integrating tissue mechanical and extracellular signals to balance progenitor 
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cell self-renewal and differentiation in response to external stimuli (Hansen et al., 2015). 

Importantly, a deregulated activity of this pathway is implicated in cancer development 

as mutations in upstream regulators of this pathway have been identified in at least 33 

different cancer subtypes (Johnson et al., 2014; Wang et al., 2018). 

 The Hippo pathway comprises a large network of proteins with two regulatory 

modules: a kinase module and a transcriptional module. The kinase module includes 

upstream regulatory factors such as MST1/2, SAV1, LATS1/2, MOB and MAP4K4, all of 

which are activated by phosphorylation upon Hippo pathway activation (Figure 1.3) 

(Hansen et al., 2015). Upstream signaling mediators converge on the activation of 

LATS1/2, which in turn phosphorylate the Hippo pathway effectors YAP and TAZ to 

promote either their cytoplasmic retention via interaction with 14-3-3 or proteosomal 

degradation (Hansen et al., 2015). YAP/TAZ normally act as transcriptional co-

activators which, upon binding to TEAD co-factors in the nucleus, can regulate gene 

expression programs essential for proliferation and self-renewal (Figure 1.3). Thus, 

activation of the kinase module results in a sustained inhibition of the transcriptional 

module of the pathway. This regulatory interplay plays salient roles in the development 

of most organs by coordinating progenitor proliferation and differentiation (Pan et al., 

2010). 

 

1.4.2 Hippo signaling regulates pancreas development 

All components of the Hippo pathway are expressed in the mouse and human 

embryonic pancreas (Gao et al., 2013; George et al., 2012; Cebola et al., 2015). During  
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Figure 1.3 Hippo signaling regulates YAP/TAZ activity. Upon binding to TEAD co-
factors, YAP/TAZ regulate gene expression programs important for proliferation, self-

renewal and survival. Activation of the upstream regulators of the Hippo pathway by 

extracellular and/or mechanical signals results in a sustained inhibition of YAP/TAZ by 

cytoplasmic retention or degradation. 

 

 

early stages of pancreas organogenesis, YAP is highly expressed in the nucleus of 

MPPs (Gao et al., 2013; George et al., 2012; Cebola et al., 2015). In MPPs, its binding 

to co- factor TEAD1 and recruitment to enhancer elements is pivotal for the expression 

of pancreatic signaling mediators and transcription factors such as NKX6.1, PTF1A, 

SOX9, among others (Cebola et al., 2015). YAP activity in MPPs is critical for their 

proliferative capacity and the expression of transcription factors establishing 

multipotency (Cebola et al. 2015; Zhang et al., 2013).  Surprisingly, pancreas-specific 

genetic deletion of the upstream regulators of the pathway MST1/2 during development, 

which results in a constitutive activation of YAP, leads to an undeveloped pancreas with 
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reduced size compared to wild-type littermates (Gao et al., 2013; George et al., 2012). 

Constitutive activation of YAP in these mice results in extensive acinar-to-ductal 

metaplasia and pancreatitis-mediated autodigestion (Gao et al., 2013; George et al., 

2012). This is in direct opposition to the phenotypes observed in the liver, a close 

developmental relative, where similar genetic perturbations cause overproliferation and 

organ overgrowth (Zhou et al., 2009).  

 During later stages of in vivo embryonic pancreas development, YAP expression 

in prospective endocrine cells is limited and becomes restricted to ductal and 

centroacinar cells (Gao et al., 2013; George et al., 2012). Ectopic expression of YAP 

blocks the differentiation of the endocrine and exocrine compartments suggesting its 

downregulation may be a prerequisite for the differentiation of MPPs (Gao et al., 2013). 

Mechanosignaling via integrins within the developing pancreatic epithelium promotes 

YAP activity in MPPs and drives progenitors towards a ductal fate (Mamidi et al., 2018). 

Cell confinement in the epithelium leads to inhibition of integrin signaling and stimulates 

endocrine differentiation due to a downregulated expression of YAP in MPPs (Mamidi et 

al., 2018).  Thus, mechanotransduction controls the early lineage bifurcation of MPPs 

via YAP signaling. However, the molecular cascades directing endocrine differentiation 

and lineage allocation downstream of YAP downregulation remain undefined.  

 

1.4.3 Re-activation of YAP in post-mitotic β cells promotes cell cycle re-entry 

Targeting the Hippo pathway and the effector YAP represents an attractive 

therapeutic strategy for diabetes. One of the upstream regulators of the pathway, MST1, 

has been implicated in the apoptosis of β cells that occurs under diabetogenic 
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conditions (Ardestani et al., 2014). MST1 is activated in stressed human and mouse β 

cells and promotes cell death by targeting the β cell-specific transcription factor PDX1 

for degradation (Ardestani et al., 2014). Yet, whether these pro-apoptotic effects of 

MST1 are dependent on the downstream activity of YAP is unclear.  

Although YAP is not expressed in adult β cells, its re-activation in this cell type 

promotes proliferation and protects them from apoptosis triggered by diabetogenic 

stressors (George et al., 2015; Yuan et al., 2016). Interestingly, CTGF, a canonical 

target of YAP (Hansen et al., 2015), can also promote β cell regeneration in a mouse 

model of partial pancreatectomy (Riley et al., 2015). However, although YAP activity in 

β cells may restore functional β cell mass, manipulating this factor in patients may not 

be a feasible therapeutic approach due to the oncogenic potential of this factor (Pan et 

al., 2015). Thus, understanding the downstream molecular events leading to productive 

cell cycle re-entry in β cells will inform novel targets for the therapeutic regeneration of 

functional β cell mass in diabetic patients. 

 

1.5 Pleiotropic roles of the leukemia inhibitory signaling pathway  

 The leukemia inhibitory factor (LIF) was first identified as an inducer of 

differentiation and inhibitor of proliferation of leukemic cells (Gearing et al., 1987) and as 

a regulator of self-renewal of mouse embryonic stem cells (Smith et al., 1988). Since its 

discovery, many pleiotropic dependencies on this pathway have been described for 

many tissues and organs including the liver, bone, uterus, kidney and the central 

nervous system (Nicola et al., 2015).  LIF pathway activity is controlled by the 

interaction of the LIF ligand with its receptor LIFR and co-receptor subunit IL6ST (also 
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known as GP130/CD130) (Nicola et al., 2015). Like LIF, four other cytokines including 

oncostatin M (OSM), cardiotrophin-1 (CT-1), ciliary neurotrophic growth factor (CNTF) 

and cardiotrophin-like cytokine (CLC) can bind to this receptor complex but require 

additional receptor co-subunits for activation (Nicola et al., 2015). Activation of the 

receptor complex leads to downstream activation of mainly JAK1 and STAT3 but also 

other signaling effectors such as MAP-kinase and PI(3) kinase to control proliferation, 

differentiation and survival (Nicola et al., 2015).  

 Interestingly, a genome-wide association study in humans identified gene 

variants in the LIF gene that are significantly associated with type 2 diabetes (Mahajan 

et al., 2018).  These include variants that are present in non-coding regulatory regions 

of this gene (Mahajan et al., 2018). Moreover, the expression of LIF and related 

cytokines is induced in the islets of mouse models of type II diabetes further implicating 

this pathway in the disease (Chow et al., 2014). Whether this pathway controls β cell 

function or regeneration is still unclear.  

 

1.6 Topics addressed in this dissertation 

 We first interrogate the role of the Hippo signaling pathway effector YAP in the 

control of pancreatic progenitor self-renewal and differentiation. We describe a salient 

role for YAP as a factor critical for progenitor proliferation and maintenance of 

multipotency in vitro. YAP downregulation in human pancreatic progenitors directs their 

differentiation into hormone-producing cells. We provide evidence for the utility of a YAP 

inhibitor to significantly enhance the differentiation of glucose-responsive SC-β cells. 



	 	 21 

We posit that a dual modulation of YAP during in vitro differentiation of β cells may 

enhance the generation of SC-β cells for cell replacement therapies.  

 We then describe a platform for the induction of the proliferation of SC-β cells 

based on the genetic re-activation of YAP in this cell type. We exploit this method to 

identify gene expression modules that are activated in replicating SC-β cells by high-

throughput single cell RNA-sequencing. We identify that the leukemia inhibitory factor 

(LIF) signaling pathway is selectively induced upon YAP-induced cell cycle re-entry in 

SC-β cells. Our analysis further identifies a subpopulation of LIF-responsive human β 

cells that can be expanded upon activation of the LIF pathway. By computational 

analysis of single cell expression data, we delineate gene regulatory networks active in 

replicating human β cells including one regulated by the transcription factor CEBPD, a 

target of the LIF pathway in β cells. Our analysis identifies potential therapeutic targets 

for the regeneration of functional β cell mass in diabetic patients. 

 Finally, we describe the development of a method that enables the transcriptomic 

analysis of secreted factors and hormones in SC-β cells. Using this method, we identify 

a set of previously uncharacterized genes that are preferentially expressed in this cell 

type. One of such candidates, ERSeq08, can enhance glucose clearance in a glucose 

tolerance test independent of insulin activity. This may represent a secondary endocrine 

axis by which β cells regulate glucose metabolism. 

 In all, this work highlights the potential of using in vitro-derived β cells as a novel 

platform for the identification of mechanisms dictating cell fate, regeneration and 

function in humans. 
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2.1  Preface 

The work presented in this chapter was adapted to fit the dissertation guidelines 

from the following publication: Rosado-Olivieri, E.A., Anderson, K., Kenty, J.H., and 

Melton, D.A. (2019) YAP inhibition enhances the differentiation of functional stem cell-

derived insulin-producing β cells. Nature Communications 10, 1464. The 

conceptualization and experimental design was performed in collaboration with Prof. 

Douglas Melton. Kendall Anderson helped with experimental design and data analysis. 

Jennifer H. Kenty supervised in vivo transplantation studies.  

 

2.2  Abstract 

 

Stem cell-derived insulin-producing beta cells (SC-β) offer an inexhaustible 

supply of functional β cells for cell replacement therapies and disease modeling for 

diabetes. While successful directed differentiation protocols for this cell type have been 

described, the mechanisms controlling its differentiation and function are not fully 

understood. Here we report that the Hippo pathway controls the proliferation and 

specification of pancreatic progenitors into the endocrine lineage. Downregulation of 

YAP, an effector of the pathway, enhances endocrine progenitor differentiation and the 

generation of SC-β cells with improved insulin secretion. A chemical inhibitor of YAP 

acts as an inducer of endocrine differentiation and reduces the presence of proliferative 

progenitor cells. Conversely, sustained activation of YAP results in impaired 

differentiation, blunted glucose-stimulated insulin secretion, and increased proliferation 

of SC-β cells. Together these results support a role for YAP in controlling the self-
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renewal and differentiation balance of pancreatic progenitors and limiting endocrine 

differentiation in vitro.  

 

2.3  Introduction 

 

β cell loss is a hallmark of type I and type II diabetes and cell replacement 

strategies have been explored to restore functional β cells (Alejandro et al., 1997; 

Scharp et al., 1990). Recently, approaches to direct the differentiation of hPSCs into 

pancreatic endocrine cells have been described (Pagliuca et al., 2014; Rezania et al., 

2014), providing an alternate source of β cells for cell replacement therapies, drug 

discovery, and disease modeling. While these protocols are based on developmental 

signals involved in in vivo pancreatic development, our understanding of how these 

signaling factors coordinate the last steps of β cell differentiation is incomplete 

(Jennings et al., 2015; Pagliuca et al., 2013).  

 

During pancreatic development, endocrine cells differentiate from multipotent 

pancreatic progenitors (MPPs) that express NGN3, a factor essential for endocrine 

specification (Gradwohl et al., 2000; Gu et al., 2002; McGrath et al., 2015; Zhou et al., 

2007). Similar to what occurs during in vivo organogenesis, treatment with EGFs and 

thyroid hormone T3, along with BMP, TGF-β, and Notch inhibition, help drive stem cell-

derived pancreatic progenitors into NGN3-expressing endocrine progenitors (Pagliuca 

et al., 2014; Rezania et al., 2014). Cell cycle arrest of these progenitors accompanies 
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their further differentiation to β cells (Azzarelli et al., 2017; Gu et al., 2002; Krentz et al., 

2017; Miyatsuka et al., 2011).   

 

The in vitro differentiated β cells express NKX6.1, PDX1, and insulin, among 

other genes, all of which are key to their glucose-stimulated insulin secretion (GSIS) 

function, an essential part of controlling glucose homeostasis in vivo (Pagliuca et al., 

2014; Rezania et al., 2014; Sander et al., 2000; Stoffers et al., 1992). Genetic studies 

have indicated a prominent role for NKX6.1 in the development of β cells from MPPs 

(Sander et al., 2000) and methods to enhance the numbers of pancreatic progenitors 

that express NKX6.1 from hPSCs have been described (Kroon et al., 2008, Nostro et 

al., 2011; Nostro et al., 2015; Pagliuca et al., 2014; Rezania et al., 2014; Rezania et al., 

2012). It is the subsequent step of differentiation, when pancreatic progenitors form 

monohormal β cells, that the signals controlling the differentiation are elusive.  The 

present study shows that YAP, a member of the Hippo signaling pathway, is involved in 

controlling the generation of functional β cells from multipotent pancreatic progenitors 

(MPPs). 

 

The Hippo pathway has been shown to integrate tissue architecture by balancing 

progenitor cell self-renewal and differentiation (Hansen et al., 2015). Inhibition of Hippo 

signaling results in the nuclear translocation of the downstream effectors YAP and TAZ 

which, upon binding to TEAD co-activators, regulate expression of genes involved in 

progenitor cell proliferation (Dong et al., 2007; Hansen et al., 2015). In contrast, 

sustained activation of the pathway by growth-restrictive signals promotes terminal 
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differentiation of mature cell types by inducing the phosphorylation, cytoplasmic 

retention and degradation of YAP/TAZ (Dong et al.,2007). Constitutive activation of 

YAP/TAZ in the mouse pancreas results in reduced organ size, acute pancreatitis, and 

impaired endocrine differentiation (Gao et al., 2013; George et al., 2012). In human fetal 

and stem cell-derived MPPs, YAP plays a role in the control of progenitor expansion 

and self-renewal by regulating enhancer elements of transcription factors involved in 

these processes (Cebola et al., 2015). Moreover, the downregulation of YAP has been 

documented in NGN3+ endocrine progenitors and islet cells (Gao et al., 2013; George 

et al., 2012; Cebola et al., 2015; Mamidi et al., 2018). However, the extensive loss of 

tissue architecture as a result of genetic perturbations of the pathway in vivo 

confounded an analysis of whether or how YAP controls differentiation in pancreatic 

endocrine lineages.  

 

Taking advantage of the in vitro differentiation of SC-β cells, we ascribe a role for 

YAP as a regulator of progenitor self-renewal and differentiation. Our studies show that 

YAP regulates the self-renewal of early progenitors and formation of NKX6.1+ 

pancreatic progenitors. We further show that both the chemical and genetic 

downregulation of YAP enhances endocrine differentiation and the terminal 

differentiation of functional monohormonal β cells. Finally, we demonstrate the utility of 

a YAP inhibitor for the depletion of progenitor cells in vitro. 

 

2.4 Results 

2.4.1 YAP is downregulated during endocrine differentiation 
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YAP expression was examined during the multi-step directed differentiation of 

hPSCs into β cells as outlined in Figure 2.1a (Pagliuca et al., 2014). We observed YAP 

protein expression throughout stages 3-6 (Figures 2.1b-f and 2.2a-c), including in 

PDX1+ early and NKX6.1+ late MPPs at stages 3 and 4 of differentiation, respectively 

(Figure 2.1b-c). YAP downregulation begins late in stage 4 NKX6.1+ MPPs and is 

correlated with the expression of the pan-endocrine marker CHGA (Figures 2.1c, f, g 

and 2.2a-d). Although cytoplasmic and nuclear YAP expression is present in NKX6.1+ 

cells at stage 4 (Figure 2.2f), YAP expression in this subpopulation of MPPs further 

declines as differentiation proceeds into the endocrine lineage (Figures 2.1g and 2.2b, 

f). 

 

Because differentiation of MPPs is not synchronous, both early (NGN3+) and late 

(CHGA+) endocrine progenitors are present at stage 5, day 3 during endocrine 

induction. Immunostaining of cell clusters at this time point shows nuclear and 

cytoplasmic expression of YAP in approximately 30% of NGN3+ early endocrine 

progenitors (Figure 2.2e, g) whereas a high proportion of CHGA+ late endocrine cells 

have lost YAP expression (Figures 2.1h and 2.2c, e).  

 

Reduced YAP expression in endocrine cells persists upon completion of the 

directed differentiation protocol: approximately 95% of CHGA+ endocrine and insulin-

expressing β cells do not express YAP (Figures 2.1e-f, h, and 2.2c). At these latter 
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Figure 2.1: YAP downregulation in SC- endocrine and insulin-producing β cells. 
(a) Diagram of the directed differentiation of hPSCs into insulin-producing β cells. (b-e) 
Immunofluorescence micrographs of YAP expression in PDX1+ early pancreatic 

progenitors, NKX6.1+ late pancreatic progenitors, NGN3+ endocrine progenitors and C-

peptide+ β cells.  Representative images and cropped blots (bottom panels) are shown. 

Scale bar: 50 µm. White arrows denote NKX6.1+/YAP1- (c), NGN3+/YAP1- (d), and C-

peptide+/NKX6.1+/YAP1- cells (e). (f) Proportion of cells expressing YAP (green), C-
peptide (purple) and CHGA (blue) from stage 3 through stage 6 as estimated by flow 

cytometry. (g-i) Proportion of YAP+ and YAP- cells of all NKX6.1+ (g), CHGA+ (h) and  
CHGA- (i) cells as quantified by flow cytometry. hPSCs: human pluripotent stem cells; 

DE: definitive endoderm; GTE: gut tube endoderm; PP1: pancreatic progenitor 1; PP2: 

pancreatic progenitor 2; EN: endocrine precursor; β: insulin-producing β cells. Data 
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Figure 2.1 (continued) represent mean values ±SEM, ****p<0.0001, two-sided 
student’s t-test (n=3 biologically independent samples per group). 
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Figure 2.2: YAP expression in progenitor cells during endocrine differentiation. 
(a) Histogram plots of YAP expression of cells collected from stage 3 through stage 6 of 
β cell differentiation, assayed by flow cytometry. Highlighted area in grey denotes gate 

on YAP-negative cells. (b-c) Flow cytometry analysis of co-expression of YAP with 
NKX6.1 (b) and CHGA (c) at multiple stages of β cell differentiation. (d) 
Immunohistological analysis of YAP and CHGA expression in pancreatic progenitors 

(end of stage 4). Arrows indicate a downregulated expression of YAP in CHGA+ 

endocrine cells. (e) Immunofluorescent micrographs of YAP, NGN3, and CHGA in  
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Figure 2.2 (continued) differentiating endocrine progenitors (stage 5, day 3). (f-g) 
Immunohistological analysis of nuclear, cytoplasmic or downregulated expression of 

YAP in NKX6.1+ (f) and NGN3+ cells (g) at stage 4, 5 and 6. (h-i) Co-expression of 
YAP and SOX9 in progenitors after endocrine induction as assessed by flow cytometry 

(e) and immunohistochemistry (f). Scale bar: 50 µm. Data represent mean ±SEM, 
****p<0.0001, two-sided student’s t-test (n=3 biologically independent samples per 

group). St4c: stage 4 complete, St5c: stage 5 complete. 

 

 

stages of differentiation, YAP expression is largely restricted to non-endocrine cells that 

co-express the ductal marker SOX9+ (Figures 2.1i and 2.2h-i). In all, YAP is expressed 

during the progenitor stages and its downregulation correlates with the commitment of 

MPPs into the endocrine and then beta cell lineages (Figure 2.1f). 

 

2.4.2 YAP is necessary for the specification of late MPPs 

We sought to determine whether YAP regulates the balance between progenitor 

self-renewal and differentiation by treating cells with the YAP inhibitor verteporfin. This 

small molecule inhibits the interaction between YAP and TEAD co-activators in the 

nucleus and downstream target gene expression (Liu-Chittenden et al., 2012). When 

verteporfin is added during the specification of early PDX1+ to late NKX6.1+ MPPs 

(Figure 2.3a), there is a significant decrease in the number of NKX6.1+ progenitors 

compared to control differentiations without any detectable effects on cell viability 

(Figure 2.3b-d). The treatment also results in a 2-fold decrease in the proportion of 

MPPs co-expressing the proliferation marker Ki67 (Figure 2.3e-g), consistent with 

previous analysis (Cebola et al., 2014). In agreement with this result, YAP-targeted  
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Figure 2.3: YAP activity regulates the specification and proliferation of NKX6.1+ 
progenitors. (a) Diagram of experimental design for b-g. (b-d) Flow cytometry of PDX1 
and NKX6.1 expression in DMSO (b) or veterporfin-treated (c) MPPs and quantification 

of the proportion of PDX1/NKX6.1 co-positive pancreatic progenitors (d) from b and c as 

assayed at the end of stage 4. (e-g) Flow cytometry analysis of PDX1 and the 
proliferation marker Ki67 in DMSO (e) and veterporfin-treated pancreatic progenitors (f) 

and quantification of co-expression of PDX1 and Ki67 in MPPs from e and f (g) as  
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Figure 2.3 (continued) assayed at the end of stage 4. (h) Experimental design for i-n. 
(i-j) Effects of YAP shRNA expression during pancreatic differentiation on the 
expression of YAP and target genes assayed by qPCR for RNA (i) and western blot for 

protein (j) as assayed at the end of stage 4. qPCR values normalized to the average 

expression value of shControl samples. (k-n) Effects of the expression of non-targeting 
control (k) and YAP shRNAs (l) during pancreatic progenitor differentiation on NKX6.1 

and CHGA expression and quantification of the proportion of NKX6.1+ (m) and NKX6.1-

/CHGA+ (n) cells from i-j as assayed at the end of stage 4.  Data represent mean 

±SEM, **p<0.01, ***p<0.001, ****p<0.0001, two-sided student’s t-test (n=3 biologically 

independent samples per group).  

 

shRNAs expressed in early pancreatic progenitors during this stage of differentiation 

(Figure 2.3h) results in a 2-fold downregulation of YAP at the RNA and protein level 

(Figure 2.3i-j), reduced expression of YAP target genes CTGF, CYR61 and GLI2 

(Figure 2.3i), and dramatically reduces the proportion of NKX6.1+ progenitors with 

respect to control differentiations (1.1±0.8 vs. 41.4±1.2%; Figure 2.3k-m). 

Concomitantly, we observed a premature differentiation of MPPs into CHGA+/NKX6.1- 

endocrine cells in cultures of progenitors expressing YAP shRNAs (Figure 2.3n), which 

are fated to become polyhormonal endocrine cells (Nostro et al., 2015).  These results 

are consistent with a role for YAP in promoting the proliferation and expression of 

NKX6.1+ in MPPs and in restraining their differentiation into the endocrine lineage. 

 

2.4.3 YAP inhibition enhances the differentiation of β cells 

Since YAP activity controls the self-renewal of progenitor cells (Dong et al., 2007; 

Hansen et al., 2015) and its downregulation correlates with their commitment to the 

endocrine lineage (Figures 2.1d-i and 2.2a-c), we hypothesized that YAP 
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downregulation might direct the differentiation of MPPs into the endocrine and β cell 

lineages. When YAP was inhibited by verteporfin during endocrine induction at stage 5, 

MPPs differentiated into NGN3+ endocrine progenitors more efficiently than DMSO 

controls, as assayed at stage 5, day 4 (Figures 2.4b-d and Fig. 2.5a; 12.1±2% 

verterporfin treatment vs 6.4±0.52% control). Treatment with roscovitine, a cell cycle 

inhibitor, at this stage did not have the same effect (Figure 2.5a-b), suggesting that 

blocking proliferation per se does not promote differentiation. The enhanced 

differentiation of NGN3+ endocrine precursors with verteporfin produces an increase in 

CHGA+/NKX6-1+ endocrine progenitor cells by the end of stage 5, something not 

observed with roscovitine treatment (Figure 2.5c-f, assayed at stage 5, day 7).   

 

We then tested the effect of YAP inhibition from stage 4 through stage 6 of the β 

cell differentiation protocol (Figure 2.4a). YAP inhibition by verteporfin during these 

stages of differentiation leads to a significant increase in the proportion of C-

peptide+/NKX6.1+ β cells (Figures 2.4e-g and 2.6a-h, 38.6±3.9% verteporfin treatment 

vs 27.5±4.2% control). A modest but significant increase in Glucagon+/C-peptide- alpha 

cells, but not Somatostatin+ delta cells, is also detected upon YAP inhibition (Figure 

2.6f-j).  The effect of verterpofin on SC-endocrine and β cell differentiation is robust and 

independent of the genetic background of the hPSC cell line as we observed an 

enhanced differentiation of endocrine and NKX6.1+ β cells using multiple hPSC cell 

lines (Figure 2.7). 
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Figure 2.4: YAP inhibition enhances the generation of endocrine progenitors and 
SC-β cells. (a) Experimental design for b-g. (b-d) Flow cytometry analysis of NGN3 
expression at stage 5, day 3 of DMSO and verteporfin-treated pancreatic progenitors 

and proportion of NGN3+ cells from b-c. (e-g) Flow cytometry analysis of NKX6.1 and 
C-peptide expression upon completion of the differentiation protocol of DMSO and 

verteporfin-treated pancreatic progenitors and quantification of the proportion of C-

peptide+/NKX6.1+ SC-β cells from e-f. (h) Effects of non-targeting control and YAP 
shRNAs during endocrine differentiation on lineage marker mRNAs assayed by 

Nanostring assayed at the end of stage 5. Differentially expressed genes (p<0.05) are 

displayed with genes relevant to endocrine induction highlighted in red. Data presented 

as z-scores. (i-k) Flow cytometry of C-peptide and NKX6.1 expression in non-targeting 
control and YAP shRNA-expressing cells and proportion of cells co-expressing both 

markers from i-j at the end of stage 6 differentiation (stage 6 day 14). (l) Proportion of 
cells expressing YAP in cultures of cells expressing non-targeting control and YAP  
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Figure 2.4 (continued) shRNAs assayed at the end of stage 6 differentiation (stage 6 
day 14) by flow cytometry. Data represent mean ± SEM, *p<0.05, ***p<0.001, two-sided 

student’s t-test (n=3 biologically independent samples per group). 
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Figure 2.5: Cell cycle inhibition does not enhance endocrine differentiation. (a) 
qPCR analysis of NGN3 expression of verteporfin and roscovitine-treated progenitors at 

stage 5, day 4. qPCR values normalized to the average expression value of control 
samples.  (b) Proportion of NGN3+ cells in roscovitine-treated differentiating MPPs as 
assayed by flow cytometry at stage 5, day 4. (c-f) Flow cytometry analysis of CHGA and 
NKX6.1 expression upon completion of the endocrine specification stage (stage 5) and 

quantification of the proportion of CHGA+/NKX6.1+ cells in control, verteporfin- and 

roscovitine treated differentiations. Data represent mean ±SEM, *p<0.05, ****p<0.0001, 

two-sided student’s t-test (n=3 biologically independent samples per group). 
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Figure 2.6: Enhanced endocrine differentiation upon YAP inhibition. (a) Gating 
strategy and staining control for b-e and Fig. 2.4e-f. (b-e) Staining control and replicate 
data for control and verteporfin-treated differentiations collected at the end of stage 6 

differentiation (stage 6 day 14). (f-j) Flow cytometry analysis of C-peptide, Glucagon 
and Somatostatin expression and quantification of the proportion of monohormonal 

endocrine cells in control and verteporfin-treated differentiations. Data represent mean 

±SEM, *p<0.05, ***p<0.001, two-sided student’s t-test (n=3 biologically independent 

samples per group). 
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Figure 2.7: YAP inhibition enhances endocrine differentiation of multiple hPSC 
cell lines. (a-d) Flow cytometry and quantification of C-peptide and NKX6.1 expression 
of control and verteporfin-treated differentiations performed with the 1016 and 13B iPSC 

cell lines collected at the end of stage 6 (stage 6 day 14). (e-h) Flow cytometry and 
quantification of CHGA and NKX6.1 expression at the end of stage 6 (stage 6 day 14). 

Data presented as a fold increase over stage-matched control differentiations. *p<0.05, 

**p<0.01, two-sided t-test on log fold changes (n=3 biologically independent samples 

per group). 

 

Expression of YAP-targeted shRNAs during endocrine differentiation at stages 5 

and 6 produces an increase in the expression of regulators of endocrine development 

such as NGN3 (NEUROG3), PAX6 and NEUROD1 expression, as well as an increase 

in insulin (INS) expression (Figure 2.4h; assayed at the end of stage 5). Similarly, MPPs 

expressing YAP-targeted shRNAs differentiated more efficiently into C-

peptide+/NKX6.1+ β cells than progenitors expressing control shRNAs (Figure 2.4i-l; 

assayed at the end of stage 6 differentiation, stage 6, day14). Thus, YAP inhibition 

promotes the differentiation of MPPs into the endocrine lineage. 
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2.4.4 Sustained activation of YAP impairs β cell differentiation  

We overexpressed a stabilized form of YAP (YAPS6A; Rosenbluh et al., 2012) in 

differentiating MPPs during the last two stages of differentiation (Fig. 2.8a). Lentiviral 

overexpression of YAPS6A resulted in a 7-fold increase in the proportion of cells 

expressing YAP compared to LacZ controls (Figure 2.8b-c; stage 6, day 14). Consistent 

with a role of YAP in limiting endocrine differentiation, YAPS6A overexpression leads to 

a significant decrease in the proportion of C-peptide+/NKX6.1+ β cells, compared to 

controls, with no effect on cell apoptosis (Figure 2.8d-f, m-n; stage 6 day 14). 

Verteporfin treatment rescued the impaired endocrine differentiation observed upon 

YAPS6A overexpression (Figure 2.9a-c). We quantified levels of proliferation of 

YAPS6A-overexpressing SC-β cells and detected a 5-fold increase in the proportion of 

proliferating cells, compared to controls, as measured by co-expression of the 

proliferation marker Ki67 with C-peptide and EdU incorporation in SC-β cells (Figure 

2.8g-l). This is consistent with previous reports (George et al., 2015; Yuan et al., 2016). 

The increase in proliferation was not specific to C-peptide+ β cells as we observed an 

increase in the proliferation of C-peptide- non-β cells as well (Figure 2.8j, l). These 

results demonstrate that YAP activity during endocrine differentiation limits the 

differentiation of MPPs into NKX6.1+ β cells and, instead, promotes continued 

proliferation. 
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Figure 2.8: YAPS6A overexpression impairs differentiation of β cells and 
promotes proliferation. (a) Experimental workflow for the lentiviral overexpression of a 
stabilized form of YAP (YAPS6A) during β cell differentiation. (b-c) Flow cytometry of 
YAP expression and quantification of YAP+ cells in LacZ control and YAP-

overexpressing stem cell-derived cells during β cell differentiation (assayed at stage 6, 

day 14). (d-f) Flow cytometry analysis and quantification of C-peptide and NKX6.1 co-
expression in LacZ and YAPS6A-overexpressing cells at the end of stage 6 

differentiation (stage 6 day 14). (g-j) Flow cytometry analysis and quantification of  
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Figure 2.8 (continued) C-peptide and Ki67 expression in LacZ and YAPS6A-
overexpressing cells. (k-n) Quantification of EdU staining (k-l) and cleaved Caspase-3 
staining (m-n) in monohormonal C-peptide+ and C-peptide- cells by flow cytometry at 

the end of stage 6 differentiation (stage 6 day 14). Data represent mean (center line) 

±min to max (bounds of box), **p<0.01, ***p<0.001, ****p<0.0001, two-sided student’s t-

test (n=3 biologically independent samples per group). 
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Figure 2.9: YAPS6A inhibits SC-β cell differentiation. (a-c) Flow cytometry analysis 
and quantification of C-peptide and NKX6.1 expression of LacZ or YAPS6A-

overexpressing SC-β cells differentiated in the presence of verteporfin and collected at 

the end of stage 6 differentiation (stage 6 day 14). (d) Experimental design for e-h. 
Expression of YAPS6A and GFP was transiently induced with doxycycline during the 

first 4 days of stage 6 (Dox ON), followed by 8 days with no doxycycline added (Dox 

OFF). (e-f) Flow cytometry analysis and quantification of C-peptide and NKX6.1 
expression as well as EdU staining of SC-β cells collected at stage 6 day 12 as outlined  
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Figure 2.9 (continued) in d. EdU pulse was performed for 4 hours and 4 days after 
YAPS6A/GFP induction. (g-h) Insulin secretion during sequential stimulations with low 
and high glucose, and KCl depolarization of SC-β cells after a transient overexpression 

of YAPS6A or GFP as outlined in d. Data represent mean ± SEM. *p<0.05, **p<0.01, 

two-sided student’s t-test (n=3 biologically independent samples per group). n.s.: non-

significant, DOX: doxycycline. 

 

 

Functional β cells secrete insulin in response to high concentrations of glucose. 

Endocrine cells supplemented with either verteporfin or DMSO during stages 5 and 6 of 

differentiation (Figure 2.4a) show an increase in insulin secretion at high glucose over 

low glucose in response to sequential glucose stimulations (Figure 2.10a-b). Moreover, 

the levels of insulin secretion per total insulin content at 2.8 mM glucose, 20 mM 

glucose and 30 mM KCl were significantly higher in cultures of SC-β cells differentiated 

with verteporfin (Figure 2.10a). However, there were no statistically significant 

differences in stimulation indexes between control and verteporfin-treated endocrine 

cells (Figure 2.10b). YAPS6A overexpression during endocrine differentiation (Figure 

2.8a) hinders the ability of stem cell-derived β cells to secrete insulin in response to 

glucose (Figure 2.10c-d). Importantly, YAPS6A-overexpressing β cells secreted insulin 

in response to KCl stimulation suggestive of defective glucose-stimulated insulin 

secretion in β cells. YAPS6A overexpression leads to a reduction in stimulation indexes 

compared to LacZ overexpression controls (Figure 2.10d). Interestingly, a transient 

activation of doxycycline-inducible YAPS6A during the first 4 days of β cell 

differentiation at stage 6 leads to an increased proliferation of SC-β cells (Figure 2.9d-f)  
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Figure 2.10: Functionality of SC-β cells upon YAP inhibition and overexpression. 
(a-b) Insulin secretion levels for DMSO or verteporfin-treated stem cell-derived β cells 
during sequential rounds of glucose and KCl challenge and insulin secretion stimulation 

indexes. Insulin secretion levels were normalized to total insulin content for each 

sample. Stimulation indexes were calculated as a ratio of insulin secretion at high 

glucose (20 mM) relative to the basal secretion (2.8 mM glucose). (c-d) Insulin secretion 
levels of LacZ and YAPS6A-overexpressing stem cell-derived β cells during sequential 

rounds of glucose and KCl stimulation and insulin secretion stimulation indexes. Data 

represent mean ± SEM, **p<0.01, ***p<0.001, ****p<0.0001, n.s.: non-significant, two-

sided student’s t-test, VTPF: verterporfin (n=3 biologically independent samples per 

group).  
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but does not affect their function when assayed at stage 6, day 12 (Figure 2.9g-h). 

Thus, YAP inhibition may promote the differentiation of SC-β cells that have improved 

insulin secretion and sustained expression of YAP during endocrine differentiation 

restricts the differentiation of functional SC-β cells. 

 

2.4.5 Depletion of progenitor-like cells upon YAP inhibition 

In the adult mouse pancreas, YAP expression is restricted to centroacinar and 

ductal cells and correlates with increases in levels of cell proliferation (George et al., 

2012; Morvaridi et al., 2015). 10-15% of the cells at the end of the β cell directed 

differentiation protocol co-express the ductal marker SOX9 and the proliferation marker 

Ki67 (Figure 2.11b, d-e, h). Given that most SOX9+ ductal-like non-endocrine cells co-

express YAP (Figures 2.1i and 2.2h-i), we tested whether YAP inhibition would deplete 

this subpopulation of cells. Addition of verteporfin during the endocrine and β cell 

differentiation stages (Figure 2.11a) results in a decrease in the proportion of both 

SOX9+ ductal-like progenitor cells (Figure 2.11b-d) and Ki67+ proliferating cells (Figure 

2.11e). Similarly, expression of YAP shRNAs during these stages leads to a 3-fold 

decrease in the proportion of proliferative SOX9+ ductal progenitor cells (Figure 2.11f-

h). 

 

Following transplantation, Sox9+ progenitor cells may significantly expand, form 

unwanted cells and limit transplantation outcome (Rezania et al., 2012). To test whether 

YAP inhibition depletes these proliferative cells in vivo, we transplanted SC-β clusters 

into the kidney capsule of immunocompromised mice (Pagliuca et al., 2014).  
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Figure 2.11: YAP inhibition reduces Sox9+ progenitors in vitro. (a) Experimental 
design for b-e. (b-d) Flow cytometry of SOX9 expression in control and verteporfin-
treated differentiating progenitors and quantification of the proportion of SOX9+ cells 

from b-c at the end of stage 6 differentiation (stage 6, day 14). mCFP is an unstained 

control. Data represent mean ± SEM, **p<0.01 (n=3 biologically independent samples  
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Figure 2.11 (continued) per group). (e) Proportion of Ki67+ in control or verteporfin-
treated differentiating progenitors as assayed by flow cytometry at the end of stage 6 

differentiation. Data represent mean ±SEM, ***p<0.001 (n=3 biologically independent 

samples per group). (f-h) Flow cytometry analysis of SOX9 in non-targeting control and 
YAP shRNA-expressing pancreatic progenitors and quantification of SOX9+ cell 

proportion (h) at the end of stage 6 differentiation. Data represent mean ±SEM, 

***p<0.001 (n=3 biologically independent samples per group). (i) Experimental design 
for j-n. (j-k) in vivo GSIS of control and verteporfin-derived SC-β cell grafts as assayed 
by serum human insulin before and 30 min after a glucose injection 8 weeks post-

transplantation. (l-m) Immunofluorescence micrographs of grafts 12 weeks post-
transplantation of control and verteporfin-derived SC-β cell grafts stained for C-peptide 

and SOX9. Representative images and cropped blots (bottom panels) are shown. 

Asterisk (*) denotes non-specific staining. Scale bar: 50 µm. (n) Quantification of 
SOX9+ of DAPI+ cells within grafts 12 weeks after transplantation. ***p<0.001, two-

sided student’s t-test (n=4 animals per group, values correspond to the average 

proportion of SOX9+ cells from 4 histological sections per animal). 

 

 

Transplants of both control SC-β cells and cells differentiated in the presence of 

verteporfin (Figure 2.11i) displayed robust in vivo glucose-stimulated human insulin 

secretion (Figure 2.11j-k). At 12-week post transplantation, we quantified the proportion 

of SOX9+ cells in the kidney grafts and detected the expression of this marker in 

approximately 17% of the cells in control grafts (Figure 2.11l-n). Transplants of SC-β 

cells differentiated in the presence of verterporfin displayed a reduction in the proportion 

of SOX9+ cells with an average of 3.1% in the grafts at this time point (Figure 2.11m-n). 

The data suggest that YAP inhibition can partially deplete ductal-like and proliferative 

cells that may expand following transplantation. 
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2.5 Discussion 

The generation of functional SC-β cells from hPSCs relies on the modulation of 

signaling effectors, most of which were known to control in vivo pancreas 

organogenesis (Pagliuca et al., 2014; Rezania et al., 2014; Jennings et al., 2015). 

Efforts to elucidate novel cell fate determinants will not only shed light into this process 

but will also result in improved directed differentiation protocols for cell replacement 

therapies. Here we identify YAP, one of the effectors of the Hippo signaling pathway, as 

a factor involved in progenitor specification and differentiation into functional pancreatic 

endocrine cells. The regulation of YAP follows a developmental logic whereby its activity 

promotes the expansion of MPPs and its downregulation corresponds to their 

differentiation into endocrine progenitors and SC-β cells (Figure 2.12).  

 

The Hippo signaling pathway controls organ size by coordinating progenitor 

proliferation and differentiation (Dong et al., 2015; Deng et al., 2016; Goto et al., 2018; 

Heallen et al., 2011). Mice with a pancreas-specific deletion of the upstream regulators 

MST1/2 displayed extensive acinar-to-ductal metaplasia and acute pancreatitis (Gao et 

al., 2013; George et al., 2012). Sustained activation of YAP during pancreas 

development, or postnatally, resulted in a disrupted islet architecture and an 

undeveloped endocrine compartment (Gao et al., 2013; George et al., 2012; Mamidi et 

al., 2015). However, dissecting lineage-specific dependencies on YAP activity during in 

vivo pancreas development is confounded by the extensive organ-wide tissue disarray 

(Gao et al., 2013; George et al., 2012). Exploiting the in vitro differentiation of MPPs, the 

present study uncovers a role for YAP in limiting the differentiation of human endocrine  
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Figure 2.12: YAP inhibition directs the differentiation of MPPs into endocrine 
lineages. Proposed model for the role of YAP during in vitro beta cell differentiation. 
YAP activity regulates the proliferation and expression of NKX6.1 in MPPs (pancreatic 

progenitor 2: PP2). Downregulated expression of YAP during endocrine differentiation 

directs their differentiation into endocrine precursors (EN) and then β cells. Maintenance 

of YAP in MPPs leads to formation of non-endocrine lineages at later stages of 

differentiation. Dual pharmacological modulation of YAP may enhance the generation of 

functional SC-β cells in vitro. 

 

 

cells by maintaining pancreatic progenitor identity and self-renewal. In agreement with 

this study, Cebola et al. (2015) showed that YAP and TEAD coactivators are core 

components of cis-regulatory modules of transcription factors that establish the 

multipotency and expansion of pancreatic progenitors including SOX9, NKX6.1, GATA4, 

GATA6, HHEX, FOXA2, among others. Consistent with our data, other studies have 

shown that genetic downregulation or pharmacological inhibition of YAP impair 

pancreatic progenitor proliferation (Cebola et al., 2015; Zhang et al., 2013).  
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Multipotent pancreatic progenitors undergo a cell cycle lengthening and arrest 

during endocrine induction (Azzarelli et al., 2017; Gu et al., 2002; Krentz et al., 2017, 

Miyatsuka et al., 2011).  Cell cycle-dependent regulation of NGN3, an indispensable 

factor for pancreatic endocrine differentiation (Gradwohl et al., 2000; Gu et al., 2002; 

McGrath et al., 2015; Zhou et al., 2007), further drives the specification of progenitors 

into the endocrine lineage (Azzarelli et al., 2017; Krentz et al., 2017).  However, the 

molecular underpinnings controlling the cell cycle-dependent specification into 

pancreatic endocrine lineages remain elusive. The present study lends support for a 

salient role for YAP in establishing whether a progenitor cell undergoes proliferation or 

differentiates, similar to the cell cycle-dependent differentiation models put forward for 

neural differentiation (Musah et al., 2014; Salomoni et al., 2010). We also show that a 

downregulated activity of YAP, either chemically or genetically, enhances the 

generation of endocrine cells and SC-β cells. Part of this process may be the 

downregulation of SOX9 upon YAP inhibition. SOX9 is essential for the maintenance of 

mitotically-active MPPs and ductal differentiation during pancreas organogenesis 

(Seymour et al., 2007; Shih et al., 2015) and its expression is controlled by YAP in other 

cell types (Goto et al., 2018; Song et al., 2014). As most YAP+ cells at the end of our 

directed differentiation protocol co-express SOX9, we further posit that a failure to 

induce YAP downregulation in MPPs may limit their differentiation into endocrine 

lineages and contribute to the cellular heterogeneity observed during in vitro 

differentiation of SC-β cells (Pagliuca et al., 2014; Rezania et al., 2014). Further support 

for this interpretation comes from a recent study that uncovered a 



	 	 63 

mechanotransduction-dependent role of YAP in ductal and endocrine lineage bifurcation 

(Mamidi et al., 2018).  

 

In all, we propose that a dual modulation of YAP activity can improve the in vitro 

directed differentiation into the β cell lineage (Figure 2.12). We have provided evidence 

for the utility of the YAP inhibitor verteporfin as a potent inducer of endocrine 

differentiation and progenitor depletion in vitro. In addition, we hypothesize that 

molecules that enhance YAP activity during the specification of MPPs may promote the 

expression of NKX6.1 in this population of progenitors, as our data links YAP activity to 

its expression, critical for the formation of monohormonal β cells at later stages of 

differentiation (Pagliuca et al., 2014; Rezania et al., 2014; Sander et al., 2000; Stoffers 

et al., 1992). Given the known role of Hippo signaling and YAP during organ 

development (Hansen et al., 2015), this approach may be applicable to other directed 

differentiation models that guide the differentiation of hPSCs into post-mitotic cells.  

 

2.6 Methods 

2.6.1 Cell culture and differentiation of hPSCs 

hPSCs were maintained in mTeSR1 (Stem Cell Technologies) in 500 mL spinner 

flaks on a stir plate (Chemglass) set to 70 rpm in a 37°C incubator, 5% CO2, and 100% 

humidity. All the experiments were carried out using the human embryonic stem cell line 

HUES8 and the induced pluripotent stem cell lines (iPSC) 1016 and 13B (Chetty et al., 

2013; Pagliuca et al., 2014). Cell lines were obtained from the Human Embryonic Stem 
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Cell Facility and iPS Core Facility of the Harvard Stem Cell Institute, and University of 

Massachusetts Medical School. 

 

Differentiations into SC-β cells were performed following a protocol described by our 

group3 as follows: HUES8 or 1016 cells were seeded at 6x105 cells/mL in mTeSR1 

media and 10 µm Y27632 (Sigma-Aldrich). The media was changed 48 h later and the 

differentiations were started 72 h after the cells were seeded. The media changes were 

as follows:  

Stage 1 DE: Day 1: S1 + 100 ng/mL ActivinA (R&D Systems) + 3 μM Chir99021 

(Stemgent). Day 2: S1 + 100 ng/mL ActivinA.  

Stage 2 GTE: Days 4, 6: S2 + 50 ng/mL KGF (Peprotech).  

Stage 3 PP1: Days 7, 8: S3 + 50 ng/mL KGF + 0.25 μM Sant1 (Sigma) + 2 μM RA 

(Sigma) + 200 nM LDN193189 (only Day 7) (Sigma) + 500 nM PdBU (EMD Millipore).  

Stage 4 PP2: Days 9, 11, 13: S3 + 50 ng/mL KGF + 0.25 μM Sant1 + 100 nM RA + 10 

µm Y27632 + 5ng/mL Activin A.  

Stage 5 EN: Days 14, 16: S5 + 0.25 μM Sant1 + 100 nM RA + 1 μM XXI (EMD 

Millipore) + 10 μM Alk5i II (Axxora) + 1 μM T3 (EMD Millipore) + 20 ng/mL Betacellulin 

(Thermo Fisher Scientific). Days 18, 20: S5 + 25 nM RA + 1 μM XXI + 10 μM Alk5i II + 1 

μM T3 + 20 ng/mL Betacellulin.  

Stage 6 β: Days 21–35 (change every other day): S3 media. In the final stage, cells 

were analyzed between 28 and 35 days of the protocol. Control and experimental 

samples were collected from differentiations performed in parallel with hPSC cells 

obtained from the same maintenance batch. Treatments with 0.35 μM verteporfin 
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(Sigma-Aldrich), 10 μM roscovitine (Sellekchem) or DMSO (Sigma-Aldrich) were 

performed at the last stages of the differentiation including stage 4 (days 9-14), stage 5 

(days 14-18), and stage 6 (day 18-25, first 7 days) in ultra-low attachment 6-well plates 

(Corning).   

 

2.6.2 Lentivirus production and infection of cells 

Lentiviral particles were produced by transfecting 293T cells (Takara Bio) with 

the packaging vectors pHDM-vsvg, pHDM-tat, pHDM-rev, and pHDM-gag/pol along with 

lentiviral backbone vectors using the TransIT-293 transfection reagent (Mirus). The 

lentiviral vectors used in this study were the following: YAP1(S6A)-pLX304 (addgene 

#42562), LacZ-pLX304 (addgene#42560), YAPS6A-pLIX403, GFP-pLIX403, 29-mer 

scrambled shRNA in pGFP-C-shLenti (Origene), and 4 unique 29mer YAP shRNAs in 

pGFP-C-shLenti (Origene). Lentiviral particles were concentrated 48h and 72h post-

transfection using the PEG-IT virus precipitation reagent (Fisher Scientific) overnight at 

4°C followed by centrifugation at 1500 g for 30 min at 4°C and stored at -80°C. 

 

For infection, cell clusters collected from spinner flask suspension cultures were 

dissociated in Accutase (StemCell Technologies) for 10 min, followed by mechanical 

dissociation and centrifugation at 230 g for 5 min at room temperature (RT). Cell pellets 

were resuspended at a density of 2.5 million cells/mL in stage-matched medium with 

polybrene reagent (Santa Cruz) at 8μg/mL. Single cell suspensions were combined with 

concentrated lentiviral particles and plated on ultra-low attachment 6-well plates on a 

rocker plate set at 70 rpm in a 37°C incubator, 5% CO2, and 100% humidity. Feeding 
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schedule was followed depending on the stage of differentiation as described above. 

For the transient induction of GFP and YAPS6A expression, infected cells were treated 

with 2μg/mL doxycycline (Sigma Aldrich) as noted in the text. 

 

2.6.3 Immunohistochemistry 

Cell clusters were collected at the end of each of the differentiation stages and 

fixed with 4% paraformaldehyde for 1 hr at RT, washed in 30% sucrose, embedded in 

OCT compound (Tissue-Tek) and sectioned for histological analysis.  Clusters were 

blocked with PBS+0.1% Triton X-100 (VWR)+5% donkey serum (Jackson 

Immunoresearch) for 30 mins at RT, incubated with primary antibodies overnight at 4°C, 

washed, and incubated with secondary antibodies for 1 hr at RT. Stained clusters were 

washed and mounted in Flouromount-G (Invitrogen), covered with coverslips, and 

sealed with nail polish. Images were taken using a Zeis Axio Imager.Z2 and Apotome.2. 

Image analysis was performed with ImageJ. To estimate the relative proportion of cells 

in the graft, 4 tissue sections from different areas in the graft were imaged and the 

relative proportions of relevant cell types were quantified as a percent of cells positive 

for the relevant marker of the total number DAPI nuclei. The antibodies used in the 

study were the following: rabbit anti-YAP (1:100, Cell Signaling Technology; 14074S), 

mouse anti-YAP (1:100, Abnova; 89106308), rabbit anti-SOX9 (1:100, Cell Marque; AC-

0284RUO), rat anti-C-peptide (1:200, Developmental Studies Hybridoma Bank; GN-

ID4), mouse anti-NKX6.1 (1:100, Developmental Studies Hybridoma Bank; F55A12-

supernatant), rabbit anti-Ki67 (1:100, Abcam; ab16667), sheep anti-NGN3 (1:50, R&D 

systems; AF3444), goat anti-PDX1 (1:100, R&D systems; AF2419), rabbit anti-CHGA 
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(1:200, Novus Biologicals; NB120-15160),  mouse anti-CHGA (1:200, Santa Cruz; sc-

393941), mouse anti-Glucagon (1:200, Abcam; ab82270), mouse anti-Somatostatin 

(1:200, Santa Cruz; sc-55565),  rabbit anti-cleaved Caspase-3 (1:100, Cell Signaling; 

9661) and mouse anti-PCNA (1:100, Millipore; NA03). 

 

2.6.4 Flow cytometry 

Differentiated cell clusters were dispersed into a single-cell suspension with 

TrypLE (Life Technologies) at RT, fixed with 4% paraformaldehyde at 4°C, washed 

three times in PBS + 0.2% bovine serum albumin (Millipore) + 0.1% saponin (Sigma), 

blocked for 30 mins at 4°C in PBS + 5% donkey serum + 0.1% saponin, incubated with 

primary antibodies overnight at 4°C, washed, and incubated with secondary antibodies 

for 1 hr at RT. Stained fixed cells were filtered through a 40 μm nylon mesh into flow 

cytometry tubes (BD Falcon) and were analyzed for relevant stage-specific marker 

expression using LSR II flow cytometers (BD Biosciences) and FlowJo for data analysis. 

Samples stained with secondary antibodies only were used to gate on cells that are 

negative and accurately identified cells expressing the markers included in the analysis. 

For shRNA-infected samples, only infected GFP+ cells were included in the analysis 

(approximately in 30-40% of all cells). To quantify incorporation of EdU and estimate 

levels of proliferation, cells pulsed with 10μM EdU for 4h were dissociated as described 

above unless stated otherwise. The Click-IT EdU flow cytometry kit (Invitrogen) was 

used to detect EdU incorporation following the manufacturer’s protocol with minor 

modifications. 
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2.6.5 Glucose-stimulated insulin secretion (GSIS) 

Approximately 1x106 SC-β cells in clusters were washed with Krebs buffer and 

incubated in low (2.8 mM) glucose Krebs in cell culture inserts (Millicell) to starve cells 

and remove residual insulin at 37°C for 1 hr. Clusters were washed and incubated in 

low glucose Krebs for 1 hour and the supernantant was collected.   They were then 

transferred to high (20 mM) glucose, incubated for 1 hour and the supernatant was 

collected. For sequential GSIS challenges, this sequence of low and high glucose 

stimulations was repeated twice. At the end, clusters were incubated in 2.8 mM glucose 

+ 30mM KCl Krebs (depolarization challenge) for 1 hour and the supernatant was 

collected. Clusters were dispersed into single cells using TrypLE and cell number was 

estimated by a Vi-Cell counter (Beckman Coulter). Insulin concentration was 

determined for supernatant samples using the Human Ultrasensitive Insulin ELISA 

(ALPCO Diagnostics). Protein extraction was performed with M-PER extraction reagent 

(Thermo Scientific) and insulin content was measured for each sample using the human 

Ultrasensitive Insulin ELISA kit. Insulin secretion levels were normalized to total insulin 

content for each sample. Stimulation indexes were calculated as a ratio of insulin 

secretion at high glucose (20 mM) relative to the basal secretion (2.8 mM glucose). 

 

2.6.6. Mouse transplantation analysis 

Dissociated SC-β cells were transplanted into the kidney capsule of 

immunodeficient SCID-beige mice (Jackson Laboratory), aged 8-10 weeks (Pagliuca et 

al., 2014). 5x106 differentiated cells (per animal) collected at the end of the SC-β cell 

differentiation protocol were dispersed using Accutase and resuspended in 200 uL of 
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RPMI1640 medium and kept on ice for 5 to 10 min before loading into a catheter for cell 

delivery under the kidney capsule. Mice were first anesthetized with 0.5mL/25g 1.25% 

avertin/body weight, and the left ventral site was shaved and betadine and alcohol was 

applied to clean the incision site. A 1 cm incision was performed to expose the kidney 

for the insertion of the catheter needle and injection of the cells. The abdominal cavity 

was closed with PDS absorbable sutures (POLY-DOX) and the skin was closed with 

surgical clips (Kent Scientific Corp). Mice were placed on a 37°C micro-temp circulating 

pump and blanket during surgery and recovery period and given a pre-emptive dose of 

0.2mg/kg Meloxicam along with a dose of 0.1mg/kg Buprenorphine immediately after 

surgery, and one additional dose of Meloxicam 24 hours later. Wound clips were 

removed 10 days after surgery and mice were monitored twice a week. 

 

Mice were then analyzed for graft function at various time points by performing in 

vivo (Pagliuca et al., 2014).  After fasting the mice for 16 h overnight, a glucose 

challenge was performed by intraperitoneal injection (IP) 2g D-(+)-glucose/1 kg body 

weight and blood was collected both pre-injection and 30 min post-injection of glucose 

through facial vein puncture. Serum was separated out using Microvettes (Sarstedt) to 

then measure human insulin levels using the Human Ultrasensitive ELISA kit. Kidney 

grafts were dissected from the mice, fixed in 4% paraformaldehyde overnight, 

embedded in paraffin, and sectioned for histological analysis as described above.  

 

All animal experiments were performed in accordance with Harvard University 

Institutional Animal Care and Use Committee (IACUC) regulations. 
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2.6.7 RNA analysis 

Total RNA was isolated using the Direct-ZOL Miniprep kit (Zymo Research), and 

RNA was stored at -80°C in RNA storage solution (Invitrogen) until subsequent 

analysis. For real-time PCR, cDNA was synthesized using the SuperScript II Reverse 

Transcriptase kit (Invitrogen) and anchored oligo-dT primers (Invitrogen). TaqMan Fast 

Universal-based real-time PCR (Life Technologies) was performed in a ABI 7900HT 

PCR system (Applied Biosystems) with commercially available TaqMan gene 

expression assay probes (Thermo Scientific) with GAPDH as an internal normalization 

control (Supplementary Table 1). For NanoString analysis, 50-100 ng RNA was 

hybridized to a custom nCounter XT probe set and processed using the NanoString 

prep station and nCounter (NanoString Technologies). Gene expression levels were 

determined with NanoString nSolver software with default parameters and normalized 

with the expression of five housekeeping genes (ITCH, RPL15, RPL19, TCEB1, and 

UBE2D3). Nanostring data have been deposited into figshare under DOI accession 

code 10.6084/m9.figshare.7670531. 

 

2.6.8 Western blot analysis 

Dispersed cells were lysed in RIPA buffer (Thermo Scientific) and protein 

concentration was measured using the BCA Protein Assay kit (Thermo Scientific). 5-10 

ug of protein extracts were separated by AnyKD Mini-Protein precast gels (Bio-Rad) 

and transferred to nitrocellulose membranes (Bio-Rad). Membranes were blocked in 3% 

BSA+0.1%Tween 20 TBS for 30 mins at RT and then incubated with the following 
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primary antibodies overnight at 4°C: rabbit anti-YAP (Cell Signaling; 14074S) and 

mouse anti-GAPDH (Millipore; MAB374) as the loading control. After washing, the 

membranes were incubated with HRP-conjugated secondary antibodies for 1 h at RT, 

and then incubated in chemiluminescent ECL detection reagent (VWR) for signal 

detection and development. 

 

2.6.9 Statistical Analysis 

Statistical analysis was performed using unpaired two-sided t tests unless stated 

otherwise. For all the experiments included in this study, 3 or more biological replicates 

were performed using stage-matched controls as a reference. Box plots, bar graphs, 

and heatmaps were generated with GraphPad PRISM 7 and R. 
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3.1 Abstract 

The beta (β) cell mass formed during embryogenesis is amplified by cell 

replication that occurs primarily during fetal and early postnatal development. 

Thereafter, β cells become functionally mature and their mass is maintained by a very 

low rate of replication.  For those few β cells that replicate in adult life, it is not known 

how replication is initiated, uncoupled from β cell function nor whether this occurs in a 

specialized subset of β cells. To explore these issues with the aim of controlling 

replication of mature human β cells, we capitalized on a YAP overexpression system 

that induces cell cycle re-entry in stem cell derived-β cells.  Singe cell RNA sequencing 

revealed an upregulation of components of the leukemia inhibitory factor (LIF) pathway 

upon cell cycle re-entry in β cells.  Experimental activation of the LIF pathway induces 

replication and expansion of human stem cell derived- and adult β cells in vitro. In both 

stem cell derived- and adult human β cells, the expression of the LIF receptor LIFR is 

restricted to a subset of β cells with distinct transcriptional profiles and defines a 

subpopulation of β cells with increased replication rates. Overall, this study sheds light 

on regulatory networks that control β cell replication and reveals a heterogeneity in LIF 

responsiveness and replication competence. 

 
3.2 Introduction 
 

β cells are essential for the control of glucose homeostasis and deficits in β cell 

mass contribute to the development of type 1 and type 2 diabetes (Gepts 2015; 

Pipeleers et al., 1992). As self-duplication of pre-existing β cells is the main mechanism 

controlling β cell mass in adults (Dor et al., 2004; Georgia et al., 2004; Meier et al., 

2008), approaches to regenerate β cell mass in diabetics may offer an alternative 
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therapeutic strategy. In humans, the highest β cell replication rates occur during the 

postnatal expansion of β cell mass (Meier et al., 2004) and this rate declines with 

postnatal functional maturation, which is essential for glucose homeostasis (Blum et al., 

2012; Jermendy et al., 2009; Martens et al., 2014; Qiu et al., 2017; Zeng et al., 2017). 

Induction of replication in adult mouse and human β cells by genetically manipulating 

cell cycle effectors reverts them to an immature state and represses genes involved in 

glucose sensing, insulin secretion and maturation (Kim et al., 2010; Klochendler et al., 

2016; Puri et al., 2018). Nonetheless, it is not understood whether or how β cells 

decouple physiological function to support cell cycle re-entry and regeneration in 

humans. 

Recent efforts have identified subpopulations of β cells that differ in functionality 

and gene expression. In mice, β cell subpopulations have been defined based on gene 

markers that subdivide replicating and mature beta cells (Bader et al., 2016), insulin 

mRNA expression (Farack et al., 2019), and electrochemical properties (Johnston et al., 

2016) yet whether such heterogeneity exist in the human context has not been 

addressed (Liu et al., 2017). Multiple studies have defined subpopulations of human β 

cells based on single cell transcriptomic analysis and cell surface markers (Segerstolpe 

et al., 2016; Muraro et al., 2016; Baron et al., 2016; Wang et al., 2016; Dorrell et al., 

2016). An analysis of how this heterogeneity reflects replication competence and 

responsiveness to proliferative cues in subpopulations of human β cells is incomplete. 

While several growth factors, small molecules, hormones and nutrients can 

induce rodent β cell replication, they fail to induce replication in human β cells (Stewart 

et al., 2015).  The replication and expansion of adult human β cells can be induced by 
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inhibition of DYRK1A and GSK3β signaling (Aamodt et al., 2016; Abdolazimi et al., 

2018; Dirice et al., 2016; El Ouaamari et al., 2016; Shen et al., 2015; Wang et al., 2015; 

Wang et al., 2019). Nonetheless, dissecting the genetic determinants of cell cycle re-

entry in human β cells has been limited due to a lack of model systems relevant to the 

human context (Stewart et al., 2015).  Finding factors that control this process in human 

β cells may provide therapeutic targets and inform the development of therapies for the 

regeneration of β cell mass in diabetics. 

 

3.3 Results 

3.3.1 Single cell profiling of replicating β cells 

We developed a method to induce human β cell proliferation by the 

overexpression of a stabilized form of the Hippo pathway effector YAP (YAPS6A; 

Rosado-Olivieri et al., 2019) in stem cell derived-β (SC-β) cells (Figure 1A). As YAP 

promotes cell cycle re-entry in this cell type (Rosado-Olivieri et al., 2019) and native 

adult counterparts (George et al., 2015; Yuan et al., 2016), this allows us to induce 

cell cycle re-entry, enrich for replicating cells and identify early effectors of the 

replication process in human β cells (Figure 3.1A). Sustained activation of YAPS6A 

leads to a significant increase in cell cycle re-entry in SC-β and non-β cells, as 

measured by EdU incorporation in cells (Figure 3.1B-C). We performed droplet-based 

single cell RNA-sequencing 4 days after the induction of YAP or LacZ expression and 

sequenced 11,517 stage-matched cells comprising 3 biological replicates per 

condition (Figure 3.1D). We used canonical correlation analysis to align datasets 
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Figure 3.1 Single cell profiling of YAPS6A-overexpressing cells. A) Experimental 
design for the induction of proliferation of SC-β cells upon lentivirally-induced YAPS6A 

overexpression. B-C) Proportion of EdU+ INS+ β (B) and non-β cells (C) 4 days after 

LacZ and YAPS6A-overexpression as estimated by flow cytometry. Data represent 

mean values ±SEM, ****p<0.0001, two-sided student’s t-test (n=3 biologically 

independent samples per group). D) tSNE projections of CCA-aligned control LacZ- and 

YAPS6A-overexpressing cells. E) tSNE projections of cells identified and classified 

based on lineage marker expression. F) Proportion of cells identified and classified in 

control LacZ- and YAPS6A-overexpressing cells. G-I) Expression profiles of insulin 

(INS, β cell marker), glucagon (GCG, alpha cell marker) and CTGF (YAP target gene). 

Cells are colored according the log-normalized expression counts. Beta: beta cells, EC: 

enterochromaffin cells, EN: endocrine cell subpopulation, alpha: alpha cells, 

polyhormonal: polyhormonal endocrine cells, NonEN: non-endocrine cells. 

 

(Butler et al., 2018) and identified major cell subpopulations based on lineage marker 

expression (Veres et al., 2019) including β (INS+, NKX6.1+), alpha (GCG+, ARX+), 

and other endocrine and non-endocrine cell subpopulation of cells (Figure 3.1E-I). 

YAP target genes including CTGF were expressed in most cell subpopulations 
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(Figure 3.1I) and were enriched in YAPS6A-overexpressing cells. The proportion of 

cell subpopulations was similar between control and YAPS6A-overexpressing 

samples (Figure 3.1F).    

Within β cells (Figure 3.2A), we identified major expression differences 

between control and YAPS6A-overexpressing cells (Figure 3.2B). Genes 

downregulated in YAPS6A-expressing β cells are involved in insulin secretion and β 

cell function as determined by gene ontology analysis (Figure 3.2C), in agreement 

with recent reports suggesting a reversion of replicating β cells into an immature state 

(Klochendler et al., 2016; Puri et al., 2018, Rosado-Olivieri et al., 2019). Genes 

induced in YAPS6A-overexpressing β cells are enriched for Hippo signaling, the 

leukemia inhibitory factor (LIF) pathway and serine biosynthesis (Figure 3.2D).  

To gain insights into transcriptional dynamics associated with cell cycle re-

entry, we performed pseudotime ordering of β cells (Trapnell et al. 2014) and 

identified a continuous transition of YAPS6A-overexpressing cells along a single 

trajectory (Figure 3.3A-B). Genes expressed in functional β cells including insulin 

(INS), amylin (IAPP), ERO1B and others are gradually downregulated along the 

pseudotime trajectory (Figure 3.3C). Conversely, cell cycle markers (CCND1, PCNA, 

MKI67, PCNA, MYC), YAP targets (CYR61, CTGF) and genes involved in serine 

biosynthesis (PSAT1, PHGDH) and the LIF pathway (LIF, LIFR, IL6ST) are 

upregulated along the trajectory (Figure 3.3C). Thus, our analysis suggests that cell 

cycle re-entry in β cells correlates with repression of genes involved in β cell function 

and an induction of components of the serine biosynthesis and LIF pathway. 
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Figure 3.2: Single cell profiling of replicating β cells. A) tSNE projections of 
classified β cells colored according to experimental condition. B) Heatmap of top 795 

differentially expressed genes in SC- β cells (adjusted p-value <0.05). Color intensity 

denotes z-score normalized expression values. C-D) Gene ontology analysis of 

differentially expressed genes in SC-β cells. Top most enriched categories are 

displayed (FDR<0.05) among downregulated (D) and upregulated (D) genes.  
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Figure 3.3 Pseudotime analysis of replicating SC-β cells. A-B) Pseudotime ordering 
of control and YAPS6A-overexpressing SC-β cells colored by condition (A) and 

assigned pseudotime value (B). C) Heatmap of the expression of candidate genes in 

pseudotime-ordered cells. Color intensity denotes z-score normalized expression 

values. 
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3.3.2 LIF pathway activation induces β cell proliferation 

The LIF pathway has pleiotropic effects in multiple cell types and regulates cell 

differentiation, proliferation and survival (Nicola and Babon, 2015). While gene 

variants in the LIF gene are associated with type 2 diabetes (Mahajan et al., 2018) 

whether it controls β cell proliferation is unknown. The genes in the pathway including 

LIF, LIFR (also known as CD118), IL6ST (also known as gp130/CD130) and 

cardiotrophin-1 (CTF1) are all upregulated in YAPS6A-overexpressing replicating β 

cells (Figure 3.4A). Applying the ligands LIF and CTF1 for 3 days in vitro induces 

replication of monohormonal β cells, as assayed by EdU incorporation and flow 

cytometry (Figure 3.4B). Increased replication following LIF pathway activation was 

also observed in polyhormonal (INS+, GCG+) cells (Figure 3.4C), which are fated to 

become alpha cells (Sharon et al., 2019; Veres et al., 2019). Notably, LIF does not 

stimulate replication of Chromogranin A(CHGA)-negative non-endocrine cells (Figure 

3.4D-E). LIF pathway activation also increased the proliferation rates of adult human 

and mouse islet β cells in vitro (Figure 3.5A-C). Similarly, daily intraperitoneal 

injections of mouse recombinant LIF into adult mice for 7 days increased the 

replication rates of islet mouse β cells (Figure 3.5D-E). Thus, LIF pathway activation 

induces replication of human SC- and adult islet β cell counterparts. 

To test whether LIF pathway activation increases endocrine mass, we treated 

differentiated SC-β cell clusters with recombinant LIF for 14 days (Figure 3.6A) in 

suspension cultures and observed a significant increase in cluster size (Figure 3.6B- 

C). Using an Insulin reporter pluripotent stem cell line, we detected an increase in  
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Figure 3.4: LIF pathway activation induces β cell replication. A) Expression profile 
of LIF pathway-related and cell cycle genes in control LacZ- and YAPS6A-

overexpressing β cells. B) Fold increase in EdU incorporation in monohormonal β cells 

as assayed by flow cytometry. Data represent mean values ±SEM, ****p<0.0001, 

*p<0.05, Dunnett’s multiple comparison test. n=12 (Control), n=12 (LIF) n=11 (CTF1), 

n=3 (LIF+CTF1) biologically independent samples per group.	C-E) Fold increase of EdU 
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Figure 3.4 (continued) incorporation in LIF-treated cultures over control samples in 
polyhormonal (C; INS+, GCG+), endocrine (D; CHGA+) and non-endocrine (E; CHGA-) 

cells. Data represent mean values ±SEM, ****p<0.0001, Dunnett’s multiple comparison 

test. n>3 biologically independent samples per group. 
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Figure 3.5 LIF pathway activation induces replication of adult islet β cells. A) 
Proportion of Ki67+,insulin+ human islet β cells as assayed by automated imaging 

analysis. *p<0.05, two-sided student’s t-test, n=9 human islet donors. B) Fold increase 

in Ki67+ human islet β cells in LIF-treated human islet cultures over donor-matched 

control samples. ***p<0.001, two-sided student’s t-test on log fold changes, n=9 human 

islet donors. C) EdU incorporation in mouse β cells treated with PBS or LIF in vitro for 3 

days. Data represent mean values ±SEM, **p<0.01, two-sided student’s t-test. n=3. D) 

Immunofluorescence micrographs of pancreatic islets of mice treated with PBS or LIF 

for 7 days. Scale bar: 50 µm. E) Quantification of EdU+ β cells in pancreatic islets of 

mice treated with PBS or LIF. Data represent mean values ±SEM, *p<0.05, two-sided 

student’s t-test. n=10 mice for Control, n=8 mice for LIF. 
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total number of mCherry+ SC-β cells by flow cytometry upon stimulation with LIF for 7 

days (Figure 3.6D). In addition, LIF pathway activation significantly increases cell 

number but does not affect the proportion of monohormonal SC-β cells (Figure 3.6E-

F), which also reflects a net increase in β cell number. Importantly, sustained LIF 

pathway activation in SC-β cells does not impair function as determined by a glucose-

stimulated insulin secretion assay (Figure 3.6G). Our experiments indicate that 

increased β cell replication rates observed upon LIF pathway activation translates 

into productive proliferation and expansion of β cell mass in vitro. 

JAK/STAT3 signaling is a downstream target of the LIF pathway in multiple 

tissues and cell types (Nicola and Babon, 2015). Interestingly, LIF treatment robustly 

induced STAT3 activity in β and non-β cells as assayed by the expression of 

phosphorylated active STAT3 (pTyr705) in clusters of SC-β cells (Figure 3.7A). To 

further delineate a dependency of the LIF pathway on STAT3 signaling for the 

induction of β cell replication, we treated SC-β cells with a STAT3 inhibitor stattic or 

overexpressed a dominant-negative form of STAT3 (STAT3-DN).  Both 

pharmacological and genetic inhibition of STAT3 activity blocked LIF-induced cell 

cycle re-entry in SC-β cells (Figure 3.7B-C). Thus, LIF induces replication of β cells in 

a STAT3-dependent manner. 
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Figure 3.6 LIF induces expansion of β cells. A) Experimental design for B-C. SC-β 
cell clusters were treated with LIF for 14 days. B) Brightfield images of clusters of β cells 

treated with PBS or LIF for 14 days. scale bar: 200 µm. C) Area measurements of 

clusters of β cells treated with PBS or LIF for 14 days. Data represent mean values 

±SEM, ****p<0.0001, two-sided student’s t-test, n=3 biologically independent samples 

per group. D) Quantification of total mCherry+ β cells upon LIF pathway activation using 

Insulin reporter cell line and flow cytometry.  E) Cell number measurements of control 

and LIF-treated SC-β cultures. Data represent mean values ±SEM, *p<0.05, two-sided 

student’s t-test, n=3 biologically independent replicates. F) Proportion of monohormonal 

β cells as assayed by flow cytometry. G) Stimulation indexes of control or LIF-treated 

clusters normalized to basal insulin secretion. 

 



	 	 90 

 

Figure 3.7 LIF-induced β cell replication depends on downstream STAT3 
signaling. A) Immunofluorescence micrographs of phosphoSTAT3 (pSTAT3) and c-
peptide in SC-β cell clusters. Scale bar: 50 µm; arrows denote pSTAT3+ β cells. B) 

EdU incorporation in monohormonal β cells treated with both LIF and either DMSO or 

stattic. Data represent mean values ±SEM, ***p<0.001, *p<0.05, Dunnett’s multiple 

comparison test. n=3 biologically independent samples per group. C) EdU 

incorporation in GFP- or dominant-negative STAT3 (STAT3DN)-overexpressing  

monohormonal β cells treated with LIF. Data represent mean values ±SEM, 

***p<0.001, *p<0.05, Dunnett’s multiple comparison test. n=3 biologically independent 

samples per group. 
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3.3.3 Subpopulation of replication competent LIFR+ β cells 

LIF pathway activation depends on the cell surface expression of the receptor 

LIFR and co-receptor subunit GP130 (Nicola and Babon, 2015). Expression of these 

receptors was observed in a subset of SC-β cells by single cell RNA-sequencing and 

immunostaining (Figures 3.4A and 3.8A-B). In both SC-β and adult human islet β 

cells, LIFR is expressed in less than 20% of all insulin-expressing β cells based on 

flow cytometry analysis of cell surface expression (Figure 3.8C-F). Interestingly, 

LIFR+ SC-β cells display a 5-fold increase in replication rates estimated by EdU 

incorporation in monohormonal SC-β cells and flow cytometry analysis (Figure 3.8G-

I). These results suggest there are subpopulations of human β cells defined by the 

expression of LIFR that differ in proliferative potential. 

To gain insights into transcriptional signatures that define these subpopulations 

of β cells, we employed the SC-β cell-specific cell surface marker CD49a (Veres et 

al., 2019) to sort LIFR-positive and negative β cells and interrogate transcriptional 

differences by RNA-sequencing (Figure 3.9A-B). We identified a set of 169 genes 

that are differentially expressed (adjusted p-value <0.05) suggesting that they may 

represent subpopulations of β cells with distinct gene expression signatures (Figure 

3.9C). Genes upregulated in LIFR-positive β cells are involved in cell junction 

organization (CLDN6, FN1, AMOT, ITGB4), proliferation (CDC20B, NABP1) and 

oxidative phosphorylation (Figure 3.9D-F). Genes enriched in LIFR- β cells are 

involved in hormone secretion such as insulin, CHGA, and carboxypeptidase-E (CPE) 

suggesting there may also be differences in functionality (Figure 3.9D-F). Our  
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Figure 3.8 Identification of a LIFR+ subpopulation of human β cells. A-B) 
Immunofluorescence micrographs of LIFR (top panels), GP130 (bottom panels) and INS 

expression in SC-β (A) and human islet β cells (B). C-F) Flow cytometry analysis and 

quantification of cell surface LIFR expression in SC-β cells (C-D) and human islet β cells 

(E-F). n=7 SC-β differentiations, n=6 human donor islets. G-I) Flow cytometry analysis 

and quantification of EdU incorporation in LIFR-positive and LIFR-negative  

monohormonal SC-β cells. * p<0.05, two-sided student’s t-test, n=3 biologically 

independent replicates. 
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Figure 3.9 Transcriptional signatures of subpopulations of β cells.  A-B) Flow 
cytometry-based sorting of LIFR-positive and LIFR-negative CD49a+ SC-β cells. C) 

Heatmap of 169 differentially expressed genes (adjusted p-value<0.05) between LIFR-

positive and negative SC-β cells. n=4 SC-β differentiations. Color intensity denotes z-

score-normalized expression values. D-E) Gene ontology (D) and IPA (E) analysis of 

differentially expressed genes (adjusted p-value<0.05) and identification of ontology 

terms and pathways enriched in either LIFR-positive (yellow) or LIFR-negative (purple) 

SC-β cells. P-value <0.05. F) Heatmap of candidate differentially expressed genes. 

Color intensity denotes z-score-normalized expression values. 
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analysis indicates heterogeneity in human β cells and differential proliferation rates 

defined by the expression of the LIF pathway receptor LIFR. 

 

3.3.4 CEBPD is a target of the LIF pathway and an inducer of β cell replication 

Since LIF is a pleiotropic cytokine (Nicola and Babon, 2015), we sought to 

identify downstream targets of this pathway in β cells that modulate cell cycle re-entry in 

a β cell-specific manner. We first applied SCENIC analysis to our single cell RNA-

sequencing data of YAPS6A-overexpressing β cells. This analysis allowed us to 

identify gene regulatory networks predicted to be active in replicating β cells based on 

gene co-expression and cis-regulatory sequence analysis of transcription factors and 

target genes (Aibar et al., 2017). We identified a set of 31 transcription factors whose 

gene networks are differentially active in control and YAPS6A-overexpressing β cells 

(Figure 3.10A). Transcription factors that control β cell function such as NKX6.1, 

PDX1 and MAFB are predicted to be inactive in replicating β cells (Figure 3.10A-B), 

consistent with previous analysis (Puri et al., 2018). Our analysis identified a set of 15 

transcription factors whose networks are predicted to be active in YAPS6A-

overexpressing replicating β cells (Figure 3.10A-B), including known regulators of β 

cell proliferation MYC (Karslioglu et al., 2011) and SOX4 (Xu et al., 2017).  

We next sought to determine whether the replication-associated gene 

regulatory networks are controlled by the activity of the LIF pathway. Stimulation of 

SC-β cells with LIF for 3 days preferentially induces the expression of CEBPD (Figure 

3.11A), a transcription factor whose network of 148 genes is predicted to be active in 

replicating β cells (Figure 3.10A-B). Importantly, CEBPD overexpression leads to a  
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Figure 3.10 Identification of gene regulatory networks in replicating SC-β cells. A) 
Heatmap of predicted gene regulatory network binary activity based on SCENIC 

analysis in control LacZ- and YAPS6A-overexpressing SC-β cells. The number of genes 

each transcription factor is predicted to control is in parenthesis. Color denotes active 

(value of 1, black) or inactive (value of 0, white) network prediction. B) SCENIC tSNE 

plots of candidate genes controlling differentially enriched gene regulatory networks. 

Color denotes active (blue) or inactive (light grey) network prediction in control LacZ- or 

YAPS6A-overexpressing SC-β cells. 
 

 

significant increase in replication of β cells but not insulin-negative non-β cells (Figure 

3.11B-C), suggesting it preferentially induces cell cycle re-entry in β cells. We have 

also identified two other transcription factors, SOX11 and ASCL1, that induce β cell 

replication in a β cell-specific manner but independent of LIF pathway activity. Thus, 

LIF pathway activation regulates the expression of CEBPD, a potent β cell-specific 

inducer of replication. 
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Figure 3.11 CEBPD is target of the LIF pathway and a β-cell specific inducer of 
cell cycle re-entry. A) Effects of LIF treatment on the expression of transcription 
factors identified by SCENIC analysis assayed by qPCR. Values were normalized to 

average expression value in control samples. Data represent mean values ±SEM, 

***p<0.001, Dunnett’s multiple comparison test. n=3 biologically independent samples 

per group. B-C) EdU incorporation in monohormonal SC-β cells or non-β cells upon 

overexpression of candidate transcription factors. Data represent mean values ±SEM, 

****p<0.0001, Dunnett’s multiple comparison test. n=3 biologically independent samples 

per group. 
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3.4 Discussion 

Although much is known about rodent β cell proliferation, factors controlling 

this process in human β cells remain elusive (Stewart et al., 2015). Efforts to 

elucidate factors involved in this process in humans may lead to the development of 

novel therapeutic interventions to regenerate functional β cell mass in diabetic 

patients. Here we devise a method to study cell cycle re-entry in human β cells and 

identify the LIF-STAT3-CEBPD signaling axis as an important regulator of this 

process. We also provide direct evidence for a subpopulation of LIF-responsive 

replication-competent β cells with distinct transcriptional signatures and higher 

proliferative potential. 

Our single cell profiling of replicating β cells uncovered transcriptional changes 

that allows post-mitotic β cells to decouple function and support pro-proliferative gene 

expression programs. During β cell development, a postnatal decline in replication 

rates coincide with the acquisition of functional maturation (Blum et al., 2012; 

Jermendy et al., 2009; Martens et al., 2014; Qiu et al., 2017; Zeng et al., 2017) and 

priming adult β cells to replicate leads to a compromised functional state (Kim et al., 

2010; Klochendler et al., 2016; Puri et al., 2018). Our analysis lends support to the 

hypothesis that replication confers immaturity (Martens et al., 2014; Puri et al., 2018; 

Rosado-Olivieri et al., 2018). We have further characterized transcriptional signatures 

that accompany cell cycle re-entry in replicating β cells including a downregulated 

expression of genes involved in β cell maturation and function. A key step in this 

process may also be a metabolic rewiring via serine metabolism in replicating β cells 

as our study and others have shown an upregulation of enzymes involved in this 
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biosynthetic pathway in proliferating β cells (Zeng et al., 2017). Given that the function 

of adult β cells is dictated by their metabolic state (Newsholme et al., 2006), an 

analysis of how metabolic fluxes potentiate cell cycle re-entry in this cell type will lead 

to a greater understanding of how function is coordinated with homeostatic 

proliferation. 

Our study also reveals heterogeneity in human β cells in LIF-responsiveness 

and replication-competence and identify an expandable subpopulation of human β 

cells. In mice, subpopulations of β cells have been defined that differ in function and 

maturity (Bader et al., 2016; Farack et al., 2019; Johnston et al., 2016). Our 

transcriptional characterization of subpopulations of human β cells defined by LIFR 

expression provide further evidence for functional heterogeneity in humans, in 

agreement with previous studies (Segerstolpe et al., 2016; Muraro et al., 2016; Baron 

et al., 2016; Wang et al., 2016; Dorrell et al., 2016). Our results indicate that LIFR+ β 

cells display higher proliferation rates suggesting that they may have greater 

proliferative potential compared to LIFR- counterparts. An analysis of differences in 

insulin secretion, metabolism and cell plasticity between these subpopulations will 

lead to a greater understanding of β cell heterogeneity in the context of in vivo 

glucose homeostasis and disease.  

We point to the LIF pathway and downstream STAT3 signaling as important 

regulators of proliferation in human β cells. We have provided evidence for its role in 

promoting cell cycle re-entry and expansion of human β cell mass. An important 

question is how this pathway is regulated in vivo to support maintenance of β cell 

mass and cellular function. As variants in the LIF gene are associated with type 2 
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diabetes (Mahajan et al., 2018), the elucidation of the tissue source that produces LIF 

and related cytokines that control LIF pathway activity in islet β cells may help us 

better understand whether it may contribute to the development of diabetes. Although 

modulating this pleiotropic pathway in patients may not be therapeutically sound 

(Nicola and Babon, 2015), targeting β cell-specific downstream regulators of this 

pathway may represent a promising therapeutic venue. To this end, we have 

identified CEBPD as a downstream target of this pathway and β cell-specific inducer 

of proliferation. In all, these observations provide insights into gene regulatory 

programs modulating cell cycle re-entry in human β cells. Our study has pointed to 

actionable potential therapeutic targets for the regeneration of β cell mass in diabetic 

patients. 

 
3.5 Methods  
 
3.5.1 Differentiation of hPSCs  

Human pluripotent stem cells (hPSCs ) were maintained in mTeSR1 (Stem Cell 

Technologies) in 500 mL spinner flaks on a stir plate (Chemglass) set to 70 rpm in a 

37°C incubator, 5% CO2, and 100% humidity. All the experiments were performed 

using the human embryonic stem cell line HUES8 obtained from the Human Embryonic 

Stem Cell Facility and iPS Core Facility of the Harvard Stem Cell Institute. 

 

Differentiations into SC-β cells were performed following a protocol described by our 

group (Pagliuca et al., 2014) as follows: HUES8 cells were seeded at 6x105 cells/mL in 

mTeSR1 media and 10 µm Y27632 (Sigma-Aldrich). The media was changed 48 h later 
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and the differentiations were started 72 h after the cells were seeded. The media 

changes were as follows:  

Stage 1 definitive endoderm: S1 + 100 ng/mL ActivinA (R&D Systems) + 3 μM 

Chir99021 (Stemgent) in day 1 andS1 + 100 ng/mL ActivinA on day 2.  

Stage 2 gut tube endoderm: days 4, 6: S2 + 50 ng/mL KGF (Peprotech).  

Stage 3 pancreatic progenitor 1: days 7, 8: S3 + 50 ng/mL KGF + 0.25 μM Sant1 

(Sigma) + 2 μM RA (Sigma) + 200 nM LDN193189 (only Day 7) (Sigma) + 500 nM 

PdBU (EMD Millipore).  

Stage 4 pancreatic progenitor 2: days 9, 11, 13: S3 + 50 ng/mL KGF + 0.25 μM Sant1 + 

100 nM RA + 10 µm Y27632 + 5ng/mL Activin A.  

Stage 5 endocrine progenitors: Days 14, 16: S5 + 0.25 μM Sant1 + 100 nM RA + 1 μM 

XXI (EMD Millipore) + 10 μM Alk5i II (Axxora) + 1 μM T3 (EMD Millipore) + 20 ng/mL 

Betacellulin (Thermo Fisher Scientific). Days 18, 20: S5 + 25 nM RA + 1 μM XXI + 10 

μM Alk5i II + 1 μM T3 + 20 ng/mL Betacellulin.  

Stage 6 β cells: S3 media change every other day. In the final stage, cells were 

analyzed between 7 and 21 after stage 6 differentiation was started.  

Treatments with 250 ng/mL LIF (Millipore), 100 ng/mL cardiotrophin (R&D systems), 10 

μM Stattic (Sellekchem), PBS (Corning) or DMSO (Sigma-Aldrich) were performed with 

cells collected at the end of β cell differentiation protocol (between day 7 and 21 of 

stage 6). Treatments were performed for 3 days, followed by a 4 h pulse with 10μM EdU 

(Invitrogen) and sample collection was performed as described below. 

 

3.5.2 Generation of an Insulin reporter cell line 
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Guide RNA (gRNA) sequences for the insulin genomic region were designed using 

Benchling’s CRISPR tool. gRNA sequences were ligated into either eCas9 (Addgene 

71814) or LbCpf1 (Addgene 84742) CRISPR plasmids. Homology arms flanking ~750bp 

upstream and downstream of the stop codon in the last exon of the insulin gene were 

generated by PCR with primers flanking this region. 5’ and 3’ homology arms were 

ligated with the NEB quick ligase into a previously generated backbone vector 

containing an mCherry fluorescent protein and a puromycin antibiotic selection marker. 

 

HUES8 and iPS1016 cells were dispersed into single cells using TrypLE Express at 

37°C and the cell number was counted automatically by a Vi-Cell (Beckman Coulter). 

The Invitrogen 100μL nucleofector kit was used for electroporations and cells were 

resuspended in R buffer at a density of 2.5x106 cells per 100μL. Cells were 

electroporated at 1100mV for 1 30ms pulse in 100μL aliquots with 25μg of targeting 

construct and 5μg of gRNA plasmid per 10x106 cells. Cells were seeded at 10x106 cells 

per Matrigel coated 10cm plate in mTeSR1 media with 10μM Y27632. 72hr post 

electroporation cells were treated with puromycin at a concentration of 1μg/mL for 7 

days to obtain single colonies. Colonies were picked under a microscope around 18-21 

days post electroporation into a 96 well plate and dispersed into clumps. After 3 days 

colonies were dispersed with TrypLE Express at 37°C and seeded into both a 96 well 

plate and a 48 well plate. gDNA from the 96 well plate was extracted using the Zymo 

Research Quick-DNA 96 Plus Kit. PCR assessing the presence of the 5’ and 3’ 

homology arms was done with the clone gDNA and clones positive for both were then 

subjected to an additional PCR to assess for heterozygosity. The PCR product was 



	 	 102 

isolated and sequenced to ensure no mutations had been made to the untargeted allele. 

clones were expanded from 48 well plates to 12 Heterozygous Clones that were 

confirmed as karyotypically normal by karyotype analysis through Cell Line Genetics 

were used for directed differentiation towards beta cells.  

 

3.5.3 Lentivirus production and infection of cells 

Lentiviral particles were produced by transfecting 293T cells (Takara Bio) with the 

packaging vectors pHDM-vsvg, pHDM-tat, pHDM-rev, and pHDM-gag/pol along with 

lentiviral backbone vectors using the TransIT-293 transfection reagent (Mirus). The 

lentiviral vectors used in this study were the following: YAP1(S6A)-pLX304 (addgene 

#42562), LacZ-pLX304 (addgene#42560), EF.STAT3DN.Ubc.GFP (addgene # 24984), 

CEBPD-pLenti6.2, SOX11-pLenti6.2, ASCL1-pLenti6.2, ARID5B-pLenti6.2, ATF3-

pLenti6.2, ATF4-pLenti6.2, BACH2-pLenti6.2, CREB5-pLenti6.2, FOSL2-pLenti6.2, 

MAFK-pLenti6.2, SOX6-pLenti6.2 and pGFP-Lenti (Origene). Lentiviral particles were 

concentrated 48h and 72h post-transfection using the PEG-IT virus precipitation reagent 

(Fisher Scientific) overnight at 4°C followed by centrifugation at 1500 g for 30 min at 

4°C, resuspended in PBS (Corning) and stored at -80°C. 

 

For infection, cell clusters collected from spinner flask suspension cultures were 

dissociated in Accutase (StemCell Technologies) for 15 min, followed by mechanical 

dissociation and centrifugation at 230 g for 5 min at room temperature (RT). Cell pellets 

were resuspended at a density of 2.5 million cells/mL in S3 medium. Single cell 

suspensions were combined with concentrated lentiviral particles and plated on ultra-
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low attachment 6-well plates on a rocker plate set at 70 rpm in a 37°C incubator, 5% 

CO2, and 100% humidity. S3 medium was changed every other day. Drug selection of 

infected cells was performed with 2 µg/ml blasticidin (Fisher Scientific) 24 hours post-

infection and cells were analyzed 5 days after infection unless stated otherwise. 

 

3.5.4 Single cell RNA-seq analysis 

Clusters of LacZ and YAPS6A-overexpressing SC-β cells were dissociated 4 days after 

infection with lentivirus particles. Cells were assessed for viability with Luna-FL (Logos 

Biosystems) and samples with more than 70% viability were used for subsequent 

analysis. Three stage-matched biological replicates per condition were loaded for single 

cell RNA-seq analysis using the Chromium Controller (10X genomics) and the 3’ single 

cell library kit v2 according to manufacturers’ protocol. Amplified cDNA and libraries 

were assessed for quality with TapeStation (Agilent). Libraries were sequenced on the 

NextSeq 500 platform (Illumina) using the high output 75 cycle kit. Cell Ranger software 

pipeline (10X Genomics) was used to demultiplex barcodes and map reads to 

transcriptome. Preparation of libraries, RNA-seq and the quality controls were 

performed within the Bauer Core at Harvard University. 

 

Computational analysis was performed using the R package Seurat (v2.3.4) (Butler et 

al., 2018). Initial filtering was performed based on the number of genes detected and 

percentage of mitochondrial genes. Cells with less than 200 genes detected and with 

more than 30% mitochondrial genes detected were filtered out.  Further analysis was 

performed with 11,517 cells that met these filtering thresholds (6,115 LacZ- and 5,402 
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YAPS6A-overxpressing cells). We integrated datasets from multiple conditions using 

canonical correlation analysis (CCA) with RunCCA and AlignSubspace algorithms using 

the first 50 aligned canonical correlation vectors. tSNE clustering was performed on 

CCA-aligned data and cluster classification was performed at a resolution of 0.4 

(FindClusters function). Cluster of β cells was identified based on insulin (INS) 

expression levels as well as other lineage markers (35) and used for subsequent 

analysis. 2,122 β cells in total were identified. Differential gene expression analysis was 

performed with the FindMarkers function using the Wilcoxon rank sum test 

(log.fc.threshold, min.pct and min.cells.group set at “-inf”). 

 

Pseudotime analysis was performed using Monocle2 (v2.10.1) (Trapnell et al., 2014). 

Filtered β cells assigned based on Seurat analysis was used for tSNE clustering and 

genes that were expressed in at least 10 cells with a minimum expression value of 0.1 

were used for pseudotime analysis. To generate pseudotime trajectories, the reduction 

method “DDRTree” was used with the 1000 most differentially expressed genes across 

conditions and default parameters. 3 major cell states and 2 branch points were 

identified. Cells were ordered based on assigned pseudotime values into a cell 

trajectory and to generate pseudotime plots and heatmaps.  

 

SCENIC analysis was performed on β cells identified by Seurat analysis (Aibar et al., 

2017). Only genes that were expressed in at least 1% of the cells were considered for 

the analysis. Spearman correlation and Genie3 was used to calculate gene co-

expression and correlation with default parameters. Rcistarget and AUCell were used to 
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build gene networks and score network activity in a single cell basis using default 

parameters.  

 

3.5.5 Immunohistochemistry and imaging analysis 

Cell clusters were collected and fixed with 4% paraformaldehyde for 1 hr at RT, washed 

in 30% sucrose, embedded in OCT compound (Tissue-Tek) and sectioned for 

histological analysis.  Clusters were blocked with PBS+5% donkey serum (Jackson 

Immunoresearch) for 30 mins at RT, incubated with primary antibodies overnight at 4°C, 

washed, and incubated with secondary antibodies in PBS for 1 hr at RT. No detergent 

was used for immunostaining as detergents significantly reduced signal intensity 

staining with anti-LIFR and anti-CD130 antibodies. Stained clusters were washed in 

PBS and mounted in Flouromount-G (Invitrogen), covered with coverslips, and sealed 

with nail polish. Images were taken using a Zeis Axio Imager.Z2 and Apotome.2. Image 

analysis was performed with ImageJ. For islet in vitro studies, imaging was performed 

with the Operetta High-Content Imaging system (Perkin Elmer) and the Columbus 

Image Analysis system (Perkin Elmer) was used for automated imaging analysis. To 

estimate the proportion of EdU+ beta cells in mouse islets, images were blinded for the 

analysis and at least 2,000 beta cells were counted per animal. The antibodies used in 

the study were the following: rabbit anti-LIFR (1:100, GeneTex; GTX60183), mouse 

anti-LIFR (1:100, Santa Cruz; SC-515337), rabbit anti-CD130 (1:100, Abcam; 

ab202850), rabbit phospho-STAT3 (1:50, Cell Signaling; 9145S), rat anti-C-peptide 

(1:200, Developmental Studies Hybridoma Bank; GN-ID4), mouse anti-NKX6.1 (1:100, 

Developmental Studies Hybridoma Bank; F55A12-supernatant), rabbit anti-Ki67 (1:100, 
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Abcam; ab16667), mouse anti-CHGA (1:200, Santa Cruz; sc-393941), and mouse anti-

Glucagon (1:200, Abcam; ab82270). The Click-IT EdU imaging kit (Invitrogen) was used 

to identify EdU incorporation in cells. 

 

3.5.6 Flow cytometry analysis and cell sorting 

Cell clusters were dispersed into a single-cell suspension with Accutase (Stem Cell 

Technologies) at RT, fixed with 4% paraformaldehyde at 4°C, washed three times in 

PBS + 0.2% bovine serum albumin (BSA; Millipore) + 0.1% saponin (Sigma), blocked 

for 30 mins at 4°C in PBS + 5%donkey serum + 0.1% saponin, incubated with primary 

antibodies overnight at 4°C, washed, and incubated with secondary antibodies for 1 hr 

at RT. Stained fixed cells were filtered through a 40 μm nylon mesh into flow cytometry 

tubes (BD Falcon) and were analyzed for relevant stage-specific marker expression 

using LSR II flow cytometers (BD Biosciences) or Attune NxT Flow Cytometer 

(Invitrogen) and FlowJo for data analysis. Samples stained with secondary antibodies 

only were used to gate on cells that are negative and accurately identified cells 

expressing the markers included in the analysis. For cells infected with STAT3-DN and 

GFP overexpression vectors, only infected GFP+ cells were included in the analysis 

(approximately in 10-40% of all cells). To quantify incorporation of EdU and estimate 

levels of proliferation, cells pulsed with 10μM EdU (Invitrogen) for 4h were dissociated 

as described above unless stated otherwise. The Click-IT EdU flow cytometry kit 

(Invitrogen) was used to detect EdU incorporation following the manufacturer’s protocol 

with minor modifications. 
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For live cell sorting, dissociated live cells were washed twice in PBS+0.1% BSA and 

blocked in PBS+5% fetal bovine serum (HyClone) for 30 min on ice. Cells were then 

incubated with rabbit anti-LIFR (1:100, GeneTex; GTX60183) and PE-conjugated 

mouse anti-CD49a (1:100, BD Biosciences; 559596) for 1 hour on ice. Cells were 

washed three times in PBS+0.1%BSA and incubated in secondary antibodies for 30 

mins on ice. After three washes in PBS+0.1%BSA, samples were filtered through a 40 

μm nylon mesh into flow cytometry tubes (BD Falcon). Cells were sorted using BD 

FACSARIA II cell sorter (BD Biosciences). Isotype controls were used to gate on cells 

that were negative for marker expression. Sorted cells were resuspended in TRIzol 

reagent (Invitrogen) and processed for RNA extraction as described below.  

 

To quantify total beta cell mass, 2x106 SC-β cells differentiated with the insulin reporter 

cell line were seeded onto matrigel-coated 6-well plates. Cells were treated with either 

PBS or LIF for 7 days and dissociated with TrypLE. 50,000 fluorescent beads 

(ACURFP-50-10, Spherotech) were added and served as an internal recovery control 

for flow cytometry analysis. Dispersed cells were analyzed with an Attune NxT Flow 

Cytometer and live mCherry+ SC-β cells were counted until 10,000 beads had been 

counted. DAPI (Life Technologies) staining was used a live/dead cell marker. Results 

are expressed as total number of SC-β cells per beads counted. 

 

3.5.7 Glucose-stimulated insulin secretion (GSIS) 

Approximately 1x106 SC-β cells in clusters were washed with Krebs buffer and 

incubated in low (2.8 mM) glucose Krebs in cell culture inserts (Millicell) to starve cells 
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and remove residual insulin at 37°C for 1 hr. Clusters were washed and incubated in 

low glucose Krebs for 1 hour and the supernantant was collected.   They were then 

transferred to high (20 mM) glucose, incubated for 1 hour and the supernatant was 

collected. At the end, clusters were incubated in 2.8 mM glucose + 30mM KCl Krebs 

(depolarization challenge) for 1 hour and the supernatant was collected. Clusters were 

dispersed into single cells using TrypLE and cell number was estimated by a Vi-Cell 

counter (Beckman Coulter). Insulin concentration was determined for supernatant 

samples using the Human Ultrasensitive Insulin ELISA (ALPCO Diagnostics). Protein 

extraction was performed with M-PER extraction reagent (Thermo Scientific) and insulin 

content was measured for each sample using the human Ultrasensitive Insulin ELISA 

kit. Insulin secretion levels were normalized to total insulin content for each sample. 

Stimulation indexes were calculated as a ratio of insulin secretion at high glucose (20 

mM) relative to the basal secretion (2.8 mM glucose). 

 

3.5.8 Global transcriptomic analysis 

Cell pellets were homogenized in TRIzol reagent and RNA was isolated using the 

Direct-ZOL Miniprep kit (Zymo Research). Preparation of libraries, RNA-seq and quality 

controls were performed within the Biopolymers Facility at Harvard Medical School. 

RNA samples were first analyzed for quality using a TapeStation (Agilent) before library 

preparation.  mRNA pulldown and cDNA synthesis was performed using SMARTseq v4 

kit (Takara) and followed by library preparation using the NexteraXT kit (Illumina). 

Samples were multiplexed and sequenced using NextSeq 500 platform (Illumina) using 

the high output 150 cycle kit. Reads were trimmed for universal ilumina adapters with 
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Cutadapt v1.8.1 and assessed for quality control using Fastqc v0.11.5. Reads were 

aligned to the human reference genome (hg38) with Tophat v2.1.1 using default 

parameters. Downstream transcript quantification and differential gene expression 

analysis was performed with Cufflinks v2.2.1 (Trapnell et al., 2013). Differentially 

expressed genes were defined as those with adjusted p-values below 0.05 using the 

cuffdiff algorithm. The R package ComplexHeatmap was used to generate heatmaps of 

differentially expressed genes.  

 

3.5.9 Pathway analysis 

Differentially expressed genes (adjusted p-value <0.05) were used for gene ontology 

analysis using WebGestalt GSAT (Wang et al., 2017) and ingenuity pathway analysis 

(IPA, QIAGEN Inc., https://www.qiagenbioinformatics.com/products/ingenuity- pathway-

analysis)). Gene ontology terms and enriched pathways with P-value <0.05 were 

considered as enriched in differentially expressed genes. 

 

3.5.10 qPCR analysis 

Cell pellets were homogenized in TRIzol reagent and RNA was isolated using the 

Direct-ZOL Miniprep kit (Zymo Research). cDNA was synthesized using the Superscript 

VILO cDNA synthesis kit (Invitrogen) with anchored oligo-dT primers (Invitrogen). qPCR 

was perfomed with TaqMan Fast Universal-based real-time PCR (Life Technologies) in 

a ABI QuantStudio 6 Flex PCR system (Applied Biosystems) with commercially 

available TaqMan gene expression assay probes (Thermo Scientific) with GAPDH as 

an internal normalization control (Supplementary Table 1). 
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3.5.11 Mouse studies 

8-10-week-old C57BL/6 male mice were procured from Charles River. 30 μg/kg of 

mouse recombinant LIF was injected intraperitoneally daily for 7 days. 20μL/g of PBS 

(Gibco) was injected to control age-matched mice following the same dose schedule. 

Mice were exposed to drinking water with EdU (Life Technologies) at 0.5g/L for 7 days. 

Pancreas were dissected from the mice, fixed in 4% paraformaldehyde overnight, 

embedded in OCT, and sectioned for histological analysis as described above. Mouse 

islets were freshly isolated as described before (Li et al., 2009) and treated with mouse 

recombinant LIF (R&D systems) for 3 days followed by a 4 h pulse with 10μM EdU and 

fixation. All animal experiments were performed in accordance with Harvard University 

Institutional Animal Care and Use Committee (IACUC) regulations. 

 

3.5.12 Human islet studies 

Human islets (approximately 500 IEQs, Prodo Laboratories) were dispersed with 

Accutase and plated on matrigel-coated (Cornig) 24 well-plates in CMRLS media 

(Cellgro) supplemented with 10% fetal bovine serum (HyClone) in a 37°C incubator, 5% 

CO2, and 100% humidity. Cells were treated with 250 ng/mL human recombinant LIF 

(Millipore) or PBS for 5 days and media was changed every other day. Islets cells were 

fixed in 4% PFA and processed for imaging analysis as described above. 

 

3.5.13 Statistical Analysis 
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Statistical analysis was performed using unpaired two-sided t tests unless stated 

otherwise. For all the experiments included in this study, 3 or more biological replicates 

were included using stage-matched controls as a reference. The Bonferroni-Dunn 

method was used for adjustment of multiple comparison analysis of qPCR and flow 

cytometry data using GraphPad PRISM 7. Box plots, bar graphs, and heatmaps were 

generated with GraphPad PRISM 7 and R. 
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4.1 Abstract 

β cells secrete insulin to control glucose homeostasis yet whether they produce 

other hormones to promote glucose clearance is not known. To identify novel hormones 

produced by β cells, we developed a technique called Endoplasmic Reticulum-

Sequencing (ER-seq) that enriches mRNAs of secreted/transmembrane proteins by 

isolating actively translating ribosomes at the surface of the endoplasmic reticulum. We 

applied the ER-seq method to stem cell-derived β (SC-β) cells and sequenced 

associated mRNAs to find novel hormones that regulate glucose metabolism. Using this 

method, we identified an uncharacterized protein coding gene, which we called 

ERseq08. Delivery of plasmid DNA expressing ERseq08 into mouse liver, via 

hydrodynamic tail vein injection, reduces blood glucose levels in glucose tolerance 

tests. Surprisingly, it does so independent of insulin action as it lowers blood glucose in 

the presence of the potent insulin receptor antagonist, S961, and in a β cell ablation 

model. In mice, ERseq08 lowers blood glucose in a glucose-dependent manner without 

causing hypoglycemia. While it is well known that β cells make insulin, ERseq08 may 

represent a second endocrine system by which β cells regulate glucose metabolism.  

 

4.2 Introduction 

There is an unmet need for new therapeutic drugs to treat diabetes, a disease 

afflicting more than 422 million people in the world. Normally, insulin is secreted into the 

circulation from β cells in the pancreatic islet in response to elevated glucose levels and 

works in peripheral metabolic tissues to aid in glucose absorption. Loss of functional β 

cell mass in diabetics leads to dysregulated glucose homeostasis and subsequent 



	 	 118 

increase in blood glucose levels (Gepts 2015; Pipeleers et al., 1992). Current 

treatments for diabetic patients include insulin injection, augmenting endogenous insulin 

secretion, increasing glucose absorption, or increasing glucose excretion (Benni et al., 

2016; American Diabetes Association). As β cells are at the center of glucose 

homeostasis, we sought to identify novel endocrine axes by which β cells regulate 

glucose metabolism. 

The biogenesis of hormones is directed by endoplasmic reticulum (ER)-localized 

ribosomes actively translating their mRNAs at the translocon complex (Mandon et al., 

2013; Ogg et al., 1995; Rapoport et al., 2007). Most studies identifying novel secreted 

factors and hormones have relied on algorithms that predict canonical topogenic signals 

(Diehn et al., 2000; Emanuelsson et al., 2007; Käll et al., 2004; Meinken et al., 2015, 

Petersen et al., 2011). Although informative, these computational predictions do not 

efficiently account for a significant fraction of genes that are part of this functional class 

(Jan et al., 2014). Recent efforts to characterize the complement of mRNAs of secreted 

factors relied on the biochemical isolation of ER-localized ribosomes (Jan et al., 2014; 

Fazl et al., 2019; Reid et al., 2014). However, these efforts have been limited to yeast 

and cancer cells in vitro (Jan et al., 2014; Fazl et al., 2019; Reid et al., 2014). Here we 

describe a protocol called ER-seq for the biochemical isolation of ribosome/translocon 

complexes in human pluripotent stem cells (hPSCs) and differentiated progeny. We 

have applied this protocol to SC-β cells and identified a previously uncharacterized 

gene, ERSeq08, that promotes glucose clearance independent of insulin action. 
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4.3 Results 

4.3.1 Development of a biochemical fractionation method for the isolation of ribosome-

translocon complexes 

 As the biogenesis of secreted factors and hormones occurs in ER-localized 

ribosome/translocon complexes, we reasoned that the isolation of translocon-

associated mRNAs will effectively enrich for mRNAs of secreted factors and may serve 

as a proxy for their expression in a cell (Jan et al., 2014). To isolate translocon 

complexes, we first generated hPSC cell lines that express a subunit of the translocon 

complex, Sec61β, fused to GFP either constitutively or in insulin-expressing β cells 

(Figure 4.1A).  To achieve ubiquitous and constitutive expression in hPCSs and 

differentiated progeny, we used TALEN-mediated genome editing technology, to knock-

in the GFP-SEC61β fusion protein into the AAVS1 locus under the control of a 

ubiquitously-expressed artificially-engineered CAAGS promoter (CAAGS::GFP-

SEC61β; Figure 4.1B). Similarly, to express this transgene in insulin-expressing β cells, 

we used CRISPR to knock-in the GFP-SEC61β fusion transgene into the last exon of 

the endogenous insulin gene (INS::GFP-SEC61β; Figure 4.1C). In hPSCs and SC-β 

cells, the expression of the transgene was perinuclear as expected for an ER-localized 

protein (Figure 4.1B-C).  

We developed protocols that rely on the differential solubility of cellular 

membranes to permeabilize the plasma and ER membranes in a step-wise manner 

(Figure 4.2A). We first use digitonin to permeabilize the plasma membrane and retrieve 

the cytoplasmic fraction. To the insoluble fraction, we applied n-Dodecyl-B-D-Maltoside 

(DDM) in a hypotonic buffer to permeabilize the ER membrane and luminal components  
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Figure 4.1 Generation of hPSCs cell lines expression GFP-SEC61β. A) A GFP tag 
was engineered into the cytosolic domain of SEC61β to facilitate the isolation of 

ribsome/translocon complexes at the ER membrane. B) Strategy for the TALEN-

mediated knock-in of CAAGS::GFP- SEC61β transgene into the AAVS1 locus and 
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Figure 4.1 (continued) perinuclear expression of GFP in hPSCs. C) Strategy for the 
CRISPR-mediated knock-in of GFP- SEC61β into the last exon of the insulin gene. 

Bottom panels show GFP expression in SC-β cells differentiated using this cell line. 

 

which we called the ER fraction (Nichitta et al. 2014). After ER permeabilization, the ER 

fraction is subjected to immunoprecipation with anti-GFP magnetic beads to purify 

ribosome/translocon complexes and associated mRNAs (Figure 4.2A). We applied this 

protocol to self-renewing hPCSs and detected a significant enrichment in Sec61β and 

GFP protein expression in the immunopurified (IP) fraction relative to unfractionated cell 

extracts as assayed by western blot (Figure 4.2B). Importantly, the ribosomal protein 

subunit L13a and ribosomal RNA subunits 28S and 18S were also co-purified (Figure 

4.2B-C). We subjected the immunopurified ER fraction to mass spectrometry and 

detected peptides of the translocon subunit SEC61α, translocon-associated protein 

disulfide isomerase (PDI) and multiple ribosomal protein subunits (Figure 4.2D). In all, 

our biochemical protocol allows for a robust and effective enrichment of 

ribosome/translocon complexes. 

 

4.3.2 ER-seq robustly enriches for mRNAs of secreted factors in hPSCs and SC-β cells. 

To determine whether our approach effectively enriches for mRNAs that code for 

secreted factors and membrane proteins, we performed microarray analysis on 

translocon-associated mRNAs purified from hPSCs. Compared to mRNAs collected 

from total unfractionated cell extracts, we detected an enrichment of mRNAs encoding 

for the ER factors Sec61α and DDOST as well as secreted factors such as BMP7,  
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Figure 4.2 ER-Seq enriches for components of the translocon complexes and 
associated ribosomes. A) Sequential biochemical fractionation approach for the step-
wise isolation of cytosolic, ER and nuclear components. ER fraction was subjected to 

immunopurification of ribosome/translocon complexes and associated RNA. B) Western 
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Figure 4.2 (continued) blot of Sec61β, GFP and ribosomal protein L13a in multiple 
subcellular fractions after biochemical fractionation. C) RNA gel and identification of 18S 

and 28S ribosomal RNA subunits. D) Proteomics-based identification of proteins that 

are associated with translocon complexes. The Uniprot Accession ID, peptide coverage 

of full-length protein and number of peptides identified are listed. T: total; Cy: cytosolic 

fraction; Nu: nuclear fraction; Un: unbound ER fraction after immunoprecipation; IP: 

immunopurified ER fraction.  

 

 

DLL1, COL2A1, COL7A1, among others (Figure 4.3A). Out of 3174 genes that are 

enriched in the IP fraction relative to total mRNA, we detected 989 genes (31.1%) that 

are predicted to be secreted factors or membrane proteins based on canonical 

topogenic signal peptide prediction (Figure 4.3B). Based on gene ontology analysis of 

genes enriched in the IP fraction, there is a significant enrichment of genes that are part 

of the endomembrane system, vesicles and extracellular components in the IP fraction 

(Figure 4.3C). We also detected 650 genes that are enriched in the IP fraction that are 

unannotated and have no predicted localization signal. As around 10% of all genes 

expressed in most cell types are predicted to be secreted (Uhlén et al., 2015), our 

computational analysis suggests this approach effectively enriches for mRNAs of 

secreted factors expressed in hPSCs. 

 We next sought to determine the efficacy of the ER-seq protocol at enriching for 

mRNAs coding for secreted factors in highly secretory β cells. To this end, we took 

advantage of the in vitro directed differentiation protocol our lab has developed 

(Pagliuca et al., 2014) to generate SC-β cells from hPSCs using the INS::GFP-SEC61β 

cell line (Figure 4.4A-B). This allows us to isolate ribosome/translocon complexes from 

β cells in a heterogeneous mixture of cell types and perform RNA-sequencing on  
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Figure 4.3 ER-seq enriches for mRNAs of secreted factors in hPSCs. A) Scatterplot 
of log-normalized microarray signal intensities of genes defected in IP and 

unfractionated cell extracts. Each dot represents a gene. Differentially expressed genes 

are colored light grey. Candidate secreted or translocon-associated factors are  
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Figure 4.3 (continued) labeled and colored red. B) Pie chart of predicted subcellular 
localization of IP-enriched genes. C) Top gene ontology terms of IP-enriched genes. 

 

translocon-associated mRNAs. We applied the protocol to SC-β cells and, by RNA-

sequencing of translocon-associated mRNAs, identified a significant enrichment of 

hormones such as insulin and amylin (IAPP), angiogenic factors VEGFA and VGF, as 

well as other genes involved in insulin secretion such as chromogranin A (CHGA), 

secretogranins (SCG2, SCG3, SCG5), and synapthophysin (SYP) (Figure 4.4C). We 

identified 2,732 genes that are enriched in the IP fraction relative to total unfractionated 

RNA (fold change>2). 874 of this set of genes (32%) are predicted to be secreted 

factors or membrane proteins based on computational topogenic signal prediction (Kall 

et al., 2005) (Figure 4.4D). 17% of the IP-enriched genes did not have a predicted 

subcellular localization pattern and were not annotated as nuclear, cytoplasmic, 

secreted or membrane-localized. Among factors predicted to be part of the secretome 

of the cell, we detect a robust enrichment of their mRNAs in the IP fraction relative to 

total RNA (Figure 4.4E). Genes that are annotated as nuclear and/or cytoplasmic were 

depleted in the IP fraction (Figure 4.4E). Accordingly, gene ontology analysis of IP-

enriched genes suggests an enrichment in factors that are part of the endomembrane 

system, ER and extracellular part of the cells (Figure 4.4F). Overall, our computational 

analysis suggests an effective enrichment and quantification of mRNAs of secreted 

factors by ER-seq. 

 

4.3.3 Stage-specific expression patterns of translocon-associated mRNAs 
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Figure 4.4 ER-seq enriches for mRNAs of secreted factors expressed in SC-β 
cells. A) Diagram of the transgenic hPSC cell line that expresses GFP-SEC61β in 
insulin-expressing β cells. B) Directed differentiation protocol of for the generation of 

SC-β cells using the INS::GFP-SEC61β cell line. C) Scatterplot of log10-normalized 

expression of genes detected in IP and total unfractionated RNA. Candidate genes are 

labeled and colored red. Differentially expressed genes are colored light grey. D) Pie 

chart of predicted localization of IP-enriched genes (fold change>2 relative to total). E) 

Log2 enrichment of genes predicted to be part of the secretome or cytosolic/nuclear 

(CytoNuc) relative to total unfractionated RNA. Enrichment of IP expression relative to 

total RNA is shown. F) Top gene ontology terms of IP-enriched genes. 
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Our analysis of translocon-associated mRNAs in SC-β cells revealed an 

enrichment of a significant number of genes that may represent novel secreted factors 

expressed in SC-β cells. To identify translocon-associates genes that are preferentially 

expressed in β cells, we applied the ER-seq protocol to cells at multiple stages of the in 

vitro differentiation of β cells. To do that, we relied on the constitutive expression of 

GFP-SEC61β in the CAAGS::GFP-SEC61β cell line to isolate translocon-associated 

mRNAs in hPSCs and their differentiated progeny during the early stages of 

differentiation (Figure 4.5A). During the last stages of differentiation, we used the 

INS::GFP-SEC61β cell line to isolate translocon-associated mRNAs in insulin-

expressing SC-β cells (Figure 4.5A). We sequence translocon-associated mRNAs at all 

stages of differentiation and identified stage-specific gene expression signatures (Figure 

4.5B). We identified 601 genes that are differentially expressed across all stages of 

differentiation. We resolved a gene expression signature that was specific to SC-β cells 

that include 139 genes, 44 of which are predicted secreted factors. Gene ontology 

analysis of SC-β cell-enriched genes showed a significant enrichment of factors 

involved in insulin secretion, glucose homeostasis, extracellular space, secretory 

granules, as well as other categories that correlate with secretion and membrane-

targeting processes (Figure 4.5C-D). Genes involved in insulin secretion and that are 

preferentially expressed in endocrine cells are significantly upregulated in SC-β cells 

compared to earlier stages of differentiation (Figure 4.5E). Interestingly, we identified 11 

unannotated genes that also display an expression pattern specific to SC-β cells (Figure 

4.5F). In all, our analysis decodes gene expression signatures that correlate with the  
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Figure 4.5 Stage-specific expression patterns of translocon-associated mRNAs. 
A) Diagram of the directed differentiation protocol of SC-β cells and the relevant stages 

at which each of the hPSC cell lines were used. B) Heatmap of differentially expressed 

genes identified by ER-seq across multiple stages of differentiation. C-D) Gene ontology 

analysis of genes that are preferentially expressed in SC-β cells and top terms for 

biological processes (C) and cellular components (D). E-F) Heatmap of endocrine-
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Figure 4.5 (continued) specific (E) and unannotated (F) genes across all stages of 
differentiation displaying a β cell-specific expression pattern.  

 

 

differentiation of SC-β cells in vitro and identified a set of genes that are preferentially 

expressed in this cell type.	

 

4.3.4 ER-seq identifies a previously uncharacterized gene that controls glucose 

clearance independent of insulin activity 

 We sought to determine whether the unannotated genes we identified in SC-β 

cells can be potential hormones that, like insulin, can regulate blood glucose. We 

exploited hydrodynamic tail vein (HTV) injection of plasmid DNA to express candidate 

genes in the liver and assess whether they regulate glucose clearance in a glucose 

tolerance test (GTT) (Chen et al., 2012)). Of 8 candidates tested, a previously 

uncharacterized gene, ERSeq08, clears glucose from circulation significantly faster 

compared to tdTomato overexpression controls (Figure 4.6A-B). Notably, in these 

experiments, ERSeq08 lowers blood glucose levels without causing hypoglycemia 

(Figure 4.6C). 

The ERSeq08 gene is predicted to code for a protein of 684 amino acids 

(molecular weight 73kDa). It is a highly-conserved transcript among vertebrates and it 

lacks canonical signals for secretion or membrane insertion. Since ERSeq08 is 

expressed in insulin-producing β cells, we asked if its glucose lowering activity was 

dependent on insulin action. To test this point, we made use of a potent and specific 

peptide inhibitor, an antagonist of the insulin receptor, S961 (Schäffer et al., 2008).  



	 	 130 

 

Figure 4.6. ER-seq08 improves glucose clearance and does not cause 
hypoglycemia. A) GTT at Day 3 after HTV injections in ICR outbred mice 
demonstrated that ER-seq08 can clear glucose from the circulation faster than controls. 

All timepoints are significantly different. B) Area under the curve measurements from A 

demonstrating a significant improvement in glucose clearance in ER-seq08-injected 

mice relative to controls. C) Blood glucose levels in ER-seq08-injected animals before 

and after a 16 hour fast, notice there is no significant change in blood glucose levels 

relative to controls. 

 

When S961 is administered acutely to mice they quickly become hyperglycemic—

demonstrating the efficacy of S961 at inhibiting the insulin receptor and preventing 

glucose uptake in peripheral tissues, thereby resulting in a net accumulation of glucose 

in the circulation. We performed HTV injections of ERSeq08 and control DNA and on 

day three performed a GTT (Figure 4.7A). For this experiment, we added S961 at two 

timepoints; first, two hours before the injection of glucose; and second, with the glucose 

bolus at the beginning of the test. As seen in Figure 4.7B, ERSeq08 can clear glucose 

from the circulation faster than controls. This data suggests that ERSeq08 promotes 

glucose clearance from the circulation independent of insulin action.  
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Figure 4.7 ERSeq08 improves glucose clearance independent of insulin action. A-
B) GTT at Day 3 after HTV injections in C57Bl6 animals dosed with the insulin receptor 

antagonist S961. Note the elevated blood glucose levels in B and the potent reduction 

in blood glucose levels in ER-seq08treated animals starting at 60 minutes relative to 

controls. C) Effect of ER-seq08in Streptozotocin (STZ) induced diabetes model. Mice 

are rendered diabetic by the administration of STZ (Notice hyperglycemia pre-

Hydrodynamic tail vein injection, HTI). Diabetic mice overexpressing ER-seq08 have a 

marked reduction in blood glucose levels. 
 

 

Next, we asked if ERSeq08 can lower blood glucose levels in mouse models of 

type I diabetes. For this purpose, we used a drug-induced beta-cell ablation model 

(Streptozotocin, STZ, Figure 4.7C). Due to beta-cell death, the STZ-treated animals  

quickly become diabetic. Next, we performed our hydrodynamic tail vein injection assay 

to overexpress ERSeq08 in livers of STZ-induced diabetic animals. ERSeq08 had three 

notable phenotypes in this assay: one, ERSeq08 was able to lower blood glucose levels 

in fed mice (Figure 4.7C, fed); two, ERSeq08 did not cause fasting hypoglycemia 

(Figure 4.7C, Time 0); and, third, ERSeq08 was able to dramatically improve the 

glucose clearing capacity of STZ-treated animals. This data suggests that ERSeq08 
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removes glucose from the circulation independent of β cell function. Together, this 

underscores a potent glucose-dependent glucose-lowering activity of ERSeq08.  

 

4.4 Discussion 

Here we have described a novel method for the interrogation of gene expression 

changes of secreted factors during in vitro differentiation of SC-β cells. Our method 

exploits the cellular processes that control the biogenesis of secreted and membrane 

proteins at the ER to biochemically enrich for their mRNAs. We have provided evidence 

for a robust enrichment of mRNAs of this functional class in hPSCs and SC-β cells. 

Moreover, we have characterized the gene expression changes that accompany the 

differentiation of SC-β cells. We further demonstrate the utility of this approach for the 

identification of novel hormones expressed in this cell type that can represent novel 

therapeutic biologics for the treatment of diabetes. 

Our method has expanded upon efforts to characterize the complement of 

mRNAs encoding secreted factors in cells. Multiple studies have described the 

development of proximity-based labeling approaches to tag ER-localized ribosomes and 

isolate associated mRNAs after immunoprecipitation (Jan et al., 2014; Fazl et al., 2019). 

Although limited to non-mammalian and transformed in vitro cultures, these proof-of-

concept studies have demonstrated that the biochemical isolation of ER-localized 

ribosomes can enrich for mRNAs that code for ER, membrane and secreted factors. 

More importantly, these methods outperform in silico-based approaches that predict 

canonical topogenic signals (Jan et al., 2014; Fazal et al., 2019). We have optimized 

biochemical fractionation protocols that take advantage of differential permeability of 
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subcellular membranes to isolate ER-localized ribosomes (Reid et al., 2014). Compared 

to other methods, ours relies on the transgenic expression of ER-localized translocon 

complexes that can be subsequently purified rather than proximity-based labeling which 

requires robust labeling and overexpression of multiple transgenes at a time (Jan et al., 

2014; Fazl et al., 2019). 

Our approach provides a platform for the discovery of secreted factors that may 

play important roles during the differentiation of mature cell types in vitro. Our 

technology uncovered stage-specific signatures of translocon-associated genes. We 

hypothesize that some of these genes may play important roles in directing cell fate at 

the earlier stages of the differentiation and may be further modulated to improve the 

generation of functional SC-β cells in vitro. Moreover, since we developed transgenic 

hPSC cell lines, we believe that combining this method with the in vitro derivation of 

mature cell types from hPSCs will enable the identification of novel secreted factors, 

hormones and disease biomarkers. 

Finally, we focus on identifying novel regulators of glucose homeostasis of SC-β 

cells as there is an unmet need for novel therapeutic interventions for diabetic patients. 

By applying ER-sequencing, we identify novel uncharacterized genes that are 

expressed in this cell type that may be relevant to β cell function and glucose 

homeostasis. We further identified and characterized ERSeq08 as a putative hormone 

that may promote glucose clearance in an insulin-independent manner. Based on our 

analysis, the activity of this factor may be glucose-dependent as we do not observe 

hypoglycemia in fasted mice, something observed with insulin overdosing that often 

leads to hypoglycemic events in insulin-dependent diabetic patients (Boussageon et al., 
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2011). An analysis of the downstream mechanisms by which this novel factor modulates 

glucose uptake in target tissues may inform the development of novel therapeutic 

interventions for diabetic patients. 

 
4.5 Methods 
 
4.5.1 Generation of transgenic cell lines 

All the experiments were performed using the human embryonic stem cell line HUES8 

obtained from the Human Embryonic Stem Cell Facility and iPS Core Facility of the 

Harvard Stem Cell Institute. gRNA sequences for the insulin genomic region were 

ligated into either eCas9 (Addgene 71814) or LbCpf1 (Addgene 84742) CRISPR 

plasmids. Homology arms flanking ~750bp upstream and downstream of the stop codon 

in the last exon of the insulin gene were generated by PCR with primers flanking this 

region. 5’ and 3’ homology arms were ligated were ligated to 2A-Sec61β-GFP 

transgene and a puromycin antibiotic selection marker.  For the generation of CAAGS:: 

Sec61β-GFP cell line, TALEN constructs were designed to target the safe-harbor 

AAVS1 locus. 5’ and 3’ homology arms were ligated were ligated to 2A-PURO 

(puromycing resistance gene), a linker and CAAGS promoter driving the expression of 

the Sec61β-GFP transgene. HUES8 cells were dispersed dispersed into single cells 

using TrypLE Express and transfected with targeting vectors using the Nucleofector kit 

(Invitrogen). 72hr post-electroporation cells were treated with puromycin at a 

concentration of 1μg/mL for 7 days to obtain single colonies. Colonies were picked 

under a microscope around 18-21 days post electroporation into a 96 well plate and 

expanded. Genomic DNA (gDNA) from the 96 well plate was extracted using the Zymo 

Research Quick-DNA 96 Plus Kit and insertion of 5’ and 3’ homology arms was 
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confirmed with PCR. Clones that were confirmed as karyotypically normal by karyotype 

analysis through Cell Line Genetics were used for directed differentiation towards beta 

cells. 

 

4.5.2 Differentiation of SC-β cells 

Human pluripotent stem cells (hPSCs ) were maintained in mTeSR1 (Stem Cell 

Technologies) in 500 mL spinner flaks on a stir plate (Chemglass) set to 70 rpm in a 

37°C incubator, 5% CO2, and 100% humidity. Differentiations into SC-β cells were 

performed following a protocol described by our group (Pagliuca et al., 2014) as follows: 

HUES8 cells were seeded at 6x105 cells/mL in mTeSR1 media and 10 µm Y27632 

(Sigma-Aldrich). The media was changed 48 h later and the differentiations were started 

72 h after the cells were seeded. The media changes were as follows:  

Stage 1 definitive endoderm: S1 + 100 ng/mL ActivinA (R&D Systems) + 3 μM 

Chir99021 (Stemgent) in day 1 andS1 + 100 ng/mL ActivinA on day 2.  

Stage 2 gut tube endoderm: days 4, 6: S2 + 50 ng/mL KGF (Peprotech).  

Stage 3 pancreatic progenitor 1: days 7, 8: S3 + 50 ng/mL KGF + 0.25 μM Sant1 

(Sigma) + 2 μM RA (Sigma) + 200 nM LDN193189 (only Day 7) (Sigma) + 500 nM 

PdBU (EMD Millipore).  

Stage 4 pancreatic progenitor 2: days 9, 11, 13: S3 + 50 ng/mL KGF + 0.25 μM Sant1 + 

100 nM RA + 10 µm Y27632 + 5ng/mL Activin A.  

Stage 5 endocrine progenitors: Days 14, 16: S5 + 0.25 μM Sant1 + 100 nM RA + 1 μM 

XXI (EMD Millipore) + 10 μM Alk5i II (Axxora) + 1 μM T3 (EMD Millipore) + 20 ng/mL 
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Betacellulin (Thermo Fisher Scientific). Days 18, 20: S5 + 25 nM RA + 1 μM XXI + 10 

μM Alk5i II + 1 μM T3 + 20 ng/mL Betacellulin.  

Stage 6 β cells: S3 media change every other day. In the final stage, cells were 

analyzed between 7 and 21 after stage 6 differentiation was started.  

 

4.5.3 Biochemical fractionation protocol 

Around 100x106 cells were collected from differentiation spinner flasks. To stall 

ribosomes,	100 μg/mL cycloheximide (CHX) was added and incubated for 10 mins. All 

the following steps of the fractionation were performed with solutions containing 100 

μg/mL cycloheximide (Sigma-Aldrich). Cell clusters were washed in PBS/CHX. 4 mL of 

Accutase/CHX was added to suspension of cell clusters and incubated for 7 mins RT. 

Clusters were then dissociated by mechanical dissociation using pipettes, resuspended 

in PBS/CHX and cells were pelleted with centrifugation for 5 mins at 230 rcf at RT. 

Pellet was resuspended in 3 mL of cytoplasmic buffer containing 110 mM potassium 

acetate (Sigma-Aldrich), 25 mM K-HEPES (Sigma-Aldrich), 15 mM magnesium chloride 

(Sigma-Aldrich), 4 mM calcium chloride (Sigma-Aldrich), 0.015% digitonin, 1.0 mM 

dithiothreitol (Sigma-Aldrich), 100 μg/ml CHX, 1X cOmplete protease inhibitor cocktail 

(Millipore) and 500U/ml RNasin ribonuclease inhibitors (Promega) and incubated for 20 

mins at 4°C. Cell suspension was centrifuged for 5 mins at 845 rcf at 4°C and 

supernatant (cytoplasmic fraction) and stored at -80°C for subsequent analysis. The 

pellet was resuspended in 1 mL ER permeabilization hypotonic buffer containing 20 mM 

HEPES, 1.5 mM MgCl2, 0.42M NaCl, 0.2 mM EDTA, 25% glycerol, 2% n-Dodecyl β-D-

maltoside (DDM), 1.0 mM DTT, 100 μg/ml CHX and 1X cOmplete protease inhibitor 
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cocktail (Millipore) and 500U/ml RNasin ribonuclease inhibitors (Promega) and 50 uL 

magnetic agarose binding control beads (Chromotek) and incubated for 1 hour at 4°C 

rotating head-to-tail. GFP-MA-TRAP beads (Chromotek) were blocked in 1% BSA-PBS 

solution for at least 30 mins on ice. Cell extract was homogenized using a Wheaton 

Glass Homogenizer by slowly moving pestle up and down 15 times. The extract was 

centrifuged for 5 min at 850 rcf at 4°C. Tube with blocked GFP-MA-TRAP beads was 

inserted into a DynaMag-2 magnetic stand (Thermo Fisher Scientific) and the solution 

was discarded. Supernatant was then added to GFP-MA-TRAP bead slurry and 

incubated for 30 mins at 4°C with head to tail rotation. Samples were inserted into 

magnetic stand to collect the unbound fraction and beads were subsequently washed 

with 500 μL ER Permeabilization buffer twice. After the washes, 500 ul of Trizol was 

added to beads and stored at -80°C. 

 

4.5.4 RNA extraction, library preparation and sequencing 

Subcellular fractions stored in TRIzol reagent were combined with 0.2 mL chloroform 

per 1 mL TRIZol reagent used and incubated for 2-3 mins followed by centrifugation for 

15 mins at 12,000 rcf at 4°C. The aqueous phase containing the RNA was combined 

with 0.5 mL isopropanol per 1 mL TRIZol reagent used. After incubating for 10 mins on 

ice, RNA was precipitated for 10 minutes at 12,000 × g at 4°C. Pellet was washed in 1 

mL 75% ethanol and air dried for 5-10 mins. RNA was stored at -80°C in RNA storage 

solution (Invitrogen) for subsequent analysis. 
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Precipitated RNA was subjected to in vitro RNA amplification with reverse transcription 

following a published protocol (Hashimshony et al., 2012). Reverse-transcription 

primers were designed with an anchored polyT, the 5’ Illumina adaptor of Illumina small 

RNA kit and a T7 promoter. The MessageAmp II RNA kit (Ambion) was used with the 

the modified reverse-transcription primer (Hashimshony et al., 2012). The reaction was 

performed with 50 ng of RNA and 25 ng/uL amplification primers following 

MessageAmp II RNA kit’s protocol. cDNA cleanup was performed with AMPure XP 

beads (Beckman coulter) by magnetic bead isolation, cleanup with 80% EtOH followed 

by in vitro transcription for 13 hours following MessageAmp II RNA kit’s protocol. RNA 

was fragmented in 200 mM Tris-acetate [pH 8.1], 500 mM KOAc, 150 mM MgOAc and 

reaction was stopped by placing on ice and the addition of one-tenth the volume of 0.5M 

EDTA, followed by RNA cleanup.	RNA quality and yield were assayed 

using a Bioanalyzer (Agilent). Illumina’s directional RNA sequencing protocol was used 

and only the 3’ Illumina adaptor was ligated. A total of 12 cycles of PCR with elongation 

time of 30s was performed. Libraries were sequenced using the NextSeq 500 platform 

(Illumina) according to standard protocols. Paired-end sequencing was performed, 

reading at least 15 bases for read 1, and 50 bases for read 2, and Illumina barcodes. 

 

4.5.5. Transcriptomic analysis 

Reads were trimmed for universal ilumina adapters and polyA sequences with Cutadapt 

v1.8.1 and assessed for quality control using Fastqc v0.11.5. Reads were aligned to the 

human reference genome (hg38) with Tophat v2.1.1 using default parameters. 

Downstream transcript quantification and differential gene expression analysis was 
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performed with Cufflinks v2.2.1 (Trapnell et al., 2013). Differentially expressed genes 

were defined as those with adjusted p-values below 0.05 using the cuffdiff algorithm.  

 

4.5.6 Gene ontology analysis 

Differentially expressed genes (adjusted p-value <0.05) were used for gene ontology 

analysis using WebGestalt GSAT (Wang et al., 2017) and ingenuity pathway analysis 

(IPA, QIAGEN Inc., https://www.qiagenbioinformatics.com/products/ingenuity- pathway-

analysis)). Gene ontology terms and enriched pathways with P-value <0.05 were 

considered as enriched in differentially expressed genes. 

 

4.5.7 Prediction of secreted factors 

Translated protein sequences from candidate transcripts were submitted to the Phobius 

algorithm to predict signal peptide using a hidden Markov model (Kall et al., 2005). 

Transcripts with predicted signal peptide but no predicted transmembrane topology 

were classified as part of the secretome of the cell.  Ingenuity pathway analysis (IPA, 

QIAGEN Inc., https://www.qiagenbioinformatics.com/products/ingenuity- pathway-

analysis) was also used to classify candidate transcripts as cytoplasmic or nuclear.  

 

4.5.8 Western blot analysis 

After removing the aqueous phase for RNA extraction as described above, the phenol-

ethanol was resuspended in 1.5mL isopropanol per 1 mL TRIzol reagent used and 

incubated for 10 mins. After centrifugation for 10 mins at 12,000 g at 4°C, the pellet was 

washed in 2 mL of 0.3 M guanidine hydrochloride in 95% ethanol per 1 mL TRIzol 
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reagent used, incubated for 20 min at RT followed by centrifugation for 5 mins at 7500 g 

at 4°C. This step was repeated twice. In the final, 2 mL of 100% ethanol per 1 mL 

TRIzol used was added and incubated for 20 mins. After centrifugation for 5 mins at 

7500 g at 4°C, pellet was air dried for 5-10 mins and resuspended in 200 uL of 1% SDS 

buffer. Protein concentration was measured using the BCA Protein Assay kit (Thermo 

Scientific). 5-10 ug of protein extracts were separated by AnyKD Mini-Protein precast 

gels (Bio-Rad) and transferred to nitrocellulose membranes (Bio-Rad). Membranes 

were blocked in 3% BSA+0.1%Tween 20 TBS for 30 mins at RT and then incubated 

with the following primary antibodies overnight at 4°C: mouse anti-Sec61β (Santa Cruz, 

sc-393633), chick anti-GFP (Aves, GFP1020), rabbit anti-ribosomal protein L13a (Cell 

signaling, 2765). After washing, the membranes were incubated with HRP-conjugated 

secondary antibodies for 1 h at RT, and then incubated in chemiluminescent ECL 

detection reagent (VWR) for signal detection and development. 

 

4.5.9 Animals studies 

All animal treatment, husbandry, procedures were done in accordance with institutional 

animal care standards. All protocols were approved by Harvard University’s Institutional 

Animal Care and Use Committee. Initial screening of ER-seq candidates by tail vein 

injection was performed using ICR mice obtained from Jackson Laboratory. Additional 

tail vein injections for characterization of c1orf127, including S961 experiments, were 

performed using C57BL/6 mice from Charles River Laboratory. Streptasatozin induced 

diabetic mice were C57BL/6 mice obtained from Jackson Laboratory, STZ injections 

were performed by Jackson Laboratory.  
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4.5.10 Candidate Cloning 

Expression plasmids for screened ER-Seq candidates were obtained first by PCR 

amplification from cDNA libraries of stem cell derived beta-cells; primers were designed 

to add gateway cloning sites. Because of difficulty amplifying C1orf127, a clone of the 

ORF was purchased from Dharmacon and amplified to add gateway sites. PCR 

amplicons were added to PDonor gateway vector. The ORFs were then transferred into 

CaG high expression vectors (for tail vein injection) and into lentiviral production vectors 

(cell line production). In addition to ER-Seq candidates, controls including cytoplasmic 

GFP, nuclear TD-Tomato, furin-cleavable insulin, and a nanoluciferase were purchased 

as custom genes with gateways sites from Integrated DNA Technologies. Controls were 

then cloned into the same vectors. 

 

4.5.11 Tail Vein Injections 

Mice were first anaesthetized by intraperitoneal injection 23ul/g bodyweight of a 1.25% 

Avertin solution. Tails of anaesthetized mice were warmed under a heat lamp to dilate 

the tail vein. Anaesthetized mice received an injection of 80ul/g bodyweight of saline 

with 35ug of expression vector DNA in the tail vein over approximately 7 seconds. For 

experiments involving tail vein injected mice, mice were tested 48-72hrs after injections. 

 

4.5.12 Standard Glucose Tolerance Tests 

Mice were fasted overnight (5pm to 9am). Blood glucose measurements were taken 

before fasting and immediately before glucose injections. Mice received an 
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intraperitoneal injection of glucose at 2g/kg bodyweight. Blood glucose measurements 

were then taken at 15, 30, 45, 60 and 90 minutes post injection. Occasionally a 120 

minute time point was collected if blood glucoses had not yet fallen below normal levels 

(<250mg/dl).  

 

4.5.13 S961 Glucose Tolerance Tests 

Mice were fasted overnight (5pm to 9am). Blood glucose measurements were taken 

before fasting, immediately before initial S961 injection and before glucose injection. 

Mice received an intraperitoneal injection of 10ul/g bodyweight of 45uM S961. 2 hours 

after this initial injection, mice received an intraperitoneal injection of 10ul/g bodyweight 

of 30uM S961, 15% D-Glucose (1.5g/kg glucose). Blood glucose measurements were 

then taken at 15, 30, 45, 60, 90, 120 minutes post injection, and then measures were 

taken hourly until values fell below normal (<250mg/dl). 

 

4.5.14 STZ Glucose Tolerance Tests 

Blood glucose measurements were taken before tail vein injection, before fasting and 

immediately before glucose injection. Only mice with initially severe hyperglycemia 

(>400 mg/dl) were used. Mice were fasted overnight (5pm to 9am). Mice received an 

intraperitoneal injection of 1.5g/kg glucose. Blood glucose measurements were then 

taken at 15, 30, 45, 60, 90, 120 minutes post injection, and then measures were taken 

hourly until values fell below normal (<250mg/dl). 

 

4.5.15 Statistical Analysis 
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Statistical analysis was performed using GraphPad Prism software. Glucose tolerance 

comparisons were made using t-tests for both individual time-points. ANOVA and 

Tukey’s multiple comparison tests were used to compare areas under the curve.  
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5.1 Dual modulation of YAP enhances the in vitro differentiation of β cells 

5.1.1 YAP regulates the self-renewal and differentiation balance during in vitro β cell 

differentiation 

Stem cell-derived β (SC-β) cells represent a renewal source for cell replacement 

therapies for diabetes. Key to the efficient generation of β cells from hPSCs is the 

identification of genetic regulators directing this process. Although modulating signaling 

effectors that control in vivo pancreas development results in the generation of SC-β 

cells (Pagliuca et al., 2014; Rezania et al., 2014), our knowledge of how β cells form in 

vitro is still incomplete. The identification of cell fate regulators coordinating this process 

will inform better approaches for the generation of SC-β cells. 

A key step during the development of β cells is the cell cycle arrest of multipotent 

pancreatic progenitors (MPPs) that directs their differentiation into the endocrine lineage 

(Azzarelli et al., 2017; Gu et al., 2002; Krentz et al., 2017; Miyatsuka et al., 2011). This 

inductive step results in the stabilization of NGN3 in progenitor cells, a master regulator 

of pancreatic endocrine development (Azzarelli et al., 2017; Gu et al., 2002; Krentz et 

al., 2017). How proliferation and differentiation is balanced during pancreatic endocrine 

development is not well understood. In this work, we have shown that YAP activity in 

MPPs maintains their capacity to proliferate and inhibits premature differentiation into 

the endocrine lineage. These results are consistent with multiple studies that suggest 

that YAP activity controls the expression of genes that coordinate the self-renewal and 

proliferative capacity of MPPs (Cebola et al., 2015; Zhang et al., 2013). 

Tuning self-renewal and differentiation in MPPs is critical for the generation of β 

cells. Previous work has established a correlation between spurious endocrine 
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differentiation of MPPs and the generation of β cells with limited function in vitro (Kroon 

et al., 2008; Rezania et al., 2012; Nostro et al., 2011; Nostro et al., 2015). An important 

step in the differentiation of functional β cells is the generation of NKX6.1+ MPPs 

(Hansen et al., 2000; Nostro et al.,2015; Rezania et al., 2014; Pagliuca et al., 2014). 

Genetic deletion of this factor during in vivo pancreas development leads to significant 

deficits in β cell differentiation while the differentiation of other hormone-producing cells 

is not affected (Sander et al., 2000). Moreover, failure to induce its expression in MPPs 

leads to premature endocrine differentiation and the generation of polyhormonal cells 

that are not glucose-responsive in vitro (Kroon eta l., 2008; Nostro et al., 2015; Sharon 

et al., 2019; Veres et al., 2019).  

Approaches to induce NKX6.1 expression in progenitors have been described 

which translate into improved differentiation of functional β cells (Nostro et al., 2015; 

Rezania et al., 2014; Pagliuca et al., 2014). Our analysis indicates that YAP controls the 

expression of NKX6.1+ in MPPs and limits premature endocrine differentiation.  At this 

stage of differentiation, we found that most NKX6.1-negative progenitor cells 

prematurely express the pan-endocrine marker Chomogranin-A (ChgA) and display a 

downregulated expression of YAP. Pharmacological or genetic inhibition of YAP in early 

MPPs leads to increased expression of pan-endocrine markers possibly due to failure to 

induce NKX6.1 expression in these progenitors. Efforts to promote YAP activity in MPPs 

may lead to an enhanced generation of NKX6.1+ progenitors and increase their 

competence for differentiation into functional monohormonal β cells at later stages of 

differentiation. As YAP directly controls their proliferation, augmenting its activity in 

MPPs may also promote the long-term self-renewal and expansion of MPPs in vitro. A 
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similar approach has been described that significantly increases the number of 

pancreatic progenitors by expansion upon stimulation with pro-proliferative cues (Trott 

et al., 2017). Importantly, these expanded pancreatic progenitors can differentiate into β 

cells when exposed to differentiation-inducing signals (Trott et al., 2017). 

 

5.1.2 YAP inhibition enhances the generation of functional SC-β cells 

Dissecting the role of YAP during in vivo pancreas development has been 

challenging due to the extensive loss of tissue architecture and pancreatitis observed in 

mice with targeted genetic disruption of Hippo pathway components (Gao et al., 2013; 

George et al., 2012). Interestingly, sustained activation of YAP in vivo leads to an 

undeveloped endocrine compartment suggestive of aberrant endocrine differentiation in 

this model (Gao et al., 2013; George et al., 2012; Mamidi et al., 2015). During directed 

differentiation of MPPs into the endocrine lineage, we found that most progenitors 

display a downregulated expression of YAP, consistent with previous analysis (Cebola 

et al., 2015; Gao et al., 2013; George et al., 2012; Mamidi et al., 2018). Moreover, 

pharmacological or genetic inhibition of YAP during in vitro endocrine differentiation 

enhances the expression of pan-endocrine markers as well as the generation of 

endocrine progenitors and functional β cells. Similar to in vivo models (Gao et al., 2013; 

George et al., 2012; Mamidi et al., 2015), its sustained activation leads to impaired 

differentiation of endocrine cells. Our results indicate that YAP downregulation directs 

the differentiation of MPPs into NGN3+ endocrine progenitors and then β cells. 

An important step during the differentiation of MPPs is the lineage bifurcation that 

directs pancreatic cell fate. Interestingly, we found that YAP-expressing cells at the end 



	 	 149 

of the directed differentiation protocol are progenitor-like ductal SOX9+ cells. These are 

highly proliferative cells that may expand upon transplantation (Rezania et al., 2012). 

SOX9 is a factor critical for the proliferation of MPPs and its expression is maintained in 

ductal progenitor-like cells during pancreas development (Seymour et al., 2007; Shih et 

al., 2015). Interestingly, YAP controls the expression of SOX9 in other cell types 

including chondrocytes and esophageal cells (Goto et al., 2018; Song et al., 2014). 

Thus, part of the enhanced endocrine differentiation observed upon YAP inhibition 

during in vitro β cell differentiation may be the downregulated expression of SOX9. In 

agreement with this hypothesis, Mamidi and colleagues (2018) demonstrated that ductal 

morphogenesis during in vivo pancreas development depends on YAP activity. In this 

context, active integrin signaling in progenitors maintains YAP expression which results 

in the maintenance of SOX9 expression in ductal cells (Mamidi et al., 2019). 

Conversely, inhibition of integrin signaling in pancreatic progenitors induces endocrine 

differentiation directed by the downregulation of YAP (Mamidi et al., 2019). How this 

genetic circuit is coordinated with tissue growth and morphogenesis will shed light into 

novel mechanisms directing cell fate during endocrine differentiation. 

 

5.1.3 Developmental logic of YAP regulation during differentiation 

 In all, we have provided evidence for a critical role of YAP in the control of the 

self-renewal and differentiation balance during endocrine differentiation. Similar to what 

occurs during pancreatic differentiation, YAP coordinates the self-renewal and 

proliferation of neural progenitors and its downregulation directs the differentiation into 

mature neurons (Musah et al., 2014; Salomoni et al., 2010). In both neural and 
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pancreatic progenitors, YAP activity is directed by mechanosignaling, consistent with a 

role of the Hippo pathway in balancing progenitor proliferation and differentiation with 

tissue mechanical signals during organ development (Musah et al., 2014; Mamidi et al., 

2018; Hansen et al., 2015). An outstanding question is how mechanosignaling in 

progenitor cells coordinates cell cycle activity with differentiation. While tuning YAP 

activity seems essential in this process (Mamidi et al., 2018), the upstream cellular 

machineries that translate mechanical signals into cell fate determination have not been 

fully realized and warrants further investigation. Further characterization of this process 

may inform bioengineering approaches based on mechanically tunable hydrogels to 

direct cell fate in vitro through modulation of mechanical signals (Dupont et al., 2011).  

A central question is how YAP interplays with other signaling effectors during 

endocrine differentiation. Hippo signaling effectors and YAP/TAZ interact with multiple 

pathways including WNT, TGFβ, Notch and EGF (Hansen et al., 2015). Plausible 

candidates are Notch and WNT signaling as YAP can regulate their activity in other cell 

types (Rayon et al., 2014; Camargo et al., 2007; Tscharharganeh et al., 2013; Azzolin et 

al., 2012) and inhibition of these pathways also promotes endocrine differentiation in 

vitro (Afelik et al., 2012; Sharon et al., 2019).  Whether these pathways act in concert 

during differentiation is key to our understanding of endocrine differentiation and our 

ability to generate functional β cells in vitro. Similarly, efforts to elucidate downstream 

genetic regulators of this process will shed light into the regulation of cell fate during 

pancreas development. 

 We also propose that a dual modulation of YAP activity will lead to an improved 

generation of β cells in vitro. As Hippo signaling controls the development of most 
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organs (Hansen et al., 2015), a similar framework based on YAP modulation may also 

apply to other directed differentiation models that generate mature cell types from 

human pluripotent stem cells (hPSCs). Combining tissue-specific inductive signals with 

modulators of YAP during differentiation could improve the ability to control cell fate 

during the in vitro differentiation of hPSCs for cell therapy and disease modeling.  

 

5.2 Molecular control of β cell proliferation 

5.2.1 A platform for the discovery of regulators of β cell proliferation 

 β cell proliferation is the main mechanism controlling β cell mass (Dor et al., 

2004; Georgia et al., 2004; Meier et al., 2008). A potential therapeutic strategy for the 

treatment of diabetes is the regeneration of endogenous β cells with β cell-specific 

mitogens. Developing such approaches depends on the identification of genetic 

regulators of this process. Although there is a comprehensive genetic roadmap of how 

to modulate mouse β cell proliferation, progress in the genetic control of human β cell 

replication has been lagging due to a lack of human-relevant model systems to study 

this process (Stewart et al., 2015). We have described a platform for the identification of 

cell cycle regulators in human β cells that depends on three modules: 1) generation of 

SC-β cells as a substitute for adult counterparts, 2) genetic induction of cell cycle re-

entry and 3) high throughput identification of gene expression correlates of human β cell 

proliferation. 

 A significant challenge when trying to identify genetic regulators of human β cell 

proliferation is the very low rate of proliferation observed in this cell type. As only 0.2% 

of adult β cells are undergoing replication (Meier et al., 2018), a systematic 
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characterization of human β cell replication at a genome-wide scale has not been 

possible. To overcome these issues, we developed a platform to induce cell cycle re-

entry in SC-β and efficiently enrich for replicating β cells. Our genetic induction of 

proliferation relies on the modulation of the Hippo pathway effector YAP. Its re-

activation induces cell cycle re-entry in SC-β cells and native adult human counterparts 

(George et al., 2015; Yuan et al., 2016; Rosado-Olivieri et al., 2019). By high-

throughput single cell RNA-sequencing, we delineated transcriptional programs that 

were differentially expressed upon induction of proliferation. Our computational 

analysis detected 795 genes with significant changes in expression when replication 

is genetically induced. 

 Proliferation must be coordinated with cellular function as the phenotypic state of 

the β cell reverts to an immature state upon cell cycle re-entry (Puri et al., 2018). The 

function of a β cell depends on its metabolic state (Newsholme et al., 2006) and 

entering cell cycle leads to a metabolic rewiring that favors cellular growth rather than 

secretory function (Puri et al., 2018). In agreement with previous analysis (Puri et al., 

2018; Klochendler et al., 2016), our single cell analysis detected a downregulated 

expression of genes that dictate the secretory capacity and insulin secretion in 

replicating β cells. This decreased expression of key genes involved in insulin secretion 

leads to an impaired glucose-stimulated insulin secretion of replicating β cells (Rosado-

Olivieri, et al. 2019; Puri et al., 2018). As expected, we find that many cell cycle 

effectors such as cyclin B1 (CCNB1), MYC and Ki67 are induced upon YAP re-

activation (Klochendler et al., 2016; Puri et al., 2018; Zeng et al., 2017). Interestingly, 

one of the top pathways that is also induced in replicating β cells is the serine 
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biosynthesis pathway. Serine biosynthesis plays a central role in the proliferation of 

multiple cell types by promoting the synthesis of macromolecules from serine to support 

cellular growth (Mattiani et al., 2016). Components of this pathway are also enriched in 

fetal immature proliferative mouse β cells and are downregulated during in vivo 

maturation (Zeng et al., 2017). Moreover, supplementing mouse and SC-β cells with 

serine leads to increased proliferation (Zeng et al., 2019; data not shown).  As other 

amino acid biosynthetic pathways also play a role in the proliferation of β cells (Zeng et 

al., 2019), these studies highlight a prominent for amino acid metabolism and the 

control of β cell proliferation.  

Our platform allowed us to identify multiple genes and pathways that are active in 

replicating β cells. We focus on delineating gene regulatory networks as they assist in 

establishing a transcriptional landscape that support a cellular state. Based on our 

computational analysis to infer gene networks, we identified a set of 15 transcription 

factors whose gene networks are predicted to be active in replicating β cells. This 

analysis identified transcription factors and downstream target genes expressed in 

replicating β cells based on cis-regulatory sequence analysis (Aibar et al., 2017). We 

believe this analysis will set the ground for the characterization of the regulatory 

landscape that controls cell cycle re-entry in human β cells. Of importance, we highlight 

the role of three transcription factors, namely CEBPD, SOX11 and ASCL1, as potent 

inducers of human β cell replication. According to our analysis, these transcription 

factors may regulate the expression of more than 500 downstream target genes 

expressed in replicating β cells. Combining this analysis with an in-depth 

characterization of the epigenome of the replicating β cell is critical to our understanding 
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of how genetic circuits are rewired to support regeneration of β cell mass. Further 

characterization of these gene networks and how they regulate human β cell replication 

will shed light into the genes whose activities are essential for β cell regeneration. 

Moreover, identification of upstream regulators of these gene networks will lead to a 

greater understanding of the previously inexistent genetic roadmap of how to control 

human β cell replication. 

 

5.2.2 LIF-responsive replication-competent human β cells 

 Efforts to characterize β cell heterogeneity have led to the identification of 

subpopulation of β cells that differ in function and gene expression (Segerstolpe et al., 

2016; Muraro et al., 2016; Baron et al., 2016; Wang et al., 2016; Dorrell et al., 2016;	

Bader et al., 2016; Farack et al., 2019; Johnston et al., 2016). Although β cells with 

increased proliferative potential has been identified in mice (Bader et al., 2016), whether 

such subdivision in replication competence exists in humans has not been addressed 

(Liu et al., 2017). Our single cell analysis identified an upregulation of components of 

the leukemia inhibitory factor (LIF) pathway in replicating β cells. Surprisingly, we found 

that only a small subset of human β cells are responsive to the activation of this 

pathway based on the expression of its receptor LIFR. Importantly, LIFR+ β cells 

display higher proliferative capacity than LIFR- counterparts suggestive of heterogeneity 

in replication competence in human β cells. We further characterized gene expression 

differences between LIFR+ and LIFR- β cells including genes related to proliferation and 

insulin secretion, also indicative of functional heterogeneity in human β cells. 
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 The LIF pathway has pleiotropic roles in many tissues and organs and can 

regulate proliferation (Nicola and Babon, 2015). In SC- and adult β cells, we found that 

activating this pathway induces their replication and expansion.  These results 

suggest that LIFR+ β cells are expandable upon activation of the LIF pathway. We 

further delineated a dependency on STAT3 signaling for the induction of proliferation, a 

major downstream target of the pathway (Nicola and Babon, 2015). Another important 

target of this pathway in β cells is CEBPD, a transcription factor our computational 

analysis of gene networks identified and a potent inducer of β cell proliferation. 

Understanding how this genetic pathway interacts with other known regulators of human 

β cell replication to support productive cell cycle re-entry in human β cells will lead to 

the identification of common downstream regulators of this process (Aamodt et al., 

2016; Abdolazimi et al., 2018; Dirice et al., 2016; Shen et al., 2015; Wang et al., 2015; 

Wang et al., 2019).  Moreover, whether this pathway controls β cell regeneration in 

response to increased metabolic demands is key to our understanding of how 

subpopulations of β cells couple function with the maintenance of β cell mass and how 

this axis may go awry in diabetes. Efforts to elucidate the tissue source that produces 

LIF to facilitate β cell regeneration are critical in this context. As a subset of LIF gene 

variants have been implicated in type II diabetes (Mahajan et al., 2018), an analysis of 

how these variants affect the expression or activity of LIF is critical to our understanding 

of how mechanisms directing β cell mass may also contribute to disease. 

 

5.2.3 Informing strategies to promote the therapeutic regeneration of β cells 
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 We have identified a subpopulation of β cells with higher proliferative potential 

that can be expanded upon LIF pathway activation. The identification of LIFR as a 

marker of β cell heterogeneity might enable targeting β cell subpopulations for the 

regeneration of functional β cell mass in diabetic patients. Although activating this 

pathway in patients may not be possible due to its pleiotropic effects and its role in 

pancreatic cancer (Shi et al., 2019), the identification of genetic targets that endow β 

cells with the ability to replicate in a cell type-specific manner will inform strategies to 

promote therapeutic regeneration in diabetics. Importantly, our work dissected a genetic 

pathway based on LIFR-STAT3-CEBPD activation that ultimately leads to a β cell-

specific induction of proliferation. Directed efforts towards identifying downstream 

regulators of this pathway will shed light into actionable therapeutic targets.  

 We also provide evidence for the utility of single cell transcriptomics for the 

identification of regulators of β cell proliferation. Our work led to the identification of 

around 800 genes that are differentially expressed in replicating β cells. A systematic 

characterization of the pathways they regulate may also provide novel venues for the 

regeneration of β cell mass in diabetic patients. 

  

5.3 Identifying novel regulators of glucose metabolism  

5.3.1 A platform for the discovery of novel secreted factors and hormones 

 Many cellular processes during development and homeostasis are directed by 

extracellular signals including secreted factors and hormones. However, approaches to 

identify candidate secreted factors has been limited to computational analysis that 

predict canonical signals of secretion in gene sequences. Recent studies have 
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uncovered that these computational approaches do not efficiently account for non-

canonical secretion signals present in more than 50% of secreted factors and hormones 

(Jan et al., 2014; Fazal et al., 2019). This clearly highlights a need for novel approaches 

that permit an unbiased identification of secreted factors across organs and tissues. 

 Our approach for identifying secreted factors combines the biochemical isolation 

of ribosome/translocon complexes and high-throughput RNA-sequencing. As the 

biogenesis of secreted factors is directed by ribosome/translocon complexes at the 

endoplasmic reticulum (ER) membrane, the quantification of mRNAs in these 

complexes can be a proxy for their relative expression in a cell (Jan et al., 2014; Fazl et 

al., 2019). The ER-sequencing method combines the isolation of these mRNAs based 

on the biochemical isolation of ribosome/translocon complexes in hPSCs and 

differentiated progeny with high-throughput RNA-sequencing for transcript expression 

level quantification. Similar approaches have been described in yeast and cancer cells 

to selectively isolate mRNAs of secreted factors based on proximity-based labeling of 

ER-localized ribosomes (Jan et al., 2014; Fazl et al., 2019). Similar to these alternative 

approaches, our method significantly enriches for mRNAs encoding secreted factors in 

hPSCs and SC-β cells. Although we also detect mRNA transcripts of factors that are 

cytoplasmic or nuclear-localized, these classes of mRNAs are selectively depleted, 

similar to other approaches (Jan et al., 2014; Fazl et al., 2019; Reid et al., 2014).  

 When applied to SC-β cells, the ER-sequencing method significantly enriches for 

regulators of insulin secretion and hormone transport.  We also demonstrate that this 

method can be used to identify novel uncharacterized genes expressed in SC-β cells as 

well. Among these genes, we hypothesize that some may have functional roles in 
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controlling β cell function, insulin secretion and glucose homeostasis. Another potential 

application of this method would be the identification of disease biomarkers for diabetes. 

ER-sequencing can be used to probe gene expression changes in SC-β cells upon 

exposure to stressors.  As stressed β cells contribute to the progression of diabetes 

(Tersey et a., 2012), this platform could identify circulating factors secreted from 

stressed β cells that can serve as diagnostic biomarkers for disease progression. 

Similarly, this technology can be used to identify disease biomarkers for any disease-

relevant cell type that can be differentiated from hPSCs in vitro. Some examples of 

diseases with pressing unmet needs for prognostic biomarkers that ER-sequencing may 

help identify are Alzheimer’s disease, rheumatoid arthritis and cardiovascular disease. 

We expect this tool to be transformative as it can identify hormones with novel functions 

and disease biomarkers. 

 

5.3.2 Elucidation of a novel axis controlling glucose metabolism 

 Frederick Banting, Charles Best and colleagues discovered insulin almost 100 

years ago (Banting and Best, 1922).  Although progress has been made in the 

development of therapies for diabetic patients, insulin remains the only hormone known 

to be produced by β cells to promote glucose clearance. We challenged this model and 

sought to identify potential secreted factors that, like insulin, may also regulate glucose 

homeostasis. By enriching for ER-targeted mRNAs, ER-sequencing allowed us to 

identify 11 genes that were previously unannotated that may represent bona fide 

secreted factors. One of them, a gene we named ER-Seq08, improves glucose 

clearance in a glucose tolerance test compared to controls when expressed in the liver, 
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suggesting it may promote glucose uptake from metabolic tissues. Importantly, its 

glucose-lowering activity is independent of insulin activity, as the enhanced glucose 

clearance was not affected in the presence of an insulin receptor antagonist or in a β 

cell ablation model (Schäffer et al., 2008). Thus, ER-Seq08 may represent another axis 

by which β cells regulate glucose homeostasis.  

 Key to our understanding of how this factor regulates glucose homeostasis is to 

determine whether it is a bona fide hormone. A screen to identify the minimal protein 

sequence that is secreted with a glucose-lowering activity is essential. If we find this 

gene is a bona fide hormone, efforts to identify its receptor as well as to uncover the 

downstream mechanism promoting glucose clearance from circulation are required. 

Importantly, an assessment of how this factor synergizes with insulin signaling in the 

regulation of glucose homeostasis is crucial to determine how these axes interact and 

become dysregulated in the context of diabetes. We believe this putative hormone can 

also represent a novel biologic for the treatment of diabetes. 

 

5.4 Conclusions 

 In all, this work highlights the transformative potential of SC-β cells for the 

identification of novel mechanisms controlling human β cell development, regeneration 

and function. First, we used this platform to identify genetic regulators of differentiation 

to better control progenitor cell fate in vitro. This work led to the identification of YAP as 

a factor that controls pancreatic progenitor fate and informed protocol modifications that 

improve the directed differentiation of SC-β cells. Second, we developed a platform 

based on the genetic induction of β cell replication and single cell transcriptomics to 
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identify regulators of cell cycle re-entry in β cells. This led to the identification of a 

subpopulation of LIF-responsive expandable β cells and delineated a genetic pathway 

that may be modulated to promote human β cell regeneration. Lastly, we described the 

development of a method for the transcriptomic analysis of secreted factors and 

hormones expressed in β cells. Developing this method was key for the identification of 

ER-seq08, a factor that promotes glucose clearance in vivo. This work has significant 

implications for cell therapy, therapeutic regeneration of β cell mass and novel biologics 

for the treatment of diabetes. 
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