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In recent years, pancreatic islet cell transplantation has become a viable option to 

eliminate the need for frequent insulin injections in type I diabetic patients.  However, the 

shortage of organ donors limits widespread use of this therapy.  There is hope that this limitation 

can be overcome by generating transplantable replacement insulin-producing beta-cells from 

human embryonic stem cells (hESCs).  Studies of pancreas development in genetically 

engineered mice have provided the foundation for developing conditions that instruct hESCs to 

differentiate into pancreatic progenitors and beta-cells.  While pancreatic progenitors can be 
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efficiently generated in vitro, the efficiency of endocrine cell differentiation from these 

progenitors is still very low, thus compromising development of a cell-based therapy.  Therefore, 

further developmental studies are crucial to identify the molecular cues that regulate the switch 

from a pancreatic progenitor to a committed endocrine cell.  Here, I investigated the role of the 

transcription factor NRSF and a component in the NRSF corepressor complex, the histone 

demethylase LSD1, during pancreatic endocrine cell formation.  Using in vitro and in vivo models 

of pancreas development, we show that NRSF is specifically repressed in endocrine cells and late 

progenitors committed to the endocrine fate.   In pancreatic progenitors, NRSF occupies the 

regulatory regions of endocrine lineage-determining transcription factors.  However, genetic 

ablation of NRSF revealed that NRSF is dispensable for pancreatic endocrine cell formation and 

function.  In stark contrast, we show that the expression of LSD1, which has been shown to 

interact with a number of complexes, including the NRSF corepressor complex, is required for 

pancreatic endocrine cell formation.  Genetic inactivation of Lsd1 in pancreatic progenitors leads 

to selective loss of the endocrine cell lineage, but only during a short competence window, which 

precedes endocrine cell differentiation by several days. Chromatin profiling of LSD1-deficient 

progenitors at the end of this competence window revealed a novel role for LSD1 in facilitating 

enhancer activation. These data suggest that transcription factors are not necessarily the only 

drivers of cell fate and that chromatin remodelers can also orchestrate cell fate decisions.  Further, 

many factors have been thought to be master regulators of cell fate decisions, but LSD1 is the 

only factor to date that affects cell fate in multipotent progenitor cells prior to and independent of 

specification factors.  Altogether, my findings not only uncover novel roles for these two genes 

during pancreatic endocrine cell formation, but also contribute to our basic understanding of how 

transcription factors and chromatin-modifying enzymes affect cell fate. 
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Chapter 1: Introduction 

1.1. Cell therapy for Type I Diabetes 

Type I diabetes, also known as juvenile diabetes, is an autoimmune disorder in which the 

body destroys its own insulin-producing cells.  Patients produce little or no insulin leading to 

increased blood glucose levels, which can damage the kidneys, blood vessels, and the retina.  

Decades of research have contributed to developing therapies to help people with type I diabetes 

live long healthy lives, however, there is currently no cure for type I diabetes.   

In recent years, pancreatic islet transplantation has become a viable option to eliminate 

the need for frequent insulin injections in type 1 diabetic patients (Watson, 2015).  However, the 

shortage of organ donors limits widespread use of this therapy.  There is hope that this limitation 

can be overcome by generating transplantable replacement insulin-producing beta-cells from 

human embryonic stem cells (hESCs).  Studies of pancreas development in genetically 

engineering mice have provided the foundation for developing conditions that instruct hESCs to 

differentiate into pancreatic progenitors and functional beta-cells.   

ViaCyte Inc. has successfully generated pancreatic progenitors from hESCs that are 

capable of differentiating into functional insulin-producing beta-cells when transplanted into adult 

mice (Kroon et al., 2008).  Although essential cues to appropriately instruct progenitors to 

differentiate into functional endocrine cells in vitro remain to be identified, in vitro-generated 

progenitors can express key endocrine transcription factors, suggesting that endocrine 

commitment is properly initiated in hESCs cultures. Therefore, this hESC-based differentiation 

system provides a valuable tool to dissect the mechanisms that underlie the formation of 

endocrine cells that could not be previously explored in a human model due to limited access to 

human fetal tissue.  Understanding the fundamental mechanisms that contribute to endocrine cell 

formation using both in vivo and in vitro models of pancreas development will allow us to 

improve the cellular based therapies that may provide a cure for diabetes. 
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1.2. Pancreatic endocrine cell differentiation 

During embryonic development of the mammalian pancreas, multipotent progenitor cells 

give rise to both the endocrine (hormone-producing) and exocrine (acinar and ductal) lineages 

(Gu et al., 2002).  These multipotent progenitors first arise in the mouse at embryonic day (e) 

8.75-9.0 when pancreatic buds emerge from the foregut endoderm, which is marked by the 

expression of the transcription factor Pdx1 (Ohlsson et al., 1993).  These pancreatic buds begin to 

branch and the pancreatic progenitor cells proliferate.  At e10.5, these progenitors are marked by 

the combined expression of the transcription factors Pdx1, Ptf1a, Sox9, and Nkx6.1 (Ohlsson et 

al., 1993, Sander et al., 2000, Kawaguchi et al., 2002, Seymour et al., 2007).  Rapid 

differentiation of the pancreatic progenitors at e13.5-e14.5 results in the establishment of all five 

hormone expressing endocrine islet lineages (glucagon-producing alpha-cells, insulin-producing 

beta-cells, somatostatin-producing delta-cells, ghrelin-producing epsilon-cells, and pancreatic 

polypeptide-producing PP-cells) as well as the amylase-expressing acinar cells (Seymour and 

Sander, 2011). As pancreatic development proceeds, Pdx1 and Nkx6.1 expression become 

restricted to the endocrine lineage while Ptf1a and Sox9 expression becomes restricted to the 

acinar and ductal lineages, respectively.  Lineage commitment of multipotent progenitors to an 

endocrine fate is marked by the expression of the transcription factors, Neurogenin 3 (Ngn3) and 

NeuroD1 (Naya et al., 1997, Gradwohl et al., 2000).  Ngn3 induction restricts progenitors to the 

endocrine lineage.  In vitro evidence suggests that Ngn3 directly targets NeuroD1 and activates 

its expression in endocrine precursor cells.  Both Ngn3 and NeuroD1 are functionally important 

in islet development as demonstrated by the observations that Ngn3-deficiency in mice results in 

a complete loss of all endocrine cells in the pancreas and NeuroD1-deficient mice display small, 

disorganized islets and die perinatally due to severe diabetes.  Despite the importance of Ngn3 

and NeuroD1 in endocrine commitment, little is known about how their expression is regulated 

during differentiation of pancreatic progenitors into mature endocrine cells. 



 

  

3

1.3. Chromatin remodeling 

In the last two decades, a great deal of progress has been made uncovering the 

transcriptional regulators that govern pancreas development and endocrine cell formation 

(Seymour and Sander, 2011).  The knowledge gained has provided the foundation for identifying 

cues that instruct hESC to differentiate into pancreatic progenitors.  However, while pancreatic 

progenitors can be reliably generated in vitro, the generation of functional endocrine cells from 

these progenitors is still very inefficient (Kroon et al., 2008).  Only upon transplantation of these 

in vitro-generated pancreatic progenitors into mice do they yield mature, functional beta-cells.  

Because the in vivo maturation process remains somewhat elusive, further developmental studies 

are crucial to identify the molecular cues that regulate the switch from a pancreatic progenitor to a 

committed functional endocrine cell.   

Besides the well-studies role of pancreatic transcription factors in pancreas development, 

the epigenetic basis of this process is poorly understood.  Transcription factors and co-activators 

and co-repressors function in the context of chromatin, the tightly packed complex of DNA and 

histone proteins whose primary function is to control gene expression (Kornberg, 1974, Li et al., 

2007).  Chromatin structure is highly dynamic and plays an integral role in regulating the access 

of transcriptional machinery to DNA.  The structure of chromatin is highly dependent on covalent 

modifications of the core histone proteins.  These modifications, including methylation and 

acetylation, are carried out by highly specialized proteins known as chromatin remodeling 

enzymes (Bannister and Kouzarides, 2011).  The biochemical functions of the chromatin 

remodeling enzymes which are capable of “writing” and “erasing” these modifications have been 

studies extensively in vitro. Yet their functional roles in vivo remain elusive.  Many chromatin 

remodeling enzymes are recruited to regulatory regions by transcription factors to form regulatory 

complexes that mediate gene expression.  Although transcription factors are thought to be the 
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primary mediators of cell fate through regulation of gene expression programs, far less is known 

how chromatin remodeling factors influence cell fate decisions. 

 

1.4. The NRSF corepressor complex 

1.4.1. NRSF and endocrine gene regulation 

Several studies have shown that there are similarities between pancreatic endocrine cells 

and neurons in differentiation and physiology, suggesting the mechanisms regulating gene 

expression in neurons may be conserved in endocrine cells of the pancreas (Atouf et al., 1997, 

Apelqvist et al., 1999).  For example, expression of NeuroD1 drives the differentiation of 

neuronal progenitors into mature neurons (Cho and Tsai, 2004).  Also, the expression of Ngn2 (a 

homolog of Ngn3) commits neuronal progenitor cells to an interneuron and/or motor neuron fate 

(Mizuguchi et al., 2001, Scardigli et al., 2001, Helms et al., 2005).  Paralleling the processes of 

neurogenesis, expression of the transcription factors Ngn3 and NeuroD1 in the pancreas mark the 

commitment of multipotent progenitor cells to the endocrine fate (Naya et al., 1997, Gradwohl et 

al., 2000, Gu et al., 2002).  Differentiation of neural progenitors into mature neurons accompanies 

the downregulation of the transcriptional repressor, Neural Restrictive Silencing Factor (NRSF) 

(Ballas et al., 2001, Lunyak et al., 2002, Ballas et al., 2005).  NRSF functions as a repressor of 

NeuroD1 and other neuronal genes in neuronal progenitors, likely binding to sites, known as the 

neuron-restrictive silencing element (NRSE).  Recent genome-wide mapping of NRSF-DNA 

binding has demonstrated occupancy of Ngn3 and NeuroD1 regulatory sequences by NRSF 

(Johnson et al., 2007).  Similar to differentiated neurons, endocrine cell lines do not express 

NRSF and transgenic mice ectopically expressing NRSF specifically in beta-cells become 

glucose intolerant and have a reduced beta-cell mass (Abderrahmani et al., 2004, Martin et al., 

2008, Martin et al., 2012).  Together, these studies suggest that proper endocrine differentiation 

and function requires downregulation of NRSF.   
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Transcriptional repression by NRSF is contingent upon its interaction with corepressor 

complexes, which mediate gene repression through chromatin modifications on NRSF target 

genes.  Although NRSF is able to recruit multiple distinct co-repressor complex proteins, not all 

complexes are recruited to all genes (Jepsen et al., 2000, Lunyak et al., 2002).  Currently, it is 

unclear what factors regulate the specific recruitment of the different co-repressors to NRSF.  

Biochemical studies have demonstrated that the C-terminal domain of NRSF can recruit the Co-

REST complex, which contains the histone deacetylase proteins HDAC1 and HDAC2; the 

SWI/SNF chromatin remodeling ATPase, Brg1; and the histone demethylase, LSD1 (Andres et 

al., 1999, Battaglioli et al., 2002, Shi et al., 2005, Ooi et al., 2006). The mSin3a complex can also 

be recruited to the N-terminus of NRSF to mediate further repression through its interactions with 

HDAC1 and HDAC2 (Huang et al., 1999, Naruse et al., 1999, Grimes et al., 2000, Roopra et al., 

2000).  Recruitment of these complexes thus results in chromatin modifications at NRSF target 

genes that lead to the repression of neuron-specific genes in neuronal progenitors.  Proteolytic 

degradation and transcriptional downregulation of NRSF during neurogenesis allows for the 

derepression and activation of neuronal genes and differentiation of neurons from their 

progenitors (Chen et al., 1998, Ballas et al., 2005).  Once NRSF is lost, the Co-REST complex 

remains at the promoters of target genes in some contexts to mediate long-term silencing (Lunyak 

et al., 2002).  However, NRSF also represses genes in a transient manner in which long-term 

repression by Co-REST is not required.  In this context, co-repressor proteins may not form stable 

interactions with chromatin once NRSF is lost, allowing for expression of the target gene. Our 

current understanding of NRSF function in transcriptional regulation has only been studied in the 

context of neural development.  Despite the similarities in gene regulation between neurons and 

pancreatic endocrine cells, it remains to be studied whether NRSF and its co-repressor complexes 

are recruited to endocrine-specific genes in the developing pancreas.    
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1.4.2. LSD1 and enhancer regulation 

One component of the NRSF corepressor complex is the highly conserved histone 

demethylase LSD1 (Lunyak et al., 2002).  Although LSD1 was first identified in the NRSF 

complex, it has been shown to interact with a number of complexes including CtBP and NuRD 

complexes (Wang et al., 2007, Wang et al., 2009, Mulligan et al., 2011).  Extensive in vitro 

studies of the biochemical function of LSD1 have shown that LSD1 specifically demethylates 

mono- and di-methyl H3K4 and H3K9 (Shi et al., 2004, Metzger et al., 2005, Cai et al., 2014, 

Laurent et al., 2015).  The removal of H3K4 methyl marks fosters gene repression while the 

removal of H3K9 methyl marks promotes gene activation.  Although LSD1 can mediate both 

repression and activation, its specific activity is highly dependent on its complex interactions with 

cellular context-specific co-factors.  Interactions with the NRSF, CtBP, and NuRD complexes 

promote removal of H3K4me1 and H3K4me2 methyl residues resulting in repression (Shi et al., 

2004, Wang et al., 2007, Laurent et al., 2015).  While the removal of H3K9me1 and H3K9me2 

methyl marks by LSD1 have been proposed to occur through interactions with androgen receptor 

to promote gene activation (Metzger et al., 2005).   

While the biochemical function of LSD1 has been studies extensively in vitro, the role of 

LSD1 in vivo has remained largely unexplored (Shi et al., 2005, Wang et al., 2007).  Recent work 

in mouse ESCs and hematopoietic progenitors has shown that LSD1 is a mediator of enhancer 

activity (Whyte et al., 2012, Kerenyi et al., 2013).  Enhancers are cis-acting regulatory regions 

that are key mediators of cell-type specific gene expression. In mouse ESCs, transcription factors 

that maintain the pluripotent state recruit LSD1 to stem cell enhancers.  Upon differentiation, 

LSD1 removes H3K4me1 marks on these enhancers to render them decommissioned.  Inhibition 

of LSD1 results in a failure to alter the chromatin of these stem cell enhancers and an incomplete 

shutdown of stem cell genes.  These data suggest LSD1 demethylation activity is important at 
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enhancers during cell state transitions; however the role of LSD1 during pancreatic endocrine cell 

formation has not been studied. 

 

1.5. Objective 

This research work aims to investigate the role of the transcription factor NRSF and the 

histone demethylase LSD1 during pancreatic endocrine cell formation using in vitro and in vivo 

models of pancreas development.  The information gained from these studies will further our 

current understanding of the molecular cues that govern endocrine cell formation and potentially 

yield novel insights into developing more effective and efficient cellular based therapies towards 

a treatment for type I diabetes. 
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Chapter 2:  The transcription factor NRSF is dispensable for 

pancreatic endocrine cell formation and function 

 

2.1. Abstract 

Identifying molecular cues that regulate the differentiation of pancreatic progenitors into 

endocrine cells is crucial for the development of cell-based therapies for diabetes.  Despite the 

importance of this process, little is known about the specific transcriptional events that regulate 

this step.  Studies of neuronal development have established that the transcriptional repressor, 

neuron-restrictive silencing factor (NRSF), controls the differentiation of neuronal progenitors 

into a mature neuron.  Because of the striking similarity between the regulatory gene pathways 

that govern pancreatic endocrine differentiation and neurogenesis, we investigated whether NRSF 

plays a role in repressing endocrine genes during pancreatic endocrine cell formation.  Using in 

vitro and in vivo models of pancreas development, we show that NRSF is specifically repressed in 

endocrine cells and late progenitors committed to the endocrine fate. In pancreatic progenitors, 

NRSF occupies the regulatory regions of endocrine lineage-determining transcription factors. 

However, genetic ablation of NRSF revealed that NRSF is dispensable for pancreatic 

development and the differentiation to either the endocrine or exocrine lineage. Further, we 

generated mice with sustained expression of NRSF in pancreatic progenitors and found that 

pancreatic differentiation remained unperturbed. Finally, NRSF did not affect beta-cell function, 

as loss of NRSF in adult beta cells did not result in changes in hormone expression or response to 

glucose.  These results establish that while NRSF is specifically repressed during endocrine 

differentiation and occupies regulatory regions of endocrine commitment genes in in vitro-

generated progenitors, the expression of NRSF is dispensable for endocrine cell formation and 

pancreas development in vivo.  
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2.2. Introduction 

Lineage commitment of multipotent progenitors to an endocrine fate is marked by the 

expression of the transcription factors, Neurogenin 3 (Ngn3) and NeuroD1 (Naya et al., 1997, 

Gradwohl et al., 2000, Gu et al., 2002).  Ngn3 induction restricts progenitors to the endocrine 

lineage while Ngn3-deficiency in mice results in a complete loss of all endocrine cells in the 

pancreas.  In vitro evidence suggests that Ngn3 directly targets NeuroD1 and activates its 

expression in endocrine precursor cells.  NeuroD1 is also functionally important in islet 

development as demonstrated by the observation that NeuroD1-deficient mice display small, 

disorganized islets and die perinatally due to severe diabetes.  Despite the importance of Ngn3 

and NeuroD1 in endocrine commitment, little is known about how they are regulated during 

differentiation of pancreatic progenitors into mature endocrine cells. 

Several studies have shown that there are similarities between pancreatic endocrine cells 

and neurons in differentiation and physiology, suggesting the mechanisms regulating gene 

expression in neurons may be conserved in endocrine cells of the pancreas (Atouf et al., 1997, 

Apelqvist et al., 1999).  For example, the expression of NeuroD1 drives the differentiation of 

neuronal progenitors into mature neurons (Cho and Tsai, 2004).  Also, the expression of Ngn2 (a 

homolog of Ngn3) commits neuronal progenitor cells to an interneuron and/or motor neuron fate 

(Mizuguchi et al., 2001, Scardigli et al., 2001, Helms et al., 2005).  Studies of neuronal 

development have established that the transcriptional repressor, neuron-restrictive silencing factor 

(NRSF, also known as REST) controls the differentiation of neuronal progenitors into a mature 

neuron (Naruse et al., 1999, Ballas et al., 2001, Lunyak et al., 2002, Ballas et al., 2005). In 

neurons, the activation of NeuroD1 and induction of neurogenesis critically depends on the 

downregulation of NRSF in neuronal progenitors.  NRSF functions as a repressor of NeuroD1 by 

binding to NRSF-binding elements in its promoter and by recruiting chromatin modifiers, such as 

LSD1, to demethylate histones and, thus, repress gene transcription.  Importantly, recent genome-
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wide mapping of NRSF-DNA binding has shown occupancy of the NeuroD1 and Ngn3 

regulatory sequences by NRSF in a non-neuronal cell lines (Johnson et al., 2007).  Similar to 

differentiated neurons, islet cell lines do not express NRSF, opening the possibility that 

differentiated endocrine cells exclude NRSF to appropriately express endocrine genes (Atouf et 

al., 1997, Abderrahmani et al., 2004). Because of the striking similarity between the regulatory 

gene pathways that govern pancreatic endocrine differentiation and neurogenesis, NRSF may be 

involved in repressing genes critical for endocrine lineage commitment in pancreatic progenitors.   

To explore the role of NRSF during pancreatic endocrine cell commitment, we first 

characterized the expression of NRSF during pancreas development.  We found NRSF is 

specifically downregulated when pancreatic progenitors commit to the endocrine lineage in vitro 

and in vivo.   Using in vitro-generated pancreatic progenitors, we confirmed that NRSF binds to 

the regulatory regions of Ngn3 and NeuroD1.  Further analysis revealed NRSF is differentially 

regulated in pancreatic progenitors and terminally-differentiated isolated islets.  To determine the 

role of NRSF during pancreas development, we specifically ablated NRSF in pancreatic 

progenitors.  Unexpectedly, we found the loss of NRSF did not affect pancreas development or 

differentiation into either the endocrine and exocrine lineage. Further, we generated mice with 

sustained expression of NRSF in pancreatic progenitors and found that pancreatic differentiation 

remained unperturbed. Finally, NRSF did not affect beta-cell function, as loss of NRSF in adult 

beta cells did not result in changes in hormone expression or response to glucose. Together, these 

results establish that while NRSF is specifically repressed during endocrine cell commitment and 

occupies regulatory regions of endocrine commitment genes, the expression of NRSF is not 

required for the regulation of this process.   

 

2.3.  Results 
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2.3.1. NRSF is downregulated during pancreatic endocrine differentiation and 

occupies Ngn3 and NeuroD1 regulatory regions in pancreatic progenitors. 

Differentiation of neuronal progenitors into mature neurons requires the downregulation 

of NRSF (Ballas et al., 2001). To determine if NRSF is regulated in a similar manner during 

endocrine cell development, we characterized Nrsf expression during pancreatic lineage 

progression. Here we analyzed expression datasets of purified populations of endocrine cells, 

pancreatic progenitors and lineage intermediates generated in vitro from human embryonic stem 

cells (hESCs), as well as populations of endocrine cells generated in vivo. Nrsf expression was 

maintained throughout the lineage progression from embryonic stem cells to pancreatic 

progenitors, and became quickly downregulated in endocrine cells derived in vitro and in vivo 

(Figure 2.1A). Since pancreatic progenitors give rise to both endocrine and exocrine (acinar and 

ductal) lineages, we sought to determine if Nrsf is specifically downregulated in the differentiated 

endocrine cells.  We analyzed the expression datasets of purified acinar, ductal, and endocrine 

cells and found that Nrsf expression was lower in endocrine cells compared to the exocrine cell 

types (Figure 2.1B). These data indicate that Nrsf is highly expressed in pancreatic progenitors, 

but specifically downregulated in endocrine cells. 

We next sought out to determine whether the expression of NRSF is regulated in a 

developmentally-controlled manner in vivo. For this, we performed Western blot analysis on wild 

type e12.5 and e15.5 pancreatic buds, and isolated adult islets. We found that NRSF protein 

expression decreased significantly from e12.5 to e15.5 and was undetectable in the adult islet 

(Figure 2.1C).  In addition, quantitative real-time PCR (qRT-PCR) analysis demonstrated a 

significant decrease in Nrsf expression in adult islets when compared to e12.5 pancreas (Figure 

2.1D). The expression profiles suggest that NRSF is downregulated in the developing mouse 

pancreas by e15.5, the time window in which progenitors begin differentiating into the endocrine 

lineage.   
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To confirm that Nrsf is specifically downregulated in endocrine-committed progenitors, 

we analyzed the expression of Nrsf in three cell populations: (1) sorted eGFP+ cells from Sox9-

eGFP e10.5 embryos, which give rise to all pancreatic cell types; (2) Sox9eGFP e15.5 embryos, 

which are capable of differentiating into ductal or endocrine cells; and (3) eYFP+ cells from 

Ngn3eYFP e15.5 embryos, which have committed to the endocrine lineage.  Nrsf expression was 

maintained in both e10.5 and e15.5 pancreatic progenitor populations, but was significantly 

downregulated in e15.5 endocrine-committed progenitors (Figure 2.1E).  Together, these data 

suggest that NRSF expression is maintained during early pancreatic development, but is 

specifically downregulated when pancreatic progenitors commit to the endocrine lineage. 

Genome-wide mapping of NRSF-DNA binding has shown occupancy of the NeuroD1 

and Ngn3 regulatory sequences by NRSF in a non-neuronal cell lines (Johnson et al., 2007).  To 

determine if the predicted NRSF binding sites on the Ngn3 and NeuroD1 regulatory regions are 

occupied by NRSF in pancreatic progenitors, we performed chromatin immunoprecipitation 

(ChIP) using an antibody against NRSF.  ChIP analysis revealed specific occupancy of NRSF at 

the predicted NRSF binding site of the NeuroD1 and Ngn3 regulatory regions (Figure 2.1F).  

These data suggest NRSF directly regulates Ngn3 and NeuroD1 expression in pancreatic 

progenitors. 

 

2.3.2. NRSF is differentially regulated in pancreatic progenitors and islets. 

Differential expression of NRSF during endocrine cell formation suggests differential 

regulation in progenitors and endocrine cells.   To investigate how NRSF may be differentially 

regulated, we analyzed binding data of the promoter region, marked by the histone marks 

H3K4me3 and H3K4me1, of NRSF in hESC-derived pancreatic progenitors and isolated human 

islets (Figure 2.2A, B).  Analysis of H3K27ac, the histone mark of genes that are actively 

transcribed, revealed that the promoter of NRSF is active in pancreatic progenitors but not in 
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islets (Figure 2A, B).  To investigate which transcription factors may be involved in regulating 

NRSF expression, we analyzed direct binding data of previously published ChIP-seq datasets for 

PDX1, GATA6, HNF6, and FOXA2 in pancreatic progenitors and NKX2.2, PDX1, FOXA2, and 

NKX6.1 in islets (Weedon et al. 2014, Pasquali et al, 2014) . Our analysis revealed PDX1, a 

master regulator of pancreatic progenitor identity, binds the NRSF promoter in pancreatic 

progenitors when NRSF expression is high.  In islets, NKX2.2, whose expression in islets is 

required to maintain islet function through repressive mechanisms, binds to the NRSF promoter in 

islets when NRSF levels are low (Figure 2.2A, B). Expression analysis of PDX1 and NKX2.2 

further revealed NRSF expression levels correlated with high levels of PDX1 and low levels of 

NKX2.2 in pancreatic progenitors and low levels of PDX1 and high levels of NKX2.2 in islets 

(Figure 2.2C).  These data demonstrate that NRSF expression is developmentally regulated by 

PDX1-mediated activation in pancreatic progenitors and NKX2.2-mediated repression in islets 

(Figure 2.2D).    

 

2.3.3. NRSF is dispensable for pancreas development and endocrine cell 

formation. 

Given our data showing NRSF targets endocrine genes in pancreatic progenitors, we next 

investigated NRSF function during pancreatic endocrine development with in vivo loss-of-

function studies.  Due to embryonic lethality of NRSF-/- mice, we generated a pancreas-specific 

deletion of NRSF through Pdx1Cre mediated recombining of the NRSFflox allele.  Based on 

western blot analysis, the NRSFflox allele was efficiently recombined in Pdx1Cre;NRSFflox/flox  

(NRSFΔpan/Δpan) mice, with a marked reduction in NRSF protein levels at e12.5 compared to 

control pancreatic buds (data not shown).  At e12.5, we observed no difference in pancreatic 

progenitor formation and morphogenesis in NRSFΔpan/Δpan compared to control embryos (Figure 

2.3A-D, K). We also observed no difference in the expression pattern of the pancreatic progenitor 
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markers Pdx1 and Sox9 (Figure 2.3A, B).   Due to the marked reduction of NRSF during 

endocrine commitment during normal pancreas development (Figure 2.1), we predicted that the 

loss of NRSF would cause premature endocrine cell commitment of the pancreatic progenitors.  

Contrary to this prediction, we did not observe any difference in the endocrine progenitor markers 

Ngn3 and NeuroD1, or the endocrine hormone glucagon at e12.5 (Figure 2.3C, D, L).  At e15.5, 

we observed no difference between NRSFΔpan/Δpan and control in the formation pancreatic 

progenitor cords, which have been shown to give rise to ductal and endocrine progenitors, marked 

by Sox9 and Ngn3, respectively (Figure 2.3E, F). By birth, we observed no difference in the 

formation of amylase+ exocrine cells or insulin+, glucagon+, or somatostatin+ endocrine cells in 

NRSFΔpan/Δpan and control pups (Figure 2.3G-J, M).  Together, these data suggest that NRSF is not 

required for pancreas development or the formation of exocrine and endocrine cells. 

 

2.3.4. Sustained expression of NRSF in pancreatic progenitor cells does not affect 

pancreatic differentiation. 

Although the loss of NRSF did not affect endocrine cell formation, it is possible that 

sustained expression of NRSF may prevent progenitors from differentiating into the endocrine 

lineage. To determine if ectopic expression of NRSF in pancreatic progenitors affects the 

differentiation of pancreatic progenitors into the endocrine lineage, we generated Pdx1-Cre;CAG-

tTA;Rosa26mCherry-tetO-NRSF mice.  In these mice, when Cre is expressed in the Pdx1+ cells, 

recombination allows the CAG promoter to drive the expression of the tTA protein.  The tTA 

protein will bind to the TetO promoter driving the expression of the NRSF and mCherry alleles.  

As a result, the pancreatic progenitor cells with sustained NRSF expression are co-labeled with 

the mCherry reporter.  We found that the mCherry+ cells contributed to the endocrine lineage, 

marked by insulin and glucagon (Figure 2.4A,B) as well as the exocrine lineage, marked by 
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amylase (Figure 2.4C,D).   These data indicate that sustained expression of NRSF does not affect 

the formation of endocrine or exocrine cells in the pancreas. 

 

2.3.5. NRSF is not required for adult beta-cell function. 

While our results indicate that NRSF is dispensable for endocrine cell formation, it may 

be possible that NRSF functions to repress target genes crucial for proper beta-cell function or 

survival.  To determine if the loss of NRSF affects the maintenance and function of adult beta-

cells, we aged NRSFΔpan/Δpan and control mice to 12-weeks old and analyzed endocrine hormone 

expression.  We observed no difference in the expression of the beta-cell hormone insulin or the 

alpha-cell hormone glucagon (Figure 2.5A).  To determine if loss of NRSF impacts beta-cell 

function, we conducted glucose tolerance tests and measured blood glucose.  We observed no 

significant difference in fasting blood glucose levels and glucose tolerance in NRSFΔpan/Δpan mice 

when compared to control mice (Figure 2.5B).  Together, these data indicated that the loss of 

NRSF in the pancreas does not affect the maintenance and function of adult beta-cells. 

 

2.4. Discussion 

In this study, we found NRSF is dispensable for endocrine cell differentiation and 

pancreas development and function.  Based on the proposed repressive roles for NRSF during 

neurogenesis and the conserved developmental mechanisms of pancreatic endocrine cells and 

neurons, we anticipated the loss of NRSF in the developing pancreas would cause progenitors to 

precociously differentiate into endocrine cells or cause failure of these endocrine cells to function 

properly.  Although we did confirm that NRSF occupies the regulatory regions of Ngn3 and 

NeuroD1in pancreatic progenitors generated in vitro, genetic ablation of NRSF in the developing 

mouse pancreas does not affect the expression of Ngn3 or NeuroD1.  The loss of NRSF in the 

developing pancreas did not alter formation and function of the pancreas, and the mice grew to 
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adulthood without obvious morphological and physiological defects.  Further, we found 

pancreatic progenitors with sustained NRSF expression did not interfere with the formation of the 

endocrine lineage in vivo.  These findings suggest that, in contrast to its potential repressive role 

of the endocrine fate in vitro, NRSF does not affect endocrine cell formation in vivo.   

Our results demonstrate that in pancreatic progenitors, Ngn3 and NeuroD1 are regulated 

by a mechanism independent of NRSF.  Since transcriptional repression by NRSF is contingent 

upon interactions with the chromatin remodeling complexes such as the CoREST and mSin3A 

complexes (Naruse et al., 1999, Lunyak et al., 2002, Ballas et al., 2005).  It is possible that in 

mice where NRSF is genetically ablated during pancreas development, an alternative 

transcription factor may compensate for the loss of NRSF and recruit the necessary chromatin 

regulatory machinery to regulate Ngn3 and NeuroD1 in pancreatic progenitors.    

Although NRSF knockout mice undergo premature derepression of neuronal target genes 

and die during embryogenesis, recent studies using conditional knockout NRSF mice have 

yielded a differing role for NRSF during neurogenesis (Chen et al., 1998, Gao et al., 2011, Aoki 

et al., 2012).  Aoki et al. observed the loss of NRSF during early embryonic neurogenesis does 

not alter neuronal gene expression or the formation of the brain, and these mice appear normal.  

In contrast, Gao et al. observed derepression of NRSF target genes and an increase in 

neurogenesis in the hippocampus when NRSF is ablated in adult neural stem cells.  These results 

suggest that the loss of NRSF during embryogenesis may activate a compensatory mechanism 

that is not activated when NRSF is lost in adult cells.  

Our in vivo findings indicating that NRSF is dispensable during pancreas development 

led us to consider the possibility that NRSF plays a role in adult beta-cell function and 

maintenance. While our studies using NRSFΔpan/Δpan suggest that it is not essential in the adult beta 

cell, this contradicts others findings using transgenic mice expressing NRSF under the control of 

the rat insulin promoter (Martin et al., 2012). These mice had decreased beta-cell mass, reduced 
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insulin plasma levels, and impaired glucose intolerance, suggesting that the expression of NRSF 

is specifically excluded in beta-cells to maintain proper function.  However, because NRSF 

expression is artificially sustained, their results may not accurately represent the endogenous 

function of NRSF in beta-cells.  

Interestingly, a recent study has shown that NRSF is activated in the ageing brain and 

regulates a neuroprotective stress response that may be central to cognitive preservation during 

ageing (Lu et al., 2014). Here, NRSF-deficient mice show a progressive age-related 

neurodegenerative phenotype similar to Alzheimer’s disease.  From this study, one can then 

speculate a role for NRSF as a protective stress response against type II diabetes in adult-beta 

cells. Further studies using NRSF conditional pancreas-specific mice fed a high fat diet may 

reveal a similar age- and stress-dependent role for NRSF in the pancreas. 

 

 
2.5. Materials and Methods 

2.5.1. Mouse strains 

Sox9eGFP (Gong et al., 2003), Ngn3eYFP (Mellitzer et al., 2004), Pdx1Cre (Gu et al., 

2002), and CAG-tTA (Zhang et al., 2010) mouse strains have been previously described.  To 

generate NRSFflox mice, we injected NRSFflox mouse ES cells into blastocysts and generated 

chimeric mice that were crossed to C57Bl/J6 mice (Buckley et al., 2009).  The NRSFflox mice 

were maintained on the mixed 129Sv/C57Bl6/J genetic background. Embryos were harvested 

from timed matings in which noon of the day of vaginal plug appearance was considered as e0.5. 

To generate Rosa26mCherry--tetO-NRSF mice, the mouse NRSF coding sequence was cloned from 

cDNA (OpenBiosystems) by linker-primer PCR. The PCR product was then cloned into the 

pBR322-hygro-ptight-mcherry vector, screened for orientation, and confirmed for bi-

directionality. The bidirectional mCherry-tetO-NRSF gene was inserted as a single copy 
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transgene into a functionally-disabled Rosa26 gene locus using recombinase-mediated cassette 

exchange as previously described (Long et al., 2004, Chen et al., 2011).   Mice bearing the 

Rosa26mCherry-tetO-NRSF allele were obtained after blastocyst microinjections, chimera matings, and 

FlpE-mediated removal of an FRT-flanked hygromycin resistance cassette.  

   

2.5.2. Islet Isolations 

Islet isolations were performed as previously described (Schaffer et al., 2011). Briefly, 

Liberase TL (Roche) was perfused into pancreata at a working concentration of 0.655 units/mL 

through the common hepatic bile duct. Pancreata were then removed and dissociated at 37°C for 

15 min. Islets were separated onto a gradient composed of HBSS (Cellgro) and Histopaque 

(Sigma) layers. Purified islets were then hand-picked twice under a dissection microscope to 

minimize acinar contamination. 

 

2.5.3. Fluorescent activated cell sorting, microarray analysis and mRNA 

quantification 

Total RNA was isolated from sorted eGFP+ and eGFP− cell fractions from e10.5 and 

e15.5 Sox9-eGFP mice and eYFP+ and eYFP− cells from e15.5 Ngn3-eYFP mice. For fluorescent 

activated cell sorting, tissue was first dissociated with collagenase B/trypsin, and sorted on a 

FACSAria II (BD Biosciences). Three independent samples were hybridized to an Affymetrix 

Mouse Gene 1.0 ST array. Microarray data are available at GEO under accession GSE34060. de 

novo motif analysis was performed using Hypergeometric Optimization of Motif EnRichment 

(HOMER) (Heinz et al., 2010). 
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2.5.4. hESC culture and pancreas differentiation. 

CyT49 human embryonic stem cells (hESCs) were maintained and differentiated into 

pancreatic progenitors (synonymous with pancreatic endoderm) as previously described (Schulz 

et al., 2012, Xie et al., 2013). hESC research was approved by the University of California San 

Diego Institutional Review Board and Embryonic Stem Cell Research Oversight Committee.   

 

2.5.5. Chromatin immunoprecipitation 

For the NRSF ChIP, hESC-derived pancreatic progenitors were fixed in 1% 

formaldehyde at room temperature for 15 minutes.  Cells were fixed in 1% formaldehyde at room 

temperature for 15 minutes. Fixation was stopped by the addition of glycine (0.125 M final 

concentration) and chromatin was isolated by disrupting the cells with a Dounce homogenizer. 

Lysates were sonicated using a Bioruptor Sonicator (Diagenode) four times for 5 min each with a 

30 s on-and-off cycle, resulting in 200–500 bp chromatin fragments. Lysates were cleared by 

centrifugation and stored at -80 oC. Genomic DNA (input) was prepared by treating aliquots of 

chromatin with RNaseA, proteinase K, and heat for reversal of crosslinking, followed by 

phenol/chloroform extraction and ethanol precipitation. Purified DNA was quantified on a 

NanoDrop spectrophotometer.  qPCR reactions were run in biological triplicates and in technical 

replicates. A CFX96 real-time system (BioRad) was used to acquire data from qRT-PCR 

reactions. 

 

2.5.6. RNA 

Total mRNA was purified from microdissected embryo pancreatic epithelium and 

isolated islets from individual mice with the RNAeasy Micro kit (QIAGEN). Subsequent cDNA 

synthesis was performed using the iScript Reverse Transcription Supermix for RT-qPCR 

(BioRad). qPCR reactions were run in biological triplicates and in technical replicates with 0.5 to 
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5 ng cDNA per reaction. A CFX96 real-time system (BioRad) was used to acquire data from 

qRT-PCR reactions.  

 

2.5.7. Western blot 

For western blots, proteins from microdissected embryo pancreatic epithelium and 

isolated islets from individual mice were lysed in RIPA buffer and 30 μg of protein was loaded 

onto a 10% Tris-HCl SDS- polyacrylamide gel. Protein was then transferred to a nitrocellulose 

membrane and membranes were blocked in 5% milk PBS/0.1% tween followed by incubation 

with rabbit anti-NRSF (Bethyl labs) in blocking solution overnight at 4°C and secondary 

antibodies for 1 hr at room temperature the following day. Blots were developed with the ECL 

system (Life Technologies, SuperSignalTM) according to the manufacturer’s protocols. 

 

2.5.8. Immunofluorescence analysis 

hESC-derived pancreatic progenitors and embryos were fixed in 4% paraformaldehyde 

(PFA) in PBS, equilibrated in 30% sucrose in PBS, cryoembedded in Tissue-Tek OCT (Sakura 

Finetek USA, Torrance, CA, USA) then sectioned at 10 mm. For immunofluorescence analysis, 

antigen retrieval was conducted in pH 6.0 citrate buffer followed by permeabilization in 0.15% 

Triton X-100 in PBS. Sections were blocked in 1% normal donkey serum in PBS with 0.1% 

Tween-20 then incubated overnight at 4oC with primary antibodies diluted in the same buffer; 

detection with secondary antibodies was conducted by a 1.5 h incubation at room temperature. 

Where necessary, nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI). Images 

were captured on either Zeiss Axioplan 2 or Axio Observer Z1 microscopes running Zeiss 

AxioVision 3.1 or 4.8 (both Carl Zeiss, Thornwood, NY, USA), respectively, and figures 

prepared with Adobe Photoshop/Illustrator CS5.5 and CS6 (Adobe Systems, San Jose, CA, 

USA). The following antibodies were used for immunofluorescence: rabbit anti-NRSF (Bethyl 
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labs), guinea pig anti-PDX1 (gift from C. Wright), guinea pig anti-insulin (human tissue Sigma, 

I2018, mouse tissue DAKO, A0564), mouse anti-glucagon (Sigma, G2654), goat anti-glucagon 

(Santa Cruz, sc-7780), rabbit anti-SOX9 (Millipore, AB5535), rabbit anti-somatostatin (Sigma, 

A0566), guinea pig anti-NGN3 (Henseleit et al., 2005), goat anti-GHRL (Santa Cruz, sc-10368),  

and rabbit anti-Amylase (AMY) (Sigma, A8273). 

 

2.5.9. Morphometric analysis 

All pancreas sections were analyzed at e12.5 from a minimum of three embryos per 

genotype, while every fifth pancreas section was analyzed at P0. For determination of total 

pancreatic epithelial area at e12.5, E-cadherin+ area detected by E-cadherin antibody (Sigma, 

U3254) per section was measured using ZEN Blue Edition 2011 software (Carl Zeiss), which was 

calibrated to calculate values in μm2. Endocrine cell mass and area measurements at P0 were 

performed as previously described (Schaffer et al., 2011). Briefly, immunohistochemistry for 

insulin or glucagon was performed on evenly spaced sections throughout the entire pancreas. To 

calculate endocrine cell mass, tiled images were taken from each section; fluorescent area for 

DAPI was determined as the total pancreatic area (ImagePro Plus 5.0.1). To determine the 

percentage of cells expressing insulin or glucagon, the total number of insulin+ or glucagon+ cells 

was divided by the total pancreatic area. All values are shown as mean ± standard error of the 

mean (SEM); p values were calculated using unpaired Student's t test; p < 0.05 was considered 

significant.   

 

2.5.10. Glucose Tolerance Tests 

Glucose tolerance tests were performed as previously described (Schaffer et al., 2011).  

Briefly, mice were fasted overnight for 16 hr and blood glucose levels were recorded (Bayer 

Contour glucometer; Bayer, Tarreytown, NJ) before an intraperitoneal injection of a 1.5mg/g 
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body weight dextrose solution in sterile water. Blood glucose levels were recorded at 20, 40, 60, 

90, 120, and 150 min after injection. Cohorts of at least five mice per genotype were used to 

perform glucose measurements.  
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Figure 2.1: NRSF expression is downregulated in the developing pancreas as cells mature to 

endocrine cells. 

 

A. RNA-seq data reveals NRSF is highly expressed in early human embryonic lineages and 

becomes downregulated in differentiated endocrine cells of in vitro and in vivo origins. B. Human 

islets have reduced NRSF expression compared to acinar and ductal tissue. C, D. NRSF 

expression decreases as the pancreas differentiates. Immunoblot (C) and qRT-PCR analysis (D) 

of NRSF expression in mouse embryo compared to adult mouse islets. HeLa cell lysate (last lane) 

was used as a positive control. E.  NRSF is specifically downregulated in endocrine-committed 

cells. Sorted Sox9+ mouse pancreatic progenitors at e10.5 and e15.5 highly express Nrsf but 

Ngn3+ endocrine progenitors that are derived from these Sox9+ pancreatic progenitors, have 

significantly less Nrsf transcript. F. NRSF binds to the NRSF motif, known as the neuronal 

restrictive silencing element (NRSE), at the regulatory regions of the early endocrine determining 

genes NGN3 and NEUROD1 in hESC-derived pancreatic progenitors.  Genomic elements 

downstream of the NRSE were used as negative control regions.
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Figure 2.2:  NRSF is differentially regulated in pancreatic progenitors and islets. 

 

A, B. The histone marks H3K4me3 and H3K4me1 define the promoter region of the NRSF gene 

loci. A. PDX1 binds to the promoter of NRSF is hESC-derived pancreatic progenitors when the 

promoter is marked by the active mark, H3K27ac. B. NKX2.2 binds to the promoter of NRSF in 

isolated human cadaveric islets when the promoter is no longer marked by the active mark, 

H3K27ac. C. NRSF expression correlates with the expression pattern of PDX1 in pancreatic 

progenitors and negatively correlates with the expression of NKX2.2 in islets. D.  Model of NRSF 

regulation: The PDX1 promotes NRSF expression in progenitor cells while NKX2.2 represses 

NRSF expression in Islets. 
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Figure 2.3: Genetic ablation of NRSF does not cause any detectable abnormality in 

endocrine cell differentiation. 

 

A-K, M. The loss of NRSF in early pancreatic progenitors resulted in grossly normal pancreas 

formation.  At e12.5, the loss of NRSF does not affect the formation of pancreatic progenitors (A, 

B) and early endocrine progenitors and endocrine cells (C, D), and are grossly normal at e15.5 

(E, F).  By birth, endocrine and exocrine cells form normally (G-J).  Morphometry revealing no 

significant difference in total area at 12.5 (K) and endocrine area at birth (M). L. qRT-PCR 

analysis showing that the expression of Ngn3 and NeuroD1 are not affected. 
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Figure 2.4: Sustained expression of NRSF in pancreatic progenitor cells does not prevent 

endocrine cell differentiation. 

 

A-D. Pdx1Cre;CAG-tTA;mCherry;NRSF mice. mCherry positive cells express amylase (AMY) 

(exocrine lineage, A,B), and insulin and glucagon (INS/GCG) (endocrine lineage C,D). 
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Figure 2.5: NRSF is not required for proper adult beta-cell function. 

 

A. Immunofluorescence staining of control and NRSF mutant (NRSFΔpan/Δpan) pancreata for 

insulin (INS) and glucagon (GCG) revealing normal islet architecture in NRSF mutant mice at 12 

weeks of age. B. NRSF mutant mice exhibit normal blood glucose levels compared to control 

mice following an intraperitoneal glucose challenge.  
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Chapter 3: The chromatin modifying enzyme LSD1 primes multi-

lineage pancreatic progenitors for future endocrine cell 

differentiation 

 

3.1. Abstract 

During development, individual differentiated cell types arise from multipotent 

progenitor cells with precise timing. Cell fate choices are controlled by lineage-determining 

transcription factors, which induce cell-specific gene expression programs by binding to cis-

regulatory elements (Bonn et al., 2012). The transcriptional competency of lineage-determining 

factors is highly dependent on chromatin state, but the specific roles of chromatin regulators in 

establishing lineage potential are largely unknown. Here we show that the chromatin modifying 

enzyme LSD1 primes the endocrine cell fate choice in pancreatic progenitors prior to endocrine 

cell formation. In multi-lineage pancreatic progenitors, from which endocrine, acinar and ductal 

cells originate, LSD1 is recruited to enhancers of genes that regulate the endocrine lineage choice. 

Genetic inactivation of LSD1 in multi-lineage progenitors leads to selective loss of the endocrine 

cell lineage. Strikingly, LSD1 is only necessary during a short early competence window, which 

precedes endocrine lineage induction by several days. Chromatin profiling of LSD1-deficient 

progenitors at the end of this competence window revealed a novel role for LSD1 in facilitating 

enhancer activation. Enhancers failing to be activated in the absence of LSD1 activity associated 

with endocrine differentiation programs and target genes of these enhancers were downregulated 

in LSD1-deficient progenitors. Together, our study provides in vivo evidence for lineage priming 

by LSD1 and suggests that LSD1-mediated priming of enhancers for future deployment is 

important for cell state transitions during development. 
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3.2. Letter 

Endocrine lineage commitment of multipotent pancreatic progenitors is induced by 

transient expression of the transcription factor NGN3, which drives the expression of numerous 

endocrine genes (Juhl et al., 2008, Soyer et al., 2010). Forced NGN3 expression causes premature 

endocrine cell differentiation (Apelqvist et al., 1999), whereas its inactivation results in a 

selective loss of endocrine cells and diabetes (Gradwohl et al., 2000). While the transcription 

factor network regulating the endocrine fate decision in the pancreas is well described (Seymour 

and Sander, 2011), the epigenetic determinants that influence this decision remain to be defined. 

Recently, we found that endocrine cell differentiation coincides with extensive chromatin 

remodelling at the level of enhancers (Xie et al., 2013), yet how these chromatin remodelling 

events influence cell differentiation is unknown. The lysine-specific demethylase 1 (LSD1) is a 

highly conserved histone-modifying enzyme (Shi et al., 2004) that has been implicated in 

silencing enhancers of previous states as cells transition into new states during development 

(Whyte et al., 2012, Kerenyi et al., 2013). To investigate a possible role for LSD1 in cell state 

transitions during pancreas development, we first analysed its expression in the pancreas. LSD1 

exhibited uniform nuclear localization in multipotent pancreatic progenitors, NGN3+ endocrine 

progenitors and endocrine cells of all subtypes in the human and mouse pancreas, whereas weak 

expression was observed in exocrine acinar and ductal cells (Fig. 3.1a-d; 3.5 and 3.6). To next 

explore LSD1 function, we inactivated LSD1 selectively in early pancreatic progenitor cells by 

generating PDX1Cre;LSD1f/f  (LSD1Δpan) mice (Fig. 3.7a,b). In LSD1Δpan embryos, key aspects of 

early pancreatic development, such as the induction of early pancreatic markers and outgrowth of 

the tissue buds, were unperturbed (Fig. 3.1e-i; 3.7c-g). However, by embryonic day (e) 15.5, 

when widespread endocrine cell differentiation is evident in control mice (Fig. 3.1h,i), LSD1Δpan 

embryos exhibited a complete lack of endocrine cells, which remained apparent at birth (Fig. 

3.1j,k; 3.8). Numbers of NGN3+ endocrine progenitors were normal in LSD1Δpan embryos (Fig. 
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3.1l), showing that induction of NGN3 does not require LSD1. Furthermore, expression of acinar 

and ductal markers, and cell survival were unaffected by LSD1 deletion (Fig. 3.7h-p). These 

findings reveal a specific role for LSD1 in endocrine lineage formation.  

Because NGN3 is expressed in the absence of LSD1 activity, we postulated that LSD1 

regulates the differentiation of endocrine cells downstream of NGN3. To test this possibility, we 

utilized NGN3Cre mice to inactivate LSD1 conditionally in NGN3-expressing cells. In contrast to 

LSD1Δpan mice, endocrine cell formation was unperturbed in NGN3Cre;LSD1f/f mice (Fig. 

3.2a,b,e). This result shows that LSD1 acts prior to the induction of NGN3, leading us to 

hypothesise that LSD1 might prime the endocrine fate in multipotent progenitors. To determine 

precisely when LSD1 controls endocrine cell formation, we crossed LSD1f/f mice to PDX1CreER 

mice, allowing for time-specific inactivation of LSD1 in pancreatic progenitors by tamoxifen 

administration. Tamoxifen injection at e12.5 targets the multipotent progenitor domain shortly 

before endocrine cell differentiation (Seymour and Sander, 2011), and similar to NGN3Cre-

mediated LSD1 deletion did not affect endocrine cell formation, as evidenced by the presence of 

LSD1-deficient hormone+ cell clusters (Fig. 3.2c,e). By contrast, tamoxifen administration at 

e10.5 resulted in almost complete loss of endocrine cells, phenocopying LSD1Δpan mice (Fig. 

3.2d,e). Given the delay between tamoxifen administration and gene deletion (Nakamura et al., 

2006), these results identify a time window between e11 and e13 when LSD1 is necessary for 

endocrine cell differentiation. Hence, development of the endocrine lineage requires LSD1 

activity only transiently in early pancreatic progenitors before endocrine differentiation is 

initiated. Combined, this genetic evidence reveals a role for LSD1 in priming the endocrine cell 

lineage at the level of multipotent progenitors. 

The correct temporal and cell type-specific activation of genes is controlled by enhancers, 

leading us to hypothesize that LSD1 might prime the endocrine fate by regulating chromatin state 

transitions at enhancers during endocrine cell differentiation. To test this possibility, we 
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performed chromatin immunoprecipitation with deep sequencing (ChIP-seq) for LSD1 in multi-

lineage competent human embryonic stem cell (hESC)-derived pancreatic progenitors (Fig. 3.9, 

3.10, 3.11a) and examined LSD1 association with both progenitor- and islet-specific enhancers. 

Consistent with their critical role in cell-specific gene regulation (Heintzman et al., 2007), 

mapping of active enhancers revealed few shared enhancers between progenitors and islets (Fig. 

10b-d). LSD1 occupied 55% of progenitor-specific active enhancers (Fig. 3.7a), and these 

enhancers were enriched for gene functional categories linked to pancreas development (Fig. 

3.7a). Notably, progenitor enhancers not bound by LSD1 showed no significant association with 

these functional categories (data not shown), indicating specific recruitment of LSD1 to 

enhancers of pancreas developmental programs. We found that LSD1 occupied enhancers of 

several transcriptional regulators which are expressed in progenitors, but need to be silenced for 

endocrine differentiation to occur, exemplified by PTF1A and SOX9 (Schaffer et al., 2010, Shih 

et al., 2012) (Fig. 3.3b; 3.11b). This is consistent with the observed recruitment of LSD1 to genes 

that are actively transcribed in ESCs but silenced during germlayer differentiation (Whyte et al., 

2012). To identify putative mechanisms by which LSD1 is recruited to pancreatic progenitor-

specific enhancers, we performed de novo motif discovery of LSD1-bound enhancers and found 

significant enrichment for GATA, FOXA, PDX1, and HNF6 binding motifs (Fig. 3.3a), which 

are recognized by transcription factors enriched in multipotent pancreatic progenitors (Seymour 

and Sander, 2011). Comparison with direct binding data confirmed co-localization of LSD1 with 

GATA6, FOXA2, PDX1, and HNF6 at progenitor enhancers (Fig. 3.3b; 3.11b,c). These results 

show that progenitor-enriched transcription factors and LSD1 co-occupy enhancers that are active 

in pancreatic progenitors and silenced during endocrine cell differentiation.  

LSD1 has been suggested to participate in both gene repression and activation 

programmes dependent on the composition of LSD1-containing complexes (Wang et al., 2007). 

Consistent with a possible role for LSD1 in enhancer activation, we observed LSD1 recruitment 
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to 9% of islet-active enhancers that are inactive in progenitors (Fig. 3.3c). Prospective islet 

enhancers bound by LSD1 were predicted to regulate genes involved in islet cell development 

and maturation (Fig. 3.3c). LSD1-bound prospective enhancers associated with endocrine 

differentiation genes silent in progenitors but induced during endocrine cell differentiation, 

exemplified by RFX6 and NEUROD1 (Juhl et al., 2008, Soyer et al., 2010) (Fig. 3.3b, 3.11b). 

These LSD1-bound enhancers were enriched for FOXA and HNF1B motifs (Fig. 3.3c) and bound 

by these factors in pancreatic progenitors (Fig. 3.3b; 3.11b,c). Together, our results show that 

LSD1 occupies two classes of enhancers in pancreatic progenitors: 1.) progenitor-active 

enhancers that are silenced during endocrine cell differentiation and 2.) prospective islet 

enhancers that are inactive in progenitors and activated when progenitors differentiate into 

endocrine cells. Our data further indicate that progenitor-enriched transcription factors mediate 

the recruitment of LSD1 to these two classes of enhancers.  

To gain insight into the dynamics of LSD1 binding, we investigated whether LSD1-

occupied enhancers in progenitors also associated with LSD1 in endocrine cells. Interestingly, 

only a minor fraction of progenitor-active or prospective islet enhancers that is bound by LSD1 in 

progenitors was still LSD1-bound in islets (9% and 38%, respectively) (Fig. 3.3d), showing that 

LSD1 occupies these enhancers only transiently before progenitors undergo endocrine cell 

differentiation. This transitory binding of LSD1 to enhancers would provide a compelling 

explanation for why LSD1 activity is only transiently required in the mouse embryo to establish 

the endocrine cell lineage.  

Given the recruitment of LSD1 to progenitor-active and prospective islet enhancers, we 

postulated that LSD1 could be functioning by silencing active enhancers and priming future 

enhancers as progenitors differentiate toward the endocrine cell fate. To directly test whether 

LSD1 inactivation in progenitors affects the enhancer repertoire, we isolated pancreatic 

progenitors from LSD1Δpan and control embryos at the end of the requirement window for LSD1 
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prior to endocrine cell differentiation and performed ChIP-seq analysis for H3K27ac (Fig. 3.4a), 

which identifies active enhancers (Heintzman et al., 2009, Creyghton et al., 2010, Rada-Iglesias 

et al., 2011, Zentner et al., 2011, Bonn et al., 2012). While most enhancers were common to both 

LSD1Δpan and control pancreata (Fig. 3.4b), we identified 7,840 enhancers uniquely active in 

control embryos (group 1 in Fig. 3.4b) and 5,871 enhancers uniquely active in LSD1Δpan embryos 

(group 2 in Fig. 3.4b). LSD1-regulated enhancers were predicted to regulate genes with roles in 

endocrine cell development (Seymour and Sander, 2011) (Fig. 3.4c,d; 3.12). Parallel to the 

transcription factor binding patterns found at LSD1-bound progenitor-active enhancers (Fig. 

3.3a), enhancers aberrantly active in LSD1-deficient progenitors (group 2) were enriched for 

GATA, FOXA, HNF6, and PDX1 motifs (Fig. 3.4e) and associated with progenitor-enriched 

genes that are silenced during endocrine differentiation (i.e. PTF1A and SOX9) (Fig. 3.4c, Fig. 

3.12a). Enhancers that failed to be activated in the absence of LSD1 activity (group 1) were 

enriched for FOXA and HNF1B motifs (Fig. 3.4e), consistent with motifs found at prospective 

islet enhancers bound by LSD1 in progenitors (Fig. 3.3c). These enhancers associated with genes 

encoding important regulators of endocrine cell differentiation (i.e. RFX6 and NEUROD1) (Fig. 

3.4c; 3.12a). Thus, during its requirement window for endocrine cell formation, LSD1 silences 

enhancers of progenitor programs and activates enhancers of endocrine differentiation programs.  

To determine whether these changes in enhancer chromatin affect expression of 

associated genes, we analysed pancreatic progenitors from LSD1Δpan and control embryos by 

RNA-seq. There was no significant difference in global transcript levels (Fig. 3.12b). However, in 

accordance with the LSD1 mutant phenotype (Fig. 3.1e-m, 3.7, 3.8) and LSD1’s role in enhancer 

activation (Fig. 3.4b), expression levels of genes governing endocrine cell differentiation, such as 

Rfx6 and NeuroD1, were decreased in LSD1-deficient progenitors compared to controls (Fig. 

3.4c, 3.12). By contrast, transcripts of genes linked to enhancers that failed to be silenced in the 

absence of LSD1 activity (i.e. Ptf1a and Sox9) did not show significant upregulation (Fig. 3.4c, 
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3.12). These findings indicate that LSD1’s role in enhancer activation has more profound effects 

on gene expression than its role in enhancer silencing.  

We here show that LSD1 functions as a priming factor for the endocrine cell lineage in 

multi-lineage progenitors. During its requirement period for endocrine lineage priming LSD1 

helps activate enhancers of endocrine differentiation genes and silence enhancers of progenitor 

genes. A role for LSD1 in enhancer silencing has been similarly observed in the context of ESC 

and hematopoietic stem cell (HSC) differentiation (Whyte et al, Kerenyi et al.), which has been 

proposed to account for the inability of LSD1-deficient ESCs and HSCs to properly differentiate 

(Whyte et al, Kerenyi et al.). Our data show that LSD1 also has a role in priming inactive 

enhancers for future deployment upon differentiation. Since LSD1 deletion in multi-lineage 

progenitors only affected the differentiation of endocrine but not ductal and acinar cells, our data 

indicate that LSD1’s role as a facilitator of endocrine gene activation has greater relevance for 

cell state transitions than its role as a silencing factor of progenitor genes. Priming mechanisms 

through a chromatin modifying enzyme similar to the one revealed here, are likely relevant for 

cell differentiation in many tissues and organs. Understanding these mechanisms could help 

devise improved programming strategies for producing therapeutically relevant cell types. 

 

3.3. Materials and Methods 

3.3.1. hESC culture and pancreas differentiation. 

CyT49 human embryonic stem cells (hESCs) were maintained and differentiated into 

pancreatic progenitors (synonymous with pancreatic endoderm) as previously described (Schulz 

et al., 2012, Xie et al., 2013). hESC research was approved by the University of California San 

Diego Institutional Review Board and Embryonic Stem Cell Research Oversight Committee.   
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3.3.2. Human tissue. 

Adult human islets were obtained from the Integrated Islet Distribution Program. Upon 

receipt, islet preparations were further purified by handpicking islets under the microscope (Zeiss 

Stemi 2000). Human embryonic pancreata were obtained from the Birth Defects Research 

Laboratory of the University of Washington and human adult pancreata from non-diabetic donors 

from the Network for Pancreatic Organ Donors with Diabetes (nPOD). nPOD samples 6160 

(LSD1 and chromogranin A), 6179 (LSD1 and insulin), 6160 (LSD1 and glucagon), and 6178 

(LSD1 and somatostatin) were analyzed. 

 

3.3.3. Engraftment of hESC-derived pancreatic progenitors. 

Implantation of hESC-derived pancreatic progenitors into athymic nude mice was 

performed as described previously with minor modifications (Kroon et al., 2008). In brief, 

pancreatic progenitor cells from hESC cultures were collected at day 15 of pancreatic 

differentiation and engrafted below the kidney capsule. 10 µl of cell aggregate slurry (1-3 x 106 

cells) were transferred with a micro-pipette. Grafts were retrieved 22 weeks after implantation 

and analyzed by immunofluorescence staining. All animal experiments described herein were 

approved by University of California, San Diego Institutional Animal Care and Use Committees. 

 

3.3.4.  Mice 

LSD1flox (Wang et al., 2007), PDX1Cre, PDX1CreER (Gu et al., 2002), and NGN3Cre 

(Schonhoff et al., 2004) mouse strains have been previously described. Tamoxifen (Sigma) was 

dissolved in corn oil (Sigma) at 10 mg/ml, and a single dose of 3.5 mg/40 g or 4.5 mg/40 g body 

weight was administered by intraperitoneal injection at embryonic day (e) 10.5 or e12.5, 

respectively. Control mice were LSD1+/+ littermates carrying the Cre transgene. Midday on the 

day of vaginal plug appearance was considered e0.5. 
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3.3.5. Immunofluorescence staining 

Tissue preparation, immunofluorescence, and TUNEL staining were performed as 

previously described (Seymour et al., 2007), (Seymour and Sander, 2007). The following 

antibodies were used for immunofluorescence: guinea pig anti-PDX1 (gift from C. Wright), 

mouse anti-NKX6.1 (DSHB, F55A10), guinea pig anti-insulin (human tissue Sigma, I2018, 

mouse tissue DAKO, A0564), mouse anti-glucagon (Sigma, G2654), goat anti-glucagon (Santa 

Cruz, sc-7780), guinea pig anti-SOX9 (gift from Novo Nordisk), rabbit anti-SOX9 (Millipore, 

AB5535), Armenian hamster anti-Mucin-1 (MUC1) (Lab Vision Corporation), rabbit anti-

trypsin-1 (TRY1) (Meridian, K50900R), rabbit anti-LSD1 (abcam, ab17721), rabbit anti-

somatostatin (Sigma, A0566), guinea pig anti-NGN3 (Henseleit et al., 2005), rat anti-E-cadherin 

(CDH1) (Sigma, U3254), rabbit anti-PTF1A (NIH BCBC) (Hald et al., 2008), rabbit anti-

chromogranin A (CHGA) (DAKO, A0430), mouse anti-CHGA (DAKO, M0689), rabbit anti-

PhospoSer10-Histone3 (Cell Signaling, 9701) rabbit anti-polypeptide Y (DAKO, A0619), goat 

anti-GHRL (Santa Cruz, sc-10368), goat anti-carboxypeptidase A1 (CPA1) (R&D systems), 

rabbit anti-Amylase (AMY) (Sigma, A8273) and goat anti-Osteopontin (OPN) (R&D systems). 

TUNEL staining was performed using the ApopTag Plus peroxidase in situ apoptosis detection 

kit (Chemicon, Temecula, CA). 

 

3.3.6. Morphometric analysis and cell counting 

At e12.5, every pancreas section was analyzed from a minimum of three embryos per 

genotype, while every fifth pancreas section was analyzed at e15.5. For determination of total 

pancreatic epithelial area, E-cadherin+ area per section was measured using ZEN Blue Edition 

2011 software (Carl Zeiss), which was calibrated to calculate values in μm2. The number of 

marker+ cells was determined by counting every marker+/DAPI+ cell in each section. The number 

of marker+ cells per section was subsequently divided by the total epithelial area of the section 
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and expressed as marker+ cells/μm2. All values are shown as mean ± standard error of the mean 

(SEM); p values were calculated using unpaired Student's t test; p < 0.05 was considered 

significant. 

 

3.3.7. Chromatin immunoprecipitation (ChIP-seq). 

For the LSD1 ChIP, hESC-derived pancreatic progenitors or human islets were fixed in 

1% formaldehyde at room temperature for 15 minutes. For the H3K27ac ChIP, mouse pancreatic 

epithelial tissue was microdissected from PDX1Cre;LSD1+/+ and PDX1Cre;LSD1f/f embryos at 

e13.5 (a total of 27 pancreata were isolated per genotype). Tissues or cells were fixed in 1% 

formaldehyde at room temperature for 15 minutes. Fixation was stopped by the addition of 

glycine (0.125 M final concentration) and chromatin was isolated by disrupting the cells with a 

Dounce homogenizer. For LSD1 ChIP, lysates were sonicated using a Misonix Sonicator 3000 

equipped with a microtip in order to shear the DNA to an average length of 300-500 bp. For 

H3K27ac ChIP, lysates were sonicated using a Bioruptor Sonicator (Diagenode) four times for 5 

min each with a 30 s on-and-off cycle, resulting in 200–500 bp chromatin fragments. Lysates 

were cleared by centrifugation and stored at -80 oC. Genomic DNA (input) was prepared by 

treating aliquots of chromatin with RNaseA, proteinase K and heat for reversal of crosslinking, 

followed by phenol/chloroform extraction and ethanol precipitation. Purified DNA was quantified 

on a NanoDrop spectrophotometer. For each LSD1 ChIP reaction, 30 µg of chromatin was 

precleared with protein A agarose beads (Invitrogen). LSD1 ChIP reactions were set up using 

precleared chromatin and the rabbit anti-LSD1 (abcam, ab17721) antibody and incubated 

overnight at 4oC. Protein A agarose beads were added and incubation at 4oC was continued for 

another 3 hours. For each H3K27ac ChIP reaction, 10 µg of chromatin was incubated overnight at 

4oC with Dynabeads sheep anti-rabbit IgG (Invitrogen) preincubated with the rabbit anti-

H3K27ac (Active motif, 39133) antibody. Immune complexes were washed two times each with 
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a series of buffers consisting of the deoxycholate sonication buffer, high salt buffer, LiCl buffer, 

and TE buffer (Xie et al., 2013). Immune complexes were eluted from the beads with SDS buffer, 

and subjected to RNase and proteinase K treatment. Crosslinks were reversed by incubation 

overnight at 65oC, and ChIP DNA was purified by phenol-chloroform extraction and ethanol 

precipitation. For LSD1 and H3K27ac ChIP-seq, ChIP and input DNAs were prepared for 

amplification by converting overhangs into phosphorylated blunt ends and adding an adenine to 

the 3’-ends. Illumina genomic adapters were ligated and the sample was size-fractionated (200-

300 bp) on a 2% agarose gel. After a final PCR amplification step (18 cycles), the resulting DNA 

libraries were quantified and sequenced on HiSeq 2000 (LSD1 ChIP-seq) or Illumina/Solexa 

Genome Analyzer II (H3K27ac ChIP-seq). 

 

3.3.8. Peak calling 

In addition to the data sets generated in this study, we utilized the sequencing datasets for 

H3K27ac, H3K4me1, and H3K4me3 (ArrayExpress E-MTAB-1086, GEO GSE54471) in hESC-

derived pancreatic progenitors and H3K27ac, H3K4me1, and H3K4me3 (ArrayExpress ENA 

ERP000100, GEO GSE54471) in human islets. For each ChIP-seq, each read was aligned to the 

human reference genome (hg18) or mouse reference genome (mm9) with Bowtie (Langmead et 

al., 2009). We used the first 36 bp for the alignment and only kept reads with up to two 

mismatches. Duplicated reads from the same library were removed. Data sets from highly 

correlated biological replicates were pooled for subsequent analysis. MACS (Zhang et al., 2008) 

was used for peak calling. Peaks were further filtered as described (Shen et al., 2012). 

 

3.3.9. Enhancer predictions 

Enhancers in hESC-derived pancreatic progenitors and human islets were predicted as 

described, using H3K4me1, H3K4me3 and H3K27ac ChIP-seq profiling (Rajagopal et al., 2013). 
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We first divided the human genome into 100 bp bins and counted the number of reads that fell 

within each bin. Then the tag counts in each bin were normalized against the total number of 

reads and input as described (Shen et al., 2012). The normalized signals for each mark were 

merged as one input file for the enhancer prediction pipeline. To compute the FDR, we first 

shuffled the rows and columns of the input data. Second, we ran the enhancer prediction pipeline 

on this simulated data. The FDR was computed as the ratio of the number of predicted enhancers 

from simulated data over the real data. We required that predicted enhancers have an FDR of < 

2% and are at least 3 kb away from a known transcriptional start site.  Enhancers in pancreata 

from PDX1Cre;LSD1+/+ and PDX1Cre;LSD1f/f embryos were determined based on H3K27ac 

ChIP-seq peaks with a peak size of ≥100 that were ≥5kb upstream and ≤1kb downstream of any 

transcriptional start site using annotations determined by Hypergeometric Optimization of Motif 

EnRichment (HOMER) (Heinz et al., 2010). All data were normalized to their respective input 

samples. Density maps were generated using the annotatePeaks package from HOMER, clustered 

using Cluster 3.0, and visualized using Java TreeView. 

 

3.3.10. Gene ontology (GO) and Motif analysis 

GO Biological process analysis of enhancers was obtained with GREAT (McLean et al., 

2010), using Basal plus extension association rule (Proximal 5kb upstream, 1kb downstream; 

distal up to 200kb) and the whole genome as background. De novo motif analysis and annotation 

of peaks was performed using HOMER with default parameters.  

 

3.3.11. RNA-seq 

Total RNA was isolated from microdissected e13.5 mouse pancreatic epithelial tissue of 

Pdx1Cre;LSD1+/+ and Pdx1Cre;LSD1f/f embryos. A total of five pancreata were isolated per 

genotype. Each individual RNA sample was prepared per the manufacturer's instructions (Micro 
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RNA isolation kit, Qiagen). RNA quality was assessed with the Agilent 2100 Bioanalyzer 

(Agilent Technologies). RNA-seq libraries were prepared using cDNA amplified from 2 ng of 

RNA per sample as per the manufacturer's instructions (NuGEN Ovation RNA-seq system V2).  

The cDNA was sheared using the M220 Ultrasonicator (Covaris) to the fragment size of 150bp.  

End-repair, adaptor ligation, and PCR amplification were performed as per the manufacturer’s 

instructions (TruSeq RNA Sample Preparation Kit v2, Illumina). The PCR amplified products 

were separated on a 2% agarose gel and a band between 225 and 275 bp was excised.  10 nM 

purified cDNA was loaded on a flow cell and sequencing was performed on an Illumina/Solexa 

Genome Analyzer II in accordance with the manufacturer’s protocols. 

 

3.3.12. Expression analysis 

RNA-seq short reads were aligned to mouse reference genome version 19 (mm9) using 

Genomic Short-read Nucleotide Alignment Program (GSNAP version 2013-02-05).  Default 

parameter settings were used for alignment. Cufflinks (version 2.1.1) was used for short reads 

assembly and expression quantification, utilizing Refseq genes (downloaded from Genome 

Browser in University of California, Santa Cruz) as annotation. For differential expression 

analysis, Cuffdiff (version 2.1.1) was used. Adjusted p-values ≤ 0.05 (q-value,The FDR-adjusted 

p-value of the test statistic) were considered significant. 

 

3.3.13. Accession codes 

The Gene Expression Omnibus (GEO) accession number for the RNA-seq and ChIP-seq 

data reported in this chapter is GSE63899. 
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Figure 3.1: LSD1 inactivation in early multipotent pancreatic progenitors abrogates 

endocrine cell formation. 

 

a-d, Immunofluorescence staining on wild type mouse embryo sections for LSD1 with PDX1, 

NGN3, insulin (INS), and glucagon (GCG). Boxed areas are shown in higher magnification. e, f, 

Immunofluorescence staining for PDX1 in control and PDX1Cre;LSD1f/f (LSD1Δpan) mice. g, 

Quantification of pancreatic epithelial area, as means ± SEM (n=3). No significant difference was 

detected (Student t-test, p =0.6464). h-k, Immunofluorescence staining for the endocrine 

progenitor marker NGN3 and the pan-endocrine marker chromogranin A (CHGA) (h, i), or 

insulin and glucagon (j,k) in control and LSD1Δpan mice. l, Quantification of NGN3+ cells relative 

to pancreatic epithelial area, as means ± SEM (n=3). No significant difference was detected 

(Student t-test, p =0.6659 at e12.5; p =0.5897 at e15.5). m, Schematic depicting endocrine 

differentiation in control and LSD1Δpan mice. Pan, pancreatic epithelium; Endo, endocrine; Exo, 

exocrine; e, embryonic day; P, postnatal day. Scale bar, 50 μm. 
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Figure 3.2: LSD1 primes the endocrine cell lineage in multipotent progenitors.  

a-d, Immunofluorescence staining for insulin (INS), glucagon (GCG) and LSD1 on pancreatic 

sections at postnatal day (P) 0 from control mice (a), NGN3Cre;LSD1f/f mice (b), 

PDX1CreER;LSD1f/f mice injected with tamoxifen at embryonic day (e) 12.5 (c) or 10.5 (d). 

Dashed lines demarcate endocrine areas and boxed areas are shown in higher magnification. a”, 

b”, c”, d”, Schematic depicting endocrine differentiation in different genotypes or experimental 

conditions. e, Quantification of hormone+ cells staining positive for LSD1 in different genotypes 

or experimental conditions. A total of 189-1057 hormone+ cells (insulin+ or glucagon+) were 

analyzed per genotype and set as 100% (n=3). PDX1Cre;LSD1f/f, LSD1Δpan. Scale bar, 50 μm. 
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Figure 3.3: LSD1 associates with enhancers of endocrine developmental genes in 

multipotent progenitors. 

a, Total number of active progenitor-specific enhancers was determined based on ChIP-seq data 

for H3K27ac, H3K4me1, and H3K4me3 in human embryonic stem cell (hESC)-derived 

pancreatic progenitors and human islets. LSD1 ChIP-seq was performed in hESC-derived 

pancreatic progenitors. LSD1 binding to predicted progenitor-specific enhancers (left). Enriched 

gene ontology (GO) biological process categories of LSD1-bound progenitor-specific enhancers 

using GREAT analysis (middle). Significantly enriched motifs associated with LSD1-bound 

progenitor-specific enhancers determined using HOMER (right). b, Genome browser 

representations of H3K27ac and H3K4me1 enrichment profiles in hESC-derived pancreatic 

progenitors for representative progenitor-active (green) and prospective islet enhancers (purple) at 

PTF1A (expressed only in progenitors) and RFX6 (expressed only in islets) gene loci. Magnified 

insets show ChIP-seq binding profiles for LSD1 and pancreatic progenitor transcription factors 

GATA6, FOXA2, PDX1, HNF6, and HNF1B. kb, kilobases. c, LSD1 binding to predicted islet-

specific enhancers in hESC-derived pancreatic progenitors (left). Enriched GO biological process 

categories of islet-specific enhancers bound by LSD1 in progenitors using GREAT analysis 

(middle). Significantly enriched motifs associated with LSD1-bound islet-specific enhancers 

determined using HOMER (right). d, Percentage of progenitor-specific enhancers (left) and 

prospective islet-specific enhancers (right) bound by LSD1 in pancreatic progenitors also 

occupied by LSD1 in islets based on LSD1 ChIP-seq data in human islets. 
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Figure 3.4: LSD1 controls the activity of endocrine developmental enhancers. 

a, Experimental work flow for H3K27ac ChIP-seq analysis in pancreata from control and 

PDX1Cre;LSD1f/f (LSD1Δpan) embryos. b, Density map of ChIP-seq data for H3K27ac at distal 

enhancers (≥5kb upstream or ≤1kb downstream of transcriptional start sites) in control and 

LSD1Δpan pancreata. Group 1 denotes enhancers with stronger H3K27ac marking in LSD1Δpan 

pancreata and group 2 enhancers with stronger H3K27ac marking in control pancreata. c, 

Genome browser representations of H3K27ac enrichment profiles at enhancers near PTF1A 

(group 2, green) and RFX6 (group 1, purple) gene loci in control (pink) and LSD1Δpan pancreata 

(blue). kb, kilobases. Expression of Rfx6 (p=0.0021) but not Ptf1a (p=0.2269) is not significantly 

changed between control and LSD1Δpan pancreata (right).  d, Enriched gene ontology (GO) 

biological process categories of enhancers in group 1 and group 2 using GREAT analysis. e, 

Significantly enriched motifs associated with enhancers in group 1 and group 2 determined using 

HOMER. e, embryonic day.  
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Figure 3.5: LSD1 is expressed in the developing and adult human pancreas. 

 

a-g, Immunofluorescence staining of sections from cell aggregates of hESC-derived pancreatic 

progenitors (a), human fetal pancreas at 55 days post conception (dpc) (b) or 94 dpc (c), and 

human adult pancreas (d-g) for LSD1 and PDX1 (a, b) LSD1 and chromogranin A (CHGA) 

(c,d), LSD1 and insulin (INS) (e), LSD1 and glucagon (GCG) (f), or LSD1 and somatostatin 

(SST) (g). Scale bar, 50 μm in a-d and 5 μm in e-g.  
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Figure 3.6: LSD1 is expressed in multi-lineage pancreatic progenitors of the mouse 

pancreas.  

 

a-c, Immunofluorescence staining on wild type mouse embryo sections for LSD1 with the 

progenitor markers PDX1 and SOX9, or the early acinar marker carboxypeptidase A1 (CPA1). 

Boxed areas are shown in higher magnification. e, embryonic day. Scale bar, 50 μm.  
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Figure 3.7: LSD1 inactivation in early multipotent pancreatic progenitors does not affect 

progenitor cell maintenance, ductal or acinar cell formation. 

 

a-f, Immunofluorescence staining for LSD1 and the progenitor markers PDX1, NKX6.1, and 

PTF1a as well as the mitotic cell marker phospho-Ser10 Histone 3 (p-Ser10 H3) in control and 

PDX1Cre;LSD1f/f (LSD1Δpan) mice at e12.5. The arrows in e and f point to p-Ser10 H3+ pancreatic 

progenitors. g, Quantification of p-Ser10 H3+ cells at e12.5 relative to pancreatic epithelial area, 

as means ± SEM (n=3). No significant difference was detected between control and LSD1Δpan 

mice (Student t-test, p =0.6331). h-o, Immunofluorescence staining for the endocrine progenitor 

marker NGN3, the endocrine/ductal progenitor marker SOX9, the ductal marker osteopontin 

(OPN), the epithelial marker E-cadherin (CDH1), the acinar enzyme amylase (AMY), and the 

apoptotic marker TUNEL in control and LSD1Δpan mice at e15.5. The nuclear counterstain, 4′,6-

diamidino-2-phenylindole (DAPI) is shown together with TUNEL staining. p, Quantification of 

apoptotic cells (TUNEL+) at e15.5 relative to pancreatic epithelial area, as means ± SEM (n=3). 

No significant difference was detected between control and LSD1Δpan mice (Student t-test, p 

=0.7097). e, embryonic day, Pan, pancreatic epithelium. Scale bar, 50 μm. 
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Figure 3.8: LSD1 inactivation in early multipotent pancreatic progenitors abrogates 

formation of all endocrine cell types.  

 

a-b, Immunofluorescence staining for insulin (INS), glucagon (GCG) and LSD1 on pancreatic 

sections at postnatal day (P) 0 from control mice and PDX1Cre;LSD1f/f (LSD1Δpan) mice. Boxed 

areas are shown in higher magnification. Hormone+ cells in LSD1Δpan failed to recombine the 

LSD1flox allele and express LSD1. c-h, Immunofluorescence staining for insulin (INS), 

somatostatin (SST), pancreatic polypeptide (PPY), and ghrelin (GHRL) on  pancreatic sections at 

P0 from control mice and LSD1Δpan mice. Scale bar, 50 μm. 
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Figure 3.9: hESC-derived pancreatic progenitors give rise to all pancreatic cell types. 

 

a, Schematic showing work flow for engraftment of human embryonic stem cell (hESC)-derived 

pancreatic progenitors under the kidney capsule of nude mice. Cells were analyzed before 

implantation and grafts 22 weeks after implantation. b, Immunofluorescence staining of sections 

from cell aggregates of hESC-derived pancreatic progenitors for the pancreatic progenitor 

markers NKX6.1 and PDX1 prior to engraftment. c-e, Immunofluorescence staining of sections 

form grafts retrieved 22 weeks after implantation for the endocrine hormones insulin (INS) and 

glucagon (GCG), the ductal markers SOX9 and Mucin-1 (MUC1), and the acinar marker trypsin-

1 (TRY1). The nuclear counterstain, 4′,6-diamidino-2-phenylindole (DAPI) is shown in panels a’-

e’. Scale bar, 50 μm. 
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Figure 3.10: Pancreatic progenitors and islets have distinct enhancer repertoires. 

 

a, Schematic showing work flow for genome-wide mapping of enhancers in human embryonic 

stem cell (hESC)-derived pancreatic progenitors and human cadaveric islets. b, Venn diagram 

representing the overlap between a total of 10,943 predicted active enhancers in pancreatic 

progenitors and 13,422 predicted active enhancers in islets. c, Enriched gene ontology (GO) 

biological process categories of progenitor-active (left) and islet-active enhancers (right) using 

GREAT analysis. d, Genome browser representations of H3K27ac, H3K4me1 and H3K4me3 

enrichment profiles in pancreatic progenitors and islets for representative progenitor-specific 

(green) and islet-specific enhancers (purple) at PTF1A (expressed only in progenitors) and RFX6 

(expressed only in islets) gene loci. 
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Figure 3.11: LSD1 co-occupies enhancers with pancreatic progenitor-enriched transcription 

factors.  

 

a, Schematic showing work flow for genome-wide mapping of LSD1 occupancy in human 

embryonic stem cell (hESC)-derived pancreatic progenitors (left). Distribution of LSD1 binding 

peaks within the human genome annotated using HOMER (right). b, Genome browser 

representations of H3K27ac and H3K4me1 enrichment profiles in pancreatic progenitors for 

representative progenitor-active (green) and prospective islet enhancers (purple) at SOX9 

(expressed only in progenitors) and NEUROD1 (expressed only in islets) gene loci. Magnified 

insets show ChIP-seq binding profiles for LSD1 and pancreatic progenitor transcription factors 

GATA6, FOXA2, PDX1, HNF6, and HNF1B. c, Histogram of LSD1, GATA6, FOXA2, PDX1, 

HNF6, and HNF1B binding peaks in pancreatic progenitors around the center of LSD1-bound 

progenitor-active (left) or prospective islet enhancers (right). kb, kilobases, bp, base pairs. 
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Figure 3.12: LSD1 inactivation in pancreatic progenitors changes the enhancer landscape at 

progenitor and endocrine genes. 

 

H3K27ac ChIP-seq analysis in pancreata from control and PDX1Cre;LSD1f/f (LSD1Δpan) embryos. 

a, Genome browser representations of H3K27ac enrichment profiles at enhancers near SOX9, 

NEUROD1, PDX1, and NKX6.1 gene loci in control (pink) and LSD1Δpan pancreata (blue) at 

embryonic day (e) 13.5. Purple boxes show enhancers with lower and green boxes enhancers with 

higher H3K27ac levels in LSD1Δpan than control pancreata. Expression of NeuroD1 (p=0.0021)  

but not Sox9 (p=0.1669) , Pdx1(p=0.069) , and Nkx6.1 (p=0.3448)  (right) are significantly 

changed between control and LSD1Δpan pancreata (right) b, Boxplot of global gene expression 

levels in control and LSD1Δpan pancreata for genes associated with Group 1 (purple) and Group 2 

(green). No significant difference was detected. kb, kilobases. 
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Chapter 4: Conclusion 

4.1. Summary of findings 

The studies presented here have contributed to our understanding of pancreatic endocrine 

cell formation in vitro and in vivo.  My work primarily focused on two genes, one that encodes 

the transcription factor NRSF, which has been suggested based on its role in neuronal 

development to function in endocrine cell formation by repressing the endocrine cell fate in 

pancreatic progenitors.  The second gene encodes the histone demethylase LSD1, which is 

ubiquitously expressed in early development and has been thought to affect gene expression 

through interactions with transcription factors, such as NRSF.    

 In the first part of my work, I examined the role of NRSF during pancreatic endocrine 

cell commitment.  I found that NRSF is specifically downregulated when pancreatic progenitors 

commit to the endocrine lineage in vitro and in vivo.  Using in vitro-generated pancreatic 

progenitors, I confirmed that NRSF binds to the regulatory regions of endocrine commitment 

genes, Ngn3 and NeuroD1.  To determine the role of NRSF during pancreas development, I 

specifically ablated NRSF in pancreatic progenitors in vivo.  Unexpectedly, I found the loss of 

NRSF did not affect pancreas development or differentiation to either the endocrine or exocrine 

lineage.  Further, I generated mice with sustained expression of NRSF in pancreatic progenitors 

and found that pancreatic differentiation remained unperturbed. Finally, NRSF did not affect 

beta-cell function, as loss of NRSF in adult beta cells did not result in changes in hormone 

expression or response to glucose.  These results establish that while NRSF is specifically 

repressed during endocrine differentiation and occupies regulatory regions of endocrine 

commitment genes in in vitro-generated pancreatic progenitors, the expression of NRSF is 

dispensable for endocrine cell formation and pancreas development in vivo.  

In the second part of my work, I investigated the role of LSD1 during pancreas 

development.  Here I found that LSD1 is expressed in early pancreatic progenitors in both mouse 
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and human developing pancreas. As the pancreas continues to form and these progenitors 

differentiate, LSD1 remains highly expressed in endocrine progenitors, and by adulthood, LSD1 

is restricted to the endocrine compartment.  Using in vitro-generated pancreatic progenitors, I 

determined that LSD1 is recruited to enhancers of genes that regulate the endocrine lineage 

choice.  Genetic inactivation of LSD1 in progenitors in vivo leads to the selective loss of the 

endocrine cell lineage.  Strikingly, LSD1 is only necessary during an early competence window, 

preceding endocrine lineage commitment by several days.  At the end of this competence 

window, LSD1-deficient progenitors fail to undergo alterations of the enhancer landscape.  

Enhancers that fail to be activated in the absence of LSD1 activity associate with endocrine 

differentiating programs, and target genes of these enhancers are downregulated in LSD1-

deficient progenitors.  These results provide evidence for lineage priming by LSD1 and suggest 

that LSD1-mediated priming of endocrine enhancers is important for establishing endocrine cell 

fate in pancreatic progenitors.  

 

4.2. Implications of my work 

Transcription factors are widely considered the driving force of cell identity and cell fate 

since they directly bind to DNA and activate or repress gene expression. In contrast, transcription 

factor-interacting co-regulators, such as chromatin-modifying enzymes, are thought to primarily 

stabilize gene expression and to act passively during cell fate decisions.   Here I show that the 

transcription factor NRSF, which is specifically expressed in pancreatic progenitors and repressed 

in endocrine cells, is dispensable for endocrine cell formation and function.  Additionally, I have 

found that the chromatin-modifying enzyme LSD1, which is ubiquitously expressed during early 

pancreas development, is specifically required to establish the endocrine fate during a two day 

window in multipotent progenitors.  These data suggest that transcription factors are not 

necessarily the only drivers of cell fate and that chromatin remodelers can also orchestrate cell 
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fate decisions.  Further, many factors have been thought to be master regulators of cell fate 

decisions, but LSD1 is the only factor to date that affects cell fate in multipotent progenitor cells 

prior to and independent of specification factors.   

Although the work presented here focused on pancreatic endocrine cell fate, the 

mechanism of priming cell fate in progenitors by a chromatin modifying enzyme could be 

conserved in other lineages.  Lineage priming by a chromatin modifying enzyme would allow 

progenitors to set up a permissive chromatin landscape that enables these progenitors to 

appropriately respond to lineage-inductive cues.  Altogether, my findings not only uncover novel 

roles for these two genes during pancreatic endocrine cell formation, but also contribute to our 

basic understanding of how transcription factors and chromatin-modifying enzymes affect cell 

fate. 

 

4.3. Future studies  

Since NRSF is dispensable for pancreatic endocrine cell formation and function, future 

studies involving NRSF in the pancreas would involve investigating the role of a redundant 

protein that may be compensating for the loss of NRSF.  Recruitment of similar chromatin 

regulatory machinery by a redundant protein may be the reason for the lack of phenotype in my 

current study.  In addition, the generation of a specific antibody to NRSF could provide insight 

into the expression pattern of NRSF in developing tissues and would allow for more rigorous 

testing. 

 The outcomes of my studies involving LSD1 have established that the endocrine lineage 

is primed in early pancreatic progenitors, prior to differentiation and independent of endocrine 

specification factors.  Although changes in the enhancer landscape mediated by LSD1 may 

contribute to priming the endocrine fate in progenitors, understanding how LSD1’s enzymatic 

activity at these enhancers directly mediates this event would provide insight into the molecular 
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mechanisms that are required for endocrine specification factors to function. To that end, the in 

vitro model of pancreatic endocrine cell formation would prove to be a useful tool to identify the 

molecular and biochemical changes that are mediated by LSD1 during this fate choice.  




