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ABSTRACT OF THE DISSERTATION 

 

Human pluripotent stem cell systems as a model for beta cell development, disease risk, and 
disease pathogenesis 

 

by 

 

Ryan Joseph Geusz 

 

Doctor of Philosophy in Biomedical Sciences 

 

University of California San Diego, 2022 

 

Professor Maike Sander, Chair 

 

 In response to external signaling factors, human pluripotent stem cells (hPSCs) can be 

induced to differentiate into diverse cell types. This unique property establishes hPSCs as a 

valuable model system to study human developmental processes. Furthermore, mature cell types 
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generated through in vitro differentiation protocols can be studied in place of primary cells in 

circumstances where primary cells are difficult to obtain or exist in small numbers. 

Here we used established protocols to differentiate hPSCs towards the pancreatic beta 

cell fate. Using genomic assays, we characterized changes in the epigenome that accompany 

the commitment of differentiating cells to the pancreatic organ lineage. Focusing on distal 

regulatory elements, we investigated the function of FOXA pioneer transcription factors in the 

activation of pancreatic enhancers. We find that these factors are necessary for pancreatic 

lineage commitment and show that differential DNA sequence specifies distinct temporal patterns 

of FOXA recruitment to pancreatic enhancers, with profound effects on gene expression. Using 

models of liver and lung development, we show relevance of our findings across endodermal 

lineages.  

We next identified a group of pancreatic enhancers that are activated in response to 

retinoic acid signaling and whose subsequent deactivation is dependent on the enzyme LSD1. 

We demonstrate a critical role for LSD1 in limiting the duration of signal-dependent enhancer 

activation during pancreatic lineage commitment.  

We then integrated epigenomic analyses with data from genome-wide association studies 

to identify type 2 diabetes (T2D) risk variants within pancreatic enhancers. Using gene editing in 

hPSCs, we assigned target genes to variant-containing pancreatic enhancers and performed 

knockdown experiments in zebrafish to determine the developmental roles of these target genes. 

These experiments identify a developmental contribution to risk of T2D pathogenesis.  

Finally, we established a co-culture system between mature beta-like cells derived from 

induced pluripotent stem cells of donors with type 1 diabetes (T1D) and autoreactive T cell clones. 

This system is currently being used to identify a potential contribution of direct antigen 

presentation by beta cells to T1D pathogenesis. 

Altogether, our work demonstrates the utility of in vitro hPSC differentiation systems in 

modeling pancreatic development, disease risk, and disease pathogenesis.   
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INTRODUCTION 

 Human pluripotent stem cell (hPSC) systems allow for the generation of mature human 

cell types using in vitro directed differentiation protocols. Gene regulatory elements activated and 

gene expression profiles induced through these protocols closely resemble those of in vivo human 

development. Here we employ directed differentiation of hPSCs towards human beta-like cells to 

study gene regulatory elements that orchestrate pancreatic differentiation and to functionally 

annotate type 2 diabetes (T2D)-associated variants present within these elements. We then use 

mature hPSC-derived beta-like cells to model cell interactions that may contribute to pathogenesis 

of type 1 diabetes (T1D). 

 

Human pluripotent stem cells 

 Human pluripotent stem cells (hPSCs) encompass embryonic stem cells (ESCs) derived 

from embryos and induced pluripotent stem cells (iPSCs) derived from mature somatic cells. In 

response to proper environmental signals, these cells can differentiate towards any given cell 

type, following trajectories that mimic in vivo human development1. The scalability afforded by 

stem cell systems allows for generation of large numbers of developmental intermediates and 

mature cell types. Furthermore, stem cell systems are highly amenable to gene editing or other 

genomic perturbation techniques. Thus, hPSCs offer a valuable alternative to animal models and 

primary cell sources for the study of human developmental pathways and generation of mature 

cell types which may be rare or difficult to obtain. 

Here we employ various directed differentiation protocols to guide hPSCs towards the 

mature beta cell fate. While remaining differences between hPSC-derived and primary beta cells 

necessitate further protocol optimization2, cells generated through existing protocols closely 

resemble primary beta cells in functionality3, gene expression profiles4, and chromatin landscape 
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(unpublished data, Sander laboratory). Thus, directed differentiation of hPSCs provides an ideal 

model for the study of human pancreatic development and beta cell function. 

 

Gene regulatory elements and the epigenome 

 Regulation of gene expression is generally conferred through distal noncoding elements 

known as enhancers. These enhancers can act locally or at long distances to exert transcriptional 

control over one or several target genes, often in a highly cell type- and/or context-specific 

manner5. The activity of enhancers is dependent upon the local chromatin state, which itself is 

dynamic throughout development. In general, chromatin at developmental enhancers is thought 

to transition between defined states that correlate with gene expression patterns.  

At inactive enhancers, chromatin is tightly compacted by histone proteins, rendering it 

inaccessible to most transcription factors and leaving the enhancer unlikely to induce transcription 

of target genes. Contrastingly, at primed enhancers, displacement of histones allows transcription 

factors to access chromatin. This primed state correlates with a deposition of the H3K4me1 and 

H3K3me2 modifications at histones flanking the enhancer6. Although enhancers in this primed 

state do not promote transcription of target genes, they can be rapidly activated upon exposure 

to environmental stimuli. This induction yields an active enhancer which promotes expression of 

target genes. An active enhancer can be distinguished from a primed enhancer by the additional 

presence of the H3K27ac modification at flanking histones6.  

The chromatin state across the genome of a given cell constitutes the cellular epigenome7. 

Several epigenomic assays exist which allow for measurement of chromatin state and enhancer 

activity on a genome-wide basis. For example, mRNA sequencing (RNA-seq) allows for 

quantification of all genes expressed within a given cell. Additionally, the Assay for Transposase 

Accessible Chromatin with high-throughput sequencing (ATAC-seq)8 provides locations in the 

genome in which histones have been displaced, leaving DNA accessible to binding by 

transcription factors. Chromatin immunoprecipitation with high-throughput sequencing9 identifies 
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genomic regions bound by a given transcription factor or at which histones exhibit the presence 

of a given modification. Finally, Hi-C10 identifies the 3D conformation of chromatin within a cell, 

providing evidence for potential target genes of enhancers. Although single-cell technologies have 

recently become available11-14, by and large these assays remain relatively inefficient and require 

large numbers of input cells. Thus, the scalability of stem cell systems makes them ideal 

candidates for use in assays to profile the epigenome. 

 

Diabetes 

 Diabetes is a chronic disease defined by dysregulation of blood glucose levels. The 

disease currently affects over 300 million people worldwide, with 90-95% of these cases 

consisting of T2D15. T2D is characterized by insulin resistance and dysfunction of insulin-secreting 

pancreatic beta cells. Genetic as well as lifestyle factors contribute to risk for T2D pathogenesis, 

although the exact causes remain largely unknown16. T2D can often be treated or reversed with 

a combination of drugs and lifestyle changes. Contrastingly, T1D results from autoimmune attack 

and destruction of a patient’s beta cells. The disease is incurable, and patients are treated with a 

lifelong regimen of exogenous insulin delivery. Both genetic and environmental factors contribute 

to T1D pathogenesis17. However, like T2D, the exact mechanisms of disease pathogenesis are 

not well understood.   

Even when properly treated, diabetes generally results in suboptimal control of blood 

glucose levels. This leaves patients at risk of developing severe complications such as 

cardiovascular issues, retinopathy, and neuropathy. Complications associated with diabetes cost 

an estimated $827 billion globally each year15 and were the 8th leading cause of death in the U.S. 

during 202018. A more complete understanding of pathogenic mechanisms for T2D and T1D can 

inform future treatment options or identify opportunities for therapeutic interventions. 
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hPSCs as a model for pancreatic development 

 Chromatin state within the epigenome is dynamic during development as cells integrate 

external signals and respond with appropriate changes in gene expression. However, the 

mechanisms of these dynamics are not well understood. For example, transition from an inactive 

chromatin state to a primed or activated chromatin state generally requires displacing histones at 

a given enhancer. The process by which this displacement occurs during development is the 

subject of debate. Certain classes of transcription factors known as pioneer factors have the 

demonstrated ability to displace histones and create regions of accessible chromatin in vitro19; 

however, the in vivo relevance of these factors is unclear. Conversely, upon withdrawal of a 

developmental signal, cells must attenuate gene expression and limit signal-responsiveness. 

While equally important in development as the acquisition of signal-responsiveness, the 

mechanisms of this phenomenon are less frequently studied. 

We address these questions in chapters 1 and 2, respectively, of our work. In chapter 1 

we examine the function of the FOXA family of pioneer transcription factors in priming and 

activating pancreatic enhancers during pancreatic lineage induction. In chapter 2, we identify a 

role for the histone demethylase LSD1 in acting at pancreatic enhancers to dampen 

responsiveness to retinoic acid signaling upon withdrawal of retinoic acid during pancreatic 

lineage induction. In both chapters, we utilize epigenomic assays to characterize regulatory 

regions in developing cells on a genome-wide scale. We also utilize gene editing-based 

perturbations to more thoroughly evaluate the function of specific transcription factors. Thus, 

these chapters of our work leverage the advantages of stem cell systems to investigate transitions 

of the epigenome during commitment to the pancreatic organ lineage in development. 

 

hPSCs as a model to interrogate type 2 diabetes risk 
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 Genetic components strongly influence disease pathogenesis of both T1D and T2D. 

Recent genome-wide association studies (GWAS) have identified multiple genetic variants that 

are associated with risk for both forms of diabetes20,21. However, most of these variants lie within 

non-coding regulatory elements with unknown target genes. Furthermore, the specific cell types 

in which these regulatory elements are active cannot be discerned through sequence alone.  

In chapter 3 of this work, we integrate chromatin maps of active regulatory elements within 

pancreatic progenitors with T2D-associated variants identified through GWAS. In doing so, we 

identify progenitor-specific regulatory elements that harbor variants associated with disease 

occurrence. We then utilize gene editing within our stem cell system to link variant-containing 

enhancers to their respective target genes, and we validate a role for each of these target genes 

in pancreatic beta cell development using a zebrafish system. Altogether our results identify a 

developmental contribution to T2D risk and demonstrate the utility of stem cell systems for linking 

target genes to variant-containing regulatory elements, elucidating mechanisms of disease 

association. 

 

hPSCs as a model of type 1 diabetes pathogenesis 

 Genetic risk for developing T1D correlates most closely with variants found at the major 

histocompatibility complex (MHC) gene locus22. Genes at this locus are involved in presentation 

of antigens to CD8+ T cells (MHC class I genes) or CD4+ T cells (MHC class II genes). Variants 

at the locus tend to be inherited in groups known as haplotypes. Among these haplotypes, the 

MHC class II HLA-DQ8 haplotype is most strongly associated with risk for developing T1D22.  

Structural studies of the MHC class II molecule encoded by the HLA-DQ8 haplotype have 

implicated a potentially pathogenic role of flexible peptide interactions that take place between 

this molecule and insulin produced by beta cells23-26. However, the context in which these 

interactions take place and the cell types involved remain unclear. Lack of access to human 

tissues during disease pathogenesis has precluded in-depth study of this process. 
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In chapter 4 of this work, we generate mature islet-like cells from iPCSs derived from 

donors harboring the HLA-DQ8 haplotype and coculture these cells with CD4+ T cell clones 

recognizing various beta cell-derived autoantigens. Specifically focusing on a role for beta cells 

in the direct stimulation of CD4+ T cells, our work demonstrates the power of stem cell systems 

in modeling patient-specific cell type interactions which may lead to disease pathogenesis. Future 

studies using the system established here will incorporate patient-derived immune cells for a fully 

autologous patient-specific co-culture system.   
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CHAPTER 1: SEQUENCE LOGIC AT ENHANCERS GOVERNS A DUAL MECHANISM 

OF ENDODERMAL ORGAN FATE INDUCTION BY FOXA PIONEER FACTORS 

 
Abstract 

FOXA pioneer transcription factors (TFs) associate with primed enhancers in endodermal 

organ precursors. Using a human stem cell model of pancreas differentiation, we here discover 

that only a subset of pancreatic enhancers is FOXA-primed, whereas the majority is unprimed 

and engages FOXA upon lineage induction. Primed enhancers are enriched for signal-dependent 

TF motifs and harbor abundant and strong FOXA motifs. Unprimed enhancers harbor fewer, more 

degenerate FOXA motifs, and FOXA recruitment to unprimed but not primed enhancers requires 

pancreatic TFs. Strengthening FOXA motifs at an unprimed enhancer near NKX6.1 renders 

FOXA recruitment pancreatic TF-independent, induces priming, and broadens the NKX6.1 

expression domain. We make analogous observations about FOXA binding during hepatic and 

lung development. Our findings suggest a dual role for FOXA in endodermal organ development: 

First, FOXA facilitate signal-dependent lineage initiation via enhancer priming, and second, FOXA 

enforce organ cell type-specific gene expression via indirect recruitment by lineage-specific TFs. 

 

Introduction 

The pancreas, liver, and lung develop from the foregut endoderm in response to local 

signaling cues that specify lineage identity by inducing organ-specific gene expression. The 

competence of organ lineage precursors to activate lineage-specific genes in response to 

inductive signals is acquired during endoderm development27,28. Coincident with the acquisition 

of competence, the transcription factors (TFs) FOXA1 and FOXA2 (henceforth abbreviated 

FOXA1/2) are recruited to enhancers of foregut-derived organ lineages, leading to a gain in 

chromatin accessibility and H3K4me1 deposition27,29,30, a phenomenon referred to as enhancer 

priming. Thus, current evidence suggests that FOXA1/2’s role in endodermal organ development 
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is to render foregut endoderm competent to activate organ-specific genes by broadly priming 

pancreas-, liver-, and lung-specific enhancers before organ-inductive signals trigger enhancer 

activation. Consistent with this model, studies in model organisms and human pluripotent stem 

cell (hPSC)-based differentiation systems have shown a requirement for FOXA1/2 in pancreas, 

liver, and lung development, with the two FOXA TFs functioning in a partially or fully redundant 

manner29-32. However, whether chromatin priming is the only mechanism by which FOXA TFs 

control endodermal organ development is unknown. 

The mechanisms by which FOXA TFs engage with and open chromatin have been the 

subject of debate. In vitro experiments have shown that FOXA TFs possess pioneering activity, 

which refers to the specific ability of a TF to engage target sites on nucleosomal DNA and to 

remodel such regions to increase chromatin accessibility33-35. Through their chromatin remodeling 

activity, FOXA TFs facilitate subsequent binding of other TFs and co-factors that further modify 

chromatin state and initiate gene expression35-40. However, despite their ability to access target 

sites in closed chromatin in vitro, binding site selection of FOXA and other pioneer TFs in cellular 

contexts has been shown to depend on additional features, such as the local chromatin 

landscape41, presence of cooperative binding partners42,43, and strength of the binding motif43-45. 

For example, steroid receptor activation in breast cancer cell lines induces FOXA1 recruitment to 

sites with degenerate FOXA1 binding motifs44,46, exemplifying heterogeneity in FOXA target site 

engagement. The determinants that underlie FOXA binding site selection and FOXA-mediated 

enhancer priming during cellular transitions of development remain to be explored.  

Here, we sought to determine the specific mechanisms that underlie the regulation of 

endodermal organ development by FOXA TFs. To this end, we mapped FOXA1/2 genomic 

association with pancreas-specific enhancers throughout a time course of hPSC differentiation 

into pancreas. Surprisingly, only a minority of pancreas-specific enhancers are FOXA1/2-bound 

prior to lineage induction and exhibit priming, whereas the majority engage FOXA1/2 concomitant 

with pancreas induction. Compared to unprimed enhancers, primed enhancers contain DNA 
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sequences more closely matching FOXA consensus motifs and harbor additional sequence motifs 

for signal-dependent TFs. By contrast, unprimed enhancers contain degenerate and fewer FOXA 

motifs, are enriched for motifs of lineage-specific TFs, and depend on the pancreas-specific TF 

PDX1 for FOXA1/2 recruitment. We further show that CRISPR/Cas9-mediated optimization of 

FOXA motifs in an unprimed enhancer near the pancreatic TF NKX6.1 is sufficient to redefine 

patterns of FOXA binding and to broaden NKX6.1 expression within the pancreatic progenitor 

domain, suggesting that FOXA motif strength is relevant for fine-tuning developmental gene 

expression. In-depth analysis of FOXA binding during hPSC differentiation toward hepatocytes 

and lung alveolospheres revealed similar patterns of FOXA binding and sequence logic at FOXA-

bound enhancers. Our findings show that FOXA1/2 regulate foregut organ development through 

two distinct and complementary mechanisms: priming of a small subset of organ-specific 

enhancers before lineage induction and activation of a larger cohort of enhancers through 

cooperative binding with organ lineage-specific TFs. We propose that priming of a small enhancer 

subset permits precise spatial and temporal regulation of organ induction by lineage-inductive 

signals, whereas cooperative FOXA binding with lineage-specific TFs ensures cell type specificity 

of gene expression, providing a safeguard against broad activation of alternative lineage 

programs during developmental transitions. 

 

Results 

FOXA1 and FOXA2 are necessary for pancreatic lineage induction 

To investigate the role of FOXA1/2 in pancreas development, we employed a hPSC 

differentiation protocol in which cells transition stepwise to the pancreatic fate through sequential 

exposure to developmental signaling cues (Fig. 1.1a). The pancreatic lineage is induced by 

retinoic acid from gut tube (GT) intermediates, resulting in expression of the pancreatic markers 

PDX1 in early pancreatic progenitors (PP1) and NKX6.1 in late pancreatic progenitors (PP2). 

FOXA1 and FOXA2 were expressed from the definitive endoderm (DE) stage onwards 
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(Supplementary Figure 1.1a,b), and levels of FOXA1 and FOXA2 were similar in GT, PP1, and 

PP2 (Supplementary Figure 1.1a). 

To determine a possible requirement for FOXA1 and FOXA2 in pancreas development, 

we deleted FOXA1 or FOXA2 in human embryonic stem cells (hESCs) (Fig. 1.1a and 

Supplementary Figure 1.1c,d) and differentiated control, FOXA1-/-, and FOXA2-/- hESC lines 

into pancreatic progenitors. Analysis of PDX1 and NKX6.1 expression revealed a requirement for 

FOXA2 but not FOXA1 for pancreatic lineage induction (Fig. 1.1b, Supplementary Figure 1.2), 

consistent with recent findings29. The presence of residual PDX1+ and NKX6.1+ cells and 

increased FOXA1 levels in FOXA2-/- pancreatic progenitors (Fig. 1.1b,c) suggests FOXA1 

partially compensates for FOXA2 deficiency. Therefore, we generated FOXA1-/-;FOXA2-/- 

(FOXA1/2-/-) hESC lines (Supplementary Figure 1.1e) and analyzed phenotypes at the DE, GT, 

and PP2 stages. At the DE and GT stages, similar numbers of FOXA1/2-/- and control cells 

expressed the DE marker SOX17 and GT marker HNF1B, respectively (Supplementary Figure 

1.1f,g). In contrast, pancreas induction was blocked in FOXA1/2-/- cells, as evidenced by an 

almost complete absence of PDX1+ and NKX6.1+ cells, reduced expression of early pancreatic 

TFs, and down-regulation (≥ 2 fold change, FDR ≤ 0.05) of genes associated with pancreas-

specific biological processes (Fig. 1.1d-f). Principal component analysis (PCA) of transcriptome 

data further confirmed that FOXA1/2-/- and control cells were more similar at the GT stage than at 

the PP2 stage (Fig. 1.1g). Together, these findings show that FOXA1 and FOXA2 control 

pancreatic lineage induction from gut tube lineage intermediates in a partially redundant manner.  
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Figure 1.1. Partially redundant requirement for FOXA1 and FOXA2 in pancreatic lineage induction. 
(a) Schematic of stepwise pancreatic differentiation protocol from hESCs (ES): definitive endoderm (DE), 
primitive gut tube (GT), early pancreatic progenitor cells (PP1), and late pancreatic progenitor cells (PP2), 
with indicated genetic modifications in ES. Select growth factors for pancreatic lineage induction are 
indicated. RA, retinoic acid; KGF, keratinocyte growth factor. (b) qPCR analysis of PDX1 and NKX6.1 (left), 
representative immunofluorescent staining (middle), and flow cytometry analysis and quantification of 
PDX1+ and NKX6.1+ cells (right) in control, FOXA1-/- and FOXA2-/- PP2 cells (n = 3 independent 
differentiations; qPCR: P = 0.493, 0.590, 3.12 x 10-3, and < 1.00 x 10-6 for PDX1 and NKX6.1 in control 
compared to FOXA1-/- and FOXA2-/- PP2 cells, respectively; flow cytometry: P = 1.15 x 10-2 and 7.00 x 10-

4 in control compared to FOXA1-/- and FOXA2-/- PP2 cells, respectively; student’s t-test, 2-sided; n.s., not 
significant). (c) qPCR analysis of FOXA1 and FOXA2 in control, FOXA1-/- and FOXA2-/- PP2 cells (n = 3 
independent differentiations; P = < 1.00 x 10-6 and 0.700 for FOXA1 and FOXA2 in control compared to 
FOXA1-/- and FOXA2-/- PP2 cells, respectively; student’s t-test, 2-sided). (d) Representative 
immunofluorescent staining (left) and flow cytometry analysis and quantification (right) of PDX1+ and 
NKX6.1+ cells in control and FOXA1/2-/- PP2 cells. (n = 3 independent differentiations; P = 2.6 x 10-3 in 
control compared to FOXA1/2-/- PP2 cells; student’s t-test, 2-sided). (e) mRNA expression levels of 
pancreatic transcription factors determined by RNA-seq in control and FOXA1/2-/- PP2 cells (n = 4 
independent differentiations; P adj. = 1.08 x 10-42, 2.56 x 10-12, 4.93 x 10-20, 1.00 x 10-49, and 2.82 x 10-4 for 
PDX1, NKX6.1, PROX1, PTF1A, and SOX9, respectively; DESeq2; FPKM, fragments per kilobase per 
million fragments mapped). (f) Enriched gene ontology terms of 2833 downregulated genes (≥ 2-fold 
decrease, P adj. < 0.05) in FOXA1/2-/- compared to control PP2 cells. (g) Principal component analysis 
showing variance in total normalized transcriptome between control and FOXA1/2-/- cells in GT and PP2. 
Each plotted point represents one biological replicate.  
For all qPCR, each plotted point represents the average of three technical replicates. For all 
immunofluorescence, representative images are shown from n ≥ 2 independent differentiations. Scale bars, 
50 µm. For all flow cytometry analyses, representative plots are shown from n = 3 independent 
differentiations.  
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FOXA transcription factors exhibit two temporal patterns of recruitment to pancreatic enhancers 

To identify transcriptional targets of FOXA1/2 during pancreatic lineage induction, we 

mapped FOXA1/2 binding sites at the GT and PP2 stages. Consistent with the partial functional 

redundancy between FOXA1 and FOXA2 (Fig. 1.1b-d), FOXA1 and FOXA2 binding sites were 

highly correlated at both stages (Supplementary Figure 1.3a). FOXA1/2 mostly bound to distal 

sites (> 2.5 kb from TSS; Supplementary Figure 1.3b), suggesting regulation of enhancers by 

FOXA1/2. To test this, we defined GT and PP2 enhancers as distal H3K27ac peaks (> 2.5 kb 

from TSS) and compared enhancer activity based on H3K27ac signal in control and FOXA1/2-/- 

cells at the GT and the PP2 stages. Like gene expression (Fig. 1.1g), H3K27ac profiles in 

FOXA1/2-/- and control cells differed more substantially at the PP2 than at the GT stage 

(Supplementary Figure 1.3c), showing that FOXA1/2 deletion has broad impact on regulation of 

enhancer activity during the GT to PP2 transition.  

To investigate specific mechanisms by which FOXA1/2 mediates pancreatic lineage 

induction, we identified all FOXA1/2-bound pancreatic enhancers that are activated upon 

pancreatic lineage induction. To this end, we first identified enhancers that exhibited a ≥ 2-fold 

increase in H3K27ac signal from the GT to the PP2 stage (2574 enhancers, hereafter referred to 

as pancreatic enhancers; Supplementary Figure 1.3d,e). As expected, genes near these 

enhancers were predicted to regulate biological processes associated with pancreas 

development. Second, we analyzed FOXA1/2 binding at these pancreatic enhancers, revealing 

that 72% were FOXA1/2-bound at the PP2 stage (Supplementary Figure 1.3f). Consistent with 

prior reports27,29, we observed FOXA1/2 occupancy at the GT stage preceding pancreatic lineage 

induction. Surprisingly, however, the percentage of pancreatic enhancers bound by FOXA1/2 was 

significantly lower at the GT compared to the PP2 stage, implying that not all pancreatic 

enhancers engage FOXA1/2 before lineage induction. To comprehensively characterize temporal 

patterns of FOXA1/2 recruitment, we identified all pancreatic enhancers with FOXA1 or FOXA2 
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binding at the GT and/or PP2 stages and quantified FOXA1/2 ChIP-seq signal at these sites (Fig. 

1.2a). We observed three distinct patterns of FOXA1/2 occupancy: class I enhancers (561) were 

bound by FOXA1/2 at both the GT and PP2 stages, class II enhancers (1422) were FOXA1/2-

bound only at the PP2 stage, and the overall small group of class III enhancers (118) was 

FOXA1/2-bound only at the GT stage (Fig. 1.2a). Analysis of H3K27ac signal intensity at the GT 

and PP2 stages showed similar patterns of H3K27ac signal at all enhancers (Fig. 1.2b), 

suggesting that enhancers of all classes are mostly inactive at the GT stage and become activated 

during pancreatic lineage induction. Activation of enhancers of all classes during the GT to PP2 

transition was dependent on FOXA1/2 (Fig. 1.2c and Supplementary Figure 1.3g). Since the 

predominant patterns were either maintenance of FOXA1/2 binding (class I) or de novo FOXA1/2 

occupancy (class II) after pancreas induction, we excluded class III enhancers from further 

analyses. We identified examples of both class I and class II enhancers in proximity to gene 

bodies of pancreatic lineage-determining TFs, such as PDX1, HNF1B, NKX6.1, and MNX1 (Fig. 

1.2d). Consistent with the H3K27ac pattern, the PDX1 class I enhancer and the NKX6.1 class II 

enhancer are both inactive in GT and active in PP2 in enhancer reporter assays27. Together, this 

analysis shows that FOXA1/2 recruitment to pancreatic enhancers precedes lineage induction at 

only a small subset of enhancers, while FOXA1/2 recruitment to most pancreatic enhancers 

coincides with lineage induction (Fig. 1.2e).  
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Figure 1.2. Two distinct temporal patterns of FOXA1 and FOXA2 binding to pancreatic enhancers. 
(a and b) Heatmaps showing density of FOXA1 and FOXA2 ChIP-seq reads (a) and H3K27ac ChIP-seq 
reads (b) at pancreatic enhancers in GT and PP2. Heatmaps are centered on FOXA1, FOXA2, and 
H3K27ac peaks, respectively, and span 5 kb. Pancreatic enhancers are classified based on temporal 
pattern of FOXA1 and FOXA2 occupancy. (c) Box plots of H3K27ac ChIP-seq counts at class I and class 
II pancreatic enhancers in control and FOXA1/2-/- GT and PP2 cells (P = < 2.2 x 10-16, < 2.2 x 10-16, 0.009, 
and < 2.2 x 10-16 for control versus FOXA1/2-/- at class I enhancers in GT, class I enhancers in PP2, class 
II enhancers in GT, and class II enhancers in PP2, respectively; Wilcoxon rank sum test, 2-sided). (d) 
Genome browser snapshots showing FOXA1, FOXA2, and H3K27ac ChIP-seq signal at class I pancreatic 
enhancers near PDX1 and HNF1B and class II pancreatic enhancers near NKX6.1 and MNX1 in GT and 
PP2. Approximate distance between enhancer and gene body is indicated. (e) Schematic illustrating the 
identified pattern of FOXA1/2 occupancy at pancreatic enhancers. All ChIP-seq experiments, n  =  2 
replicates from independent differentiations.  
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Primed and unprimed pancreatic enhancers reside in distinct regulatory domains 

Given early recruitment of FOXA1/2 to class I but not class II enhancers, we hypothesized 

that the two classes could differ in their temporal pattern of gain in chromatin accessibility and 

H3K4me1 deposition, predicting that early FOXA1/2 occupancy at class I enhancers would lead 

to chromatin priming. As predicted, class I enhancers exhibited open chromatin and H3K4me1 

deposition at the GT stage (Fig. 1.3a and Supplementary Figure 1.4a,b). By contrast, class II 

enhancers acquired these features largely with pancreatic lineage induction (Fig. 1.3a and 

Supplementary Figure 1.4a,b), identifying primed chromatin as a feature of class I enhancers. 

Although a subset of class II enhancers was marked by H3K4me1 at the GT stage, this population 

comprised the minority of class II enhancers (Supplementary Figure 1.4c). At both class I and 

class II enhancers, H3K4me1 deposition and gain in chromatin accessibility during lineage 

induction was FOXA1/2-dependent (Fig. 1.3b and Supplementary Figure 1.4b), demonstrating 

that FOXA1/2 are necessary for chromatin remodeling at both classes of enhancers. 

We next sought to determine whether class I and class II enhancers function together 

within larger regions of active chromatin such as super-enhancers47, or whether they reside in 

distinct regulatory domains. To distinguish between these possibilities, we defined 167 super-

enhancers among the 2574 pancreatic enhancers identified in Supplementary Figure 3d 

(Supplementary Figure 1.4d) and found that 160 (96%) were FOXA1/2-bound at the PP2 stage 

(Supplementary Figure 1.4e). Analysis of overlap between class I or class II enhancers and 

FOXA-bound super-enhancers revealed that most FOXA-bound super-enhancers (76%) 

contained either class I or class II enhancers but not both (Fig. 1.3c). Furthermore, we analyzed 

Hi-C datasets produced from PP2 stage cells and found that class I and class II enhancers were 

mostly located in non-overlapping 3D chromatin loops (Fig. 1.3d). This evidence indicates that 

class I and class II enhancers reside largely within distinct gene regulatory domains and therefore 

likely function independently. 
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To identify target genes of class I and class II enhancers, we assigned enhancers to their 

nearest expressed gene at the PP2 stage and validated predictions by showing regulation of 

these genes by FOXA1/2 (Supplementary Figure 1.4f). Consistent with their location in distinct 

regulatory domains (Fig. 1.3c,d), class I and class II enhancers mostly associated with distinct 

genes, including pancreatic lineage-determining TFs (Fig. 1.3e). Of note, gene ontology analysis 

of genes regulated by class I compared to class II enhancers revealed roles for class I enhancer-

associated genes in cellular signal transduction pathways (Supplementary Figure 1.4g), 

whereas no comparative enrichment of specific gene ontology terms was observed for class II 

enhancer-associated genes. Together, these results suggest that two distinct mechanisms 

establish the pancreatic gene expression program: a subset of pancreatic genes is regulated by 

enhancers that undergo FOXA1/2-mediated chromatin priming at the gut tube stage, whereas 

most pancreatic genes are regulated by enhancers that are unprimed prior to pancreatic lineage 

induction, and to which FOXA1/2 are recruited upon lineage induction (Fig. 1.3f). 
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Figure 1.3. Class I and class II pancreatic enhancers largely map to distinct gene regulatory 
elements. (a) Tag density plots for class I and class II pancreatic enhancers displaying ATAC-seq (top) 
and H3K4me1 ChIP-seq (bottom) read density in GT and PP2. Plots are centered on FOXA1/2 peaks and 
span 5 kb. (b) Box plots of ATAC-seq (top) and H3K4me1 ChIP-seq (bottom) counts at class I and class II 
pancreatic enhancers in GT and PP2 for control and FOXA1/2-/- cells (P = < 2.2 x 10-16, < 2.2 x 10-16, 0.01, 
and < 2.2 x 10-16 for control versus FOXA1/2-/- of ATAC-seq signal at class I in GT, class I in PP2, class II 
in GT, and class II in PP2, respectively. P = < 2.2 x 10-16, 0.01, 0.02, and 0.01 for control versus FOXA1/2-

/- of H3K4me1 signal at class I in GT, class I in PP2, class II in GT, and class II in PP2, respectively; 
Wilcoxon rank sum test, 2-sided). (c) Percentage of FOXA1- and/or FOXA2-bound pancreatic super-
enhancers (SEs) in PP2 containing only class I, only class II, or both class I and class II enhancers. (d) 
Percentage of chromatin loop anchors in PP2 containing only class I, only class II, or both class I and class 
II enhancers. (e) Percentage of genes associated with only class I, only class II, or both class I and class II 
enhancers. Target genes were assigned to enhancers based on nearest TSS of expressed genes 
(fragments per kilobase per million fragments mapped (FPKM) ≥ 1) in PP2. (f) Schematic illustrating 
FOXA1/2 occupancy, chromatin accessibility, and presence of H3K4me1 and H3K27ac at class I and class 
II enhancers in GT and PP2. All ChIP-seq and ATAC-seq experiments, n  =  2 replicates from independent 
differentiations.  
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Distinct DNA sequence motifs at primed and unprimed pancreatic enhancers 

We next investigated mechanisms that could explain the observed temporal differences 

in FOXA1/2 binding to class I (primed) and class II (unprimed) pancreatic enhancers. To test 

whether differences in DNA sequence could provide an explanation, we conducted de novo motif 

analysis to identify motifs enriched at class I enhancers against a background of class II 

enhancers. Class I enhancers were enriched for FOXA motifs and motifs for several signal-

dependent TFs, including the ETS family TFs GABPA and SPDEF, the downstream effector of 

Hippo signaling TEAD, and the retinoic acid receptor RXRA (Fig. 1.4a). Work in model organisms 

has identified critical roles for ETS TFs as well as Hippo and retinoic acid signaling in early 

pancreatic development48-51, suggesting that pancreatic lineage-inductive signals are read at 

class I enhancers by partnering of FOXA1/2 with signal-dependent TFs. ChIP-seq analysis for 

RXR confirmed preferential RXR binding to class I compared to class II enhancers at the PP1 

stage (Fig. 1.4b). Class I enhancers were also enriched for GATA TF motifs (Fig. 1.4a) and a 

higher percentage of class I than class II enhancers bound GATA4 and GATA6 at the GT stage 

(Fig. 1.4b). Given that GATA TFs cooperatively bind with FOXA1/2 to DNA43, GATA4/6 could 

facilitate FOXA1/2 recruitment to a subset of class I enhancers prior to pancreas induction.  

Since FOXA1/2 binding to class I enhancers precedes binding to class II enhancers (Fig. 

1.2a) and FOXA motifs are enriched at class I compared to class II enhancers (Fig. 1.4a), we 

postulated that different mechanisms could underlie FOXA1/2 recruitment to the two classes of 

enhancers. Binding site selection of pioneer TFs such as FOXA1/2 has been shown to depend 

on motif abundance, strength, and position43-45,52. Therefore, we analyzed FOXA motifs at class I 

and class II enhancers for these features. To determine abundance and strength of FOXA motifs, 

we selected position-weighted matrices (PWMs) corresponding to three FOXA1 and three FOXA2 

motifs from JASPAR53 (Supplementary Figure 1.5a), identified occurrences of each motif at 

class I and class II enhancers, and generated a log-odds score to measure how closely the DNA 

sequence at each identified motif occurrence matched the PWM. Class I enhancers were 
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significantly enriched for occurrences of all six FOXA motifs compared to class II enhancers (Fig. 

1.4c). Furthermore, three of the FOXA motifs had significantly higher log-odds scores at class I 

than class II enhancer occurrences (MA0047.2, MA0148.1, and MA0148.3; P = 1.54 x 10-2, 1.10 

x 10-3, and 1.03 x 10-2, respectively; Wilcoxon rank sum test). Thus, class II enhancers contain 

more degenerate and fewer FOXA motifs compared to class I enhancers. We additionally 

examined the positioning of FOXA motifs relative to open chromatin by identifying regions of 

greatest chromatin accessibility at class I and class II enhancers in PP2 stage cells (n = 531 and 

n = 1257 ATAC-seq summits in class I and class II enhancers, respectively) and determining 

enrichment of each FOXA motif at these regions. Occurrence of all FOXA motifs was enriched at 

ATAC-seq summits at class I compared to class II enhancers (Fig. 1.4d and Supplementary 

Figure 1.5b), indicating that regions of greatest chromatin accessibility at class I enhancers are 

more likely to harbor FOXA motifs. ATAC-seq footprinting analysis further revealed a higher 

occurrence of FOXA footprints at class I than at class II enhancers (Fig. 1.4e), indicative of either 

longer FOXA1/2 DNA residence times or more direct interaction of FOXA1/2 with DNA at class I 

enhancers54. Together, this analysis reveals features of FOXA motifs at class I pancreatic 

enhancers previously associated with canonical FOXA1/2 pioneer TF activity43,44.  

To further elucidate differences in mechanisms of FOXA recruitment to class I and class 

II enhancers, we identified de novo motifs enriched at class II enhancers against a background of 

class I enhancers. Here, we observed enrichment of motifs for pancreatic lineage-determining 

TFs, such as ONECUT (HNF6), SOX (SOX9), HNF1B, and PDX1 (Fig. 1.4a), which sharply 

increased in expression during pancreatic lineage induction (Supplementary Figure 1.5c). To 

determine whether these TFs exhibit preferential binding to class II enhancers, we mapped HNF6, 

PDX1, and SOX9 binding sites genome-wide at the PP2 stage (Fig. 1.4b and Supplementary 

Figure 1.5d). Overall, we found that similar percentages of class I and class II enhancers were 

bound by HNF6, PDX1, and SOX9 at the PP2 stage (Fig. 1.4b). To determine whether the 

difference in sequence motif enrichment between class I and class II enhancers is also observed 
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when focusing on enhancers bound by a specific TF, we analyzed motifs at HNF6-, PDX1-, or 

SOX9-bound enhancers. Still, class I enhancers were enriched for FOXA and class II enhancers 

for ONECUT (HNF6), PDX1, and SOX motifs (Supplementary Figure 1.5e). Thus, despite 

differences in DNA sequence motifs between primed (class I) and unprimed (class II) enhancers, 

both classes of enhancers are occupied by FOXA1/2 as well as pancreatic lineage-determining 

TFs after pancreatic lineage induction.  
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Figure 1.4. FOXA1/2 binding sites at class I and class II pancreatic enhancers differ in DNA 
sequence. (a) Enriched de novo transcription factor (TF) binding motifs at class I against a background of 
class II pancreatic enhancers and vice versa. Fisher’s exact test, 1-sided, corrected for multiple 
comparisons. (b) Percentage of class I and class II enhancers overlapping RXR ChIP-seq peaks in PP1; 
GATA4 and GATA6 ChIP-seq peaks in GT; and HNF6, PDX1, and SOX9 ChIP-seq peaks (within 100 bp 
from peak) in PP2 (P = 8.27 x 10-14, < 2.2 x 10-16, < 2.2 x 10-16, 3.52 x 10-4, 1.01 x 10-5, and 0.40 for 
comparisons of overlap with binding sites for RXR, GATA4, GATA6, HNF6, PDX1, and SOX9, respectively; 
Fisher’s exact test, 2-sided). (c) Percentage of class I and class II enhancers with at least one occurrence 
of selected FOXA1 and FOXA2 motifs (P = < 2.2 x 10-16, < 2.2 x 10-16, 1.76 x 10-13, 1.61 x 10-4, < 2.2 x 10-

16, and < 2.2 x 10-16 for comparisons of occurrences of MA0148.1, MA0148.3, MA0148.4, MA0047.1, 
MA0047.2, and MA0047.3, respectively. Fisher’s exact test, 2-sided). (d) Probability (motif occurrence per 
base pair) of FOXA1 (MA0148.3) and FOXA2 (MA0047.2) motifs relative to ATAC-seq peak summits at 
class I (solid line) and class II (dashed line) enhancers. ATAC-seq peak summits at class I enhancers are 
enriched for occurrences of MA0148.3 (P = 2.1 x 10-14; Fisher’s exact test, 1-sided) and MA0047.2 (P = 6.8 
x 10-14) compared to summits at class II enhancers. (e) Percentage of class I and class II enhancers 
containing FOXA TF ATAC-seq footprints in PP2 (P = 1.01 x 10-10 for comparison of class I and class II 
enhancers; Fisher’s exact test, 2-sided). All ChIP-seq experiments, n  =  2 replicates from independent 
differentiations.  
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FOXA1/2 binding to a subset of unprimed enhancers depends on PDX1 

Since motifs for pancreatic lineage-determining TFs, such as PDX1, were enriched at 

class II compared to class I enhancers (Fig. 1.4a), we hypothesized that FOXA1/2 recruitment to 

class II enhancers could require cooperativity with lineage-determining TFs. To test this, we 

analyzed FOXA1/2 binding, chromatin accessibility, and H3K27ac signal in PDX1-deficient 

pancreatic progenitors (Fig. 1.5a and Supplementary Figure 1.6a). Focusing on PDX1-bound 

enhancers (n = 205 class I enhancers and 682 class II enhancers), we found that loss of PDX1 

reduced FOXA1/2 binding to a greater extent at class II than class I enhancers (Fig. 1.5b and 

Supplementary Figure 1.6b,c), exemplified by class I enhancers near PDX1 and HNF1B, and 

class II enhancers near NKX6.1 and MNX1 (Fig. 1.5c). In total, 23% of PDX1-bound class II 

enhancers exhibited a significant loss (≥ 2-fold decrease, P. adj. < 0.05) in FOXA1/2 ChIP-seq 

signal after PDX1 knock-down compared to only 3% of PDX1-bound class I enhancers 

(Supplementary Figure 1.6b). Furthermore, PDX1-bound class II enhancers showed greater 

loss of FOXA1/2 signal than PDX1-bound class I enhancers (Supplementary Figure 1.6c). Given 

substantial overlap between binding sites for pancreatic lineage-determining TFs 

(Supplementary Figure 1.5d), it is possible that other TFs recruit FOXA1/2 to PDX1-bound class 

II enhancers where FOXA1/2 occupancy is not significantly affected. Loss of PDX1 led to a 

significant reduction in ATAC-seq and H3K27ac signal at both class I and class II enhancers 

(Supplementary Figure 1.6d), showing that full acquisition of chromatin accessibility and 

enhancer activation during pancreas induction require PDX1 at primed and unprimed enhancers.  

Collectively, our findings show that despite similar mechanisms for their activation, primed 

and unprimed pancreatic enhancers differ in sequence logic and mechanism of FOXA1/2 

recruitment (Fig. 1.5d). Primed enhancers have abundant and strong FOXA motifs, and FOXA1/2 

are recruited to primed enhancers prior to pancreatic lineage induction largely independent of the 

pancreatic TF PDX1. By contrast, unprimed enhancers have fewer and weaker FOXA motifs, and 

a proportion of unprimed enhancers requires PDX1 for FOXA1/2 recruitment.  



23 
 

 
Figure 1.5. FOXA1/2 binding at class II enhancers is dependent on PDX1. (a) Schematic of 
experimental design for PDX1 knock-down in hESCs and subsequent differentiation into PP2 stage 
pancreatic progenitors. (b) Heatmap showing density of FOXA1 and FOXA2 ChIP-seq reads at PDX1-
bound class I and class II pancreatic enhancers in hESCs transduced with scrambled control (SCRAM) or 
PDX1 shRNA (shPDX1) in PP2. Heatmap is centered on FOXA1 and FOXA2 peaks, respectively, and 
spans 5 kb. (c) Genome browser snapshots showing PDX1, FOXA1, and FOXA2 ChIP-seq, ATAC-seq, 
and H3K27ac ChIP-seq signal at class I enhancers near PDX1 and HNF1B and class II enhancers near 
NKX6.1 and MNX1 in PP2. Approximate distance between enhancer and gene body is indicated. (d) 
Schematic illustrating distinct modes of FOXA TF recruitment at class I and class II pancreatic enhancers. 
FOXA1/2 recruitment depends on the lineage-determining TF PDX1 at class II enhancers. Both enhancer 
classes require PDX1 or activation. All ChIP-seq and ATAC-seq experiments, n  =  2 replicates from 
independent differentiations.  
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Altering FOXA motif strength redefines temporal FOXA1/2 binding patterns 

We next sought to determine the extent to which the timing and mechanism of FOXA1/2 

recruitment are solely dependent on DNA sequence. Since stronger FOXA motifs are a 

characteristic of class I enhancers, we tested this by optimizing FOXA motifs at a class II enhancer 

via CRISPR-Cas9 genome editing and mapping FOXA1/2 binding. For this we selected an 

unprimed class II enhancer near NKX6.1 for editing in hESCs. This enhancer lacks FOXA1/2 

binding (Fig. 1.2d), accessible chromatin (Supplementary Figure 1.4b), and H3K4me1 signal 

(Supplementary Figure 1.4b) prior to pancreas induction. Furthermore, in the absence of PDX1, 

FOXA1/2 do not bind to this enhancer (Fig. 1.5c). Examination of the NKX6.1 enhancer revealed 

four degenerate FOXA motifs surrounding the ATAC-seq summit (Fig. 1.6a). We altered six base 

pairs within the enhancer to strengthen the FOXA motifs (referred to as motif optimized) (Fig. 

1.6a). Optimizing FOXA motifs resulted in FOXA1/2 recruitment to the NKX6.1 enhancer at the 

GT stage prior to pancreas induction (Fig. 1.6b). Early FOXA1/2 recruitment was accompanied 

by H3K4me1 but not H3K27ac deposition at the GT stage (Fig. 1.6b), supporting that FOXA1/2 

prime enhancers prior to activation. Thus, optimization of FOXA binding motifs is sufficient to 

convert an unprimed class II enhancer into a primed class I enhancer. 

 

Optimizing FOXA motifs broadens the domain of target gene expression 

To define the relationship between FOXA motif strength and NKX6.1 target gene 

expression, we conducted single cell RNA-sequencing of PP2 cells from control and motif 

optimized cell lines. Consistent with prior studies55, we observed a population of multipotent 

pancreatic progenitor cells expressing high levels of pancreatic lineage-determining TFs (e.g., 

PDX1, HNF6, SOX9, and PTF1A) as well as a population of early endocrine progenitor cells 

expressing endocrine TFs and genes (e.g., NEUROG3, NEUROD1, FEV, and CHGA) but lower 

levels of PDX1 (Fig. 1.6c and Supplementary Figure 1.7a). In control PP2 cultures, NKX6.1 

expression was restricted to multipotent pancreatic progenitors with high PDX1 expression (Fig. 
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1.6c,d and Supplementary Figure 1.7b,c). By contrast, NKX6.1 was broadly expressed in motif 

optimized cultures, including in cells expressing lower levels of PDX1. Consistent with the lack of 

enhancer activation in motif optimized GT stage cells (Fig. 1.6b), there was no premature 

expression of NKX6.1 at the GT stage (Supplementary Figure 1.7d). These findings indicate 

that optimizing FOXA motif strength renders NKX6.1 expression independent of high levels of 

PDX1. Corroborating this conclusion, we found NKX6.1 protein restricted to progenitors with high 

levels of PDX1 in control cultures, whereas motif optimized cultures contained a population of 

NKX6.1+/PDX1low cells (Fig. 1.6e and Supplementary Figure 1.7e). In sum, these findings show 

that increasing FOXA motif strength is sufficient to allow for FOXA recruitment independent of 

cooperative interactions with pancreatic lineage-determining TFs and that converting an unprimed 

into a primed enhancer lowers the target gene expression threshold (Fig. 1.6f).  

Given that alpha cells are derived from NKX6.1- endocrine progenitors, whereas beta cells 

arise from NKX6.1+ endocrine progenitors56, we examined effects of broader NKX6.1 expression 

among progenitors on cell fate allocation. To this end, we differentiated motif optimized and 

control cells to the early endocrine cell stage, when pre-alpha and pre-beta cells can be 

distinguished55 (Supplementary Figure 1.7f). We observed a two-fold increase in 

NKX6.1+/insulin+ cells accompanied by a decrease in glucagon expression (Supplementary 

Figure 1.7g), suggesting a pre-alpha to a pre-beta cell fate shift. These results suggest that 

barriers to enhancer activation and target gene expression imposed by DNA sequence at class II 

enhancers are biologically relevant for cell lineage allocation during development.  
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Figure 1.6. Optimization of FOXA binding motifs at an NKX6.1 enhancer redefines patterns of FOXA 
association and gene expression. (a) Schematic illustrating base editing strategy at NKX6.1 enhancer 
via CRISPR-Cas9. Degenerate FOXA binding motifs and base edits are indicated in red. (b) ChIP-qPCR 
comparing FOXA1, FOXA2, H3K4me1, and H3K27ac ChIP-seq signal at the NKX6.1 enhancer in control 
and motif optimized hESC lines at GT stage. Plots show two independent primer pairs for NKX6.1 enhancer 
and one primer pair for a negative control region (n = 3 technical replicates; P = 3.04 x 10-3, 1.22 x 10-2, 
and 0.35 for FOXA1; P = 2.22 x 10-4, 4.3 x 10-5, and 2.57 x 10-2 FOXA2; P = 1.0 x 10-5, 2.3 x 10-5, and 0.07 
for H3K4me1; and P = 0.70, 0.99, and 0.44 for H3K27ac; student’s t-test, 2-sided; n.s., not significant). (c) 
UMAP representation of single cell RNA-seq data from both control and motif optimized PP2 cells 
(integrated) and dot plot showing expression of marker genes in each population (bottom). NKX6.1 
expression across populations in control and motif optimized cell lines (right). (d) Volcano plot comparing 
genes co-expressed with NKX6.1 in motif optimized compared to control PP2 cells. (e) Representative flow 
cytometry analysis for PDX1 and NKX6.1, mean fluorescence intensity (MFI) of PDX1 signal in NKX6.1+ 
cells, and quantification of PDX1+ and NKX6.1+ cells in control and motif optimized PP2 cells (n = 3 
independent differentiations; P < 1.0 x 10-4; student’s t-test, 2-sided). (f) Schematic illustrating temporal 
patterns of FOXA recruitment and NKX6.1 expression at the PP2 stage in cells with degenerate and 
optimized FOXA motifs at the NKX6.1 enhancer.  
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Distinct temporal patterns of FOXA1/2 occupancy distinguish hepatic and alveolar enhancers 

To determine whether the identified mechanisms of enhancer activation during organ 

development are universal across endodermal lineages, we also analyzed liver and lung 

enhancers, which like pancreatic enhancers undergo chromatin priming in gut endoderm27. Like 

pancreas development, both early liver and lung development depend on FOXA TFs30-32. 

Furthermore, previous studies have demonstrated FOXA binding to primed liver enhancers in gut 

endoderm prior to organ lineage induction27,37. To test whether class I and class II enhancers can 

be distinguished during liver and lung development, we induced the hepatic fate from hESC-GT 

stage intermediates (Fig. 1.7a), and generated distal lung alveolar epithelial type 2-like cells 

(iAT2s) grown at 95% purity as 3D alveolospheres (ALV) from iPSCs (Fig. 1.7b)27,57. For liver, we 

analyzed H3K27ac signal and FOXA1/2 binding before liver induction at the GT stage and in 

hepatic progenitors (HP). For lung, we analyzed H3K27ac signal and FOXA1 binding before lung 

induction in anteriorized foregut (AFG) and at the ALV stage.  

Analogous to the strategy used for identifying pancreatic enhancers (Supplementary 

Figure 1.3d), we identified hepatic and alveolar enhancers based on gain in H3K27ac signal 

during the GT to HP and AFG to ALV transitions, respectively (≥ 2 fold change in H3K27ac, FDR 

≤ 0.05; Supplementary Figure 1.8a-d). Subsequently, we quantified FOXA1/2 binding at the 

identified enhancers. As in pancreas, we observed two distinct patterns of FOXA1/2 occupancy 

(Fig. 1.7c,d) despite similar dynamics in H3K27ac signal (Supplementary Figure 1.8e,f): a 

subset of class I enhancers exhibited FOXA1/2 occupancy prior to lineage induction (488 class I 

hepatic enhancers and 368 class I alveolar enhancers), whereas class II enhancers constituted 

the majority and exhibited de novo FOXA1/2 binding with lineage induction (965 class II hepatic 

enhancers and 2924 class II alveolar enhancers). These patterns were exemplified by enhancers 

near hepatic genes Alpha1-Antitrypsin (AAT) and CEBPA (Fig. 1.7e), as well as lung 

developmental TF genes SOX2 and NKX2.1 (Fig. 1.7f).  
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De novo motif analysis at class I against a background of class II hepatic enhancers 

revealed enrichment for FOXA motifs, GATA motifs, and the motif for the signal-dependent 

nuclear receptor NR2E158. Class II enhancers showed comparative enrichment for motifs of the 

hepatic lineage-determining TFs CEBPA, HNF4A, and TBX59,60 (Fig. 1.7g), which increased in 

expression upon liver induction from hESC-GT intermediates (Supplementary Figure 1.9a). 

FOXA2, HNF4A, and CEBP have been shown to co-bind liver-specific enhancers after liver 

induction33, supporting a potential role for cooperative recruitment of FOXA TFs by these factors. 

Analogous to the motif enrichment patterns observed in pancreas and liver, alveolar class I 

enhancers were comparatively enriched for FOXA motifs, GATA motifs, and motifs for signal-

dependent TFs NR5A1 (SF1) and TEAD with roles in lung development61,62, whereas alveolar 

class II enhancers showed comparative motif enrichment for SOX family TFs and the lung master 

TF NKX2.163 (Fig. 1.7h). Thus, as in pancreas, a subset of hepatic and alveolar enhancers with 

canonical FOXA motifs and enrichment for motifs of signal-dependent TFs are FOXA1/2-bound 

prior to lineage induction, while de novo FOXA1/2 recruitment occurs at most hepatic and alveolar 

enhancers upon lineage induction. 

To gain further insight into the architecture of hepatic and alveolar enhancers, we 

examined abundance, strength, and positioning of FOXA motifs. Using the same six FOXA PWMs 

as for pancreatic enhancers (Supplementary Figure 1.5a), we observed significant enrichment 

for occurrence of FOXA motifs at both class I hepatic and class I alveolar enhancers 

(Supplementary Figure 1.9b,c). We also found significantly higher log-odds scores for three 

FOXA PWMs (MA0047.2, MA0148.1, and MA0148.3; P = 1.40 x 10-3, 2.00 x 10-3, and 1.60 x 10-

2, respectively; Wilcoxon rank sum test) at class I compared to class II hepatic enhancers, and 

two FOXA PWMs (MA0047.3 and MA0148.1; P = 3.1 x 10-2 and 4.1 x 10-2, respectively; Wilcoxon 

rank sum test) at class I compared to class II alveolar enhancers. Furthermore, FOXA motif 

occurrence at ATAC-seq summits (444 and 701 ATAC-seq summits in class I and class II 

enhancers, respectively, at HP stage; Supplementary Figure 1.9d) and occurrence of FOXA 
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footprints (Supplementary Figure 1.9e) were enriched at class I compared to class II hepatic 

enhancers. Thus, like pancreatic class I enhancers, hepatic and alveolar class I enhancers exhibit 

sequence features that have been associated with FOXA1/2 pioneering in other contexts43,44. 

Moreover, analogous to pancreatic enhancers, we observed preferential binding of GATA4 and 

GATA6 to class I compared to class II hepatic enhancers at the GT stage (Supplementary Figure 

1.9f), but no binding preference of the hepatic lineage-determining TF HNF4A at class II 

compared to class I hepatic enhancers despite HNF4A motif enrichment at HNF4A-bound class 

II enhancers (Supplementary Figure 1.9f,g). These results show that similar characteristics of 

sequence architecture distinguish pancreatic, hepatic, and alveolar class I and class II enhancers. 
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Figure 1.7. Class I and class II enhancers can be distinguished in liver and lung development. (a and 
b) Schematic of stepwise differentiation of hESCs to hepatic progenitors (HP) (a) and induced human 
pluripotent stem cells (iPSC) into alveolosphere organoids (ALV) (b). AFG, anteriorized foregut. Select 
growth factors for hepatic (a) and alveolar (b) lineage induction are indicated. FGF2, fibroblast growth factor 
2; BMP4, bone morphogenic protein 4; CHIR, CHIR99021; RA, retinoic acid. (c) Heatmap showing density 
of FOXA1 and FOXA2 ChIP-seq reads at hepatic enhancers in GT and HP. Heatmap is centered on FOXA1 
and FOXA2 peaks, respectively, and spans 5 kb. Hepatic enhancers are classified based on temporal 
pattern of FOXA1 and FOXA2 occupancy. (d) Heatmap showing density of FOXA1 ChIP-seq reads at 
hepatic enhancers in AFG and ALV. Heatmap is centered on FOXA1 peaks and spans 5 kb. Alveolar 
enhancers are classified based on temporal pattern of FOXA1 occupancy. (e) Genome browser snapshots 
showing FOXA1 and FOXA2 ChIP-seq signal at a class I hepatic enhancer near AAT and a class II hepatic 
enhancers near CEBPA in GT and HP. (f) Genome browser snapshots showing FOXA1 ChIP-seq signal 
at a class I alveolar enhancer near SOX2 and a class II alveolar enhancer near NKX2.1 in AFG and ALV. 
(g and h) Enriched de novo transcription factor (TF) binding motifs at class I against a background of class 
II enhancers and vice versa for hepatic (g) and alveolar enhancers (h). Fisher’s exact test, 1-sided, 
corrected for multiple comparisons. All ChIP-seq experiments, n  =  2 replicates from independent 
differentiations.  
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Lineage-specific recruitment of FOXA1/2 to unprimed enhancers 

Our results suggest a model whereby the full enhancer complement for each endodermal 

organ lineage is established through (i) FOXA1/2-mediated priming of a small subset of 

enhancers for each lineage in endodermal precursors prior to lineage induction, and (ii) activation 

of a larger subset of unprimed enhancers by organ lineage-determining TFs that cooperatively 

recruit FOXA1/2 upon lineage induction. To determine the relationship between class I and class 

II enhancers across different endodermal lineages, we performed differential motif enrichment 

analysis, comparing class I or class II enhancers of each lineage against a background of class I 

or class II enhancers, respectively, of the alternate lineages. As expected, motifs for lineage-

determining TFs for each lineage were enriched at both classes of enhancers. However, motif 

enrichment was stronger at class II than at class I enhancers (Fig. 1.8a), lending further support 

to the model that cooperativity with lineage-determining TFs facilitates lineage-specific FOXA1/2 

association with class II enhancers of each organ. Consistent with the binding of FOXA1/2 to 

class I enhancers in shared developmental precursors prior to lineage induction, we found that 

class I enhancers of one organ lineage were more frequently bound by FOXA1/2 in alternate 

lineages than class II enhancers (Fig. 1.8b,c). Altogether, these findings support establishment 

of organ-specific gene expression programs through two distinct mechanisms of FOXA1/2-

mediated enhancer activation (Fig. 1.8d). 
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Figure 1.8. Recruitment of FOXA1/2 to class II enhancers is lineage-specific. (a) Heatmap showing 
enrichment of known binding motifs for lineage-determining transcription factors at pancreatic, hepatic, and 
alveolar class I and class II enhancers. Class I and class II enhancers of each lineage were compared 
against a background of class I and class II enhancers, respectively, of all other lineages. Fisher’s exact 
test, 1-sided, corrected for multiple comparisons. (b) Percentage of pancreatic, hepatic, and alveolar class 
I and class II enhancers overlapping FOXA1/2 ChIP-seq peaks (within 100 bp from peak) in PP2 
(pancreas), HP (liver) and ALV (lung). For ALV only FOXA1 peaks were considered. P = 1, < 2.2 x 10-16, < 
2.2 x 10-16, < 2.2 x 10-16, 1, < 2.2 x 10-16, 5.86 x 10-11, 3.08 x 10-5, and 1 for comparisons of FOXA occupancy 
at class I and class II pancreatic, hepatic, and alveolar enhancers at PP2, HP, and ALV stage cells, 
respectively; Fisher’s exact test, 2-sided). (c) Genome browser snapshots showing FOXA1/2 ChIP-seq 
signal across endodermal lineages at example pancreatic, hepatic, and alveolar class I and class II 
enhancers. Approximate distance between enhancer and gene body is indicated. (d) Schematic showing 
differential recruitment of FOXA TFs to endodermal organ class I and class II enhancers during endoderm 
development. LDTF, lineage determining transcription factors. All ChIP-seq experiments, n  =  2 replicates 
from independent differentiations.  
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Discussion 

FOXA TFs are generally thought to control developmental transitions by mediating 

chromatin priming owing to FOXA’s pioneer TF activity19,27,37. We have previously reported that 

chromatin priming and FOXA1/2 recruitment precede organ lineage induction at pancreas, liver, 

and lung enhancers27. Here, we show that chromatin priming and early FOXA1/2 recruitment are 

limited to a small subset of organ lineage enhancers, whereas the majority transitions from 

unprimed to active and engages FOXA1/2 upon lineage induction. We demonstrate that DNA 

sequence logic is the primary determinant of whether an enhancer is primed and recruits 

FOXA1/2 independent of lineage-specific TFs or whether it is unprimed and requires lineage-

specific TFs for FOXA1/2 binding. The results presented here provide a molecular framework for 

understanding gene regulatory principals that underlie lineage induction and cell type 

diversification during organogenesis. Our findings support a model whereby FOXA-mediated 

priming of a subset of organ-specific enhancers enables the initiation of organ-specific gene 

expression programs by lineage inductive cues, whereas secondary recruitment of FOXA by 

lineage-specific TFs to most organ-specific enhancers helps establish cell type-specific gene 

expression by safeguarding against broad target gene expression within the organ progenitor 

domain. 

We observed stronger and more abundant FOXA motifs at primed compared to unprimed 

enhancers and found that FOXA1/2 recruitment to a proportion of unprimed enhancers depends 

on the pancreatic TF PDX1. Furthermore, we show that strengthening FOXA motifs at an 

unprimed enhancer obviates dependency of FOXA1/2 binding on PDX1, resulting in FOXA 

recruitment and enhancer priming prior to lineage induction. Our findings are consistent with prior 

observations in tumor cell line models, which have suggested that the ability of FOXA TFs to 

stably bind and remodel chromatin is DNA sequence dependent43,44,46. Our results extend these 

observations in immortalized cell lines to demonstrate relevance of distinct mechanisms of FOXA 

recruitment for developmental gene regulation.  
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Our observation that FOXA1/2 bind primed enhancers without cooperative recruitment by 

pancreatic TFs raises the question of how FOXA TFs engage their target sites at primed 

enhancers. We find that a subset of primed enhancers is bound by both FOXA and GATA TFs 

prior to lineage induction. Given previously demonstrated cooperativity between FOXA and GATA 

TFs43, it is possible that GATA TFs help recruit FOXA to a subset of primed enhancers. However, 

we show that strengthening FOXA motifs is sufficient to enable FOXA1/2 binding to an enhancer 

not bound by GATA TFs. Therefore, our data support the conclusion that strong FOXA motifs are 

sufficient to facilitate FOXA TF engagement and chromatin priming during development, 

consistent with observations that FOXA1/2 can engage target sites on nucleosomal DNA in vitro33-

35. 

Our findings provide insight into the gene regulatory mechanisms that underlie 

endodermal organ lineage induction and cell fate specification. We observed enrichment of 

binding motifs for signal-dependent TFs and binding of the retinoic acid receptor subunit RXR at 

primed pancreatic enhancers. These findings suggest that organ lineage-inductive cues are read 

by primed enhancers to initiate expression of lineage-determining TFs. In support of this, primed 

enhancers are found near PDX1, HNF1B, and MEIS1, which are among the first TFs expressed 

upon pancreas induction. By contrast, unprimed enhancers are enriched for binding motifs of 

organ-specific TFs which recruit FOXA1/2 secondarily. Given that FOXA TFs are broadly 

expressed across endodermal organ lineages, indirect FOXA recruitment by organ-specific TFs 

provides a safeguard against lineage-aberrant enhancer activation and gene expression. This 

agrees with studies in Drosophila and Ciona which suggest that suboptimization of TF binding 

motifs could be a general principal by which to confer cell specificity to enhancers52,64.  

Replacing low affinity FOXA binding sites at an unprimed enhancer for NKX6.1 with higher 

affinity sites broadened the domain of NKX6.1 expression among pancreatic progenitors. As we 

show, NKX6.1 was not prematurely expressed, demonstrating that motif optimization does not 

eliminate the dependency of target gene expression on lineage-specific cues. This suggests that 
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early FOXA recruitment through high affinity binding sites lowers the threshold for target gene 

expression, which could reflect an increased sensitivity of the enhancer to activation by lineage-

specific TFs. Thus, higher thresholds to target gene expression conferred by unprimed enhancers 

will restrict target gene expression to specific cell populations, as enhancer activation will only 

occur when a specific complement of lineage-specific TFs is present in sufficient concentrations. 

We propose that gene regulation by unprimed enhancers provides a mechanism for specifying 

different cell types early in organ development. Small differences in TF expression among early 

organ progenitors would be sufficient to activate different repertoires of unprimed enhancers, 

thereby creating divergent gene expression patterns and cell populations. Consistent with this 

concept, it has been shown that PDX1high and PDX1low cells in the early pancreatic epithelium 

acquire different cell identities65.  

We demonstrate that conversion of a single enhancer near NKX6.1 from an unprimed to 

a primed state is sufficient to alter cell fate due to broadened expression of NKX6.1 within the 

progenitor cell domain. These findings show that in a developmental context, differences in FOXA 

binding affinity at enhancers can affect cell fate allocation. It is therefore possible that 

polymorphisms at FOXA binding sites determine interindividual differences in endodermal organ 

cell type composition. Consistent with this possibility, islet cell type composition is known to vary 

greatly in humans66 and the NKX6.1 enhancer contains twelve known polymorphisms predicted 

to alter the strength and spacing of FOXA motifs. While the importance of polymorphisms for 

organ cell type composition remains to be demonstrated, our findings support the concept that 

FOXA TF motif strength at developmental enhancers provides a tunable threshold for target gene 

expression.  
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Methods 

Human cell culture experiments 

hESC research was approved by the University of California, San Diego (UCSD), 

Institutional Review Board and Embryonic Stem Cell Research Oversight Committee (protocol 

090165ZX). Human iPSC research was approved by the Boston University Institutional Review 

Board (protocol H-33122). 

 

Maintenance of HEK293T cells 

HEK293T cells (female) were cultured in a humidified incubator at 37 °C with 5% CO2 

using Dulbecco’s Modified Eagle Medium (Cat# 45000-312; 4.5 g/L glucose, [+] L-glutamine, [-] 

sodium pyruvate) supplemented with 10% fetal bovine serum (FBS). 

 

Maintenance and differentiation of CyT49 hESCs 

CyT49 hESCs (male) were maintained and differentiated as described27,67,68. Propagation 

of CyT49 hESCs was carried out by passing cells every 3 to 4 days using Accutase™ 

(eBioscience) for enzymatic cell dissociation, and with 10% (v/v) human AB serum (Valley 

Biomedical) included in the hESC media the day of passage. hESCs were seeded into tissue 

culture flasks at a density of 50,000 cells/cm2.  

Pancreatic differentiation was performed as previously described27,67,68. Briefly, a 

suspension-based culture format was used to differentiate cells in aggregate form. 

Undifferentiated aggregates of hESCs were formed by re-suspending dissociated cells in hESC 

maintenance medium at a concentration of 1 x 106 cells/mL and plating 5.5 mL per well of the cell 

suspension in 6-well ultra-low attachment plates (Costar). The cells were cultured overnight on 

an orbital rotator (Innova2000, New Brunswick Scientific) at 95 rpm. After 24 hours the 

undifferentiated aggregates were washed once with RPMI medium and supplied with 5.5 mL of 

day 0 differentiation medium. Thereafter, cells were supplied with the fresh medium for the 
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appropriate day of differentiation (see below). Cells were continually rotated at 95 rpm, or 105 

rpm on days 4 through 8, and no media change was performed on day 10. Both RPMI (Mediatech) 

and DMEM High Glucose (HyClone) medium were supplemented with 1X GlutaMAX™ and 1% 

penicillin/streptomycin. Human activin A, mouse Wnt3a, human KGF, human noggin, and human 

EGF were purchased from R&D systems. Other added components included FBS (HyClone), B-

27® supplement (Life Technologies), Insulin-Transferrin-Selenium (ITS; Life Technologies), 

TGFβ R1 kinase inhibitor IV (EMD Bioscience), KAAD-Cyclopamine (KC; Toronto Research 

Chemicals), and the retinoic receptor agonist TTNPB (RA; Sigma Aldrich). Day-specific 

differentiation media formulations were as follows:  

Days 0 and 1: RPMI + 0.2% (v/v) FBS, 100 ng/mL Activin, 50 ng/mL mouse Wnt3a, 1:5000 ITS. 

Days 1 and 2: RPMI + 0.2% (v/v) FBS, 100 ng/mL Activin, 1:5000 ITS 

Days 2 and 3: RPMI + 0.2% (v/v) FBS, 2.5 mM TGFβ R1 kinase inhibitor IV, 25ng/mL KGF, 1:1000 

ITS 

Days 3 - 5: RPMI + 0.2% (v/v) FBS, 25 ng/mL KGF, 1:1000 ITS 

Days 5 - 8: DMEM + 0.5X B-27® Supplement, 3 nM TTNPB, 0.25 mM KAAD-Cyclopamine, 50 

ng/mL Noggin 

Days 8 - 10: DMEM/B-27, 50 ng/mL KGF, 50 ng/mL EGF 

Cells at D0 correspond to the embryonic stem cell (ES) stage, cells at D2 correspond to 

the definitive endoderm (DE) stage, cells at D5 correspond to the gut tube (GT) stage, cells at D7 

correspond to the early pancreatic progenitor (PP1) stage, and cells at D10 correspond to the late 

pancreatic progenitor (PP2) stage.  

Hepatic differentiation was performed as previously described27. Briefly, cells were treated 

identically as in pancreatic differentiation until the GT stage at D5. At this point cells were treated 

with 50 ng/ml BMP4 (Millipore) and 10 ng/ml FGF2 (Millipore) in RPMI media (Mediatech) 

supplemented with 0.2% (vol/vol) FBS (HyClone) for 3 days with daily media changes. Cells at 

D8 correspond to the hepatic progenitor (HP) cell stage. 
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Maintenance and differentiation of H1 hESCs 

H1 hESCs (male) were maintained and differentiated as described with some 

modifications69,70. In brief, hESCs were cultured in mTeSR1 media (Stem Cell Technologies) and 

propagated by passaging cells every 3 to 4 days using Accutase (eBioscience) for enzymatic cell 

dissociation.  

For differentiation, cells were dissociated using Accutase for 10 min, then reaggregated 

by plating the cells at a concentration of ~5.5 x 106 cells/well in a low attachment 6-well plate on 

an orbital shaker (100 rpm) in a 37 °C incubator. The following day, undifferentiated cells were 

washed in base media (see below) and then differentiated using a multi-step protocol with stage-

specific media and daily media changes. 

All stage-specific base media were comprised of MCDB 131 medium (Thermo Fisher 

Scientific) supplemented with NaHCO3, GlutaMAX, D-Glucose, and BSA using the following 

concentrations: 

Stage 1/2 base medium: MCDB 131 medium, 1.5 g/L NaHCO3, 1X GlutaMAX, 10 mM D-Glucose, 

0.5% BSA 

Stage 3/4 base medium: MCDB 131 medium, 2.5 g/L NaHCO3, 1X GlutaMAX, 10 mM D-glucose, 

2% BSA 

Stage 5 medium: MCDB 131 medium, 1.5 g/L NaHCO3, 1X GlutaMAX, 20 mM D-glucose, 2% 

BSA 

Media compositions for each stage were as follows: 

Stage 1 (days 0 - 2): base medium, 100 ng/ml Activin A, 25 ng/ml Wnt3a (day 0). Day 1-2: base 

medium, 100 ng/ml Activin A 

Stage 2 (days 3 - 5): base medium, 0.25 mM L-Ascorbic Acid (Vitamin C), 50 ng/mL FGF7 

Stage 3 (days 6 - 7): base medium, 0.25 mM L-Ascorbic Acid, 50 ng/mL FGF7, 0.25 µM SANT-

1, 1 µM Retinoic Acid, 100 nM LDN193189, 1:200 ITS-X, 200 nM TPB 
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Stage 4 (days 8 - 10): base medium, 0.25 mM L-Ascorbic Acid, 2 ng/mL FGF7, 0.25 µM SANT-

1, 0.1 µM Retinoic Acid, 200 nM LDN193189, 1:200 ITS-X, 100nM TPB 

Stage 5 (days 11 - 13): base medium, 0.25 µM SANT-1, 0.05 µM RA, 100 nM LDN-193189, 1 µM 

T3, 10 µM ALK5i II, 10 µM ZnSO4, 10 µg/mL heparin, 1:200 ITS-X 

Cells at D0, D3, D6, D8, D11, and D14 correspond to the ES DE, GT, PP1, PP2, and EN 

stages, respectively.  

 

Maintenance and differentiation of iPSCs 

SPC2 iPSCs (male; clone SPC2-ST-B271) were maintained in feeder-free culture 

conditions in 6-well tissue culture dishes (Corning) coated with growth factor reduced Matrigel 

(Corning), in mTeSR1 medium (Stem Cell Technologies) and passaged using gentle cell 

dissociation reagent (GCDR). Details of iPSC derivation, characterization, and differentiation into 

anterior foregut endoderm and alveolar epithelial type 2 cells (iAT2s; also known as iAEC2s) have 

been previously published57,71,72 and are available for free download at 

http://www.bu.edu/dbin/stemcells/protocols.php. Briefly, the SPC2-ST-B2 iPSC clone, 

engineered to carry a tdTomato reporter knocked into one allele of the endogenous SFTPC 

locus71, underwent directed differentiation to generate iAT2s in 3D Matrigel cultures as follows. 

Cells were first differentiated into definitive endoderm using the STEMdiff Definitive Endoderm Kit 

(Stem Cell Technologies) for 72 hours and subsequently dissociated with GCDR and passaged 

as small clumps into growth factor reduced Matrigel-coated (Corning) 6-well culture plates 

(Corning) in ‘‘DS/SB’’ foregut endoderm anteriorization media, consisting of complete serum-free 

differentiation medium (cSFDM) base as previously described57, supplemented with 10 µm 

SB431542 (‘‘SB’’; Tocris) and 2 µm Dorsomorphin (‘‘DS’’; Stemgent), to pattern cells towards 

anterior foregut endoderm (AFE; day 6 of differentiation). For the first 24 hours after passaging, 

media was supplemented with 10 µM Y-27632. After anteriorization in DS/SB media for 72 hours, 

beginning on day 6 of differentiation cells were cultured in ‘‘CBRa’’ lung progenitor-induction 

http://www.bu.edu/dbin/stemcells/protocols.php
http://www.bu.edu/dbin/stemcells/protocols.php
http://www.bu.edu/dbin/stemcells/protocols.php
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medium for 9 additional days. ‘‘CBRa’’ medium consists of cSFDM base supplemented with 3 µM 

CHIR99021 (Tocris), 10 ng/mL recombinant human BMP4 (rhBMP4, R&D Systems), and 100 nM 

retinoic acid (RA, Sigma), as described57. On differentiation day 15, NKX2-1+ lung progenitors 

were isolated based on CD47hi/CD26neg gating73 using a high-speed cell sorter (MoFlo Legacy or 

MoFlo Astrios EQ). Purified day 15 lung progenitors were resuspended in undiluted growth factor-

reduced 3D Matrigel (Corning) at a concentration of 400 cells/µl and distal/alveolar differentiation 

was performed in ‘‘CK+DCI’’ medium, consisting of cSFDM base supplemented with 3 µm 

CHIR99021 (Tocris), 10 ng/mL rhKGF (R&D Systems), and 50 nM dexamethasone (Sigma), 0.1 

mM 8-Bromoadenosine 30, 50-cyclic monophosphate sodium salt (Sigma) and 0.1 mM 3-Isobutyl-

1-methylxanthine (IBMX; Sigma) (DCI) with a brief period of CHIR99021 withdrawal between days 

34-39 to achieve iAT2 maturation. To establish pure cultures of iAT2s, cells were sorted by flow 

cytometry on day 45 to purify SFTPCtdTomato+ cells. iAT2s were maintained as self-renewing 

monolayered epithelial spheres (“alveolospheres”) through serial passaging every 10-14 days 

and replating in undiluted growth factor-reduced 3D Matrigel (Corning) droplets at a density of 

400 cells/μl in CK+DCI medium, as described72. iAT2 culture quality and purity was monitored at 

each passage by flow cytometry, with 95.2 ± 4.2% (mean ± S.D.) of cells expressing SFTPCtdTomato 

over time, as we have previously detailed57,71. 

Cells at day 6 correspond to the AFG stage and day 261 iAT2s were used for the alveolar 

stage. 

 

Generation of FOXA1-/-, FOXA2-/-, and FOXA1/2-/- H1 hESC lines 

To generate homozygous FOXA1, FOXA2, and FOXA1/2 deletion hESC lines, sgRNAs 

targeting coding exons within each gene were cloned into Px333-GFP, a modified version of 

Px33374, which was a gift from Andrea Ventura (Addgene, #64073). The plasmid was transfected 

into H1 hESCs with XtremeGene 9 (Roche), and 24 hours later 8000 GFP+ cells were sorted into 

a well of six-well plate. Individual colonies that emerged within 5-7 days were subsequently 
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transferred manually into 48-well plates for expansion, genomic DNA extraction, PCR genotyping, 

and Sanger sequencing. For control clones, the Px333-GFP plasmid was transfected into H1 

hESCs, and cells were subjected to the same workflow as H1 hESCs transfected with sgRNAs.  

sgRNA oligo used to generate FOXA1-/- hESCs: CGCCATGAACAGCATGACTG 

sgRNA oligo used to generate FOXA2-/- hESCs: CATGAACATGTCGTCGTACG 

sgRNA oligos used to generate FOXA1/2-/- frameshift hESCs: 

FOXA1: CGCCATGAACAGCATGACTG 

FOXA2: CATGAACATGTCGTCGTACG 

sgRNA oligos used to generate FOXA1/2-/- exon deletion hESCs: 

FOXA1 upstream: GCGACTGGAACAGCTACTAC 

FOXA1 downstream: GCACTGCAATACTCGCCTTA 

FOXA2 upstream: TCCGACTGGAGCAGCTACTA 

FOXA2 downstream: CGGCTACGGTTCCCCCATGC 

 

Generation of NKX6.1 enhancer motif optimized H1 hESC line 

To generate base substitutions in the NKX6.1 enhancer, a sgRNA targeting the enhancer 

was cloned into the Px458 plasmid75, which was a gift from Feng Zhang (Addgene, #48138). The 

plasmid and an asymmetric single-stranded oligodeoxynucleotide donor template (ssODN) were 

transfected into H1 hESCs with XtremeGene 9 (Roche), and cells were treated with 1µM SCR7 

DNA ligase IV inhibitor to promote homology-directed repair. 24 hours later 8000 GFP+ cells were 

sorted into a well of six-well plate. Individual colonies that emerged within 5-7 days were 

subsequently transferred manually into 48-well plates for expansion, genomic DNA extraction, 

PCR genotyping, and Sanger sequencing. 

sgRNA oligo used to target NKX6.1 enhancer: GAAGCTCTCTACCTAGTGTG 

ssODN sequence: 

TGCCTATGATTTATGTATTTGTTTAGTCAATAGTCTAATGTAAATGATGTAATTAATTATAGAT
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GGTGGTGTCAGGTCATTTGTGTAAACAATCTGAGGTAAACAAGGGCTCTGTTTACTTCATG

ACAGATGCAGGGGGGTGGGGGGCTGAGTTGAGGGAATTCCAGGGGAACTTTTTCACGTG

TGAATGGCGGCTGGGA 

 

Transduction of CyT49 hESCs with SCRAM and shPDX1 

To generate shRNA expression vectors, shRNA guide sequences were placed under the 

control of the human U6 pol III promoter in the pLL3.7 backbone76, which was a gift from Luk 

Parijs (Addgene, plasmid #11795). Guide sequences are listed in Supplementary Figure 1.10.  

High-titer lentiviral supernatants were generated by co-transfection of the shRNA 

expression vector and the lentiviral packaging construct into HEK293T cells as described 67. 

Briefly, shRNA expression vectors were co-transfected with the pCMV-R8.74 and pMD2.G 

expression plasmids (Addgene #22036 and #12259, respectively, gifts from Didier Trono) into 

HEK293T cells using a 1 mg/ml PEI solution (Polysciences). Lentiviral supernatants were 

collected at 48 hours and 72 hours after transfection. Lentiviruses were concentrated by 

ultracentrifugation for 120 min at 19,500 rpm using a Beckman SW28 ultracentrifuge rotor at 4°C.  

CyT49 hESCs were plated onto a six-well plate at a density of 1 million cells per well. The 

following morning, concentrated lentivirus was added at 5 µL/mL media, as well as 8 µg/mL 

polybrene. After 30 minutes of incubation, the 6 well plate was spun in a centrifuge (Sorvall 

Legend RT) for 1 hour at 30°C at 950 G. 6 hours later, viral media was replaced with fresh base 

culture media. After 72 hours, cells were sorted for GFP expression and re-cultured. 

 

Immunofluorescence analysis 

Cell aggregates derived from hESCs were allowed to settle in microcentrifuge tubes and 

washed twice with PBS before fixation with 4% paraformaldehyde (PFA) for 30 min at room 

temperature. Fixed samples were washed twice with PBS and incubated overnight at 4°C in 30% 

(w/v) sucrose in PBS. Samples were then loaded into disposable embedding molds (VWR), 
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covered in Tissue-Tek® O.C.T. Sakura® Finetek compound (VWR) and flash frozen on dry ice to 

prepare frozen blocks. The blocks were sectioned at 10 µm and sections were placed on 

Superfrost Plus® (Thermo Fisher) microscope slides and washed with PBS for 10 min. Slide-

mounted cell sections were permeabilized and blocked with blocking buffer, consisting of 0.15% 

(v/v) Triton X-100 (Sigma) and 1% (v/v) normal donkey serum (Jackson Immuno Research 

Laboratories) in PBS, for 1 hour at room temperature. Slides were then incubated overnight at 

4°C with primary antibody solutions. The following day slides were washed five times with PBS 

and incubated for 1 hour at room temperature with secondary antibody solutions. Cells were 

washed five times with PBS before coverslips were applied. 

All antibodies were diluted in blocking buffer at the ratios indicated below. Primary 

antibodies used were mouse anti-FOXA1 (1:100 or 1:1000 dilution, Abcam); goat anti-FOXA2 

(1:300 dilution, R&D systems); goat anti-SOX17 (1:300 dilution, R&D systems); goat anti-HNF4A 

(1:1000 dilution, Santa Cruz Biotechnology); rabbit anti-PDX1 (1:500 dilution, Abcam); and mouse 

anti-NKX6.1 (1:300 dilution, Developmental Studies Hybridoma Bank). Secondary antibodies 

against mouse, rabbit, and goat were Alexa488- and Cy3-conjugated donkey antibodies (Jackson 

Immuno Research Laboratories), and were used at dilutions of 1:500 (anti-rabbit Alexa488) or 

1:1000 (all other secondary antibodies). Cell nuclei were stained with Hoechst 33342 (1:3000, 

Invitrogen). Representative images were obtained with a Zeiss Axio-Observer-Z1 microscope 

equipped with a Zeiss ApoTome and AxioCam digital camera. Figures were prepared in Adobe 

Creative Suite 5. 

 

Flow cytometry analysis 

Cell aggregates derived from hESCs were allowed to settle in microcentrifuge tubes and 

washed with PBS. Cell aggregates were incubated with Accutase® at 37°C until a single-cell 

suspension was obtained. Cells were washed with 1 mL ice-cold flow buffer comprised of 0.2% 

BSA in PBS and centrifuged at 200 g for 5 min. BD Cytofix/Cytoperm™ Plus 
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Fixation/Permeabilization Solution Kit was used to fix and stain cells for flow cytometry according 

to the manufacturer's instructions. Briefly, cell pellets were re-suspended in ice-cold BD 

Fixation/Permeabilization solution (300 µL per microcentrifuge tube). Cells were incubated for 20 

min at 4°C. Cells were washed twice with 1 mL ice-cold 1X BD Perm/Wash™ Buffer and 

centrifuged at 10°C and 200 x g for 5 min. Cells were re-suspended in 50 µL ice-cold 1X BD 

Perm/Wash™ Buffer containing diluted antibodies, for each staining performed. Cells were 

incubated at 4°C in the dark for 1-3 hours. Cells were washed with 1.25 mL ice-cold 1X BD Wash 

Buffer and centrifuged at 200 g for 5 min. Cell pellets were re-suspended in 300 µL ice-cold flow 

buffer and analysed in a FACSCanto™ II (BD Biosciences). Antibodies used were PE-conjugated 

anti-SOX17 antibody (1:20 dilution, BD Biosciences); mouse anti-HNF1B antibody (1:100 dilution, 

Santa Cruz Biotechnology); PE-conjugated anti-mouse IgG (1:50 dilution, BD Biosciences); PE-

conjugated anti-PDX1 (1:10 dilution, BD Biosciences); AlexaFluor® 647-conjugated anti-NKX6.1 

(1:5 dilution, BD Biosciences); and PE-conjugated anti-Insulin (1:50 dilution, Cell Signaling). Data 

were processed using FlowJo software v10.  

 

Chromatin Immunoprecipitation Sequencing (ChIP-seq) 

ChIP-seq was performed using the ChIP-IT High-Sensitivity kit (Active Motif) according to 

the manufacturer’s instructions. Briefly, for each cell stage and condition analyzed, 5-10 x 106 

cells were harvested and fixed for 15 min in an 11.1% formaldehyde solution. Cells were lysed 

and homogenized using a Dounce homogenizer and the lysate was sonicated in a Bioruptor® 

Plus (Diagenode), on high for 3 x 5 min (30 sec on, 30 sec off). Between 10 and 30 µg of the 

resulting sheared chromatin was used for each immunoprecipitation. Equal quantities of sheared 

chromatin from each sample were used for immunoprecipitations carried out at the same time. 4 

µg of antibody were used for each ChIP-seq assay. Chromatin was incubated with primary 

antibodies overnight at 4°C on a rotator followed by incubation with Protein G agarose beads for 

3 hours at 4°C on a rotator. Antibodies used were rabbit anti-H3K27ac (Active Motif 39133); rabbit 
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anti-H3K4me1 (Abcam ab8895); goat anti-FOXA1 (Abcam Ab5089); goat-anti-FOXA2 (Santa 

Cruz SC-6554); goat anti-GATA4 (Santa Cruz SC-1237); mouse anti-GATA6 (Santa Cruz SC-

9055); and mouse anti-HNF4A (Novus PP-H1415). Reversal of crosslinks and DNA purification 

were performed according to the ChIP-IT High-Sensitivity instructions, with the modification of 

incubation at 65°C for 2-3 hours, rather than at 80°C for 2 hours. Sequencing libraries were 

constructed using KAPA DNA Library Preparation Kits for Illumina® (Kapa Biosystems) and 

library sequencing was performed on either a HiSeq 4000 System (Illumina®) or NovaSeq 6000 

System (Illumina®) with single-end reads of either 50 or 75 base pairs (bp). Sequencing was 

performed by the UCSD Institute for Genomic Medicine (IGM) core research facility. For ChIP-

seq experiments at the DE, AFG, and ALV stages in iAEC2 cells, two technical replicates from a 

single differentiation were generated. For all other ChIP-seq experiments, replicates from two 

independent hESC differentiations were generated. 

 

ChIP-qPCR 

For ChIP-qPCR, immunoprecipitation, reversal of crosslinks, and DNA purification were 

performed as for ChIP-seq. Antibodies used were rabbit anti-H3K27ac (Active Motif 39133); rabbit 

anti-H3K4me1 (Abcam ab8895); goat anti-FOXA1 (Abcam Ab5089); and goat anti-FOXA2 (R&D 

AF2400). After DNA purification, each sample and a 1% dilution of input DNA used for 

immunoprecipitation were amplified using 2 independent primers targeting either the histones 

flanking the NKX6.1 enhancer (for measurements of H3K4me1 and H3K27ac) or the FOXA 

binding site (for measurements of FOXA1 and FOXA2), as well as a negative control region. 

qPCR reactions were performed in technical triplicates using a CFX96™ Real-Time PCR 

Detection System and the iQ™ SYBR® Green Supermix (Bio-Rad). Primer sequences are listed 

in Supplementary Figure 1.11.  

 

ChIP-seq data analysis 
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ChIP-seq reads were mapped to the human genome consensus build (hg19/GRCh37) 

and visualized using the UCSC Genome Browser77. Burrows-Wheeler Aligner (BWA)78 version 

0.7.13 was used to map data to the genome. Unmapped and low-quality (q<15) reads were 

discarded. SAMtools79 version 1.5 was used to remove duplicate sequences and HOMER80 

version 4.10.4 was used to call peaks using the findPeaks command with default parameters. The 

command “-style factor” was used for TFs and the command “-style histone” was used for histone 

modifications. Stage- and condition-matched input DNA controls were used as background when 

calling peaks. The BEDtools81 version 2.26.0 suite of programs was used to perform genomic 

algebra operations. Tag directories were created for each replicate using HOMER. Directories 

from each replicate were then combined, and peaks were called from the combined replicates 

using HOMER. These peaks were then intersected with pancreatic enhancers, hepatic 

enhancers, or alveolar enhancers, respectively. Pearson correlations for the intersecting peaks 

were calculated between each pair of replicates using the command multiBamSummary from the 

deepTools2 package82 version 3.1.3 and are listed in Supplementary Figure 1.12.  

 

RNA isolation and sequencing (RNA-seq) and qRT-PCR 

RNA was isolated from cell samples using the RNeasy® Micro Kit (Qiagen) according to 

the manufacturer instructions. For each cell stage and condition analyzed between 0.1 and 1 x 

106 cells were collected for RNA extraction. For qRT-PCR, cDNA synthesis was first performed 

using the iScript™ cDNA Synthesis Kit (Bio-Rad) and 500 ng of isolated RNA per reaction. qRT-

PCR reactions were performed in triplicate with 10 ng of template cDNA per reaction using a 

CFX96™ Real-Time PCR Detection System and the iQ™ SYBR® Green Supermix (Bio-Rad). 

PCR of the TATA binding protein (TBP) coding sequence was used as an internal control and 

relative expression was quantified via double delta CT analysis. For RNA-seq, stranded, single-

end sequencing libraries were constructed from isolated RNA using the TruSeq® Stranded mRNA 

Library Prep Kit (Illumina®) and library sequencing was performed on either a HiSeq 4000 System 
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(Illumina®) or NovaSeq 6000 System (Illumina®) with single-end reads of either 50 or 75 base 

pairs (bp). Sequencing was performed by the UCSD IGM core research facility. RT-qPCR primer 

sequences are listed in Supplementary Figure 1.13. 

 

RNA-seq data analysis 

Reads were mapped to the human genome consensus build (hg19/GRCh37) using the 

Spliced Transcripts Alignment to a Reference (STAR) aligner version 2.483. Normalized gene 

expression (fragments per kilobase per million mapped reads; FPKM) for each sequence file was 

determined using Cufflinks84 version 2.2.1 with the parameters: --library-type fr-firststrand --max-

bundle-frags 10000000. Differential gene expression was determined using DESeq285. Adjusted 

P-values < 0.05 and fold change ≥ 2 were considered significant. For RNA-seq corresponding to 

cells at the HP stage, one replicate was generated. For all other RNA-seq experiments, replicates 

from two independent hESC differentiations were generated. Pearson correlations between bam 

files corresponding to each pair of replicates were calculated and are listed in Supplementary 

Figure 1.14.  

 

Assay for Transposase Accessible Chromatin Sequencing (ATAC-seq) 

ATAC-seq86 was performed on approximately 50,000 nuclei. The samples were 

permeabilized in cold permabilization buffer (0.2% IGEPAL-CA630 (I8896, Sigma), 1 mM DTT 

(D9779, Sigma), Protease inhibitor (05056489001, Roche), 5% BSA (A7906, Sigma) in PBS 

(10010-23, Thermo Fisher Scientific) for 10 minutes on the rotator in the cold room and 

centrifuged for 5 min at 500 xg at 4°C. The pellet was resuspended in cold tagmentation buffer 

(33 mM Tris-acetate (pH = 7.8) (BP-152, Thermo Fisher Scientific), 66 mM K-acetate (P5708, 

Sigma), 11 mM Mg-acetate (M2545, Sigma), 16% DMF (DX1730, EMD Millipore) in Molecular 

biology water (46000-CM, Corning)) and incubated with tagmentation enzyme (FC-121-1030; 

Illumina) at 37 °C for 30 min with shaking at 500 rpm. The tagmented DNA was purified using 
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MinElute PCR purification kit (28004, QIAGEN). Libraries were amplified using NEBNext High-

Fidelity 2X PCR Master Mix (M0541, NEB) with primer extension at 72°C for 5 minutes, 

denaturation at 98°C for 30 s, followed by 8 cycles of denaturation at 98°C for 10 s, annealing at 

63°C for 30 s and extension at 72°C for 60 s. After the purification of amplified libraries using 

MinElute PCR purification kit (28004, QIAGEN), double size selection was performed using 

SPRIselect bead (B23317, Beckman Coulter) with 0.55X beads and 1.5X to sample volume. 

Finally, libraries were sequenced on HiSeq4000 (Paired-end 50 cycles, Illumina). 

 

ATAC-seq data analysis 

ATAC-seq reads were mapped to the human genome (hg19/GRCh37) using Burrows-

Wheeler Aligner78 (BWA) version 0.7.13, and visualized using the UCSC Genome Browser77. 

SAMtools79 was used to remove unmapped, low-quality (q<15), and duplicate reads. MACS287 

version 2.1.4 was used to call peaks, with parameters “shift set to 100 bps, smoothing window of 

200 bps” and with “nolambda” and “nomodel” flags on. MACS2 was also used to call ATAC-Seq 

summits, using the same parameters combined with the “call-summits” flag. 

For all ATAC-seq experiments, replicates from two independent hESC differentiations 

were generated. Bam files for each pair of replicates were merged for downstream analysis using 

SAMtools, and Pearson correlations between bam files for each individual replicate were 

calculated over a set of peaks called from the merged bam file. Correlations were performed using 

the command multiBamSummary from the deepTools2 package82 with the “--removeOutliers” flag 

and are listed in Supplementary Figure 1.15. 

 

Hi-C data analysis 

Hi-C data were processed as previously described88. Read pairs were aligned to the hg19 

reference genome separately using BWA-MEM with default parameters78. Specifically, chimeric 

reads were processed to keep only the 5’ position and reads with low mapping quality (<10) were 
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filtered out. Read pairs were then paired using custom scripts. Picard tools were then used to 

remove PCR duplicates. Bam files with alignments were further processed into text format as 

required by Juicebox tools89. Juicebox tools were then applied to generate Hi-C files containing 

normalized contact matrices. All downstream analysis was based on 10 Kb resolution KR 

normalized matrices.  

Chromatin loops were identified by comparing each pixel with its local background, as 

described previously90 with some modifications. Specifically, only the donut region around the 

pixel was compared to model the expected count. Briefly, the KR-normalized contact matrices at 

10 Kb resolution were used as input for loop calling. For each pixel, distance-corrected contact 

frequencies were calculated for each surrounding bin and the average of all surrounding bins. 

The expected counts were then transformed to raw counts by multiplying the counts with the raw-

to-KR normalization factor. The probability of observing raw expected counts was calculated using 

Poisson distribution. All pixels with P-value < 0.01 and distance less than 10 Kb were selected as 

candidate pixels. Candidate pixels were then filtered to remove pixels without any neighboring 

candidate pixels since they were likely false positives. Finally, pixels within 20 Kb of each other 

were collapsed and only the most significant pixel was selected. The collapsed pixels with P-value 

< 1 x 10-5 were used as the final list of chromatin loops. 

 

Single cell RNA sequencing library preparation 

Pancreatic progenitor cells at day 11 of differentiation were allowed to settle in 

microcentrifuge tubes and washed with PBS. Cell aggregates were incubated with Accutase® at 

37°C until a single-cell suspension was obtained. Cells were then resuspended in 1 mL ice-cold 

flow buffer comprised of 0.2% BSA in PBS and stained with propidium iodide (Sigma) to 

distinguish live cells. 500,000 live cells were collected using a FACSAriaTM Fusion Flow Sorter, 

and 10,000 cells per sample were then loaded onto a 10X Chromium Controller and run using 

Next GEM Single Cell 3’ v3.1 reagents. Library preparation was performed according to 
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manufacturer’s instructions, and libraries were sequenced using a NovaSeq S4 (Paired-end 100 

bp reads, Illumina). 

 

Single cell RNA-sequencing data analysis 

Sequencing reads were processed using CellRanger91 version 6.0.0, and matrices 

generated by CellRanger were imported into Seurat92 version 3 for further processing. Doublet 

cells (>8000 total features for control cells and >6000 total features for motif optimized cells), low-

coverage cells (<3000 total features for control cells and <2500 total features for motif optimized 

cells), and poor-quality cells (>10% mitochondrial reads for both conditions) were removed from 

further analysis. Each dataset was Log Normalized with a scale factor of 10000 using the 

command “NormalizeData.” Percentage of mitochondrial genes were regressed out of each 

dataset using the command “ScaleData.” Integration anchors for each dataset were identified 

using “FindIntegrationAnchors,” and datasets were integrated using the command 

“IntegrateData.” Principal component analysis was performed for the integrated dataset using the 

command “RunPCA,” and UMAP plots were generated through “RunUMAP.” Clusters were 

defined running the commands “FindNeighbors” and “FindClusters” at a resolution of 0.03, and 

marker genes were identified using “FindMarkers.” Feature plots and dot plots were generated 

using the commands “Featureplot” and “Dotplot,” and differential expression of genes co-

expressed with NKX6.1 was calculated by subsetting for cells expressing NKX6.1 and using 

“FindMarkers” to determine differential genes between control and motif optimized cells. Wilcoxon 

rank sum tests were used to calculate differential expression. 

 

Gene Ontology analysis 

Gene ontology analysis for enhancer groups was performed using GREAT93 version 4.0.4 

with the default parameters. Gene ontology for differentially expressed genes and genes 
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associated with class I and class II enhancers was performed using Metascape94 using default 

parameters.  

 

Identification of super-enhancers 

To define pancreatic super-enhancers, we first identified pancreatic enhancers as distal 

genomic regions exhibiting a ≥ 2-fold increase in H3K27ac ChIP-seq signal during pancreas 

induction. We then used Rank Ordering of Super-enhancers (ROSE) software47,95 to join identified 

pancreatic enhancers within a 12.5 kb span and rank these joined enhancers based on intensity 

of H3K27ac ChIP-seq signal. These joined enhancers were plotted based on H3K27ac signal, 

and pancreatic super-enhancers were defined as joined enhancers ranking above the inflection 

point of the resulting graph. 

 

Principal component analysis 

For RNA-seq data, transcriptomes were first filtered for genes expressed (FPKM ≥ 1) in 

at least one condition, then log10 transformed. For distal H3K27ac signals, H3K27ac peaks were 

filtered for distal enhancers (≥ 2.5 kb from any annotated TSS). Based on filtered values, PCA 

plots were generated using the PRComp package in R. 

 

Quantification of changes in H3K27ac signal 

HOMER80 was used to annotate raw H3K27ac ChIP-seq reads over distal enhancers at 

developmental stages both before and after lineage induction. HOMER was then used to invoke 

the R package DESeq285 version 3.10 for differential analysis, using default parameters. 

 

Quantification of changes in TF ChIP-seq and ATAC-seq signal 

HOMER80 was used to annotate raw FOXA1 and FOXA2 ChIP-seq reads, as well as 

ATAC-seq reads over PDX1-bound class I and class II enhancers in cells transfected with 
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SCRAM and shPDX1 lentivirus. HOMER was then used to invoke the R package DESeq285 for 

differential analysis, using the flag “norm2total.” 

 

Assignment of enhancer target genes 

RNA-seq data were filtered for expressed genes (FPKM ≥ 1) at the PP2 stage, and 

BEDTools81 “closest” command was used to assign each enhancer to the nearest annotated TSS.  

 

Motif enrichment analysis 

HOMER80 was used for comparative motif enrichment analyses, using the command 

findMotifsGenome.pl. de novo motifs were assigned to TFs based on suggestions generated by 

HOMER.  

 

Identification of FOXA motifs and generation of log-odds scores 

FOXA1 and FOXA2 PWMs were selected to encompass the most divergent PWMs for 

each TF. PWMs were downloaded from the JASPAR database53, and occurrences with 

associated log-odds scores were quantified using the FIMO feature within the MEMEsuit 

package96 version 5.1.1.  

 

Calculation of positional motif enrichment 

Identified ATAC-seq summits on class I and class II enhancers were flanked by 500 bp in 

each direction, and the CENTRIMO feature within the MEMEsuit package97 version 5.1.1 was 

used to determine enrichment at summits for selected PWMs associated with FOXA1 and 

FOXA2, as well as to graph the positional probability of motif occurrence with respect to ATAC-

seq summits. 

 

ATAC-seq footprinting analysis 
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ATAC-seq footprinting was performed as previously described98. In brief, diploid genomes 

for CyT49 were created using vcf2diploid (version 0.2.6a)99 and genotypes called from whole 

genome sequencing and scanned for a compiled database of TF sequence motifs from 

JASPAR100 and ENCODE101 with FIMO (version 4.12.0)96 using default parameters for p-value 

threshold and a 40.9% GC content based on the hg19 human reference genome. Footprints within 

ATAC-seq peaks were discovered with CENTIPEDE (version 1.2)102 using cut-site matrices 

containing Tn5 integration counts within a ±100 bp window around each motif occurrence. 

Footprints were defined as those with a posterior probability ≥ 0.99. 

 

Permutation-based significance 

A random sampling approach (10,000 iterations) was used to obtain null distributions for 

enrichment analyses, in order to obtain P-values. Null distributions for enrichments were obtained 

by randomly shuffling enhancer regions using BEDTools81 and overlapping with FOXA1/2 binding 

sites. P-values < 0.05 were considered significant. 

 

Quantification and statistical analysis 

Statistical analyses were performed using GraphPad Prism (v8.1.2), and R (v3.6.1). 

Statistical parameters such as the value of n, mean, standard deviation (SD), standard error of 

the mean (SEM), significance level (n.s., not significant; *p < 0.05; **p < 0.01; and ***p < 0.001), 

and the statistical tests used are reported in the figures and figure legends. The ‘‘n’’ refers to the 

number of independent hESC differentiation experiments analyzed (biological replicates). All bar 

graphs and line graphs are displayed as mean ± S.E.M, and all box plots are centered on median, 

with box encompassing 25th-75th percentile and whiskers extending up to 1.5 interquartile range. 

Statistically significant gene expression changes were determined with DESeq285. 

 

Data sources 
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The following datasets used in this study were obtained from the GEO and ArrayExpress 

repositories:  

RNA-seq: Pancreatic differentiation of CyT49 hESC line (E-MTAB-1086) 

ChIP-seq: H3K27ac in CyT49 hESC, DE, GT, PP1, PP2 (GSE54471 and GSE149148); H3K27ac 

in CyT49 PP2 SCRAM and PP2 shPDX1 (GSE54471); H3K4me1 in CyT49 GT and PP2 

(GSE54471 and GSE149148); RXR in CyT49 PP1 (GSE104840); PDX1 in CyT49 PP2 

(GSE54471 and GSE149148); HNF6 in CyT49 PP2 (GSE149148); SOX9 in CyT49 PP2 

(GSE149148); FOXA1 in CyT49 PP2 (GSE149148); FOXA2 in CyT49 PP2 (GSE149148). 

ATAC-seq: CyT49 GT and PP2 (GSE149148) 

Hi-C datasets were generated as a component of the 4D Nucleome Project78. Datasets 

corresponding to the PP2 stages of differentiation can be found under accession number 

4DNES0LVRKBM. 

 

Data availability 

All mRNA-seq, ChIP-seq, and ATAC-seq datasets generated for this study have been 

deposited at GEO under the accession number GSE148368. 
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CHAPTER 2: LSD1-MEDIATED ENHANCER SILENCING ATTENUATES RETINOIC 

ACID SIGNALLING DURING PANCREATIC ENDOCRINE CELL DEVELOPMENT 

 

Abstract 

Developmental progression depends on temporally defined changes in gene expression 

mediated by transient exposure of lineage intermediates to signals in the progenitor niche. To 

determine whether cell-intrinsic epigenetic mechanisms contribute to signal-induced 

transcriptional responses, we here manipulated the signalling environment and activity of the 

histone demethylase LSD1 during differentiation of hESC-gut tube intermediates into pancreatic 

endocrine cells. We identify a transient requirement for LSD1 in endocrine cell differentiation 

spanning a short time-window early in pancreas development, a phenotype we reproduced in 

mice. Examination of enhancer and transcriptome landscapes revealed that LSD1 silences 

transiently active retinoic acid (RA)-induced enhancers and their target genes. Furthermore, 

prolonged RA exposure phenocopies LSD1 inhibition, suggesting that LSD1 regulates endocrine 

cell differentiation by limiting the duration of RA signalling. Our findings identify LSD1-mediated 

enhancer silencing as a cell-intrinsic epigenetic feedback mechanism by which the duration of the 

transcriptional response to a developmental signal is limited. 

 

Introduction 

 During development, intermediate progenitors progress toward a distinct cell fate as a 

result of sequential instructions by signalling cues in the progenitor niche. The duration of a 

developmental signal has to be limited in order for developmental intermediates to appropriately 

respond to the next inductive cue. For example, pancreas induction from the foregut endoderm 

requires retinoic acid (RA) signalling, but thereafter RA signalling activity needs to be dampened 

for pancreatic progenitors to correctly interpret pro-endocrine differentiation cues50. Thus, 
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signalling cues are interpreted in a highly context-dependent manner and signals need to be 

temporally limited to delineate critical competence windows for developmental transitions. An 

open question is whether removal of the signal is sufficient to terminate a response to a signal or 

whether cell-intrinsic mechanisms at the level of the responder tissue enable developmental 

transitions by limiting the duration of signal-induced transcriptional responses.  

Spatiotemporal gene expression during development is regulated by transcriptional 

enhancers103. Chromatin state at enhancers is a significant determinant of transcriptional 

responsiveness to environmental signals, and enhancers respond to signalling cues by modifying 

their chromatin state. Enhancers can exhibit an inactive, poised, or active chromatin state. 

Inactive enhancers are characterised by compact chromatin and absence of active histone 

modifications, whereas poised enhancers are nucleosome-free and marked by mono- and di-

methylation of histone H3 at lysine 4 (H3K4me1 and H3K4me2)6,27,104. The transition from an 

inactive to a poised enhancer state during development coincides with a gain in cellular 

competence of lineage intermediates to respond to inductive signalling cues27. Thus, 

developmental competence can be defined as a temporal state during which the epigenetic 

landscape is permissive for responding to environmental signals. Signal-dependent transcription 

factors (TFs) activate poised enhancers by recruiting co-activator complexes containing histone 

acetyltransferases (HATs) that deposit H3K27 acetylation (H3K27ac) marks, thereby 

transforming the poised enhancer into one that actively supports transcription105. It is unknown 

whether or not the erasure of these epigenetic marks is a prerequisite for termination of one 

competence window and transition to the next.   

Lysine-specific demethylase 1 (LSD1), also known as KDM1A, regulates chromatin by 

catalysing the removal of mono- and di-methyl marks from K4 at histone H3106, thus rendering 

poised enhancer chromatin inactive107. This process has been called enhancer decommissioning 

and is coupled to complete silencing of associated genes107. Despite its role in enhancer silencing, 

LSD1 frequently resides in complexes of active enhancers108-110. In the context of acetylated 
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histones, LSD1 activity and demethylation of H3K4 is inhibited108. Therefore, current evidence 

suggests that histones need to be deacetylated before LSD1 can decommission active 

enhancers. Consistent with this mechanism, LSD1 occupies enhancers of pluripotency genes in 

pluripotent stem cells and decommissions these enhancers only when pluripotent stem cells 

undergo differentiation107. Whether LSD1-mediated regulation of enhancer chromatin plays a role 

in defining developmental competence windows and enabling sequential cell state transitions 

remains unknown. 

Here, we asked whether epigenetic mechanisms can limit the duration of an inductive 

signal throughout a developmental time course, thereby defining distinct competence windows 

and preventing inappropriate responses to developmental signals. To investigate this, we 

manipulated LSD1 activity and RA signalling in a human embryonic stem cell (hESC)-based 

differentiation system, where cells progress stepwise in defined conditions toward the pancreatic 

endocrine cell fate. We show that LSD1-mediated enhancer decommissioning limits the time 

window, during which cells express RA-induced genes. When LSD1 activity is inhibited 

immediately after pancreas induction, RA-induced genes fail to be silenced despite removal of 

RA as an inductive signal, which is associated with an inability of the cells to undergo endocrine 

cell differentiation. Thus, our results show that loss of LSD1 function critically alters the epigenetic 

landscape that terminates the competence window for RA signalling. These findings identify 

modification of the epigenome as an important cell-intrinsic mechanism for sharpening 

transcriptional responses to developmental signals. 

 

Results 

Human Pancreatic Endocrine Cell Development Requires LSD1 

To investigate possible roles for LSD1 during defined windows of transition to a differentiated cell 

type, we employed a hESC differentiation system, in which cells progress stepwise toward the 

pancreatic endocrine cell lineage through sequential exposure to signalling cues that guide 
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corresponding cell state transitions in the developing embryo (Fig. 2.1a)27,67,68,111. In this 

differentiation system, LSD1 was broadly expressed throughout progression to the endocrine cell 

stage (EN) (Supplementary Figure 2.1a,b). Likewise, levels of flavin adenine dinucleotide (FAD), 

which is a metabolic cofactor of LSD1112, did not change substantially throughout the 

differentiation time course (Supplementary Figure 2.1c). We verified LSD1 expression in 

pancreatic progenitor cells and differentiated endocrine cells in human foetal and adult tissue 

(Supplementary Figure 2.1d).  
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Figure 2.1. Endocrine cell formation requires LSD1 activity during a short window in early 
pancreatic development. a, Schematic of the human embryonic stem cell (hESC) differentiation protocol 
to the endocrine cell stage (EN) and experimental plan for LSD1 inhibition. b, Immunofluorescent staining 
for pancreatic hormones insulin (INS), glucagon (GCG) and somatostatin (SST) or PDX1 and NKX6.1 in 
control EN cells compared to EN cells with early (LSD1iearly) and late (LSD1ilate) LSD1 inhibition 
(representative images, n = 10 independent differentiations). Scale bar, 50 µm. c, qRT-PCR analysis for 
INS, GCG and SST in control, LSD1iearly and LSD1ilate EN cells. Data are shown as mean ± S.E.M. (n = 3 
replicates from independent differentiations with n = 3 technical replicates per sample; source data are 
provided as a Source Data file). p = 7.93 e-4, 1.42 e-2, 2.32 e-4, 8.71 e-4, 3.5 e-2, and 1.52 e-3, 
respectively, Student’s t-test, 2 sided. d, Flow cytometry analysis at EN stage for NKX6.1, PDX1 and INS 
comparing control, LSD1iearly and LSD1ilate cells. Isotype control for each antibody is shown in red and target 
protein staining in green. Percentage of cells expressing each protein is indicated (representative 
experiment, n = 2 independent differentiations). D, day; AA, activin A; ITS, insulin-transferrin-selenium; 
TGFBi, TGFβ R1 kinase inhibitor; KC, KAAD-cyclopamine; KGF, keratinocyte growth factor; RA, retinoic 
acid; EGF, epidermal growth factor; ES, human embryonic stem cells; DE, definitive endoderm; GT, 
primitive gut tube; PP1, early pancreatic progenitors; PP2, late pancreatic progenitors; EN, endocrine cell 
stage; FSC-A, forward scatter area. 
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To assess whether LSD1 is required for pancreatic development, we started by blocking 

LSD1 activity immediately after the initiation of pancreas induction during the transition from the 

early (PP1) to the late (PP2) pancreatic progenitor cell stage (LSD1iearly), using the irreversible 

LSD1 inhibitor tranylcypromine (TCP) (Fig. 2.1a). PP1 and PP2 progenitors are distinguished by 

increasing expression of pancreatic TFs that commit progenitors to the endocrine cell fate, 

including NKX6.1 and NGN367. Thus, PP1 cells represent a less committed pancreatic progenitor 

cell stage, whereas PP2 cells exhibit features of endocrine cell commitment. LSD1 inhibition 

during the PP1 to PP2 transition did not negatively affect expression of PDX1, NKX6.1, or NGN3 

(Supplementary Figure 2.1e-h), indicating that endocrine-committed pancreatic progenitors can 

form in the absence of LSD1. However, when LSD1iearly cells were further differentiated to the EN 

stage, we observed a striking absence of endocrine cells at the EN stage, while progenitor cell 

markers remained largely unaffected (Fig. 2.1b-d and Supplementary Figure 2.2). The same 

phenotype was observed when culturing in the presence of several other irreversible and 

reversible LSD1 inhibitors during the PP1 to PP2 transition or by transducing cells with a lentivirus 

expressing shRNAs for LSD1 a day prior to the PP1 stage (Supplementary Figure 2.3a-d and 

Supplementary Figure 2.4a-c). The normal progression through endocrine commitment but 

absence of endocrine cells after LSD1 inhibition indicated a specific requirement for LSD1 activity 

during endocrine cell differentiation. To directly test whether the endocrine cell differentiation step 

requires LSD1 activity, we added TCP or the LSD1 inhibitor GSK2879552 during the PP2 to EN 

transition (LSD1ilate). Surprisingly, this later inhibition of LSD1 did not perturb endocrine cell 

formation (Fig. 2.1b-d and Supplementary Figure 2.3b-d). Thus, endocrine cell development 

requires LSD1 activity during a narrow time window after pancreas induction, but not during 

endocrine cell differentiation. This indicates that LSD1-mediated changes during the PP1 to PP2 

transition affect the ability of developmental precursors to undergo endocrine differentiation later 

in development. 
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LSD1 Inhibition Prevents Enhancer Silencing 

Given LSD1’s role as a chromatin modifier106, we investigated whether loss of LSD1 

activity during the PP1 to PP2 transition could block endocrine cell development due to aberrant 

regulation of the epigenome. To this end, we performed chromatin immunoprecipitation 

sequencing (ChIP-seq) for LSD1 at the PP1 stage and mapped chromatin state changes at LSD1-

bound sites during the PP1 to PP2 transition without and with LSD1 inhibition. We identified a 

total of 15,084 LSD1 peaks at the PP1 stage throughout the genome (Supplementary Figure 

2.5a). Of these, the vast majority were promoter-distal (11,799; > 3kb from TSS; Supplementary 

Figure 2.5a), which is consistent with prior observations in hESCs107. Distal LSD1 peaks at PP1 

overlapped with binding sites for the early pancreatic TFs FOXA1, FOXA2, GATA4, GATA6, and 

HNF6, suggesting that these TFs reside in a complex with LSD1 (Supplementary Figure 2.5b,c).  

Distal enhancers are highly dynamic during pancreatic development27, leading us to 

postulate that LSD1 controls endocrine cell differentiation by regulating changes in enhancer 

chromatin state during the PP1 to PP2 transition. To test this, we performed ChIP-seq for the 

active enhancer mark H3K27ac104,113,114 at the PP1 and PP2 stage. Reasoning that effects of 

LSD1 on the active enhancer landscape would be most likely to affect gene expression and 

therefore have high propensity to be causal for the phenotype, we isolated enhancers that are 

active at PP1 and/or PP2 and also bound by LSD1 at the PP1 stage. This analysis revealed three 

groups of LSD1-bound enhancers: Group 1 (G1) enhancers (n = 1345) underwent deactivation 

during the PP1 to PP2 transition (≥ 2-fold decrease in H3K27ac); Group 2 (G2) enhancers (n = 

765) were active at both PP1 and PP2 (< 2-fold change in H3K27ac); and Group 3 (G3) (n = 511) 

enhancers underwent activation (≥ 2-fold increase in H3K27ac) during the PP1 to PP2 transition 

(Fig. 2.2a). We next examined the “poised” chromatin modifications H3K4me1 and H3K4me2 at 

these three enhancer groups during the PP1 to PP2 transition. We observed that LSD1-bound 

G1 enhancers exhibited a marked decrease in H3K4me1 and H3K4me2 (Fig. 2.2b), consistent 

with known roles of LSD1 as a H3K4me2 and H3K4me1 demethylase106,115. Thus, G1 enhancers 
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are decommissioned during the PP1 to PP2 transition. To investigate whether LSD1 recruitment 

is regulated at these decommissioned enhancers, we examined LSD1 occupancy also in gut tube 

(GT) and PP2 cells. At G1 enhancers, we observed an increase in LSD1 ChIP-seq signal from 

GT to PP1 and a decrease from PP1 to PP2, whereas LSD1 signal was similar at all stages in 

the G2 and G3 enhancer groups (Fig. 2.2c). Since endocrine cell development requires LSD1 

activity during the PP1 to PP2, but not the PP2 to EN transition, the transient recruitment of LSD1 

to G1 enhancers at the PP1 stage could signify a specific importance of this enhancer group for 

the endocrine differentiation phenotype.  
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Figure 2.2. LSD1 inhibition prevents decommissioning of transiently active early pancreatic 
enhancers. a, Heatmap showing density of ChIP-seq reads for LSD1 and H3K27ac centred on LSD1 
peaks, spanning 10 kb. G1, G2 and G3 groups of LSD1-bound enhancers are deactivated (G1; n=1345), 
remain active (G2; n=765), or are activated (G3; n=511) from PP1 to PP2. b, Box plots of H3K4me1 and 
H3K4me2 ChIP-seq counts at G1, G2 and G3 enhancers at PP1 and PP2 stages. Plots are centred on 
median, with box encompassing 25th-75th percentile and whiskers extending up to 1.5 interquartile range 
(Tukey style). P = 5.0 e-12, < 2.2 e-16, < 2.2 e-16, 1.73 e-2, < 2.2 e-16, and 8.23 e-14, respectively, 
Wilcoxon rank-sum test, 2 sided. c, Tag density plots displaying LSD1 tag distribution at G1, G2 and G3 
enhancers at GT, PP1 and PP2 stages, centred on PP1 LSD1 peaks. d, Tag density plots (left) for G1 
enhancers displaying H3K27ac, H3K4me2 and H3K4me1 tag distribution at GT and PP1 stages, and at 
PP2 stage with and without early LSD1 inhibition (TCP, LSD1iearly). Plots are centred on PP1 LSD1 peaks. 
Box plots (right) of H3K27ac, H3K4me2 and H3K4me1 ChIP-seq counts at G1 enhancers at PP2 stage 
with and without early LSD1 inhibition (LSD1iearly). Plots are centred on median, with box encompassing 
25th-75th percentile and whiskers extending up to 1.5 interquartile range (Tukey style). P = 4.59 e-5, < 2.2 
e-16, and < 2.2 e-16, respectively, Wilcoxon rank-sum test, 2 sided. e, LSD1, H3K4me2, and H3K27ac 
ChIP-seq profiles at an enhancer near HOXA1. f, Model for LSD1-dependent enhancer decommissioning. 
Enhancer deactivation by removal of acetylation from H3K27 occurs independent of LSD1 activity. LSD1 
subsequently mediates enhancer decommissioning by removal of H3K4me2 marks. KC, KAAD-
cyclopamine; KGF, keratinocyte growth factor; RA, retinoic acid; EGF, epidermal growth factor. GT, 
primitive gut tube; PP1, early pancreatic progenitors; PP2, late pancreatic progenitors. All ChIP-seq 
experiments, n = 2 replicates from independent differentiations. 
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To determine whether LSD1 activity is required for remodelling enhancer chromatin during 

the PP1 to PP2 transition, we analysed H3K27ac, H3K4me2 and H3K4me1 modifications in PP2 

cells after LSD1 inhibition (LSD1iearly). In all three enhancer clusters, we observed little effect of 

LSD1 inhibition on H3K27ac dynamics during the PP1 to PP2 transition (Fig. 2.2d,e and 

Supplementary Figure 2.5d). The activation (i.e. acetylation) of G1 enhancers coincided with 

the pancreas induction step from GT to PP1 (Fig. 2.2d,e and Supplementary Figure 2.5e). 

Confirming our prior observation that pancreas-specific enhancers are poised prior to activation27, 

G1 enhancers exhibited significant deposition of H3K4me1 at the GT stage (Fig. 2.2d). Thus, G1 

enhancers become activated during pancreas induction and are quickly fully inactivated (i.e. 

decommissioned) as pancreatic endocrine development proceeds. Consistent with LSD1’s 

enzymatic activity, LSD1 inhibition during the PP1 to PP2 transition led to significant accumulation 

of H3K4me1 and H3K4me2, particularly at G1 enhancers (Fig. 2.2d,e and Supplementary 

Figure 2.5e; p < 2.2e-16, Wilcoxon rank-sum test). H3K4me1 and H3K4me2 levels at G1 

enhancers in LSD1iearly PP2 cells were similar to levels at PP1, showing a requirement for LSD1 

in decommissioning these enhancers during the PP1 to PP2 transition. Although H3K4me1 and 

H3K4me2 levels were also increased at G2 and G3 enhancers after LSD1 inhibition, the effect 

was less pronounced compared to G1 enhancers (Supplementary Figure 2.5d). Importantly, 

H3K4me1 and H3K4me2 deposition was not increased at enhancers not bound by LSD1 

(Supplementary Figure 2.5f), demonstrating specificity of the effect to LSD1-bound enhancers. 

Combined, this analysis identified a LSD1-regulated set of enhancers that is activated upon 

addition of pancreas-inductive factors during the GT to PP1 transition and deacetylated and 

decommissioned (i.e. demethylated) when these factors are withdrawn from PP1 to PP2 (Fig. 

2.2f). We find that deacetylation of these enhancers occurs largely independent of LSD1, but that 

LSD1 is required for enhancer decommissioning and thus complete enhancer silencing. Given 

prior findings that LSD1 activity is inhibited in context of acetylated histones108, these results 

suggest that histone acetylation from GT to PP1 prevents LSD1-mediated enhancer silencing and 
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that LSD1-independent H3K27ac removal allows LSD1 to silence these enhancers during the 

PP1 to PP2 transition. 

 

LSD1 Represses Transiently Expressed, RA-Dependent Genes 

 We next sought to investigate possible effects of the observed chromatin changes on gene 

expression and compared RNA-seq profiles of control PP2 cells and PP2 cells after LSD1 

inhibition (LSD1iearly). This analysis identified 445 genes that decreased and 955 genes that 

increased in expression due to LSD1 inhibition (Fig. 2.3a; p < 0.05, ≥ 1.5-fold change). To identify 

those genes most likely directly regulated by LSD1, we performed enrichment analysis for G1, 

G2, and G3 enhancers as well as other distal LSD1 binding sites near genes up- and down-

regulated after LSD1 inhibition (TSS ± 100 kb from LSD1 peak). G1, G2, and G3 enhancers, but 

not other distal LSD1 binding sites, showed significant enrichment close to genes up-regulated 

due to LSD1 inhibition (Fig. 2.3b). The majority of the enhancer-associated up-regulated genes 

were near G1 enhancers (Fig. 2.3c). By contrast, we observed significant depletion or lack of 

enrichment of distal LSD1-bound sites near genes down-regulated in LSD1iearly cells 

(Supplementary Figure 2.6a). Together, this analysis suggests that direct LSD1 target genes 

are overrepresented among genes up-regulated after LSD1 inhibition, whereas down-regulated 

genes are not directly LSD1-regulated. 

We next determined how candidate G1, G2 and G3 enhancer target genes are regulated 

over the developmental time course (Fig. 2.3d and Supplementary Figure 2.6b,c). G1 

enhancer-associated genes that were up-regulated by LSD1 inhibition were induced during the 

GT to PP1 transition and then down-regulated during the transition to PP2 (Fig. 2.3d). Thus, the 

expression pattern of G1 enhancer-associated, LSD1-regulated genes mirrors the acetylation 

pattern of G1 enhancers, which are not acetylated at the GT stage, acetylated at the PP1 stage, 

and LSD1-dependently decommissioned during the PP1 to PP2 transition (Fig. 2.2d). Unbiased 

analysis of over-represented pathways among genes up-regulated by LSD1 inhibition revealed 
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enrichment for genes linked to RA signalling in the G1, but not G2 or G3, enhancer-associated 

group of genes, suggesting an important role for RA signalling in the regulation of G1 enhancer-

associated genes (Fig. 2.3e and Supplementary Figure 2.6b,c). To simulate the requirement 

for RA signalling in pancreatic lineage induction in vivo116,117, RA is one of three growth factors 

added to the culture medium during the GT to PP1 transition to induce pancreatic genes (Fig. 

2.1a)67. RA is subsequently withdrawn during the transition from PP1 to PP2. During the PP1 to 

PP2 transition, the only possible source for stimulation of the RA receptor (RAR) are traces of 

retinol in the B27 supplement. Thus, the activity of G1 enhancers and expression of associated 

genes precisely coincides with the addition and removal of exogenous RA.  
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Figure 2.3. LSD1 activity is necessary for repressing transiently expressed retinoic acid-dependent 
genes. a, Volcano plot of differentially expressed genes at PP2 after LSD1 inhibition from PP1 to PP2 
(TCP, LSD1iearly). Differential expression calculated with DESeq2 and genes with ≥ 1.5-fold change up or 
down. Adjusted p-values of < 0.05 were considered differentially expressed. 445 genes were down-
regulated and 955 were up-regulated in LSD1iearly PP2 cells. Black dots indicate genes not significantly 
changed (p-value > 0.05), grey dots genes significantly changed (p-value < 0.05) but less than 1.5-fold 
compared to control, red and green dots genes significantly up- and down-regulated (p-value < 0.05 and ≥ 
1.5-fold change), respectively (n = 2 replicates from independent differentiations). b, Enrichment analysis 
of genes up-regulated by LSD1iearly within 100kb of G1, G2 and G3 or other distal LSD1 peaks. Dashed 
lines indicate p-value = 0.05 for enrichment (positive value) or depletion (negative value), permutation test. 
c, Percentage of LSD1iearly up-regulated genes near G1 (n=139), G2 (n=78) and G3 (n=53) enhancers 
(within 100kb). d, Box plot of mRNA levels for 139 LSD1iearly up-regulated genes near G1 enhancers. Plots 
are centred on median, with box encompassing 25th-75th percentile and whiskers extending up to 1.5 
interquartile range (Tukey style).  P = 2.30 e-3, 4.38 e-6, and 2.25 e-7, respectively, Wilcoxon rank-sum 
test, 2 sided. e, Gene ontology analysis for 139 LSD1iearly up-regulated genes near G1 enhancers. GT, 
primitive gut tube; PP1, early pancreatic progenitors; PP2, late pancreatic progenitors. 
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Prolonged Exposure to RA Phenocopies LSD1 Inhibition 

RA regulates gene expression by binding to its heterodimeric receptor composed of RAR 

and retinoid X receptor (RXR)118. In the absence of RA, the RAR/RXR heterodimer recruits co-

repressors leading to histone deacetylation and gene silencing, while RA binding to RAR/RXR 

induces recruitment of HATs, mediating histone acetylation and activation of RA-dependent 

genes. Hence, the observed pattern of H3K27 acetylation at G1 enhancers during progression 

from GT to PP2 (Fig. 2.2d) is consistent with RA-dependent regulation of these enhancers. To 

determine whether G1 enhancers are indeed regulated by RA, we performed TF binding motif 

enrichment analysis. This analysis revealed significant enrichment of the motif for the RAR/RXR 

heterodimer at G1 compared to G2 and G3 enhancers (Fig. 2.4a). When motifs at G2 and G3 

enhancers were compared against the entire genome, excluding G1, G2, and G3 regions, no 

RAR/RXR motif enrichment was observed, further supporting specific enrichment of the 

RAR/RXR motif at G1 enhancers. ChIP-seq analysis for RXR, which is the obligatory binding 

partner for all RAR isoforms, confirmed RXR binding to G1 enhancers at the PP1 stage (Fig. 2.4b 

and Supplementary Figure 2.5c). RXR binding was enriched at G1 enhancers when compared 

to either G2 or G3 enhancers (Fisher's exact test, p=1.728 e-8 and p=9.427 e-15, respectively), 

indicating RA-dependent regulation particularly of G1 enhancers. 

To determine whether failure to silence RA-induced genes could be the mechanism by 

which LSD1 inhibition blocks endocrine cell differentiation, we tested whether extended RA 

exposure of pancreatic progenitors abrogates endocrine cell differentiation in a similar manner as 

LSD1 inhibition. To extend the time period of RA signalling, we added the RA analogue TTNPB 

not only from the GT to PP1 stage, but also during the PP1 to PP2 transition (Fig. 2.4c, RAextended) 

and then differentiated RAextended cultures to the EN stage. Mimicking the LSD1iearly phenotype, EN 

stage RAextended cultures exhibited a striking absence of endocrine cells, while the progenitor cell 

markers PDX1, NKX6.1, and NGN3 were unaffected (Fig. 2.4d,e and Supplementary Figure 
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2.7a-d). Thus, RA exposure of pancreatic progenitors has to be transient for endocrine cell 

differentiation to occur.  

We next employed RNA-seq analysis to identify genes dysregulated as a result of 

prolonged RA exposure. Only 96 genes were down-regulated and 69 up-regulated in RAextended 

PP2 cultures (Fig. 2.4f; p < 0.05, ≥ 1.5-fold change), suggesting that the endocrine differentiation 

block is mediated by dysregulation of a modest number of genes. Consistent with the small 

number of dysregulated genes in RAextended cells compared to LSD1iearly cells, RAextended cells more 

closely resembled untreated PP2 cells than LSD1iearly cells (Supplementary Figure 2.6e). 

Strikingly, genes up-regulated after LSD1 inhibition were significantly enriched among the genes 

also increased in expression after prolonged RA exposure (Fig. 2.4f), and genes near G1 

enhancers largely accounted for this enrichment (Fig. 2.4g). Genes down-regulated after LSD1 

inhibition were likewise enriched among genes decreased in expression after prolonged RA, but 

LSD1-occupied enhancers were not enriched in the vicinity of these genes (Supplementary 

Figure 2.7f), suggesting indirect effects. Among the genes up-regulated by both LSD1 inhibition 

and prolonged RA exposure were numerous genes known to be regulated by RA, including genes 

encoding HOX TFs and RA-inactivating enzymes of the CYP26 family (Fig. 2.4h), supporting the 

notion that RA-induced genes need to be silenced for cells to acquire competence for endocrine 

cell differentiation. Together, our findings support a model whereby LSD1 silences RA-regulated 

genes by decommissioning their enhancers upon RA withdrawal, thereby ensuring transient, 

ligand-dependent expression of RA-induced genes. Under conditions of prolonged RA exposure, 

RA-mediated recruitment of HATs maintains histone acetylation118, which inhibits LSD1 activity108 

and prevents enhancer decommissioning during the PP1 to PP2 transition. 
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Figure 2.4. Prolonged retinoic acid exposure of early pancreatic progenitor cells phenocopies LSD1 
inhibition. a, Enriched transcription factor (TF) binding motifs with associated p-values for G1 enhancers 
compared to G2 and G3 enhancers. Fisher’s exact test, 2 sided, corrected for multiple comparisons. b, 
Enrichment for RXR peaks (± 1kb) among G1 enhancers versus random genomic regions. *p = 0, 
permutation test. c, Experimental plan to extend retinoic acid (RA) exposure through PP1 to PP2 (RAextended) 
during hESC differentiation to the endocrine cell stage (EN). d, Immunofluorescent staining for insulin (INS), 
glucagon (GCG) and somatostatin (SST) in control EN cells compared to EN cells with extended RA 
treatment (RAextended) (representative images, n = 3 independent differentiations). Scale bar, 50 µm. e, Flow 
cytometry analysis at EN stage for NKX6.1, PDX1 and INS comparing control and RAextended cultures. 
Isotype control for each antibody is shown in red and target protein staining in green. Percentage of cells 
expressing each protein is indicated (representative experiment, n = 2 independent differentiations). f, 
Volcano plot of differentially expressed genes at PP2 in RAextended cultures. Differential expression 
calculated with DESeq2 and genes with ≥ 1.5-fold change up or down. Adjusted p-values < 0.05 were 
considered differentially expressed. 96 genes were down-regulated and 69 were up-regulated in RAextended 
cultures. Black dots indicate genes not significantly changed (p-value > 0.05), grey dots genes significantly 
changed (p-value < 0.05) but less than 1.5-fold compared to control, red and green dots genes significantly 
up- and down-regulated (p-value < 0.05 and ≥ 1.5-fold change), respectively. Yellow dots highlight genes 
also up-regulated after LSD1 inhibition from PP1 to PP2 (TCP, LSD1iearly) (n = 2 replicates from independent 
differentiations). g, Enrichment analysis of genes associated with LSD1-bound enhancers and up-regulated 
by LSD1iearly among those up-regulated by RAextended. Dashed line indicates p-value = 0.05, Fisher’s exact 
test, 2 sided. h, mRNA levels of select genes significantly up-regulated in both LSD1iearly and RAextended PP2 
cells. Levels at PP1 stage are also displayed. Data shown as mean FPKM ± S.E.M. (n = 2 replicates from 
independent differentiations; source data are provided as a Source Data file). GT, primitive gut tube; PP1, 
early pancreatic progenitors; PP2, late pancreatic progenitors. 
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LSD1 Dampens Future Responses to RA 

We sought to further substantiate that LSD1 regulates RA responsiveness and that the 

block in endocrine cell differentiation after LSD1 inhibition is linked to aberrant expression of RA-

dependent genes. We predicted that endocrine cell differentiation should not be perturbed when 

cells are re-exposed to RA during the PP2 to EN transition, because enhancers of early RA-

responsive genes are already decommissioned at the PP2 stage (Fig. 2.2d,e and 

Supplementary Figure 2.5d). To test this, we re-introduced RA into the culture medium during 

the PP2 to EN transition (RAlate; Fig. 2.5a). As hypothesised, and in stark contrast to RAextended 

cultures (Fig. 2.4d,e), endocrine cells were present in RAlate EN stage cultures in numbers almost 

identical to control cultures (Fig. 2.5b,c and Supplementary Figure 2.8a,b). Thus, similar to 

addition of the LSD1 inhibitor (Fig. 2.1a-d), addition of RA prevents endocrine cell formation only 

during the PP1 to PP2 but not the PP2 to EN transition. 

To further test whether enhancer decommissioning is a mechanism by which to regulate 

RA responsiveness, we re-exposed cells to RA from PP2 to EN (RAlate) with or without prior LSD1 

inhibition during the PP1 to PP2 transition (Fig. 2.5a). As expected, LSD1iearly + RAlate treatment 

completely blocked endocrine cell differentiation, phenocopying LSD1iearly cultures 

(Supplementary Figure 2.8c,d). To determine whether prior LSD1 inhibition alters the extent to 

which RA-regulated genes can be induced by RA, we measured gene expression changes in 

response to RA. To this end, we compared gene expression at the EN stage in LSD1iearly vs. 

LSD1iearly + RAlate and control vs. RAlate conditions. We used LSD1iearly EN cells, rather than control 

EN stage cultures, as a reference for the cells re-exposed to RA after LSD1iearly treatment to 

control for the population bias caused by the lack of endocrine cells after LSD1 inhibition. Most 

genes near G1 enhancers that are up-regulated by both LSD1 inhibition (Fig. 2.3a) and extended 

RA exposure (Fig. 2.4f), including HOXA1, HOXA3, HOXC4, and CYP26B1, exhibited a higher 

degree of inducibility by RA with prior LSD1 inhibition (Fig. 2.5d, Supplementary Figure 2.8e). 

Thus, LSD1 appears to dampen, although not obliterate, future RA responsiveness in cells that 
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have been previously exposed to RA. We observed no difference in the expression of LSD1, 

RARs, or RXRs between the different conditions (Supplementary Figure 2.8f), indicating that 

alteration of the epigenetic state rather than differences in TF and co-factor expression explain 

the heightened RA responsiveness after LSD1 inhibition. We note that other factors must also 

control RA responsiveness since HOXA1, HOXA3, HOXC4, CYP26A1, and CYP26B1 are still 

induced by late RA treatment without prior LSD1 inhibition. 
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Figure 2.5. LSD1 decreases future inducibility of RA-dependent genes by retinoic acid. a, 
Experimental plan to re-introduce retinoic acid (RA) during the PP2 to endocrine (EN) transition of hESC 
differentiation without (RAlate) and with prior inhibition of LSD1 (LSD1iearly + RAlate). The cartoon depicts the 
chromatin state as determined in Figure 2. b, Immunofluorescent staining for insulin (INS), glucagon (GCG) 
and somatostatin (SST) in control EN cells compared to EN cells with late RA treatment (RAlate) 
(representative images, n = 3 independent differentiations). Scale bar, 50 µm. c, Flow cytometry analysis 
at EN stage for NKX6.1, PDX1 and INS comparing control and RAlate cells. Isotype control for each antibody 
is shown in red and target protein staining in green. Percentage of cells expressing each protein is indicated 
(representative experiment, n = 2 independent differentiations). d, Gene expression changes in RAlate vs 
control EN cells compared to gene expression changes in LSD1iearly + RAlate vs LSD1iearly EN cells 
(calculated with DESeq2). Green dots indicate genes more increased in RAlate and red dots indicate genes 
more increased in LSD1iearly + RAlate compared to respective controls. Yellow dots highlight genes up-
regulated after both LSD1iearly and extended RA treatment (RAextended) from PP1 to PP2. (n = 2 replicates 
from independent differentiations per condition). PP1, early pancreatic progenitors; PP2, late pancreatic 
progenitors; FSC-A, forward scatter area. 
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Lsd1 Is Required for Endocrine Cell Development In Vivo 

To verify our in vitro findings in an in vivo model, we deleted Lsd1 conditionally in mice to 

determine whether endocrine cell differentiation requires Lsd1 activity transiently in early 

pancreas development, as observed in the hESC differentiation system. As in the human 

pancreas (Supplementary Figure 2.1d), Lsd1 was highly expressed in pancreatic progenitors 

and endocrine cells (Supplementary Figure 2.9a,b). To selectively inactivate Lsd1 in early 

pancreatic progenitors similar to LSD1 inhibition at PP1, we generated Pdx1Cre;Lsd1flox/flox 

(Lsd1Δpan) mice (Fig. 2.6a). 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. 2.6b,c and Supplementary Figure 2.9c). However, by embryonic day (e) 15.5, 

when widespread endocrine cell differentiation was evident in control mice, Lsd1Δpan embryos 

exhibited an almost complete lack of endocrine cells (Fig. 2.6b), a phenotype that remained 

apparent at postnatal day (P) 0 (Fig. 2.6b,d). In vivo inactivation of Lsd1 further revealed that 

Lsd1 activity is selectively required for development of the endocrine lineage, while being 

dispensable for exocrine cell formation and key aspects of early pancreatic development, such 

as maintenance of pancreatic progenitors and growth of the developing organ (Fig. 2.6b,c and 

Supplementary Figure 2.9c-e). Analysis of the endocrine progenitor marker Ngn3 further 

revealed that endocrine lineage commitment was unaffected in Lsd1Δpan embryos (Fig. 2.6b,c). 

Thus, as in the hESC differentiation system, Lsd1 inactivation in early pancreatic progenitors of 

mice prevents endocrine cell differentiation after endocrine fate commitment. 

To determine when precisely Lsd1 is required for endocrine cell development, we crossed 

Lsd1flox/flox and Pdx1CreERTM mice, allowing for temporally controlled Lsd1 inactivation in 

pancreatic progenitors by tamoxifen administration (Fig. 2.6e). Consistent with the phenotype of 

Lsd1Δpan mice, tamoxifen administration at e10.5 (Lsd1Δearly mice) resulted in almost complete 

absence of endocrine cells (Fig. 2.6f and Supplementary Figure 2.9f). Remaining endocrine 

cells in Lsd1Δearly mice were mostly Lsd1+ due to mosaic deletion (Supplementary Figure 2.9f,g). 
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By contrast, tamoxifen injection at e12.5 (Lsd1Δlate mice), which targets late pancreatic progenitors 

shortly before endocrine cell differentiation similar to PP2 cells, did not affect endocrine cell 

formation, as evidenced by the presence of Lsd1-deficient hormone+ cell clusters (Fig. 2.6f and 

Supplementary Figure 2.9g). Therefore, as in the hESC differentiation system, endocrine cell 

differentiation in mice requires Lsd1 activity during a narrow time window in early pancreas 

development. Furthermore, early pancreatic inactivation of Lsd1 resulted in up-regulation of 

HoxA1 transcripts (Fig. 2.6g) as observed in hESC-PP2 cells (Fig. 2.3a). Combined our in vitro 

and in vivo findings support a model whereby LSD1 controls progression to the endocrine cell 

stage by limiting the duration of early RA signalling through chromatin modification at RA-

responsive enhancers. 
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Figure 2.6. Lsd1 is required for endocrine cell formation in mice during a short window in early 
pancreatic development. a, Strategy for conditional Lsd1 deletion in embryonic pancreatic progenitors of 
mice (Lsd1Δpan mice). Yellow boxes: exons; green triangles: loxP sites. b, Immunofluorescent staining for 
Pdx1 at embryonic day (e) 12.5, Lsd1 and chromogranin A (ChgA) or Sox9 and Ngn3 at e15.5, and Lsd1, 
insulin (Ins) and glucagon (Gcg) at postnatal day (P) 0 in control and Lsd1Δpan mice (representative images, 
n=6 embryos per genotype). Boxed areas are shown in higher magnification. Scale bar, 50 µm. c, 
Quantification of pancreatic epithelial area at e12.5 and e15.5 and Ngn3+ cells relative to epithelial area. 
Data are shown as means ± S.E.M. (n=3 embryos per genotype; source data are provided as a Source 
Data file). P = 0.65, 0.02, and 0.39, respectively, Student’s t-test, 2 sided. d, Immunofluorescent staining 
for Ins with somatostatin (Sst), pancreatic polypeptide (Ppy) and ghrelin (Ghrl) at P0 in control and Lsd1Δpan 
mice. Scale bar, 25 µm. e, Strategy for tamoxifen-inducible Lsd1 deletion in embryonic pancreatic 
progenitors of mice at e10.5 (Lsd1Δearly) and e12.5 (Lsd1Δlate). Yellow boxes: exons; green triangles: loxP 
sites. f, Immunofluorescent staining for Lsd1, Ins and Gcg at e18.5 in control, Lsd1Δearly and Lsd1Δlate mice 
(representative images, n=3 embryos per genotype). Boxed areas are shown in higher magnification. Scale 
bar, 50 µm. g, Immunofluorescent staining for Lsd1 and EpCAM (left panels) and RNAscope in situ 
hybridization for HoxA1 (right panels, adjacent sections to left panels) in control and Lsd1Δearly embryos at 
e12.5 (representative images, n=3 Lsd1Δearly embryos and n=6 control embryos). Bottom images show 
higher magnification. Scale bar, 50 µm. 
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Discussion 

Proper formation of terminally differentiated cell types requires precise timing, amplitude, 

and, as suggested by this study, duration of developmental signals. Our findings show that 

decommissioning (i.e. complete inactivation) of RA-dependent early pancreatic enhancers 

temporally limits the expression of RA-induced genes after RA is removed, thereby creating a 

sharp and transient gene expression response to RA. This mechanism can explain how the 

duration of a transcriptional response to a transient inductive signal is limited during a 

developmental time course. Furthermore, we observed that enhancer decommissioning dampens 

future gene inducibility by the same signal. Our findings suggest that developmental competence 

windows are terminated through erasure of epigenetic marks, providing a mechanistic 

understanding of why developmental signals evoke context-dependent cellular responses. 

Underscoring the importance of enhancer silencing for developmental progression, we find that 

the inability to decommission RA-dependent enhancers and down-regulate RA-induced genes 

coincides with subsequent failure to initiate endocrine cell differentiation. We propose that LSD1-

mediated enhancer decommissioning is a responder tissue-intrinsic mechanism by which 

perduring transcriptional effects of transient developmental signals are prevented. By helping 

close competence windows during rapid developmental transitions, this mechanism could help 

create a conducive state for correct interpretation of the next inductive signal. 

Our findings indicate that LSD1-mediated silencing of a subset of RA-dependent early 

pancreatic genes is necessary for pancreatic progenitors to acquire competence for endocrine 

cell differentiation. We identified a set of LSD1-regulated genes, including many HOX genes and 

other genes known to be directly regulated by RA, that are transiently expressed after pancreas 

induction and quickly down-regulated as cells transition to an endocrine-committed pancreatic 

progenitor cell state, marked by NKX6.1 and NGN3. Several observations suggest that the 

mechanism by which LSD1 controls endocrine cell development is to silence these RA-regulated 

genes prior to endocrine cell differentiation. First, we observed that endocrine cell formation in 
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both the hESC-based system and in mice proceeds normally when LSD1 is inhibited or deleted 

during endocrine cell differentiation, implying that LSD1 has no immediate role in the activation of 

endocrine genes. Second, like LSD1 inhibition, extended exposure of uncommitted hESC-

pancreatic progenitors to RA blocks endocrine cell differentiation, whereas RA exposure during 

endocrine cell differentiation does not. Similarly, exposure of mouse embryonic pancreatic 

explants to high RA concentrations prior to endocrine cell differentiation has been shown to impair 

endocrine cell formation119. Furthermore, we showed that after both early LSD1 inhibition and 

extended RA exposure of hESC-pancreatic progenitors, RA-induced genes are up-regulated, 

which indicates that dysregulation of these genes is relevant for the phenotype. Third, Lsd1 

deletion in pancreatic progenitors of mice has no overt effect on exocrine cell differentiation or 

other aspects of pancreatic development, suggesting that Lsd1-mediated silencing of these RA-

regulated genes occurs specifically during endocrine lineage progression. Consistent with this 

notion, the expression of HOXA1 is maintained in pancreatic exocrine cells120. Similar to pancreas 

development, LSD1 is expressed in the developing nervous system and plays an important role 

in neural differentiation121,122. Given that RA has time-dependent roles during different phases of 

neural development123, it is possible that a similar connection between LSD1 and the regulation 

of RA signalling windows exists during neurogenesis. 

Our findings suggest that the presence of LSD1 in enhancer complexes enables silencing 

of RA-induced genes after withdrawal of exogenous RA. In the context of LSD1 inhibition, 

silencing of RA-dependent genes does not occur despite RA removal, showing that absence of 

the RA signal is not sufficient for gene inactivation. RA is known to maintain histone acetylation 

by mediating recruitment of HATs, while removal of RA results in a co-factor switch leading to 

histone deacetylation118. Because presence of acetylated histones inhibits LSD1 activity108, LSD1-

mediated enhancer decommissioning is prevented as long as RA is present, linking enhancer 

decommissioning and target gene silencing to RA withdrawal. Thus, presence of LSD1 in 

enhancer complexes provides a cell-intrinsic epigenetic mechanism that couples the duration of 
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gene expression to the presence of the extrinsic signal. It is possible that LSD1 at promoters also 

contributes to gene regulation after LSD1 inhibition. However, TSSs of the majority of RA-induced 

genes that were up-regulated after LSD1 inhibition (e.g. HOXA1 HOXA3, HOXC4, CYP26A1, 

CYP26B1) were not LSD1-bound, suggesting that effects on gene expression are mediated by 

distal enhancers.   

We show that inhibition of LSD1 activity during developmental progression coincides with 

increased H3K4me2/me1 deposition and increased expression of RA-dependent genes after RA 

removal. This raises the question of whether the catalytic activity of LSD1 and increased 

H3K4me2/me1 levels or demethylase-independent functions of LSD1 are responsible for the 

increased expression of RA-dependent genes. Our data suggest that the catalytic activity of LSD1 

is indeed important, because TCP and other LSD1 inhibitors inhibit LSD1’s catalytic activity. 

Furthermore, control and LSD1iearly PP2 cells exhibited no difference in LSD1 recruitment to G1 

enhancers near genes up-regulated after LSD1 inhibition (data not shown). Of note, a recent 

study in ESCs showed that H3K4me1 is not required for transcription of nearby genes in the 

context of acetylated enhancers124. Our findings suggest that this is not true in the context of 

deacetylated enhancers, where H3K4me2/me1 appears to provide an enhancer activation 

memory that has impact on gene expression. Our observations are consistent with evidence that 

H3K4me2 deposition is dependent on transcription at enhancers, and that enhancer RNA 

transcripts correlate with the expression of nearby genes125. The exact contexts in which 

H3K4me2/me1 can drive gene expression and the mechanisms employed will require further 

studies. 

We find that in addition to RAR motifs, LSD1-regulated enhancers are also enriched for 

FOXA and GATA motifs and that FOXA1, FOXA2, GATA4, and GATA6 binding is enriched at 

LSD1-occupied enhancers (Supplementary Figure 2.5b). FOXA1/2 and GATA4/6 have known 

functions in early pancreas development126-128. This indicates that regulation of early pancreatic 

enhancers requires collaborative interactions of signal-dependent RARs with other TFs that 
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regulate cell identity. We have previously shown that recruitment of FOXAs to pancreas 

enhancers precedes pancreas induction, and occurs prior to the addition of RA during hESC 

differentiation27. Before RA is added, FOXA-occupied pancreatic enhancers are poised. 

Combined with our present findings, this suggests that RA induces the pancreatic lineage by 

binding to RARs that act upon a set of primed enhancers established by FOXAs and other lineage-

determining TFs. FOXAs have previously been shown to broadly prime enhancers of multiple gut 

tube-derived organs, including liver and lung27. While pancreas induction requires RA, lung and 

liver induction depend on BMP or BMP and WNT signalling, respectively. Therefore, collaboration 

between signal-dependent TFs and lineage-determining TFs, such as FOXAs, could be a broadly 

used mechanism to specify different organ lineages from a field of multipotent progenitors. Such 

mechanism is consistent with the importance of niche signals for specifying progenitor 

subdomains during development. 

One open question is whether the here-described mechanism for LSD1-mediated 

enhancer silencing is limited to RA-dependent enhancers or could operate also in the context of 

other signal-dependent enhancers. LSD1 has been shown to reside in transcriptional complexes 

with signal-dependent TFs of numerous signalling pathways, including the Notch, Wnt, and 

multiple nuclear hormone receptor signalling pathways129-131. Similar to RARs, which associate 

with HATs upon RA binding118, the Notch intracellular domain facilitates recruitment of HATs to 

Notch-responsive enhancers in the presence of ligand, and β-catenin recruits HATs when the Wnt 

signalling pathway is activated132,133. It is therefore conceivable that LSD1 limits the duration of a 

transcriptional response at these enhancers in a similar manner as shown in this study for RA-

responsive enhancers. Such unified mechanism for LSD1 function would explain why LSD1 

activity is required in numerous development contexts throughout phylogeny134-138. 
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Methods 

Cell Lines 

CyT49 embryonic stem cells were maintained in DMEM F12 (without L-glutamine; VWR) 

+ 10% knockout serum replacement (KSR; Thermo Fisher Scientific), 1% non-essential amino 

acids (NEAA; Thermo Fisher Scientific), 1% GlutaMAX (Thermo Fisher Scientific), 0.2% β-

mercaptoethanol (Thermo Fisher Scientific) and 1% penicillin-streptomycin (Thermo Fisher 

Scientific). HEK293T were maintained in DMEM F12 containing 100 units/mL penicillin and 100 

mg/mL streptomycin sulfate supplemented with 10% foetal bovine serum (FBS). 

 

Animals 

 Pdx1-Cre, Pdx1-CreERTM 139, Lsd1flox 134, and Rosa26-eYFP 140 mouse strains have been 

described previously. Lsd1Δpan mice were generated by crossing Pdx1-Cre and Lsd1flox mice. 

Conditional Lsd1 knockouts were generated by crossing Pdx1-CreERTM and Lsd1flox mice. 

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 Pdx1-Cre or the 

Pdx1-CreERTM transgene. Midday on the day of vaginal plug appearance was considered 

embryonic day (e) 0.5. All animal experiments were approved by the Institutional Animal Care 

and Use Committees of the University of California, San Diego. The numbers of animals studied 

per genotype are indicated within each experiment. 

 

Human Tissue 

Human foetal pancreas donor tissue was obtained from the Birth Defects Research 

Laboratory of the University of Washington. Cadaveric adult pancreata used in this study were 

from non-diabetic donors and were acquired through the Network for Pancreatic Organ Donors 

with Diabetes (nPOD)141. Protein expression was analysed in nPOD donors: LSD1 and GCG in 
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#6140 (38-year-old male); LSD1 and CHGA in #6160 (22-year-old male); LSD1 and SST in 6178 

(25-year-old female); and LSD1, INS and GCG in 6179 (21-year-old female). All studies for use 

of foetal and adult human tissue were approved by the Institutional Review Board of the University 

of California, San Diego. 

 

Pancreatic Endocrine Differentiation of Human Embryonic Stem Cells (hESCs) 

Pancreatic differentiation was performed as previously described27,67,68. Briefly, a 

suspension-based culture format was used to differentiate cells in aggregate form. 

Undifferentiated aggregates of hESCs were formed by re-suspending dissociated cells in hESC 

maintenance medium at a concentration of 1 x 106 cells/mL and plating 5.5 mL per well of the cell 

suspension in 6-well ultra-low attachment plates (Costar). The cells were cultured overnight on 

an orbital rotator (Innova2000, New Brunswick Scientific) at 95 rpm. After 24 hours the 

undifferentiated aggregates were washed once with RPMI medium and supplied with 5.5 mL of 

day 0 differentiation medium. Thereafter, cells were supplied with the fresh medium for the 

appropriate day of differentiation (see below). Cells were continually rotated at 95 rpm, or 105 

rpm on days 4 through 8, and no media change was performed on day 10. Both RPMI (Mediatech) 

and DMEM High Glucose (HyClone) medium were supplemented with 1X GlutaMAX™ and 1% 

penicillin/streptomycin. Human activin A, mouse Wnt3a, human KGF, human noggin, and human 

EGF were purchased from R&D systems. Other added components included FBS (HyClone), B-

27® supplement (Life Technologies), Insulin-Transferrin-Selenium (ITS; Life Technologies), 

TGFβ R1 kinase inhibitor IV (EMD Bioscience), KAAD-Cyclopamine (KC; Toronto Research 

Chemicals), and the retinoic receptor agonist TTNPB (RA; Sigma Aldrich). Day-specific 

differentiation media formulations were as follows: Days 0 and 1: RPMI + 0.2% (v/v) FBS, 100 

ng/mL Activin, 50 ng/mL mouse Wnt3a, 1:5000 ITS. Days 1 and 2: RPMI + 0.2% (v/v) FBS, 

100ng/mL Activin, 1:5000 ITS. Days 2 and 3: RPMI + 0.2% (v/v) FBS, 2.5 mM TGFβ R1 kinase 

inhibitor IV, 25ng/mL KGF, 1:1000 ITS. Days 3 – 5: RPMI + 0.2% (v/v) FBS, 25ng/mL KGF, 1:1000 
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ITS. Days 5 – 8: DMEM + 0.5X B-27® Supplement (contains ~0.1mg/L of retinol, all trans), 3 nM 

TTNPB, 0.25 mM KAAD-Cyclopamine, 50ng/mL Noggin. Days 8 – 12: DMEM/B-27, 50ng/mL 

KGF, 50ng/mL EGF. 

 

LSD1 Inhibition during Pancreatic Differentiation 

Early inhibition of LSD1 (LSD1iearly) was performed by addition of the irreversible LSD1 

inhibitor tranylcypromine (TCP) to cell culture wells on days 7, 8 and 9 at a final concentration of 

0.5 µM. Late inhibition of LSD1 (LSD1ilate) was performed by addition of TCP to cell culture wells 

on days 10, 11 and 12 at a final concentration of 0.5 µM. Additional LSD1 inhibitors used to 

perform LSD1iearly and LSD1ilate experiments were SP2509 (Selleck Chemicals), GSK-LSD1 

(Sigma) and GSK2879552 (Chemietek); and experiments were performed in the same way as 

with TCP, at a final concentrations of 1 μM.  

 

Alteration of RA Treatment during Pancreatic Differentiation 

Extended RA treatment (RAextended) was performed by addition of the RA analogue TTNPB 

to cell culture wells on days 8 and 9 at a final concentration of 3 nM. Late RA treatment (RAlate) 

was performed by addition of TTNPB to cell culture wells on days 10 and 11 at a final 

concentration of 3 nM. 

 

Chromatin Immunoprecipitation Sequencing (ChIP-seq) 

ChIP-seq experiments for histone modifications were performed on day 10 with no TCP 

treatment or after TCP treatment (treatment on days 7, 8, and 9). ChIP-seq experiments for LSD1 

were conducted on day 5 (GT stage) day 7 (PP1 stage) and day 10 (PP2 stage) without addition 

of TCP. ChIP-seq was performed using the ChIP-IT High-Sensitivity kit (Active Motif) according 

to the manufacturer’s instructions. Briefly, for each cell stage and condition analyzed, 5-10 x 106 

cells were harvested and fixed for 15 min in an 11.1% formaldehyde solution. Cells were lysed 
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and homogenised using a Dounce homogeniser and the lysate was sonicated in a Bioruptor® Plus 

(Diagenode), on high for 3 x 5 min (30 sec on, 30 sec off). Between 10 and 30 µg of the resulting 

sheared chromatin was used for each immunoprecipitation. Equal quantities of sheared chromatin 

from each sample were used for immunoprecipitations carried out at the same time. 4 µg of 

antibody were used for each ChIP-seq assay. Antibodies used were: rabbit anti-H3K27ac (Active 

Motif); rabbit anti-H3K4me1 (Abcam); rabbit anti-H3K4me2 (Millipore); rabbit anti-LSD1 (Abcam); 

goat anti-FOXA1 (Abcam); goat anti-FOXA2 (Santa Cruz); goat anti-GATA4 (Santa Cruz); mouse 

anti-GATA6 (Santa Cruz); rabbit anti-HNF6 (Santa Cruz); and rabbit anti-RXRA (Santa Cruz). 

Chromatin was incubated with primary antibodies overnight at 4 °C on a rotator followed by 

incubation with Protein G agarose beads for 3 hours at 4 °C on a rotator. Reversal of crosslinks 

and DNA purification were performed according to the ChIP-IT High-Sensitivity instructions, with 

the modification of incubation at 65 °C for 2-3 hours, rather than at 80 °C for 2 hours. Sequencing 

libraries were constructed using KAPA DNA Library Preparation Kits for Illumina® (Kapa 

Biosystems) and library sequencing was performed on a HiSeq 4000 System (Illumina®) with 

single-end reads of 50 base pairs (bp). Both library construction and sequencing were performed 

by the Institute for Genomic Medicine (IGM) core research facility at the University of California 

at San Diego (UCSD). Two replicates from independent hESC differentiations were generated for 

each ChIP-seq experiment, except for RXR where only one data set was generated. 

 

ChIP-seq Data Analysis 

Single-end 50-bp ChIP-seq reads were mapped to the human genome consensus build 

(hg19/GRCh37) and visualised using the UCSC Genome Browser77. Bowtie 2, version 2.2.7142 

was used to map data to the genome and unmapped reads were discarded. SAMtools79 was used 

to remove duplicate sequences and HOMER80 was used to call peaks using default parameters 

and to generate tag density plots. Stage- and condition-matched input DNA controls were used 

as background when calling peaks. The BEDtools81 suite of programs was used to analyze 
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whether certain peaks overlapped with other peaks or modified histone regions. Differential peak 

analysis using HOMER, with default parameters, identified enhancer dynamics between the PP1 

to PP2 stage and classify LSD1-bound enhancers into the different enhancer groups (G1, G2 and 

G3). Each ChIP-seq analysis was performed with two biological replicates, except H3K4me2 at 

GT, for which pseudo-replicates were generated. The first replicate was analysed and correlated 

with the appropriate second replicate. Pearson correlations between replicates are listed in 

Supplementary Figure 2.10.  

 

RNA Isolation and Sequencing (RNA-seq) and qRT-PCR 

RNA was isolated from cell samples using the RNeasy® Micro Kit (Qiagen) according to 

the manufacturer instructions. For each cell stage and condition analyzed between 0.1 and 1 x 

106 cells were collected for RNA extraction. For qRT-PCR, cDNA synthesis was first performed 

using the iScript™ cDNA Synthesis Kit (Bio-Rad) and 500 ng of isolated RNA per reaction. qRT-

PCR reactions were performed in triplicate with 10 ng of template cDNA per reaction using a 

CFX96™ Real-Time PCR Detection System and the iQ™ SYBR® Green Supermix (Bio-Rad). 

PCR of the TATA binding protein (TBP) coding sequence was used as an internal control and 

relative expression was quantified via double delta CT analysis. For RNA-seq, stranded, single-

end sequencing libraries were constructed from isolated RNA using the TruSeq® Stranded mRNA 

Library Prep Kit (Illumina®) and library sequencing was performed on a HiSeq 4000 System 

(Illumina®) with single-end reads of 50-bp. Both library construction and sequencing were 

performed by the IGM core research facility at UCSD. A complete list of RT-qPCR primer 

sequences can be found in Supplementary Figure 2.11. 

 

RNA-seq Data Analysis 

Single-end 50-bp reads were mapped to the human genome consensus build 

(hg19/GRCh37) using the Spliced Transcripts Alignment to a Reference (STAR) aligner83. Tag 
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directories were constructed from STAR outputs and normalised gene expression (fragments per 

kilobase per million mapped reads; FPKM) for each sequence file was determined using 

HOMER80. HOMER was used to annotate all RefSeq genes with FPKM values and to invoke the 

R package DESeq285 for differential expression analysis. Each RNA-seq analysis was performed 

on at least two biological replicates with DESeq2, using the built-in option to account for batch 

effects.  

 

Assignment of Enhancer Target Genes and Motif Enrichment Analysis 

Enhancer target genes were assigned using BEDtools to identify transcription start sites 

(TSSs) located ± 100 kb from LSD1-bound enhancers (groups G1, G2 and G3). HOMER80 was 

used to identify transcription factor (TF) binding motifs enriched in the G1 enhancer group versus 

the G2 and G3 groups. G2 and G3 enhancer peak files were merged and set as the background. 

G1 enhancers associated with one or more genes with FPKM ≥ 1 at the PP1 stage were used for 

motif analysis. Analogous motif enrichment analysis was conducted at G2 and G3 enhancers 

versus the entire genome, excluding G1, G2, and G3 regions. 

 

Flavin Adenine Dinucleotide (FAD) Measurements 

FAD on hESC-derived cells was isolated with the FAD Assay Kit (Abcam, ab204710). Cell 

lysates were deproteinated using perchloric acid and FAD was quantified using the colorimetric 

assay according to the manufacturer’s instructions. The isolation procedure was performed in 

triplicate with one to two million cells on differentiation days 0, 2, 5, 10, and 13. FAD 

measurements were performed simultaneously and normalized to protein concentration 

determined by the Micro BCA Protein Assay Kit (Thermo Scientific, 23235). 

 

Immunofluorescence Analysis 
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Cell aggregates derived from hESCs were allowed to settle in microcentrifuge tubes and 

washed twice with PBS before fixation with 4% paraformaldehyde (PFA) for 30 min at room 

temperature. Dissected e10.5 - e13.5 mouse embryos, e15.5 - postnatal day (P) 0 pancreata, and 

pancreata from 3-month-old mice were fixed in 4% PFA in PBS for 30 minutes, 3 hours, and 

overnight, respectively. Fixed samples were washed twice with PBS and incubated overnight at 

4 °C in 30% (w/v) sucrose in PBS. Samples were then loaded into disposable embedding molds 

(VWR), covered in Tissue-Tek® O.C.T. Sakura® Finetek compound (VWR) and flash frozen on 

dry ice to prepare frozen blocks. The blocks were sectioned at 10 µm and sections were placed 

on Superfrost Plus® (Thermo Fisher) microscope slides and washed with PBS for 10 min. Slide-

mounted cell sections were permeabilised and blocked with blocking buffer, consisting of 0.15% 

(v/v) Triton X-100 (Sigma) and 1% (v/v) normal donkey serum (Jackson Immuno Research 

Laboratories) in PBS, for 1 hour at room temperature. Slides were then incubated overnight at 4 

°C with primary antibody solutions. The following day slides were washed five times with PBS and 

incubated for 1 hour at room temperature with secondary antibody solutions. Cells were washed 

five times with PBS before coverslips were applied. 

All antibodies were diluted in blocking buffer at the ratios indicated below. Primary 

antibodies used were: goat anti-carboxypeptidase A1 (Cpa1) (1:1000 dilution, R&D systems); 

goat anti-ghrelin (Ghrl) (1:300 dilution, Santa Cruz); goat anti-glucagon (Gcg) (1:1000 dilution, 

Santa Cruz); goat anti-osteopontin (Opn) (1:300 dilution, R&D systems); guinea pig anti-Ngn3 

(1:1000, 143); goat anti-PDX1 (1:500 dilution, Abcam); guinea pig anti-insulin (INS) (1:500 dilution, 

Dako); mouse anti-glucagon (GCG) (1:500 dilution, Sigma); rabbit anti-somatostatin (SST) (1:500 

dilution, Dako); mouse anti-NKX6.1 (1:300 dilution, Developmental Studies Hybridoma Bank); 

rabbit anti-amylase (Amy) (1:500 dilution, Sigma); rabbit anti-chromogranin A (ChgA) (1:1000 

dilution, Dako); rabbit anti-LSD1 (1:500 dilution, Abcam); rabbit anti-Phospo-Histone3 (Ser10) 

(pHH3) (1:1000 dilution, Cell Signaling); rabbit anti-polypeptide Y (Ppy) (1:1000 dilution, Dako); 

rabbit anti-Ptf1a (1:500 dilution, BCBC); rabbit anti-SOX9 (1:1000 dilution, Millipore); rat anti-E-
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cadherin (Cdh1) (1:300 dilution, Sigma); rat anti-EpCAM (1:100, DSHB # G8.8); sheep anti-NGN3 

(1:300, R&D Systems). Secondary antibodies against sheep, rabbit, goat, mouse, rat, and guinea 

pig were Alexa488-, Cy3- and Cy5-conjugated donkey antibodies and were used at dilutions of 

1:1000, 1:2000, and 1:250, respectively (Jackson Immuno Research Laboratories). Cell nuclei 

were stained with Hoechst 33342 (1:3000, Invitrogen). TUNEL staining was performed using the 

ApopTag® Plus Peroxidase In Situ Apoptosis Kit (Millipore). Representative images were 

obtained with a Zeiss Axio-Observer-Z1 microscope equipped with a Zeiss ApoTome and 

AxioCam digital camera. Figures were prepared in Adobe Creative Suite 5. 

 

Flow Cytometry Analysis 

Cell aggregates derived from hESCs were allowed to settle in microcentrifuge tubes and 

washed with PBS. Cell aggregates were incubated with Accutase® at room temperature until a 

single-cell suspension was obtained. Cells were washed with 1 mL ice-cold flow buffer comprised 

of 0.2% BSA in PBS and centrifuged at 200 g for 5 min. BD Cytofix/Cytoperm™ Plus 

Fixation/Permeabilization Solution Kit was used to fix and stain cells for flow cytometry according 

to the manufacturer's instructions. Briefly, cell pellets were re-suspended in ice-cold BD 

Fixation/Permeabilization solution (300 µL per microcentrifuge tube). Cells were incubated for 20 

min at 4 °C. Cells were washed twice with 1 mL ice-cold 1X BD Perm/Wash™ Buffer and 

centrifuged at 10 °C and 200 x g for 5 min. Cells were re-suspended in 50 µL ice-cold 1X BD 

Perm/Wash™ Buffer containing diluted antibodies, for each staining performed. Cells were 

incubated at 4 °C in the dark for 1 hr. Cells were washed with 1.25 mL ice-cold 1X BD Wash 

Buffer and centrifuged at 200 g for 5 min. Cell pellets were re-suspended in 300 µL ice-cold flow 

buffer and analysed in a FACSCanto™ (BD Biosciences). Antibodies used for flow cytometry: 

PE-conjugated anti-PDX1 (1:20 dilution, BD Biosciences); AlexaFluor® 647-conjugated anti-

NKX6.1 (1:20 dilution, BD Biosciences); PE-conjugated anti-INS (1:50 dilution, BD Biosciences). 

Flow cytometry data was processed using FlowJo v10 software.  
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Generation of LSD1 shRNA Lentiviruses 

To generate shRNA expression vectors, shRNA guide sequences were placed under the 

control of the human U6 pol III promoter in the pLKO.1 backbone (Addgene, plasmid #10878). 

Small hairpin sequences are listed in Supplementary Figure 2.12. 

High-titer lentiviral supernatants were generated by co-transfection of the shRNA 

expression vector and the lentiviral packaging construct into HEK293T cells as described67. 

Briefly, shRNA expression vectors were co-transfected with the pCMV-R8.74 (Addgene, #22036) 

and pMD2.G (Addgene, #12259) expression plasmids into HEK293T cells using a 1mg/ml PEI 

solution (Polysciences). Lentiviral supernatants were collected at 48 hr and 72 hr after 

transfection. Lentiviruses were concentrated by ultracentrifugation for 120 min at 19,500 rpm 

using a Beckman SW28 ultracentrifuge rotor at 4°C. 

 

Transduction of hESC Endodermal Lineage Intermediates 

Differentiation toward the pancreatic progenitor cell stage was initiated as described. At 

day 6 of differentiation, cells were dissociated with Accutase, washed in PBS + 0.02% BSA and 

counted. Cells were then distributed onto a 6 well plate at a density of 5 million cells per well. 

Concentrated lentivirus was then added at 1 µL/mL media, as well as 8 µg/mL polybrene, 10 µM 

Rock Inhibitor, and 5 units/mL heparin. Cells were then re-aggregated at 100 rpm. After 6 hours, 

viral media was replaced with fresh day 6 differentiation media. Differentiation was then continued 

as described, and cells were collected for analysis at day 13. 

 

RNAscope 

Mouse embryos at e12.5 were fixed in 4% PFA at 4 °C overnight, embedded in OCT 

(Sakura Finetek), frozen, and sectioned at 10 µm. Serial sections were prepared as described in 

the “Immunofluorescence Analysis” section. The expression of mouse HoxA1 transcripts was 
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detected using the RNAscope Probe-Mm-Hoxa1 #542391, Multiplex Fluorescent Reagent Kit v2 

(#323100, Advanced Cell Diagnostics) and Opal 570 Reagent Pack (Akoya Biosciences 

#FP1488001KT) according to the manufacturers' recommendations, with the following specifics: 

target retrieval was omitted, slides received a 30 min treatment with Protease IV and Opal 570 

fluorophore and DAPI was diluted at 1:1500. Images were captured with a Zeiss Apotome 

microscope. 

 

Gene Ontology 

Gene ontology analysis was performed using Metascape (http://metascape.ncibi.org) with 

the default parameters. 

 

Principal Component Analysis 

For all samples, FPMKs for total transcriptome were calculated as described above. 

Genes were then filtered for FPKMs greater than or equal to one, and genes showing the top 25% 

Median Absolute Deviation (MAD) were selected. Based on these values, PCA plots were 

generated using the PRComp package in R. 

 

Morphometric Analysis and Cell Counting 

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

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

pancreatic epithelial area, E-cadherin+ area per section was measured using ZEN Digital Imaging 

for Light Microscopy software (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 and expressed as marker+ cells/μm2. All values are shown as mean ± standard error 
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of the mean (SEM); p-values calculated using unpaired Student's t-test; p < 0.05 was considered 

significant. 

 

Experimental Comparisons 

All experiments were independently repeated at least twice. Results are shown as mean 

± SEM. Statistical analyses were conducted using GraphPad Prism 6 and R. 

 

Differential Gene Expression Analysis 

The DESeq2 Bioconductor package for R was used to calculate gene expression 

changes. Adjusted p-values < 0.05 and log2(fold-change) ≥ 1.5 were considered significantly 

different. 

 

Permutation-Based Significance 

A random sampling approach (10,000 iterations) was used to obtain null distributions for 

enrichment analyses, in order to obtain p-values. Null distributions for enrichment of enhancers 

for gene sets were obtained by randomly shuffling enhancer regions using BEDtools and 

overlapping with nearby genes. P-values < 0.05 were considered significant. 

 

Data Availability 

The accession number for the ChIP-seq and RNA-seq data reported in this manuscript is 

GSE104840. The accession number for previously reported H3K4me1 and H3K27ac ChIP-seq 

data is GSE54471. The accession number for previously reported RNA-seq data is E-MTAB-

1086. 
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CHAPTER 3: PANCREATIC PROGENITOR EPIGENOME MAPS PRIORITIZE TYPE 2 
DIABETES RISK GENES WITH ROLES IN DEVELOPMENT 

 

Abstract 

Genetic variants associated with type 2 diabetes (T2D) risk affect gene regulation in 

metabolically relevant tissues, such as pancreatic islets. Here, we investigated contributions of 

regulatory programs active during pancreatic development to T2D risk. Generation of chromatin 

maps from developmental precursors throughout pancreatic differentiation of human embryonic 

stem cells (hESCs) identifies enrichment of T2D variants in pancreatic progenitor-specific stretch 

enhancers that are not active in islets. Genes associated with progenitor-specific stretch 

enhancers are predicted to regulate developmental processes, most notably tissue 

morphogenesis. Through gene editing in hESCs, we demonstrate that progenitor-specific 

enhancers harboring T2D-associated variants regulate cell polarity genes LAMA1 and CRB2. 

Knockdown of lama1 or crb2 in zebrafish embryos causes a defect in pancreas morphogenesis 

and impairs islet cell development. Together, our findings reveal that a subset of T2D risk variants 

specifically affects pancreatic developmental programs, suggesting that dysregulation of 

developmental processes can predispose to T2D. 

 

Introduction 

 Type 2 diabetes (T2D) is a multifactorial metabolic disorder characterized by insulin 

insensitivity and insufficient insulin secretion by pancreatic beta cells144. Genetic association 

studies have identified hundreds of loci influencing risk of T2D20. However, disease-relevant target 

genes of T2D risk variants, the mechanisms by which these genes cause disease, and the tissues 

in which the genes mediate their effects remain poorly understood. 

The majority of T2D risk variants map to non-coding sequence, suggesting that genetic 

risk of T2D is largely mediated through variants affecting transcriptional regulatory activity. 
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Intersection of T2D risk variants with epigenomic data has uncovered enrichment of T2D risk 

variants in regulatory sites active in specific cell types, predominantly in pancreatic beta cells, 

including risk variants that affect regulatory activity directly20,145-153. T2D risk-associated variants 

are further enriched within large, contiguous regions of islet active chromatin, referred to as 

stretch or super-enhancers146. These regions of active chromatin preferentially bind islet cell-

restricted transcription factors and drive islet-specific gene expression145,146. 

Many genes associated with T2D risk in islets are not uniquely expressed in differentiated 

islet endocrine cells, but also in pancreatic progenitor cells during embryonic development. For 

example, T2D risk variants map to HNF1A, HNF1B, HNF4A, MNX1, NEUROG3, PAX4, and 

PDX120,154,155, which are all transcription factors also expressed in pancreatic developmental 

precursors. Studies in model organisms and hESC-based models of pancreatic endocrine cell 

differentiation have shown that inactivation of these transcription factors causes defects in 

endocrine cell development, resulting in reduced beta cell numbers156. Furthermore, 

heterozygous mutations for HNF1A, HNF1B, HNF4A, PAX4, and PDX1 are associated with 

maturity onset diabetes of the young (MODY), which is an autosomal dominant form of diabetes 

with features similar to T2D157. Thus, there is evidence that reduced activity of developmentally 

expressed transcription factors can cause diabetes later in life.  

The role of these transcription factors in T2D and MODY could be explained by their 

functions in regulating gene expression in mature islet cells. However, it is also possible that their 

function during endocrine cell development could predispose to diabetes instead of, or in addition 

to, endocrine cell gene regulation. One conceivable mechanism is that individuals with reduced 

activity of these transcription factors are born with either fewer beta cells or beta cells more prone 

to fail under conditions of increased insulin demand. Observations showing that disturbed 

intrauterine metabolic conditions, such as maternal malnutrition, can lead to reduced beta cell 

mass and T2D predisposition in the offspring158-160 support the concept that compromised beta 

cell development could predispose to T2D. However, whether there is T2D genetic risk relevant 
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to the regulation of endocrine cell development independent of gene regulation in mature islet 

cells has not been explored. 

In this study, we investigated the contribution of gene regulatory programs specifically 

active during pancreatic development to T2D risk. First, we employed a hESC-based 

differentiation system to generate chromatin maps of hESCs during their stepwise differentiation 

into pancreatic progenitor cells. We then identified T2D-associated variants localized in active 

enhancers in developmental precursors but not in mature islets, used genome editing in hESCs 

to define target genes of pancreatic progenitor-specific enhancers harboring T2D variants, and 

employed zebrafish genetic models to study the role of two target genes in pancreatic and 

endocrine cell development. 

 

Results 

Pancreatic progenitor stretch enhancers are enriched for T2D risk variants 

To determine whether there is a development-specific genetic contribution to T2D risk, we 

generated genome-wide chromatin maps of hESCs during their stepwise differentiation into 

pancreatic progenitors through four distinct developmental stages: definitive endoderm (DE), gut 

tube (GT), early pancreatic progenitors (PP1), and late pancreatic progenitors (PP2) (Fig. 3.1a). 

We then used ChromHMM161 to annotate chromatin states, such as active promoters and 

enhancers, at all stages of hESC differentiation as well as in primary islets (Supplementary 

Figure 3.1a,b).  

Large, contiguous regions of active enhancer chromatin, which have been termed stretch- 

or super-enhancers47,146, are highly enriched for T2D risk variants in islets145,146. We therefore 

partitioned active enhancers from each hESC developmental stage and islets into stretch 

enhancers (SE) and traditional (non-stretch) enhancers (TE) (Fig. 3.1b). Consistent with prior 

observations of SE features47,146, SE comprised a small subset of all active enhancers (7.7%, 

7.8%, 8.8%, 8.1%, 8.1%, and 10.4% of active enhancers in ES, DE, GT, PP1, PP2, and islets, 
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respectively; Fig. 3.1b and Supplementary Figure 3.1c) and genes proximal to SE were more 

highly expressed than genes proximal to TE (p = 4.68 × 10-7, 4.64 × 10-11, 1.31 × 10-5, 8.85 × 10-

9, 5.34 × 10-6, and < 2.2 × 10-16 for expression of genes near TE vs SE in ES, DE, GT, PP1, PP2, 

and islets, respectively; Supplementary Figure 3.1d). Genes near SE in pancreatic progenitors 

included transcription factors involved in the regulation of pancreatic cell identity, such as NKX6.1 

and PDX1 (Fig. 3.1c). Since disease-associated variants are preferentially enriched in narrow 

peaks of accessible chromatin within broader regions of active chromatin150,151,153, we next used 

ATAC-seq to generate genome-wide maps of chromatin accessibility across all time points of 

differentiation. Nearly all identified SE contained at least one ATAC-seq peak (Fig. 3.1d and 

Supplementary Figure 3.1e,f). At the PP2 stage, 62.3% of SE harbored one, 32.2% two or three, 

and 0.7% four or more ATAC-seq peaks (Supplementary Figure 3.1f). Similar percentages were 

observed in earlier developmental precursors and islets.  

Having annotated accessible chromatin sites within SE, we next tested for enrichment of 

T2D-associated variants in SE active in mature islets and in pancreatic developmental stages. 

We observed strongest enrichment of T2D-associated variants in islet SE (log enrichment = 2.18, 

95% CI = 1.80, 2.54) and late pancreatic progenitor SE (log enrichment = 2.17, 95% CI = 1.40, 

2.74), which was more pronounced when only considering variants in accessible chromatin sites 

within these elements (islet log enrichment = 3.20, 95% CI = 2.74, 3.60; PP2 log enrichment = 

3.18, 95% CI = 2.35, 3.79; Fig. 3.1e). Given that a subset of pancreatic progenitor SE is also 

active in islets, we next determined whether pancreatic progenitor SE contribute to T2D risk 

independently of islet SE. Variants in accessible chromatin sites of late pancreatic progenitor SE 

were enriched for T2D association in a joint model including islet SE (islet log enrichment = 2.94, 

95% CI = 2.47, 3.35; PP2 log enrichment = 1.27, 95% CI = 0.24, 2.00; Fig. 3.1f). We also 

observed enrichment of variants in accessible chromatin sites of pancreatic progenitor SE after 

conditioning on islet SE (log enrichment = 0.60, 95% CI = -0.87, 1.48), as well as when excluding 

pancreatic progenitor SE active in islets (log enrichment = 1.62, 95% CI = <-20, 3.14). Examples 
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of known T2D loci with T2D-associated variants in SE active in pancreatic progenitors but not in 

islets included LAMA1 and PROX1. These results suggest that a subset of T2D variants may 

affect disease risk by altering regulatory programs specifically active in pancreatic progenitors. 
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Figure 3.1: T2D-associated risk variants are enriched in stretch enhancers of pancreatic progenitors 
independent of islet stretch enhancers. (A) Schematic illustrating the stepwise differentiation of human 
embryonic stem cells (hES) into pancreatic progenitors (solid arrows) and lineage relationship to islets 
(dotted arrow). Developmental intermediates include definitive endoderm (DE), gut tube (GT), early 
pancreatic progenitor (PP1), and late pancreatic progenitor (PP2) cells. (B) Box plots depicting length of 
typical enhancers (TE) and stretch enhancers (SE) at each developmental stage and in primary human 
islets. Plots are centered on median, with box encompassing 25th-75th percentile and whiskers extending 
up to 1.5 interquartile range. Total numbers of enhancers are shown above each box plot. (C) Examples of 
stretch enhancers (denoted with red boxes) near the genes encoding the pancreatic lineage-determining 
transcription factors NKX6.1 and PDX1, respectively. Chromatin states are based on ChromHMM 
classifications: TssA, active promoter; TssFlnk, flanking transcription start site; TssBiv, bivalent promoter; 
Repr, repressed; EnhA, active enhancer; EnhP, poised enhancer. (D) Percentage of TE and SE overlapping 
with at least one ATAC-seq peak at PP2 or in islets. Enrichment analysis comparing observed and expected 
overlap based on random genomic regions of the same size and located on the same chromosome 
averaged over 10,000 iterations (*** p < 1 × 10-4; permutation test). ATAC-seq peaks were merged from 2 
independent differentiations for PP2 stage cells and 4 donors for primary islets. (E) Genome-wide 
enrichment of T2D-associated variants (minor allele frequency > 0.0025) in stretch enhancers, ATAC-seq 
peaks, and ATAC-seq peaks within stretch enhancers for all developmental stages when modelling each 
annotation separately. Points and lines represent log-scaled enrichment estimates and 95% confidence 
intervals from functional genome wide association analysis (fgwas), respectively. ATAC-seq peaks were 
merged from 2 independent differentiations for ES, DE, GT, PP1, and PP2 stage cells and from 4 donors 
for primary islets. (F) Genome-wide enrichment of T2D-associated variants (minor allele frequency > 
0.0025) in ATAC-seq peaks within stretch enhancers for all developmental stages and coding exons when 
considering all annotations in a joint model. Points and lines represent log-scaled enrichment estimates 
and 95% confidence intervals from fgwas, respectively. ATAC-seq peaks were merged from 2 independent 
differentiations for ES, DE, GT, PP1, and PP2 stage cells and from 4 donors for primary islets. 
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Pancreatic progenitor-specific stretch enhancers are near genes that regulate tissue 

morphogenesis 

Having observed enrichment of T2D risk variants in pancreatic progenitor SE independent 

of islet SE, we next sought to further characterize the regulatory programs of SE with specific 

function in pancreatic progenitors. We therefore defined a set of pancreatic progenitor-specific 

stretch enhancers (PSSE) based on the following criteria: (i) annotation as a SE at the PP2 stage, 

(ii) no classification as a SE at the ES, DE, and GT stages, and (iii) no classification as a TE or 

SE in islets. Applying these criteria, we identified a total of 492 PSSE genome-wide (Fig. 3.2a).  

As expected based on their chromatin state classification, PSSE acquired broad 

deposition of the active enhancer mark H3K27ac at the PP1 and PP2 stages (Fig. 3.2b,c). 

Coincident with an increase in H3K27ac signal, chromatin accessibility at PSSE also increased 

(Fig. 3.2b), and 93.5% of PSSE contained at least one accessible chromatin site at the PP2 stage 

(Supplementary Figure 3.2a,b). Further investigation of PSSE chromatin state dynamics at 

earlier stages of pancreatic differentiation revealed that PSSE were often poised (defined by 

H3K4me1 in the absence of H3K27ac) prior to activation (42%, 48%, 63%, and 17% of PSSE in 

ES, DE, GT, and PP1, respectively; Fig. 3.2c), consistent with earlier observations that a poised 

enhancer state frequently precedes enhancer activation during development6,27. Intriguingly, a 

subset of PSSE was classified as TE earlier in development (13%, 23%, 29%, and 46% of PSSE 

in ES, DE, GT, and PP1, respectively; Fig. 3.2c), suggesting that SE emerge from smaller regions 

of active chromatin seeded at prior stages of development. During differentiation into mature islet 

cells, PSSE lost H3K27ac but largely retained H3K4me1 signal (62% of PSSE) (Fig. 3.2c), 

persisting in a poised state in terminally differentiated islet cells. 

To gain insight into the transcription factors that regulate PSSE, we conducted motif 

enrichment analysis of accessible chromatin sites within PSSE (Supplementary Figure 3.2c). 

Consistent with the activation of PSSE upon pancreas induction, motifs associated with 

transcription factors known to regulate pancreatic development162,163 were enriched, including 
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FOXA (p = 1 × 10-34), PDX1 (p = 1 × 10-30), GATA (p = 1 × 10-25), ONECUT (p = 1 × 10-17), and 

RBPJ (p = 1 × 10-14), suggesting that pancreatic lineage-determining transcription factors activate 

PSSE. Analysis of the extent of PSSE overlap with ChIP-seq binding sites for FOXA1, FOXA2, 

GATA4, GATA6, PDX1, HNF6, and SOX9 at the PP2 stage substantiated this prediction (p < 1 × 

10-4 for all transcription factors; permutation test; Fig. 3.2d). 

Annotation of biological functions of predicted target genes for PSSE (nearest gene with 

FPKM ≥ 1 at PP2 stage) revealed gene ontology terms related to developmental processes, such 

as tissue morphogenesis (p = 1 × 10-7) and vascular development (p = 1 × 10-8), as well as 

developmental signaling pathways, including BMP (p = 1 × 10-5), NOTCH (p = 1 × 10-4), and 

canonical Wnt signaling (p = 1 × 10-4; Figure 3.2e), which have demonstrated roles in pancreas 

morphogenesis and cell lineage allocation164-168. Consistent with the temporal pattern of H3K27ac 

deposition at PSSE, transcript levels of PSSE-associated genes increased upon pancreatic 

lineage induction and peaked at the PP2 stage (p = 1.8 × 10-8; Supplementary Figure 3.2d). 

Notably, expression of these genes sharply decreased in islets (p < 2.2 × 10-16), underscoring the 

likely role of these genes in regulating pancreatic development but not mature islet function.  
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Figure 3.2: Candidate target genes of pancreatic progenitor-specific stretch enhancers regulate 
developmental processes. (A) Schematic illustrating identification of pancreatic progenitor-specific 
stretch enhancers (PSSE). (B) Heatmap showing density of H3K27ac ChIP-seq and ATAC-seq reads at 
PSSE, centered on overlapping H3K27ac and ATAC-seq peaks, respectively, and spanning 5 kb in ES, 
DE, GT, PP1, PP2, and islets. PSSE coordinates in Figure 2 – source data 1. (C) Percentage of PSSE 
exhibiting indicated chromatin states at defined developmental stages and in islets. (D) Percentage of PSSE 
overlapping with at least one ChIP-seq peak at PP2 for the indicated transcription factors. Enrichment 
analysis comparing observed and expected overlap based on random genomic regions of the same size 
and located on the same chromosome averaged over 10,000 iterations (*** p < 1 x 10-4; permutation test). 
(E) Gene ontology analysis for nearest expressed genes (fragments per kilobase per million fragments 
mapped (FPKM) ≥ 1 at PP2) to the 492 PSSE. See also Figure 2 – source data 2. (F) Enrichment (LD score 
regression coefficient z-scores) of T2D, developmental, and metabolic GWAS trait-associated variants at 
accessible chromatin sites in PSSE as compared with PP2 and islet stretch enhancers. Significant 
enrichment was identified within accessible chromatin at PP2 stretch enhancers for lean type 2 diabetes (Z 
= 2.06, *p = 3.94 × 10-2), at PP2 stretch enhancers for type 2 diabetes (Z = 3.57, ***p = 3.52 × 10-4), at islet 
stretch enhancers for type 2 diabetes (Z = 2.78, **p = 5.46 × 10-3), at islet stretch enhancers for fasting 
proinsulin levels (Z = 2.83, **p = 4.61 × 10-3), at islet stretch enhancers for HOMA-B (Z = 2.58, **p = 9.85 
× 10-3), at PP2 stretch enhancers for disposition index (Z = 2.18, *p = 2.94 × 10-2), at islet stretch enhancers 
for acute insulin response (Z = 2.24, *p = 2.51 × 10-2), at islet stretch enhancers for HbA1c (Z = 1.98, *p = 
4.72 × 10-2), and at islet stretch enhancers for fasting glucose levels (Z = 2.64, **p = 8.31 × 10-3).  
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Pancreatic progenitor-specific stretch enhancers are highly specific across T2D-relevant tissues 

and cell types 

We next sought to understand the phenotypic consequences of PSSE activity in the 

context of T2D pathophysiology. Variants in accessible chromatin sites of PSSE genome-wide 

were enriched for T2D association (log enrichment = 2.85, 95% CI = <-20, 4.09). We determined 

enrichment of genetic variants for T2D-related quantitative endophenotypes within accessible 

chromatin sites of PSSE, as well as all pancreatic progenitor SE (not just progenitor-specific) and 

islet SE, using LD score regression169,170. As expected based on prior observations145,146, we 

observed enrichment (Z > 1.96) of variants associated with quantitative traits related to insulin 

secretion and beta cell function within islet SE, exemplified by fasting proinsulin levels, HOMA-B, 

and acute insulin response (Z = 2.8, Z = 2.6, and Z = 2.2, respectively; Fig. 3.2f). Conversely, 

PSSE showed a trend toward depletion for these traits although the estimates were not significant. 

We further tested for enrichment in the proportion of variants in PSSE and islet SE nominally 

associated (p < 0.05) with beta cell function traits compared to background variants. There was 

significant enrichment of beta cell trait association among islet SE variants (χ2 test; p < 0.05 for 

all beta cell functional traits except for insulin secretion rate), but no corresponding enrichment 

for PSSE. 

A prior study found that variants at the LAMA1 locus had stronger effects on T2D risk 

among lean relative to obese cases171. Since we identified a PSSE at the LAMA1 locus, we 

postulated that variants in PSSE collectively might have differing impact on T2D risk in cases 

segregated by BMI. We therefore tested PSSE, as well as pancreatic progenitor SE and islet SE, 

for enrichment of T2D association using GWAS of lean and obese T2D171, using LD score 

regression169,170. We observed nominally significant enrichment of variants in pancreatic 

progenitor SE for T2D among lean cases (Z = 2.1). Variants in PSSE were mildly enriched for 

T2D among lean (Z = 1.1) and depleted among obese (Z = -0.70) cases, although neither estimate 

was significant. By comparison, islet SE showed positive enrichment for T2D among both lean (Z 
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= 1.9) and obese cases (Z = 1.3; Figure 3.2f). Together, these results suggest that PSSE may 

affect T2D risk in a manner distinct from islet SE function. 

Having observed little evidence for enrichment of PSSE variants for traits related to beta 

cell function, we asked whether the enrichment of PSSE for T2D-associated variants could be 

explained by PSSE activity in T2D-relevant tissues and cell types outside the pancreas. We 

assessed PSSE activity by measuring H3K27ac signal in 95 representative tissues and cell lines 

from the ENCODE and Epigenome Roadmap projects172. Interestingly, there was group-wide 

specificity of PSSE to pancreatic progenitors relative to other cells and tissues including those 

relevant to T2D, such as adipose tissue, skeletal muscle, and liver (Supplementary Figure 3.2e). 

Since gene regulation in adipocyte precursors also contributes to T2D risk173, we further examined 

PSSE specificity with respect to chromatin states during adipogenesis, using data from human 

adipose stromal cell differentiation stages (hASC1-4)151,174. PSSE exhibited virtually no active 

chromatin during adipogenesis (9, 8, 6, and 8 out of the 492 PSSE were active enhancers in 

hACS-1, hASC-2, hASC-3, and hASC-4, respectively; Supplementary Figure 3.2f). These 

findings identify PSSE as highly pancreatic progenitor-specific across T2D-relevant tissues and 

cell types. 

 

Identification of pancreatic progenitor-specific stretch enhancers harboring T2D-associated 

variants 

Given the relative specificity of PSSE to pancreatic progenitors, we next sought to identify 

T2D-associated variants in PSSE at specific loci which may affect pancreatic development. We 

therefore identified variants in PSSE with evidence of T2D association (at p = 4.7 × 10-6) after 

correcting for the total number of variants in PSSE genome-wide (n = 10,738). In total there were 

49 variants in PSSE with T2D association exceeding this threshold mapping to 11 loci (Fig. 3.3a). 

This included variants at 9 loci with known genome-wide significant T2D association (PROX1, 

ST6GAL1, SMARCAD1, XKR6, INS-IGF2, HMGA2, SMEK1, HMG20A, and LAMA1), as well as 
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at two previously unreported loci with sub-genome-wide significant association, CRB2 and PGM1. 

To identify candidate target genes of the T2D-associated PSSE in pancreatic progenitors, we 

analyzed the expression of all genes within the same topologically associated domain (TAD) as 

the PSSE in PP2 cells and in primary human embryonic pancreas tissue (Fig. 3.3b and 

Supplementary Figure 3.3a). These expressed genes are candidate effector transcripts of T2D-

associated variants in pancreatic progenitors.  

As many pancreatic progenitor SE remain poised in mature islets (Fig. 3.2c), we 

considered whether T2D-associated variants in PSSE could have gene regulatory function in 

islets that is re-activated in the disease state. We therefore assessed overlap of PSSE variants 

with accessible chromatin of islets from T2D donors175. None of the strongly T2D-associated 

variants in PSSE (p = 4.7 × 10-6) overlapped an islet accessible chromatin site in T2D islets, 

arguing against the relevance of PSSE in broadly regulating islet gene activity during T2D. 
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Figure 3.3: Identification of T2D risk variants associated with pancreatic progenitor-specific stretch 
enhancers. (A) Manhattan plot showing T2D association p-values (from Mahajan et al., 2018) for 10,738 
variants mapping within PSSE. The dotted line shows the threshold for Bonferroni correction (p = 4.66 × 
10-6). Novel loci identified with this threshold and mapping at least 500 kb away from a known locus are 
highlighted in blue. Chromosomal coordinates of T2D-associated PSSE are indicated. (B) mRNA levels 
(measured in fragments per kilobase per million fragments mapped (FPKM)) at PP2 (blue) and in human 
embryonic pancreas (54 and 58 days gestation, gold) of nearest expressed (FPMK ≥ 1) gene at PP2 for 
PSSE harboring T2D variants identified in Fig. 3A. (C) PP2 specificity of H3K27ac signal at PSSE harboring 
T2D variants identified in Fig. 3A. Z-score comparing H3K27ac signal at PP2 to H3K27ac signal in tissues 
and cell lines from the ENCODE and Epigenome Roadmap projects.  
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A pancreatic progenitor-specific stretch enhancer at LAMA1 harbors T2D risk variants and 

regulates LAMA1 expression selectively in pancreatic progenitors 

Variants in a PSSE at the LAMA1 locus were associated with T2D at genome-wide 

significance (Fig. 3.3a), and LAMA1 was highly expressed in the human embryonic pancreas 

(Fig. 3.3b). Furthermore, the activity of the PSSE at the LAMA1 locus was almost exclusively 

restricted to pancreatic progenitors (Supplementary Figure 3.3b,c), and was further among the 

most progenitor-specific across all PSSE harboring T2D risk variants (Fig. 3.3c). In addition, 

reporter gene assays in zebrafish embryos have shown that this enhancer drives gene expression 

specific to pancreatic progenitors in vivo51. We therefore postulated that the activity of T2D-

associated variants within the LAMA1 PSSE is relevant for gene regulation in pancreatic 

progenitors, and we sought to characterize the LAMA1 PSSE in greater depth. 

Multiple T2D-associated variants mapped within the LAMA1 PSSE, and these variants 

were further in the 99% credible set in fine-mapping data from the DIAMANTE consortium20 (Fig. 

3.4a). No other variants in the 99% credible set mapped in an accessible chromatin site active in 

islets from either non-diabetic or T2D samples. The PSSE is intronic to the LAMA1 gene and 

contains regions of poised chromatin and TE at prior developmental stages (Fig. 3.4a). Consistent 

with its stepwise genesis as a SE throughout development, regions of open chromatin within the 

LAMA1 PSSE were already present at the DE and GT stages. Furthermore, pancreatic lineage-

determining transcription factors, such as FOXA1, FOXA2, GATA4, GATA6, HNF6, SOX9, and 

PDX1, were all bound to the PSSE at the PP2 stage (Fig. 3.4b). Among credible set variants in 

the LAMA1 PSSE, rs10502347 overlapped an ATAC-seq peak as well as ChIP-seq sites for 

multiple pancreatic lineage-determining transcription factors. Additionally, rs10502347 directly 

coincided with a SOX9 footprint identified in ATAC-seq data from PP2 cells, and the T2D risk 

allele C is predicted to disrupt SOX9 binding (Fig. 3.4b). Consistent with the collective 

endophenotype association patterns of PSSE (Fig. 3.2f), rs10502347 showed no association with 

beta cell function (p = 0.81, 0.23, 0.46 for fasting proinsulin levels, HOMA-B, and acute insulin 
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response, respectively; Supplementary Figure 3.4a). Thus, T2D variant rs10502347 is predicted 

to affect the binding of pancreatic transcription factors and does not appear to affect beta cell 

function.   

Enhancers can control gene expression over large genomic distances, and therefore their 

target genes cannot be predicted based on proximity alone. To directly assess the function of the 

LAMA1 PSSE in regulating gene activity, we utilized CRIPSR-Cas9-mediated genome editing to 

generate two independent clonal human hESC lines harboring homozygous deletions of the 

LAMA1 PSSE (hereafter referred to as ∆LAMA1Enh; Supplementary Figure 3.4b). We 

examined LAMA1 expression in ∆LAMA1Enh compared to control cells throughout stages of 

pancreatic differentiation. Consistent with the broad expression of LAMA1 across developmental 

and mature tissues, control cells expressed LAMA1 at all stages (Fig. 3.4c). LAMA1 was 

expressed at similar levels in ∆LAMA1Enh and control cells at early developmental stages, but 

was significantly reduced in PP2 cells derived from ∆LAMA1Enh clones (p = 0.319, 0.594, 0.945, 

0.290, and < 1 × 10-6 for comparisons in ES, DE, GT, PP1, and PP2, respectively; Fig. 3.4d). To 

next investigate whether the LAMA1 PSSE regulates other genes at this locus, we utilized Hi-C 

datasets from PP2 cells to identify topologically associated domains (TADs). We then examined 

expression of genes mapping in the same TAD as the LAMA1 PSSE. ARHGAP28 was the only 

other expressed gene within the TAD, and albeit not significantly different from controls (p.adj > 

0.05), showed a trend toward lower expression in ∆LAMA1Enh PP2 cells (Fig. 3.4e), raising the 

possibility that ARHGAP28 is an additional target gene of the LAMA1 PSSE. Together, these 

results demonstrate that while LAMA1 itself is broadly expressed across developmental stages, 

the T2D-associated PSSE regulates LAMA1 expression specifically in pancreatic progenitors. 

To determine whether deletion of the LAMA1 PSSE affects pancreatic development, we 

generated PP2 stage cells from ∆LAMA1Enh and control hESC lines and analyzed pancreatic 

cell fate commitment by flow cytometry and immunofluorescence staining for PDX1 and NKX6.1 
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(Supplementary Figure 3.4c,d). At the PP2 stage, ∆LAMA1Enh and control cultures contained 

similar percentages of PDX1- and NKX6.1-positive cells. Furthermore, mRNA expression of 

PDX1, NKX6.1, PROX1, PTF1A, and SOX9 was either unaffected or only minimally reduced (p 

adj. = 3.56 × 10-2, 0.224, 0.829, 8.14 × 10-2, and 0.142, for comparisons of PDX1, NKX6.1, 

PROX1, PTF1A, and SOX9 expression, respectively; Supplementary Figure 3.4e), and the 

overall gene expression profiles as determined by RNA-seq were similar in ∆LAMA1Enh and 

control PP2 cells (Supplementary Figure 3.4f). To examine effects of complete LAMA1 loss-of-

function, we additionally generated a hESC line harboring a deletion of the LAMA1 coding 

sequences (hereafter referred to as ∆LAMA1; Supplementary Figure 3.5a,b), and produced PP2 

stage cells. Similar to ∆LAMA1Enh cultures, ∆LAMA1 and control PP2 stage cultures contained 

similar numbers of PDX1- and NKX6.1-positive cells (Supplementary Figure 3.5c,d). Likewise, 

mRNA expression of PDX1, NKX6.1, PROX1, PTF1A, and SOX9 was similar in ∆LAMA1 and 

control PP2 cells (p = 4.3 × 10-2, 0.19, 0.16, 0.17, and 8.7 × 10-2, respectively; Supplementary 

Figure 3.5e). These findings indicate that in vitro pancreatic lineage induction is unperturbed in 

both ∆LAMA1Enh cells exhibiting reduced LAMA1 expression, as well as ∆LAMA1 cells where 

LAMA1 coding sequences are disrupted. 
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Figure 3.4: A T2D risk-associated LAMA1 pancreatic progenitor-specific stretch enhancer regulates 
LAMA1 expression specifically in pancreatic progenitors. (A) (Top) Locus plots showing T2D 
association p-values for variants in a 35 kb window (hg19 chr18:7,050,000-7,085,000) at the LAMA1 locus 
and LAMA1 PSSE (red box). Fine mapped variants within the 99% credible set for the LAMA1 locus are 
colored black. All other variants are colored light gray. (Bottom) Chromatin states and ATAC-seq signal in 
ES, DE, GT, PP1, and PP2. TssA, active promoter; TssFlnk, flanking transcription start site; TssBiv, bivalent 
promoter; Repr, repressed; EnhA, active enhancer; EnhP, poised enhancer. (B) FOXA1, FOXA2, GATA4, 
GATA6, HNF6, SOX9, and PDX1 ChIP-seq profiles at the LAMA1 PSSE in PP2. The variant rs10502347 
(red) overlaps transcription factor binding sites and a predicted ATAC-seq footprint for the SOX9 sequence 
motif. Purple dotted lines indicate the core binding profile of the average SOX9 footprint genome-wide and 
the blue dotted line indicates the position of rs10502347 within the SOX9 motif. (C) LAMA1 mRNA 
expression at each developmental stage determined by RNA-seq, measured in fragments per kilobase per 
million fragments mapped (FPKM). Data shown as mean ± S.E.M. (n = 3 replicates from independent 
differentiations). Light blue and purple indicate classification of the LAMA1 PSSE as typical enhancer (TE) 
and stretch enhancer (SE), respectively. (D) LAMA1 mRNA expression at each developmental stage 
determined by qPCR in control and ∆LAMA1Enh cells. Data are shown as mean ± S.E.M. (n = 3 replicates 
from independent differentiations for control cells. ∆LAMA1Enh cells represent combined data from 2 clonal 
lines with 3 replicates for each line from independent differentiations. n = 3 technical replicates for each 
sample; p = 0.319, 0.594, 0.945, 0.290, and < 1 × 10-6 for comparisons in ES, DE, GT, PP1, and PP2, 
respectively; student’s t-test, 2 sided; *** p < 0.001, n.s., not significant). Light blue and purple indicate 
classification of the LAMA1 PSSE as TE and SE, respectively. Each plotted point represents the average 
of technical replicates for each differentiation. (E) mRNA expression determined by RNA-seq at PP2 of 
genes expressed in either control or ∆LAMA1Enh cells (FPKM ≥ 1 at PP2) and located within the same 
topologically associated domain as LAMA1. Data are shown as mean FPKM ± S.E.M. (n = 2 replicates from 
independent differentiations for control cells. ∆LAMA1Enh cells represent combined data from 2 clonal lines 
with 2 replicates for each line from independent differentiations. p adj. = 0.389 and 8.11 × 10-3 for 
ARHGAP28 and LAMA1, respectively; DESeq2). 



111 
 

Pancreatic progenitor-specific stretch enhancers at the CRB2 and PGM1 loci harbor T2D-

associated variants 

Multiple variants with evidence for T2D association in PSSE mapped outside of known 

risk loci, such as those mapping to CRB2 and PGM1 (Fig. 3.3a). As with the LAMA1 PSSE, PSSE 

harboring variants at CRB2 and PGM1 were intronic to their respective genes, contained ATAC-

seq peaks, and bound pancreatic lineage-determining transcription factors FOXA1, FOXA2, 

GATA4, GATA6, HNF6, SOX9, and PDX1 (Fig. 3.5a,b and Supplementary Figure 3.6a,b). 

Compared to the LAMA1 PSSE, CRB2 and PGM1 PSSE were less specific to pancreatic 

progenitors and exhibited significant H3K27ac signal in several other tissues and cell types, most 

notably brain, liver, and the digestive tract (Supplementary Figure 3.6c,d). 

CRB2 is a component of the Crumbs protein complex involved in the regulation of cell 

polarity and neuronal, heart, retinal, and kidney development176-180. However, its role in pancreatic 

development is unknown. To determine whether the CRB2 PSSE regulates CRB2 expression in 

pancreatic progenitors, we generated two independent hESC clones with homozygous deletions 

of the CRB2 PSSE (hereafter referred to as ∆CRB2Enh; Supplementary Figure 3.7a) and 

performed pancreatic differentiation of ∆CRB2Enh and control hESC lines. In control cells, CRB2 

was first expressed at the GT stage and increased markedly at the PP1 stage (Fig. 3.5c). This 

pattern of CRB2 expression is consistent with H3K27ac deposition at the CRB2 PSSE in GT stage 

cells and classification as a SE at the PP1 and PP2 stages (Fig. 3.5a and Supplementary Figure 

3.6c). In ∆CRB2Enh cells, we observed upregulation of CRB2 expression at earlier 

developmental stages, in particular at the DE and GT stages (p < 1 × 10-6 at both stages; Fig. 

3.5d), suggesting that the CRB2 PSSE may be associated with repressive transcriptional 

complexes prior to pancreas induction. At the PP2 stage, CRB2 expression was significantly 

reduced in ∆CRB2Enh cells (p adj. = 3.51 × 10-3; Fig. 3.5d), whereas the expression of other 

genes in the same TAD was not affected (p adj. ≥ 0.05; Fig. 3.5e). Thus, the CRB2 PSSE 

specifically regulates CRB2 and is required for CRB2 expression in pancreatic progenitors.  
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Phenotypic characterization of PP2 stage ∆CRB2Enh cultures revealed similar 

percentages of PDX1- and NKX6.1-positive cells as in control cultures (Supplementary Figure 

3.7b,c). The expression of pancreatic transcription factors and global gene expression profiles 

were also similar in ∆CRB2Enh and control PP2 cells (Supplementary Figure 3.7d,e). Likewise, 

CRB2 deletion hESCs (∆CRB2) differentiated to the PP2 stage (Supplementary Figure 3.8a,b) 

produced similar numbers of PDX1- and NKX6.1-positive cells and expressed pancreatic 

transcription factors at levels similar to control cells (Supplementary Figure 3.8c-e). Thus, 

neither deletion of the CRB2 PSSE nor the CRB2 gene overtly impairs pancreatic lineage 

induction in the in vitro hESC differentiation system. 
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Figure 3.5: A T2D risk-associated CRB2 pancreatic progenitor-specific stretch enhancer regulates 
CRB2 expression specifically in pancreatic progenitors. (A) (Top) Locus plots showing T2D association 
p-values for variants in a 35 kb window (hg19 chr9:126,112,000-126,147,000) at the CRB2 locus and CRB2 
PSSE (red box). Fine mapped variants within the 99% credible set for the novel CRB2 locus are colored 
black. All other variants are colored light gray. (Bottom) Chromatin states and ATAC-seq signal in ES, DE, 
GT, PP1, and PP2. TssA, active promoter; TssFlnk, flanking transcription start site; TssBiv, bivalent 
promoter; Repr, repressed; EnhA, active enhancer; EnhP, poised enhancer. (B) FOXA1, FOXA2, GATA4, 
GATA6, HNF6, SOX9, and PDX1 ChIP-seq profiles at the CRB2 PSSE in PP2. The variant rs2491353 
(black) overlaps with transcription factor binding sites. (C) CRB2 mRNA expression at each developmental 
stage determined by RNA-seq, measured in fragments per kilobase per million fragments mapped (FPKM). 
Data shown as mean ± S.E.M. (n = 3 replicates from independent differentiations). Light blue and purple 
indicate classification of the CRB2 PSSE as typical enhancer (TE) and stretch enhancer (SE), respectively. 
Plotted points represent average of technical replicates for each differentiation. (D) CRB2 mRNA 
expression at each developmental stage determined by qPCR in control and ∆CRB2Enh cells. Data are 
shown as mean ± S.E.M. (n = 3 replicates from independent differentiations for control cells. ∆CRB2Enh 
cells represent combined data from 2 clonal lines with 3 replicates for each line from independent 
differentiations. n = 3 technical replicates for each sample; p = 7.03 × 10-4, < 1 × 10-6, < 1 × 10-6, 1.46 × 10-

2, and < 1 × 10-6 for comparisons in ES, DE, GT, PP1, and PP2, respectively; student’s t-test, 2 sided; *** 
p < 0.001 ** p < 0.01). Light blue and purple indicate classification of the CRB2 PSSE as TE and SE, 
respectively. Each plotted point represents the average of technical replicates for each differentiation. (E) 
mRNA expression determined by RNA-seq at PP2 of genes expressed in either control or ∆CRB2Enh cells 
(FPKM ≥ 1 at PP2) and located within the same topologically associated domain as CRB2. Data are shown 
as mean FPKM ± S.E.M. (n = 2 replicates from independent differentiations for control cells. ∆CRB2Enh 
cells represent combined data from 2 clonal lines with 2 replicates for each line from independent 
differentiations. p adj. = 0.158, 1.00, and 3.51 × 10-3, for MIR600HG, STRBP, and CRB2, respectively; 
DESeq2; **p < 0.01, n.s., not significant).  
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lama1 and crb2 zebrafish morphants display annular pancreas and decreased beta cell mass 

Based on their classification as extracellular matrix and cell polarity proteins, respectively, 

Laminin (encoded by LAMA1) and CRB2 are predicted to regulate processes related to tissue 

morphogenesis, such as cell migration, tissue growth, and cell allocation within the developing 

organ. Furthermore, PSSE in general were enriched for proximity to genes involved in tissue 

morphogenesis (Fig. 3.2e), suggesting that T2D risk variants acting within PSSE could have roles 

in pancreas morphogenesis. Since cell migratory processes and niche-specific signaling events 

are not fully modeled during hESC differentiation, we reasoned that the in vitro pancreatic 

differentiation system might not be suitable for studying Laminin and CRB2 function in pancreatic 

development.  

To circumvent these limitations, we employed zebrafish as an in vivo vertebrate model to 

study the effects of reduced lama1 and crb2 levels on pancreatic development. The basic 

organization and cell types in the pancreas as well as the genes regulating endocrine and 

exocrine pancreas development are highly conserved between zebrafish and mammals181-183. To 

analyze pancreatic expression of Laminin and Crb proteins, we used Tg(ptf1a:eGFP)jh1 embryos 

to visualize pancreatic progenitor cells and the acinar pancreas by eGFP expression. At 48 hours 

post-fertilization (hpf), both Laminin and Crb proteins were detected in the eGFP and Nkx6.1 co-

positive pancreatic progenitor cell domain (Supplementary Figure 3.9a,b).  

To determine the respective functions of lama1 and crb2 in pancreatic development, we 

performed knockdown experiments using anti-sense morpholinos directed against lama1 and the 

two zebrafish crb2 genes, crb2a and crb2b184,185. Knockdown efficiency of each morpholino was 

validated using whole-mount immunohistochemistry. We observed significant reduction of 

Laminin staining throughout the pancreatic progenitor cell domain in embryos treated with 

morpholinos targeting lama1 (Supplementary Figure 3.10a-d). In embryos treated with 

morpholinos targeting crb2a or crb2a and crb2b, we observed loss of staining in the pancreatic 

progenitor cell domain using antibodies specific to Crb2a or antibodies detecting all Crb proteins, 
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respectively (Supplementary Figure 3.11a-h) Residual panCrb protein signal was observed in 

the dorsal pancreas, which may be the result of expression of Crb proteins other than Crb2a and 

Crb2b in this region.  

Consistent with prior studies184, lama1 morphants exhibited reduced body size and other 

gross anatomical defects at 78 hpf, whereas crb2a/b morphants appeared grossly normal. Both 

lama1 and crb2a/b morphants displayed an annular pancreas (15 out of 34 lama1 and 27 out of 

69 crb2a/b morphants) characterized by pancreatic tissue partially or completely encircling the 

duodenum (Fig. 3.6a-d), a phenotype indicative of impaired migration of pancreatic progenitors 

during pancreas formation. These findings suggest that both lama1 and crb2a/b control cell 

migratory processes during early pancreatic development and that reduced levels of lama1 or 

crb2a/b impair pancreas morphogenesis.  

To gain insight into the effects of lama1 and crb2a/b knockdown on pancreatic endocrine 

cell development, we examined beta cell numbers (insulin+ cells) at 78 hpf. We also evaluated 

potential synergistic effects of combined lama1 and crb2a/b knockdown. To account for the 

reduction in body and pancreas size in lama1 morphants, we compared cell numbers in 78 hpf 

lama1 morphants with 50 hpf control embryos, which have a similarly sized acinar compartment 

as 78 hpf lama1 morphants. Beta cell numbers were significantly reduced in both lama1 and 

crb2a/b morphants (p = 8.0 × 10-3 and 4.0 × 10-3 for comparisons of lama1 and crb2a/b morphants, 

respectively; Fig. 3.6e,f), as well as in morphants with a combined knockdown of lama1 and 

crb2a/b (p = 2.0 × 10-4; Fig. 3.6f), showing that reduced lama1 and crb2a/b levels, both individually 

and in combination, impair beta cell development. Furthermore, we found that nearly all lama1, 

crb2a/b, and combined lama1 and crb2a/b morphants without an annular pancreas had reduced 

beta cell numbers, indicating independent roles of lama1 and crb2 in pancreas morphogenesis 

and beta cell differentiation. Finally, to investigate the contributions of individual crb2 genes to the 

observed phenotype, we performed knockdown experiments using morpholinos against crb2a 

and crb2b alone. Only crb2b morphants showed a significant reduction in beta cell numbers (p = 



116 
 

4.4 × 10-2; Supplementary Figure 3.12), suggesting that crb2b is the predominant crb2 gene 

required for beta cell development. Combined, these findings demonstrate that lama1 and crb2 

are regulators of pancreas morphogenesis and beta cell development in vivo. 
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Figure 3.6: lama1 and crb2 regulate pancreas morphogenesis and beta cell differentiation. (A,B) 
Representative 3D renderings of Tg(ptf1a:eGFP) control zebrafish embryos (A,A’) and lama1 morphants 
(B,B’) stained with DAPI (nuclei, blue) and antibody against insulin (red); n ≥ 15 embryos per condition. To 
account for reduced acinar pancreas size in lama1 morphants, control embryos were imaged at 50 hours 
post fertilization (hpf) and lama1 morphants at 78 hpf. 15 out of 34 lama1 morphants displayed an annular 
pancreas with two acinar pancreas domains (green) connected behind the presumptive intestine (B’, white 
arrow). Scale bar, 40 µM. (C,D) Representative 3D renderings of 78 hpf Tg(ptf1a:eGFP) control zebrafish 
embryos (C,C’) and crb2a/b morphants (D,D’) stained with DAPI (nuclei, blue) and antibodies against 
insulin (red); n ≥ 15 embryos per condition. 27 out of 69 crb2a/b morphants displayed an annular pancreas 
with the acinar pancreas (green) completely surrounding the presumptive intestine. Scale bar, 40 µM. (E) 
Representative 3D renderings of Tg(ptf1a:eGFP) control zebrafish embryos and crb2a/b, lama1, or crb2a/b 
+ lama1 morphants stained with DAPI (nuclei, blue) and antibody against insulin (red). All embryos were 
imaged at 78 hpf except for controls to lama1 and crb2a/b + lama1 morphants, which were imaged at 50 
hpf to account for reduced acinar pancreas size of lama1 morphants. Scale bar, 20 µM. (F) Quantification 
of beta (insulin+) cell nuclei per embryo from experiment in (E). p adj. = 4.0 × 10-3, 8.0 × 10-3, and 2.0 × 10-

4 for comparison of hfp 78 control (n = 7 embryos) to hfp 78 crb2a/b (n = 8), hpf 50 control (n = 12) to hpf 
78 lama1 (n = 10), or crb2a/b + lama1 (n = 12) morphants, respectively; ANOVA-Dunnett’s multiple 
comparison test; *** p < 0.001 ** p < 0.01. 5 out of 8 crb2a/b, 3 out of 10 lama1, and 9 out of 12 crb2a/b + 
lama1 morphants displayed an annular pancreas. MO, morpholino; Control, standard control morpholino.  
 



118 
 

Discussion 

In this study, we identify T2D-associated variants localized within chromatin active in 

pancreatic progenitors but not islets or other T2D-relevant tissues, suggesting a novel mechanism 

whereby a subset of T2D risk variants specifically alters pancreatic developmental processes. We 

link T2D-associated enhancers active in pancreatic progenitors to the regulation of LAMA1 and 

CRB2 and demonstrate a functional requirement in zebrafish for lama1 and crb2 in pancreas 

morphogenesis and endocrine cell formation. Furthermore, we provide a curated list of T2D risk-

associated enhancers and candidate effector genes for further exploration of how the regulation 

of developmental processes in the pancreas can predispose to T2D. 

Our analysis identified eleven loci where T2D-associated variants mapped in SE specifically 

active in pancreatic progenitors. Among these loci was LAMA1, which has stronger effects on 

T2D risk in lean compared to obese individuals171. We also found evidence that variants in PSSE 

collectively have stronger enrichment for T2D in lean individuals, although the small number of 

PSSE and limited sample size of the BMI-stratified T2D genetic data prohibits a more robust 

comparison. There was also a notable lack of enrichment among PSSE variants for association 

with traits related to insulin secretion and beta cell function. If T2D-associated variants in PSSE 

indeed confer diabetes susceptibility by affecting beta cell development, the question arises as to 

why variants associated with traits related to beta cell function are not enriched within PSSE. As 

genetic association studies of endophenotypes are based on data from non-diabetic subjects, a 

possible explanation is that variants affecting beta cell developmental processes have no overt 

phenotypic effect under physiological conditions and contribute to T2D pathogenesis only during 

the disease process. 

Since the genomic position of enhancers and transcription factor binding sites is not well 

conserved between species186, a human cell model is necessary to identify target genes of 

enhancers associated with disease risk. By employing enhancer deletion in hESCs, we 

demonstrate that T2D-associated PSSE at the LAMA1 and CRB2 loci regulate LAMA1 and CRB2, 
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respectively, and establish LAMA1 and CRB2 as the predominant target gene of their 

corresponding PSSE within TAD boundaries. By analyzing LAMA1 and CRB2 expression 

throughout the pancreatic differentiation time course, we show that the identified PSSE control 

LAMA1 and CRB2 expression in a temporal manner consistent with the activation pattern of their 

associated PSSE. While the specific T2D-relevant target genes of the majority of T2D-associated 

PSSE remain to be identified, it is notable that several are localized within TADs containing genes 

encoding transcriptional regulators. These include PROX1 and GATA4, which are known to 

regulate pancreatic development127,128,187, as well as HMGA2 and BCL6 with unknown functions 

in the pancreas. Our catalogue of T2D-associated PSSE provides a resource to fully characterize 

the gene regulatory program associated with developmentally mediated T2D risk in the pancreas. 

Our finding that predicted target genes of PSSE are similarly expressed in hESC-derived 

pancreatic progenitors and primary human embryonic pancreas (Fig. 3.3b and Supplementary 

Figure 3.3a) further underscores the utility of the hESC-based system for these studies.   

In the embryo, endocrine cells differentiate by delaminating from a polarized epithelium of 

progenitors governed by local cell-cell and cell-matrix signaling events49. These processes are 

not well-recapitulated in the hESC-based pancreatic differentiation system, highlighting a 

limitation of this system for studying the function of Laminin and CRB2, which are mediators of 

mechanical signals within an epithelium. Therefore, we analyzed their function in zebrafish as an 

in vivo model. We show that lama1 or crb2 knockdown leads to an annular pancreas and reduced 

beta cell numbers. The beta cell differentiation defect was also evident in embryos not displaying 

an annular pancreas, suggesting independent mechanisms.  

Consistent with our findings in lama1 morphants, culture of pancreatic progenitors on 

Laminin-based substrates promotes endocrine cell differentiation49. During in vivo pancreatic 

development, endothelial cells are an important albeit not the only source of Laminin in the 

pancreas49,188,189. While we do not know the respective contributions of endothelial cell- and 

pancreatic progenitor cell-derived Laminin to the phenotype of lama1 morphants, the T2D-
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associated LAMA1 PSSE is not active in endothelial cells (Supplementary Figure 3.3c). 

Furthermore, we found no other T2D-associated variants at the LAMA1 locus mapping in 

endothelial cell enhancers or accessible chromatin sites in islets, suggesting that T2D risk is 

linked to LAMA1 regulation in pancreatic progenitors.  

Similar to Laminin, CRB2 has been shown to regulate mechanosignaling190. Our 

observation that pancreatic progenitor cells express Crb proteins is consistent with the phenotype 

of crb2 morphants reflecting a progenitor-autonomous role of Crb2. Furthermore, the similarity in 

pancreatic phenotype between lama1 or crb2 morphants raises the possibility that signals from 

Laminin and Crb2 could converge on the same intracellular pathways in pancreatic progenitors.  

Our findings suggest that variation in gene regulation during pancreatic development can 

predispose to T2D later in life. Several lines of evidence support the concept of a developmental 

impact on T2D risk. First, human genetic studies have shown a strong correlation between birth 

weight and adult cardiometabolic traits and disease191. Second, epidemiological studies provide 

evidence that offspring of mothers who were pregnant during a famine have a higher prevalence 

of T2D158. This phenomenon has been experimentally reproduced in rodents, where maternal 

malnutrition has been shown to cause reduced beta cell mass at birth and to render beta cells 

more prone to failure under stress160. Together, our results provide a strong rationale for further 

exploration of how genetic variants affecting developmental gene regulation in the pancreas 

contribute to T2D risk. 
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Methods 

Maintenance and differentiation of CyT49 hESCs 

Genomic and gene expression analyses (ChIP-seq, ATAC-seq, RNA-seq) for generation 

of chromatin maps and target gene identification were performed in CyT49 hESCs (male). 

Propagation of CyT49 hESCs was carried out by passing cells every 3 to 4 days using Accutase™ 

(eBioscience) for enzymatic cell dissociation, and with 10% (v/v) human AB serum (Valley 

Biomedical) included in the hESC media the day of passage. hESCs were seeded into tissue 

culture flasks at a density of 50,000 cells/cm2. hESC research was approved by the University of 

California, San Diego, Institutional Review Board and Embryonic Stem Cell Research oversight 

committee.  

Pancreatic differentiation was performed as previously described27,67,68. Briefly, a 

suspension-based culture format was used to differentiate cells in aggregate form. 

Undifferentiated aggregates of hESCs were formed by re-suspending dissociated cells in hESC 

maintenance medium at a concentration of 1 × 106 cells/mL and plating 5.5 mL per well of the cell 

suspension in 6-well ultra-low attachment plates (Costar). The cells were cultured overnight on 

an orbital rotator (Innova2000, New Brunswick Scientific) at 95 rpm. After 24 hours the 

undifferentiated aggregates were washed once with RPMI medium and supplied with 5.5 mL of 

day 0 differentiation medium. Thereafter, cells were supplied with the fresh medium for the 

appropriate day of differentiation (see below). Cells were continually rotated at 95 rpm, or 105 

rpm on days 4 through 8, and no media change was performed on day 10. Both RPMI (Mediatech) 

and DMEM High Glucose (HyClone) medium were supplemented with 1X GlutaMAX™ and 1% 

penicillin/streptomycin. Human activin A, mouse Wnt3a, human KGF, human noggin, and human 

EGF were purchased from R&D systems. Other added components included FBS (HyClone), B-

27® supplement (Life Technologies), Insulin-Transferrin-Selenium (ITS; Life Technologies), 

TGFβ R1 kinase inhibitor IV (EMD Bioscience), KAAD-Cyclopamine (KC; Toronto Research 
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Chemicals), and the retinoic receptor agonist TTNPB (RA; Sigma Aldrich). Day-specific 

differentiation media formulations were as follows:  

Days 0 and 1: RPMI + 0.2% (v/v) FBS, 100 ng/mL Activin, 50 ng/mL mouse Wnt3a, 1:5000 ITS. 

Days 1 and 2: RPMI + 0.2% (v/v) FBS, 100ng/mL Activin, 1:5000 ITS  

Days 2 and 3: RPMI + 0.2% (v/v) FBS, 2.5 mM TGFβ R1 kinase inhibitor IV, 25ng/mL KGF, 1:1000 

ITS 

Days 3 – 5: RPMI + 0.2% (v/v) FBS, 25ng/mL KGF, 1:1000 ITS 

Days 5 – 8: DMEM + 0.5X B-27® Supplement, 3 nM TTNPB, 0.25 mM KAAD-Cyclopamine, 

50ng/mL Noggin  

Days 8 – 10: DMEM/B-27, 50ng/mL KGF, 50ng/mL EGF 

Cells at D0 correspond to the embryonic stem cell (ES) stage, cells at D2 correspond to 

the definitive endoderm (DE) stage, cells at D5 correspond to the gut tube (GT) stage, cells at D7 

correspond to the early pancreatic progenitor (PP1) stage, and cells at D10 correspond to the late 

pancreatic progenitor (PP2) stage.  

 

Maintenance and differentiation of H1 hESCs 

∆LAMA1Enh and ∆CRB2Enh clonal lines were derived by targeting H1 hESCs (male). 

Cells were maintained and differentiated as described with some modifications69,70. In brief, 

hESCs were cultured in mTeSR1 media (Stem Cell Technologies) and propagated by passaging 

cells every 3 to 4 days using Accutase (eBioscience) for enzymatic cell dissociation. hESC 

research was approved by the University of California, San Diego, Institutional Review Board and 

Embryonic Stem Cell Research Oversight Committee. 

For differentiation, cells were dissociated using Accutase for 10 min, then reaggregated 

by plating the cells at a concentration of ~5.5 e6 cells/well in a low attachment 6-well plate on an 

orbital shaker (100 rpm) in a 37 °C incubator. The following day, undifferentiated cells were 
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washed in base media (see below) and then differentiated using a multi-step protocol with stage-

specific media and daily media changes. 

All stage-specific base media were comprised of MCDB 131 medium (Thermo Fisher 

Scientific) supplemented with NaHCO3, GlutaMAX, D-Glucose, and BSA using the following 

concentrations: 

Stage 1/2 medium: MCDB 131 medium, 1.5 g/L NaHCO3, 1X GlutaMAX, 10 mM D-Glucose, 0.5% 

BSA 

Stage 3/4 medium: MCDB 131 medium, 2.5 g/L NaHCO3, 1X GlutaMAX, 10 mM D-glucose, 2% 

BSA 

Media compositions for each stage were as follows: 

Stage 1 (day 0-2): base medium, 100 ng/ml Activin A, 25 ng/ml Wnt3a (day 0). Day 1-2: base 

medium, 100 ng/ml Activin A 

Stage 2 (day 3-5): base medium, 0.25 mM L-Ascorbic Acid (Vitamin C), 50 ng/mL FGF7 

Stage 3 (day 6-7): base medium, 0.25 mM L-Ascorbic Acid, 50 ng/mL FGF7, 0.25 µM SANT-1, 1 

µM Retinoic Acid, 100 nM LDN193189, 1:200 ITS-X, 200 nM TPB 

Stage 4 (day 8-10): base medium, 0.25 mM L-Ascorbic Acid, 2 ng/mL FGF7, 0.25 µM SANT-1, 

0.1 µM Retinoic Acid, 200 nM LDN193189, 1:200 ITS-X, 100nM TPB 

Cells at D0 correspond to the embryonic stem cell (ES) stage, cells at D3 correspond to 

the definitive endoderm (DE) stage, cells at D6 correspond to the gut tube (GT) stage, cells at D8 

correspond to the early pancreatic progenitor (PP1) stage, and cells at D11 correspond to the late 

pancreatic progenitor (PP2) stage.  

 

Generation of ∆LAMA1Enh, ∆CRB2Enh, ∆LAMA1, and ∆CRB2 hESC lines 

To generate clonal homozygous LAMA1Enh and CRB2Enh deletion hESC lines, sgRNAs 

targeting each relevant enhancer were designed and cloned into Px333-GFP, a modified version 

of Px333 (Addgene, #64073). To generate clonal homozygous LAMA1 and CRB2 deletion hESC 
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lines, sgRNAs targeting the second exon of each gene were designed and cloned into Px458 

(Addgene, #48138). Plasmids expressing the sgRNAs were transfected into H1 hESCs with 

XtremeGene 9 (Roche). 24 hours later, 8000 GFP+ cells were sorted into a well of six-well plate. 

Individual colonies that emerged within 5-7 days after transfection were subsequently transferred 

manually into 48-well plates for expansion, genomic DNA extraction, PCR genotyping, and 

Sanger sequencing. sgRNA oligos are listed below.  

LAMA1Enh Upstream Guide: GTCAAATTGCTATAACACGG 

LAMA1Enh Downstream Guide: CCACTTTAAGTATCTCAGCA 

CRB2Enh Upstream Guide: ATACAAAGCACGTGAGA 

CRB2Enh Downstream Guide: GAATGCGGATGACGCCTGAG 

LAMA1 Exon 2 Guide: ATCAGCACCAATGCCACCTG 

CRB2 Exon 2 Guide: TCGATGTCCAGCTCGCAGCG 

 

Human tissue 

Human embryonic pancreas tissue was obtained from the Birth Defects Research 

Laboratory of the University of Washington. Studies for use of embryonic human tissue were 

approved by the Institutional Review Board of the University of California, San Diego. A pancreas 

from a 54 and 58 day gestation embryo each were pooled for RNA-seq analysis. 

 

Zebrafish husbandry 

Adult zebrafish and embryos were cared for and maintained under standard conditions. 

All research activity involving zebrafish was reviewed and approved by SBP Medical Discovery 

Institute Institutional Animal Care and Use Committee. The following transgenic lines were used: 

Tg(ptf1a:eGFP)jh1192. 

 

Morpholino injections in zebrafish 



125 
 

The following previously validated morpholinos were injected into the yolk at the 1-cell 

stage in a final volume of either 0.5 or 1 nl: 0.75 ng lama1-ATG (5’- TCATCCT 

CATCTCCATCATCGCTCA -3’); 3 ng crb2a-SP, (5’-ACGTTGCCAGTACCTGTGTATCCTG-

3’)185,193; 3 ng crb2b-SP, (5’-TAAAGATGTCCTACCCAGCTTGAAC-3’)185; 6.75 ng standard 

control MO (5’- CCTCTTACCTCAGTTACAATTTATA -3’). All morpholinos were obtained from 

GeneTools, LLC. 

 

Chromatin Immunoprecipitation Sequencing (ChIP-seq) 

ChIP-seq was performed using the ChIP-IT High-Sensitivity kit (Active Motif) according to 

the manufacturer’s instructions. Briefly, for each cell stage and condition analyzed, 5-10 × 106 

cells were harvested and fixed for 15 min in an 11.1% formaldehyde solution. Cells were lysed 

and homogenized using a Dounce homogenizer and the lysate was sonicated in a Bioruptor® 

Plus (Diagenode), on high for 3 × 5 min (30 sec on, 30 sec off). Between 10 and 30 µg of the 

resulting sheared chromatin was used for each immunoprecipitation. Equal quantities of sheared 

chromatin from each sample were used for immunoprecipitations carried out at the same time. 4 

µg of antibody were used for each ChIP-seq assay. Chromatin was incubated with primary 

antibodies overnight at 4 °C on a rotator followed by incubation with Protein G agarose beads for 

3 hours at 4 °C on a rotator. Antibodies used were rabbit anti-H3K27ac (Active Motif 39133), 

rabbit anti-H3K4me1 (Abcam ab8895), rabbit anti-H3K4me3 (Millipore 04-745), rabbit anti-

H3K27me3 (Millipore 07-499), goat anti-CTCF (Santa Cruz Biotechnology SC-15914X), goat anti-

GATA4 (Santa Cruz SC-1237), rabbit anti-GATA6 (Santa Cruz SC-9055), goat anti-FOXA1 

(Abcam Ab5089), goat-anti-FOXA2 (Santa Cruz SC-6554), rabbit anti-PDX1 (BCBC AB1068), 

rabbit anti-HNF6 (Santa Cruz SC-13050), and rabbit anti-SOX9 (Chemicon AB5535). Reversal of 

crosslinks and DNA purification were performed according to the ChIP-IT High-Sensitivity 

instructions, with the modification of incubation at 65 °C for 2-3 hours, rather than at 80 °C for 2 

hours. Sequencing libraries were constructed using KAPA DNA Library Preparation Kits for 
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Illumina® (Kapa Biosystems) and library sequencing was performed on either a HiSeq 4000 

System (Illumina®) or NovaSeq 6000 System (Illumina®) with single-end reads of either 50 or 75 

base pairs (bp). Sequencing was performed by the Institute for Genomic Medicine (IGM) core 

research facility at the University of California at San Diego (UCSD). Two replicates from 

independent hESC differentiations were generated for each ChIP-seq experiment. 

 

ChIP-seq data analysis 

ChIP-seq reads were mapped to the human genome consensus build (hg19/GRCh37) 

and visualized using the UCSC Genome Browser77. Burrows-Wheeler Aligner (BWA)78 version 

0.7.13 was used to map data to the genome. Unmapped and low-quality (q<15) reads were 

discarded. SAMtools79 was used to remove duplicate sequences and HOMER80 was used to call 

peaks using default parameters and to generate tag density plots. Stage- and condition-matched 

input DNA controls were used as background when calling peaks. The BEDtools suite of 

programs81 was used to perform genomic algebra operations. For all ChIP-seq experiments, 

replicates from two independent hESC differentiations were generated. Tag directories were 

created for each replicate using HOMER. Directories from each replicate were then combined, 

and peaks were called from the combined replicates. For histone modifications and CTCF peaks, 

pearson correlations between each pair of replicates were calculated over the called peaks using 

the command multiBamSummary from the deepTools2 package82. For pancreatic lineage-

determining transcription factors (GATA4, GATA6, FOXA1, FOXA2, HNF6, PDX1, SOX9), 

correlations were calculated for peaks overlapping PSSE. Calculated Pearson correlations are 

listed in Supplementary Figure 3.13. 

 

RNA isolation and sequencing (RNA-seq) and qRT-PCR 

RNA was isolated from cell samples using the RNeasy® Micro Kit (Qiagen) according to 

the manufacturer instructions. For each cell stage and condition analyzed between 0.1 and 1 × 
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106 cells were collected for RNA extraction. For qRT-PCR, cDNA synthesis was first performed 

using the iScript™ cDNA Synthesis Kit (Bio-Rad) and 500 ng of isolated RNA per reaction. qRT-

PCR reactions were performed in triplicate with 10 ng of template cDNA per reaction using a 

CFX96™ Real-Time PCR Detection System and the iQ™ SYBR® Green Supermix (Bio-Rad). 

PCR of the TATA binding protein (TBP) coding sequence was used as an internal control and 

relative expression was quantified via double delta CT analysis. For RNA-seq, stranded, single-

end sequencing libraries were constructed from isolated RNA using the TruSeq® Stranded mRNA 

Library Prep Kit (Illumina®) and library sequencing was performed on either a HiSeq 4000 System 

(Illumina®) or NovaSeq 6000 System (Illumina®) with single-end reads of either 50 or 75 base 

pairs (bp). Sequencing was performed by the Institute for Genomic Medicine (IGM) core research 

facility at the University of California at San Diego. RT-qPCR primer sequences are listed in 

Supplementary Figure 3.14. 

 

RNA-seq data analysis 

Reads were mapped to the human genome consensus build (hg19/GRCh37) using the 

Spliced Transcripts Alignment to a Reference (STAR) aligner v2.483. Normalized gene expression 

(fragments per kilobase per million mapped reads; FPKM) for each sequence file was determined 

using Cufflinks v2.2.184 with the parameters: --library-type fr-firststrand --max-bundle-frags 

10000000. For all RNA-Seq experiments, replicates from two independent hESC differentiations 

were generated. Pearson correlations between bam files corresponding to each pair of replicates 

are listed in Supplementary Figure 3.15. 

 

Assay for Transposase Accessible Chromatin Sequencing (ATAC-seq) 

ATAC-seq86 was performed on approximately 50,000 nuclei. The samples were 

permeabilized in cold permeabilization buffer (0.2% IGEPAL-CA630 (I8896, Sigma), 1 mM DTT 

(D9779, Sigma), Protease inhibitor (05056489001, Roche), 5% BSA (A7906, Sigma) in PBS 
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(10010-23, Thermo Fisher Scientific) for 10 minutes on the rotator in the cold room and 

centrifuged for 5 min at 500 × g at 4°C. The pellet was resuspended in cold tagmentation buffer 

(33 mM Tris-acetate (pH = 7.8) (BP-152, Thermo Fisher Scientific), 66 mM K-acetate (P5708, 

Sigma), 11 mM Mg-acetate (M2545, Sigma), 16% DMF (DX1730, EMD Millipore) in Molecular 

biology water (46000-CM, Corning)) and incubated with tagmentation enzyme (FC-121-1030; 

Illumina) at 37 °C for 30 min with shaking at 500 rpm. The tagmented DNA was purified using 

MinElute PCR purification kit (28004, QIAGEN). Libraries were amplified using NEBNext High-

Fidelity 2X PCR Master Mix (M0541, NEB) with primer extension at 72°C for 5 minutes, 

denaturation at 98°C for 30 s, followed by 8 cycles of denaturation at 98°C for 10 s, annealing at 

63°C for 30 s and extension at 72°C for 60 s. After the purification of amplified libraries using 

MinElute PCR purification kit (28004, QIAGEN), double size selection was performed using 

SPRIselect bead (B23317, Beckman Coulter) with 0.55X beads and 1.5X to sample volume. 

Finally, libraries were sequenced on HiSeq4000 (Paired-end 50 cycles, Illumina). 

 

ATAC-seq data analysis 

ATAC-seq reads were mapped to the human genome (hg19/GRCh37) using Burrows-

Wheeler Aligner (BWA) version 0.7.1378, and visualized using the UCSC Genome Browser77. 

SAMtools79 was used to remove unmapped, low-quality (q<15), and duplicate reads. MACS287 

was used to call peaks, with parameters “shift set to 100 bps, smoothing window of 200 bps” and 

with “nolambda” and “nomodel” flags on. MACS2 was also used to call ATAC-Seq summits, using 

the same parameters combined with the “call-summits” flag. 

For all ATAC-Seq experiments, replicates from two independent hESC differentiations 

were generated. Bam files for each pair of replicates were merged for downstream analysis using 

SAMtools, and Pearson correlations between bam files for each individual replicate were 

calculated over a set of peaks called from the merged bam file. Correlations were performed using 
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the command multiBamSummary from the deepTools2 package82 with the “—removeOutliers” 

flag and are listed in Supplementary Figure 3.16. 

For downstream analysis, ATAC-seq peaks were merged from 2 independent 

differentiations for ES, DE, GT, PP1, and PP2 stage cells and from 4 donors for primary islets. 

Primary islet ATAC-seq data was obtained from previously published datasets153. 

 

Hi-C data analysis 

Hi-C data were processed as previously described with some modifications194. Read pairs 

were aligned to the hg19 reference genome separately using BWA-MEM with default 

parameters78. Specifically, chimeric reads were processed to keep only the 5’ position and reads 

with low mapping quality (<10) were filtered out. Read pairs were then paired using custom 

scripts. Picard tools were then used to remove PCR duplicates. Bam files with alignments were 

further processed into text format as required by Juicebox tools89. Juicebox tools were then 

applied to generate hic files containing normalized contact matrices. All downstream analysis was 

based on 10 Kb resolution KR normalized matrices.  

Chromatin loops were identified by comparing each pixel with its local background, as 

described previously90 with some modifications. Specifically, only the donut region around the 

pixel was compared to model the expected count. Briefly, the KR-normalized contact matrices at 

10 Kb resolution were used as input for loop calling. For each pixel, distance-corrected contact 

frequencies were calculated for each surrounding bin and the average of all surrounding bins. 

The expected counts were then transformed to raw counts by multiplying the counts with the raw-

to-KR normalization factor. The probability of observing raw expected counts was calculated using 

Poisson distribution. All pixels with p-value < 0.01 and distance less than 10 Kb were selected as 

candidate pixels. Candidate pixels were then filtered to remove pixels without any neighboring 

candidate pixels since they were likely false positives. Finally, pixels within 20 Kb of each other 
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were collapsed and only the most significant pixel was selected. The collapsed pixels with p-value 

< 1e-5 were used as the final list of chromatin loops. 

A full set of scripts used for processing Hi-C data is available at 

https://github.com/MSanderlab/Pancreatic-progenitor-epigenome-maps-prioritize-type-2-

diabetes-risk-genes-with-roles-in-development/tree/master.  

 

Definition of chromatin states 

We collected or generated H3K4me1, H3K27ac, H3K4me1, H3K4me3, H3K27me3 and 

CTCF ChIP-seq data at each developmental stage and in mature islets. Data corresponding to 

mature islets was downloaded from previously published studies145,146,195. Sequence reads were 

mapped to the human genome hg19 using bwa (version 0.7.12)78, and low quality and duplicate 

reads were filtered using samtools (version 1.3)79. Using these reads, we then called chromatin 

states jointly across all data using chromHMM (version 1.12)161 and used a 10-state model and 

200bp bin size, as models with larger state numbers did not empirically resolve any additional 

informative states. We then assigned state names based on patterns defined by the NIH 

Epigenome Roadmap172, which included active promoter/TssA (high H3K4me3, high H3K27ac), 

flanking TSS/TssFlnk1 (high H3K4me3), flanking TSS/TssFlnk 2 (high H3K4me3, high H3K27ac, 

high H3K4me1), bivalent Tss/TssBiv (high H3K27me3, high H3K4me3), poised enhancer/EnhP 

(high H3K4me1), insulator/CTCF (high CTCF), active enhancer/EnhA (high H3K27ac, high 

H3K4me1), repressor (high H3K27me3), and two quiescent (low signal for all assays) states. The 

state map with assigned names is shown in Supplementary Figure 3.1a.  

We next defined stretch enhancer elements at each developmental stage and in mature 

islets. For each active enhancer (EnhA) element, we determined the number of consecutive 

200bp bins covered by the enhancer. We then modeled the resulting bin counts for enhancers in 

each cell type using a Poisson distribution. Enhancers with a p-value less than .001 were labelled 

as stretch enhancers and otherwise labelled as traditional enhancers.    
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Permutation-based significance 

A random sampling approach (10,000 iterations) was used to obtain null distributions for 

enrichment analyses, in order to obtain p-values. Null distributions for enrichments were obtained 

by randomly shuffling enhancer regions using BEDTools81 and overlapping with ATAC-seq peaks. 

P-values < 0.05 were considered significant. 

 

Assignment of enhancer target genes 

Transcriptomes were filtered for genes expressed (FPKM ≥ 1) at each relevant stage, and 

BEDTools81 was used to assign each enhancer to the nearest annotated TSS.  

 

Gene ontology 

All gene ontology analyses were performed using Metascape94 with default parameters. 

 

Motif enrichment analysis 

The findMotifsGenome.pl. command in HOMER80 was used to identify enriched 

transcription factor binding motifs. de novo motifs were assigned to transcription factors based on 

suggestions generated by HOMER.  

 

T2D-relevant trait enrichment analysis 

GWAS summary statistics for T2D20,171, metabolic traits (HOMA-B, HOMA-IR196, fasting 

glucose, fasting insulin197, fasting proinsulin198, 2 hour glucose adjusted for BMI199, HbA1c, insulin 

secretion rate, disposition index, acute insulin response, peak insulin response)200, and 

developmental traits (head circumference201, birth length202, birth weight191) conducted with 

individuals of European ancestry were obtained from various sources including the MAGIC 

consortium, EGG consortium, and authors of the studies. Custom LD score annotation files were 
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created for PSSE, PP2 stretch enhancers, and islet stretch enhancers using LD score regression 

version 1.0.1169. Enrichments for GWAS trait-associated variants within PSSE, PP2 stretch 

enhancers, and islet stretch enhancers were estimated with stratified LD score regression170. We 

next determined enrichment in the proportion of variants in accessible chromatin sites within islet 

SE and PSSE with nominal association to beta cell-related glycemic traits. For each trait, we 

calculated a 2x2 table of variants mapping in and outside of islet SE or PSSE and with or without 

nominal association and then determined significance using a chi-square test. 

 

Adipocyte differentiation analysis 

Chromatin states for human adipose stromal cell (hASC) differentiation stages (1-4) were 

obtained from a published study151. PSSE were intersected with hASC chromatin states using 

BEDTools intersect (version 2.26.0)81 with default parameters. 

 

Identification of T2D risk loci intersecting PSSE 

T2D GWAS summary statistics were obtained from the DIAMANTE consortium20. 

Intersection of variants and PSSE was performed using BEDTools intersect (version 2.26.0)81 

with default parameters. The adjusted significance threshold was set at P < 4.66 × 10-6 (Bonferroni 

correction for 10,738 variants mapping in PSSE). Putative novel loci were defined as those with 

1) at least one variant in a PSSE reaching the adjusted significance threshold and 2) mapping at 

least 500 kb away from a known T2D locus. 

 

ATAC-seq footprinting analysis 

ATAC-seq footprinting was performed as previously described98. In brief, diploid genomes 

for CyT49 were created using vcf2diploid (version 0.2.6a)99 and genotypes called from whole 

genome sequencing and scanned for a compiled database of TF sequence motifs from 

JASPAR100 and ENCODE101 with FIMO (version 4.12.0)96 using default parameters for p-value 
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threshold and a 40.9% GC content based on the hg19 human reference genome. Footprints within 

ATAC-seq peaks were discovered with CENTIPEDE (version 1.2)102 using cut-site matrices 

containing Tn5 integration counts within a ±100 bp window around each motif occurrence. 

Footprints were defined as those with a posterior probability ≥ 0.99. 

 

Generation of similarity matrices for total transcriptomes 

For each replicate, FPKM values corresponding to total transcriptome were filtered for 

genes expressed (FPKM ≥ 1) in ≥ 1 replicate. For expressed genes, log(FPKM+1) values were 

used to calculate Pearson correlations. 

 

Immunofluorescence analysis 

Cell aggregates derived from hESCs were allowed to settle in microcentrifuge tubes and 

washed twice with PBS before fixation with 4% paraformaldehyde (PFA) for 30 min at room 

temperature. Fixed samples were washed twice with PBS and incubated overnight at 4 °C in 30% 

(w/v) sucrose in PBS. Samples were then loaded into disposable embedding molds (VWR), 

covered in Tissue-Tek® O.C.T. Sakura® Finetek compound (VWR) and flash frozen on dry ice to 

prepare frozen blocks. The blocks were sectioned at 10 µm and sections were placed on 

Superfrost Plus® (Thermo Fisher) microscope slides and washed with PBS for 10 min. Slide-

mounted cell sections were permeabilized and blocked with blocking buffer, consisting of 0.15% 

(v/v) Triton X-100 (Sigma) and 1% (v/v) normal donkey serum (Jackson Immuno Research 

Laboratories) in PBS, for 1 hour at room temperature. Slides were then incubated overnight at 4 

°C with primary antibody solutions. The following day slides were washed five times with PBS and 

incubated for 1 hour at room temperature with secondary antibody solutions. Cells were washed 

five times with PBS before coverslips were applied. 

All antibodies were diluted in blocking buffer at the ratios indicated below. Primary 

antibodies used were goat anti-PDX1 (1:500 dilution, Abcam ab47383), mouse anti-NKX6.1 
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(1:300 dilution, Developmental Studies Hybridoma Bank F64A6B4), rabbit anti-Laminin (1:30, 

Sigma L-9393), and rabbit anti-CRB2 (1:500, Sigma SAB1301340). Secondary antibodies against 

goat and mouse were Alexa488- and Cy3-conjugated donkey antibodies, respectively (Jackson 

Immuno Research Laboratories 705-545-003 and 715-165-150, respectively), and were used at 

dilutions of 1:500 (anti-goat Alexa488) or 1:1000 (anti-mouse Cy3). Cell nuclei were stained with 

Hoechst 33342 (1:3000, Invitrogen).  Representative images were obtained with a Zeiss Axio-

Observer-Z1 microscope equipped with a Zeiss ApoTome and AxioCam digital camera. Figures 

were prepared in Adobe Creative Suite 5. 

 

Flow cytometry analysis 

Cell aggregates derived from hESCs were allowed to settle in microcentrifuge tubes and 

washed with PBS. Cell aggregates were incubated with Accutase® at room temperature until a 

single-cell suspension was obtained. Cells were washed with 1 mL ice-cold flow buffer comprised 

of 0.2% BSA in PBS and centrifuged at 200 g for 5 min. BD Cytofix/Cytoperm™ Plus 

Fixation/Permeabilization Solution Kit was used to fix and stain cells for flow cytometry according 

to the manufacturer's instructions. Briefly, cell pellets were re-suspended in ice-cold BD 

Fixation/Permeabilization solution (300 µL per microcentrifuge tube). Cells were incubated for 20 

min at 4 °C. Cells were washed twice with 1 mL ice-cold 1 × BD Perm/Wash™ Buffer and 

centrifuged at 10 °C and 200 × g for 5 min. Cells were re-suspended in 50 µL ice-cold 1 × BD 

Perm/Wash™ Buffer containing diluted antibodies, for each staining performed. Cells were 

incubated at 4 °C in the dark for 1-3 hrs. Cells were washed with 1.25 mL ice-cold 1X BD Wash 

Buffer and centrifuged at 200 × g for 5 min. Cell pellets were re-suspended in 300 µL ice-cold flow 

buffer and analyzed in a FACSCanto™ II (BD Biosciences). Antibodies used were PE-conjugated 

anti-PDX1 (1:10 dilution, BD Biosciences); and AlexaFluor® 647-conjugated anti-NKX6.1 (1:5 

dilution, BD Biosciences). Data were processed using FlowJo software v10. 
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Whole mount immunohistochemistry 

Zebrafish larvae were fixed and stained according to published protocols203 using the 

following antibodies: chicken anti-GFP (1:200; Aves Labs; GFP-1020), guinea pig anti-insulin 

(1:200; Biomeda; v2024), mouse anti-Crb2a (1:100; ZIRC; zs-4), rabbit anti-panCrb (1:100; 

provided by Dr. Abbie M. Jensen at University of Massachusetts, Amherst204), rabbit anti-Laminin 

(1:100; Sigma;L9393), mouse anti-Nkx6.1 (1:10; DSHB; F55A10), and DAPI (1:200; 500 mg/ml, 

Invitrogen; D1306). 

 

Imaging and quantification of beta cell numbers in zebrafish 

To quantify beta cell numbers, 50 and 78 hpf zebrafish larvae were stained for confocal 

imaging using DAPI and guinea pig anti-insulin antibody (1:200; Biomeda; v2024). Whole mount 

fluorescent confocal Z-stacks (0.9 μm steps) images were collected for the entire islet with optical 

slices captured at a focal depth of 1.8 μm. Samples were imaged using a Zeiss 710 confocal 

microscope running Zen 2010 (Black) software. Final images were generated using Adobe 

Photoshop CS6 and/or ImageJ64 (vs.1.48b). 

 

Data sources 

The following datasets used in this study were downloaded from the GEO and 

ArrayExpress repositories:  

RNA-seq: Pancreatic differentiation of CyT49 hESC line (E-MTAB-1086); primary islet data 

(GSE115327) 

ChIP-seq: H3K27ac data in primary islets (E-MTAB-1919 and GSE51311); H3K27ac data in 

pancreatic differentiation of CyT49 hESC line (GSE54471); H3K4me1 data in pancreatic 

differentiation of CyT49 hESC line (GSE54471); H3K4me1 data in primary islets (E-MTAB-1919 

and E-MTAB 189); H3K27me3 and H3K4me3 in pancreatic differentiation of CyT49 hESC line 

(E-MTAB-1086); H3K4me3 and H3K27me3 in primary islets (E-MTAB-189); CTCF in primary 
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islets (E-MTAB-1919); PDX1 in CyT49 PP2 (GSE54471); samples from ROADMAP consortium: 

http://ncbi.nlm.nih.gov/geo/roadmap/epigenomics  

ATAC-seq: primary islet data (PRJN527099); CyT49 PP2 (GSE115327). 

Hi-C datasets were generated in collaboration with the Ren laboratory at University of 

California, San Diego as a component of the 4D Nucleome Project (Dekker et al., 2017) under 

accession number 4DNES0LVRKBM.  

 

Quantification and statistical analyses 

Statistical analyses were performed using GraphPad Prism (v8.1.2), and R (v3.6.1). 

Statistical parameters, such as the value of n, mean, standard deviation (SD), standard error of 

the mean (SEM), significance level (*p < 0.05, **p < 0.01, and ***p < 0.001), and the statistical 

tests used, are reported in the figures and figure legends. The ‘‘n’’ refers to the number of 

independent pancreatic differentiation experiments analyzed (biological replicates). 

Statistically significant gene expression changes were determined with DESeq285. 

 

Data availability 

All mRNA-seq, ChIP-seq, and ATAC-seq datasets generated for this study have been 

deposited at GEO under the accession number GSE149148. 
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CHAPTER 4: INVESTIGATING A ROLE FOR BETA CELLS IN DIRECT ANTIGEN 

PRESENTATION VIA HLA-DQ8 

 

Abstract 

The majority of genetic risk for type 1 diabetes (T1D) is conferred by genes at the major 

histocompatibility complex (MHC) locus. Specifically, the HLA-DQ8 MHC class II haplotype is 

most strongly associated with T1D occurrence. This association is thought to be driven by 

increased flexibility in peptide interactions with HLA-DQ8, which allows for presentation of insulin 

and other autoantigens on HLA-DQ8 and subsequent stimulation of autoreactive CD4+ T cells. 

Given that beta cells have been shown to be able to express MHC class II genes, we examined 

whether beta cells are capable of directly presenting insulin peptides to CD4+ T cells via HLA-

DQ8. To this end, we first used a retrovirus to express HLA-DQ8 in the human beta cell line 

EndoC-βH1 and co-cultured transduced cells with CD4+ T cell clones recognizing various insulin 

peptides. In this context, we observed stimulation of the CD4+ T cell clones. Next, we tested 

whether induced human pluripotent stem cell-derived islets (SC-islets) from donors harboring the 

HLA-DQ8 haplotype are similarly capable of directly stimulating CD4+ T cell clones. In response 

to cytokine treatment, we observed significant upregulation of MHC class II genes in SC-islet 

cells, with a subpopulation expressing HLA-DQ8 at the cell surface. However, SC-islets failed to 

stimulate CD4+ T cell clones upon co-culture, indicating that insulin peptides are not presented 

on HLA-DQ8 in this context. Current efforts are focused on examining contributions of cell state 

and environmental effects to the potential for presentation of insulin peptides on HLA-DQ8 by 

human beta cells. 

 

Introduction 
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Type 1 diabetes (T1D) occurs when the body develops an autoimmune response against 

beta cells, insulin-secreting cells located in the islet of Langerhans which are responsible for 

maintaining blood glucose homeostasis. Currently, T1D affects over 400 million people worldwide, 

with rates of diagnosis increasing205. Development of T1D is the result of complex genetic and 

environmental factors, many of which remain unknown. However, much of the genetic risk 

associated with disease development can be attributed to variants within the major 

histocompatibility complex (MHC) locus22.  

Variants within the MHC locus are generally inherited in groups known as haplotypes. 

Among MHC haplotypes associated with T1D, risk is most highly correlated with the MHC class 

II HLA-DQ8 haplotype206. The MHC class II molecule facilitates antigen presentation to CD4+ T 

cells via expression on the surface of an antigen presenting cell. Structural changes conferred by 

the HLA-DQ8 haplotype have been demonstrated to allow for promiscuous peptide binding on 

the surface of MHC class II, which may lead to the presentation of autoantigens to autoreactive 

T cells, thus triggering autoimmunity23,207. Specifically, alternate binding registers for the B chain 

of insulin have been implicated in T1D pathogenesis in humans as well as in mouse models of 

T1D24-26,208.  

The cell types participating in the presentation of autoantigens and the environmental 

conditions that drive antigen presentation are not well understood. Although “professional antigen 

presenting cells” such as macrophages and dendritic cells are likely candidates, beta cells also 

express MHC class II under various conditions209-214. The relevance of this phenomenon to T1D 

pathogenesis remains largely unexplored.  

Here we examine the role of beta cells in presenting antigens to autoreactive CD4+ T cells 

via the HLA-DQ8 MHC class II molecule. We first demonstrate the potential for direct presentation 

of insulin peptides by beta cells through retroviral expression of HLA-DQ8 in the EndoC-βH1 beta 

cell line. We then derive induced pluripotent stem cells from diabetic and healthy control patients 

harboring the HLA-DQ8 haplotype and use these cells to generate islet-like cell clusters. Upon 
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cytokine treatment, a fraction of these islet-like cells expresses HLA-DQ8. However, upon co-

culture these cells fail to stimulate CD4+ T cell clones recognizing insulin peptides. We 

additionally demonstrate that co-culture of thapsigargin-treated islet-like cells with CD4+ T cells 

results in CD4+ T cell stimulation via a T cell receptor-independent mechanism, arguing against 

the relevance of this experimental approach for modeling immune cell-beta cell interactions. The 

co-culture system established in this work will help develop future studies to identify a potential 

role for beta cells in contributing to stimulation of CD4+ T cells via presentation of insulin and 

other endogenous antigens on HLA-DQ8. 

 

Results 

HLA-DQ8-expressing beta cells present endogenous antigens to CD4+ T cells 

 To determine whether beta cells are capable of properly processing, loading, and 

presenting antigens on HLA-DQ8, we utilized the immortalized human beta cell line EndoC-

βH1215. Because these cells do not harbor the HLA-DQ8 haplotype, we used retroviral 

transduction to induce expression of the molecule. Upon transduction we observed extensive co-

localization of intracellular insulin with HLA-DQ8 (Fig. 4.1a). When we co-cultured transduced 

cells with CD4+ T cell clones recognizing either the C-peptide component of proinsulin216 or 

residues 13-21 of the insulin B chain (Ins13-21)217, we observed robust stimulation of each clone 

regardless of whether or not exogenous peptide was added to the co-cultures (Fig. 4.1b). This 

indicates that stimulation takes place through presentation of endogenous rather than exogenous 

antigens on HLA-DQ8. Altogether, these experiments demonstrate that beta cells expressing 

HLA-DQ8 are capable of processing, loading, and presenting endogenous antigens such as 

insulin to CD4+ T cells.  
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Figure 4.1. HLA-DQ8-expressing β-cells present endogenous antigens to CD4+ T cells. (a) EndoC-
βH1 cells do not express HLA-DQ8 under normal conditions (left panel) but do after transduction with an 
HLA-DQ8 retroviral vector (right panels). HLA-DQ8 overlaps with insulin-containing vesicles. (b) 
Endogenous antigen presentation by HLA-DQ8+ EndoC-βH1 cells and not non-transduced control cells. 
H1 is an anti-C-peptide clone, whereas 280 is an anti-Ins13-21 clone. The presence of peptide did not modify 
the response, indicating endogenous presentation. Activation was measured by IL-2 release in biological 
triplicates. 
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HLA-DQ8+ iPSC-islet cells are functional 

 We next sought to determine whether endogenous expression of HLA-DQ8 in beta cells 

is sufficient to allow for antigen presentation. To this end, we recruited patients harboring the HLA-

DQ8 haplotype. Five such patients were recruited, three of which had established T1D and two 

of which were healthy controls. A final non-diabetic patient was recruited harboring the HLA-DQ6 

haplotype, which has been shown to be protective against T1D occurrence218. From each donor, 

we collected peripheral blood samples and derived clonal induced pluripotent stem cell (iPSC) 

lines (Fig. 4.2a). We then adapted an established protocol3 to differentiate iPSCs into mature 

islet-like cells (iPSC-islet cells). For iPSCs derived from both diabetic and non-diabetic donors, 

we observed similar yields of beta cells (Fig. 4.2b) and similar functionality as measured by insulin 

release in response to external glucose concentrations (Fig. 4.2c).  
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Figure 4.2. Derivation of iPSCs from HLA-DQ8+ donors and differentiation into SC-islets. (a) 
Schematic illustrating haplotypes of donors, collection of peripheral blood, and derivation and differentiation 
of iPSCs. (b) Flow cytometry plots showing percentage of beta-like cells as defined by NKX6.1+/INS+ cells. 
Plots are shown for iPSCs derived from T1D and healthy control donors. (c) Insulin secretion from SC-islet 
cells derived from T1D and healthy control donors in response to low glucose (LG, 2.8 mM) and high 
glucose (HG, 16.8 mM) concentrations.  
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iPSC-islet cells express HLA-DQ8 but do not stimulate CD4+ T cell clones 

 We next tested environmental conditions that may lead to expression of HLA-DQ8 in 

iPSC-islet cells. Based on previous observations in primary human islets209,212,214, we first tested 

the effects of cytokine treatment. We found that treatment of iPSC-islet cells with 30 ng/mL IFNg 

and 10ng/mL TNFa for a duration of 96 hours led to robust upregulation of various genes involved 

in the MHC class II presentation pathway (Fig. 4.3a). Flow cytometry revealed that HLA-DQ8 was 

presented on the cell surface in approximately 5% of iPSC-islet cells in culture (Fig. 4.3b). This 

non-uniform expression is consistent with previous findings of sporadic MHC class II expression 

in cytokine-treated primary human beta cells214. However, additional flow cytometry analysis 

showed that HLA-DQ8 was expressed mainly within a population of iPSC-islet cells that did not 

express the beta cell markers insulin and NKX6-1 (Fig. 4.3c). While beta cells have previously 

been demonstrated to downregulate these markers in response to cytokines219, these data could 

also indicate that cytokines induce expression of HLA-DQ8 primarily within a non-beta cell 

population in the iPSC-islet cultures. Consistent with the latter possibility, when cytokine-treated 

iPSC-islets were co-cultured with CD4+ T cell clones recognizing C-peptide, we observed no 

stimulation (Fig. 4.3d). These data demonstrate that iPSC-islet cells do not present insulin 

peptides on HLA-DQ8 in response to cytokine treatment.  
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Figure 4.3. Expression of HLA-DQ8 and stimulation of CD4+ T cells upon cytokine treatment. (a) 
qPCR analysis of MHC class II pathway genes CIITA, CD74, and HLA-DM in untreated compared to 
cytokine-treated iPSC-islet cells (P = 1.31 x 10-2, 1.90 x 10-2, and 1.33 x 10-2 for comparisons of CIITA, 
CD74, and HLA-DM, respectively, in cytokine-treated compared to untreated SC-islet cells; student’s t-test, 
2-sided). (b) Flow cytometry plots showing percentage of untreated and cytokine-treated iPSC-islet cells 
expressing HLA-DQ8 on the cell surface. (c) Flow cytometry plot showing presence of NKX6.1 and INS in 
cytokine-treated cells expressing HLA-DQ8. (d) Stimulation of anti-C-peptide CD4+ T cell clones as 
measured by IL-2 release in biological triplicates upon co-culture with cytokine-treated iPSC-islets. 
Treatment with exogenous IL-2 was used as a positive control. 
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Thapsigargin-treated iPSC-islet cells stimulate CD4+ T cells through off-target mechanisms 

 Because cytokine treatment does not result in the stimulation of CD4+ T cell clones, we 

investigated other environmental factors which may lead to presentation of insulin peptides on 

HLA-DQ8. A previous study of iPSC-islets co-cultured with autologous peripheral blood 

mononuclear cells found that treatment of iPSC-islets with cytokines was insufficient to induce 

stimulation of CD8+ T cells via MHC class I220. However, treatment of iPSC-islets with the ER 

stress inducer thapsigargin prior to co-culture led to robust T cell stimulation. Given our analogous 

findings that cytokine treatment is insufficient for stimulation of CD4+ T cells via MHC class II, we 

hypothesized that thapsigargin-induced ER stress may be necessary for presentation of insulin 

peptides on HLA-DQ8. Therefore, as performed in the previous study220, we pre-treated iPSC-

islet cells with 5 µM thapsigargin for 5 hours. We then rinsed cells twice with PBS and co-cultured 

with CD4+ T cell clones recognizing C-peptide. Upon doing so, we observed robust stimulation 

of CD4+ T cells (Fig. 4.4a). However, blocking HLA-DQ8 through addition of an antibody did not 

diminish activation of CD4+ T cells, suggesting that activation of CD4+ T cells in this context does 

not take place through interaction of a T cell receptor with MHC class II-bound peptide. To further 

examine this possibility, we generated iPSC-islet cells using the H1 hESC line, which does not 

harbor the HLA-DQ8 haplotype. We then treated these cells with thapsigargin as described and 

co-cultured with CD4+ T cell hybridomas lacking a functional T cell receptor. Upon co-culture, 

these T cells were likewise stimulated, confirming that pre-treatment of iPSC-islets with 

thapsigargin leads to stimulation of CD4+ T cells through mechanisms that are independent of T 

cell receptor signaling.  
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Figure 4.4. Thapsigargin-treated iPSC-islets stimulate CD4+ T cells in a T cell receptor-independent 
manner. (a) Stimulation of anti-C-peptide CD4+ T cell clones as measured by IL-2 release in biological 
triplicates upon co-culture with cytokine-treated and/or thapsigargin-treated iPSC-islets. Treatment with 
exogenous IL-2 was used as a positive control. (b) Flow cytometry plots showing activation of CD4+ T cell 
hybridomas lacking a T cell receptor when cultured alone or with SC-islet cells derived from the HLA-DQ8 
– H1 hESC line. Activation was measured in biological triplicates. 
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Discussion 

 The role of MHC class II expression in pancreatic beta cells and its relevance to T1D 

remain unclear. It has been hypothesized that presentation of islet autoantigens in the absence 

of costimulatory factors could be a means of promoting anergy in autoreactive T cells214. Such a 

mechanism would inhibit activation of naïve CD4+ T cells, but may contribute to further stimulation 

of CD4+ T cells that have already been activated against islet autoantigens. Thus, in the context 

of T1D, beta cell presentation of autoantigens on MHC class II may “add fuel to the fire” of 

autoimmunity. Supporting this possibility, we demonstrate that beta cells expressing HLA-DQ8 

are capable of processing, loading, and presenting endogenous antigens to CD4+ T cells (Fig. 

4.1a,b).  

 Using iPSC-islet cells derived from HLA-DQ8+ donors, we find that cytokine treatment 

induces presentation of HLA-DQ8 on the surface of a small population of cells (Fig. 4.3b). 

However, it is unclear whether this population constitutes beta cells (Fig. 4.3c), and co-culture 

experiments fail to provide stimulation of CD4+ T cells (Fig. 4.3d). Thus, we find discrepancies 

between immortalized beta cell lines and iPSC-islets in this regard. It is known that hPSC-islets 

are functionally immature in terms of insulin secretion and metabolic profile2,4,221, and the inability 

to present endogenous peptides via HLA-DQ8 may be another aspect in which hPSC-islets fail 

to recapitulate primary beta cell biology. Future studies are focused on examining this possibility 

by engrafting iPSC-islets into immunodeficient mice as a means of maturing the cells prior to co-

culture experiments. Conversely, it is possible that our findings in immortalized cell lines are an 

artifact of non-physiological expression of HLA-DQ8; under physiological conditions, beta cells 

may not present endogenous antigens to CD4+ T cells. In vivo maturation of iPSC-islets will be 

useful in discriminating between these possibilities. Notably, lack of endogenous antigen 

presentation does not necessarily preclude activation of CD4+ T cells. Given high concentrations 

of insulin and other autoantigens within the islet, binding of exogenous antigens to HLA-DQ8 

expressed on beta cells may contribute to stimulation of CD4+ T cells.  
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 Unexpectedly, we find that pre-treatment of iPSC-islet cells with thapsigargin leads to 

stimulation of CD4+ T cells through T cell receptor-independent mechanisms (Fig. 4.4a,b). 

Thapsigargin induces ER stress by releasing intracellular Ca2+ stores222, and T cell receptor signal 

transduction takes place through a similar mechanism223. Nanomolar concentrations of 

thapsigargin have been demonstrated to generate IL-2 release in CD4+ T cells224. Although iPSC-

islets were washed thoroughly between pre-treatment and co-culture experiments, the high 

concentration of thapsigargin used may have led to residual compound present within the 

extracellular matrix formed between iPSC-islet cells. Additionally, thapsigargin may have been 

taken up into secretory vesicles of iPSC-islet cells and been released along with insulin or other 

hormones upon co-culture. Regardless of the mechanism, our findings demonstrate that pre-

treatment with thapsigargin does not effectively model the effects of ER stress on stimulation of 

CD4+ T cells via HLA-DQ8. We posit that future experiments seeking to study the effects of ER 

stress on this phenomenon are better served to use physiological stressors such as lipotoxicity 

or compounds with fewer possibilities of off-target effects.  

 Altogether, our experiments suggest the possibility of direct presentation of islet 

autoantigens to CD4+ T cells via HLA-DQ8. The here-established iPSC-islet co-culture platform 

provides a foundation for future studies examining the effects of functional maturation on beta cell 

antigen presentation, as well as studies which may incorporate patient-derived immune cells into 

a fully autologous co-culture system to model autoimmunity.  
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Methods 

Cell Lines 

HEK293T were maintained in DMEM F12 containing 100 units/mL penicillin and 100 

mg/mL streptomycin sulfate supplemented with 10% foetal bovine serum (FBS). EndoC-βH1 cells 

were maintained in low glucose DMEM containing 0.02 g/mL BSA, .0035 uL/mL beta-

mercaptoethanol, .0012 g/mL nicotinamide, .0055 mg/mL transferrin, 6.7 µg/mL sodium selenite, 

100 units/mL penicillin, and 100 mg/mL streptomycin sulfate. CD4+ T cell hybridomas were 

cultured in DMEM supplemented with 10% FBS.  

 

Generation of HLA-DQ8 Retrovirus 

To generate the HLA-DQ8 expression vector, the coding sequences for α and β chain of 

HLA-DQ8 were cloned into the pMIG backbone (Addgene, plasmid #9044).  

High-titer lentiviral supernatants were generated by co-transfection of the expression 

vector and the lentiviral packaging construct into HEK293T cells as described67. Briefly, the 

expression vector was co-transfected with the pCMV-R8.74 (Addgene, #22036) and pMD2.G 

(Addgene, #12259) expression plasmids into HEK293T cells using a 1mg/ml PEI solution 

(Polysciences). Retroviral supernatants were collected at 48 hr and 72 hr after transfection. 

Retroviruses were concentrated by ultracentrifugation for 120 min at 19,500 rpm using a Beckman 

SW28 ultracentrifuge rotor at 4°C. 

 

Transduction of EndoC-βH1 cells 

EndoC-βH1 cells were distributed onto a 6 well plate at a density of approximately 1 million 

cells per well. Concentrated retrovirus and 8 µg/mL polybrene were then added to media in each 

well. After 30 minutes of incubation, the 6 well plate was spun in a centrifuge (Sorvall Legend RT) 

for 1 hour at 30°C at 950 G. 6 hours later, viral media was replaced with fresh base culture media. 
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Immunofluorescence analysis 

EndoC-βH1 cells were grown and retrovirally transduced on coverslips and fixed with 4% 

PFA. Slide-mounted cells were permeabilized and blocked with blocking buffer, consisting of 

0.15% (v/v) Triton X-100 (Sigma) and 1% (v/v) normal donkey serum (Jackson Immuno Research 

Laboratories) in PBS, for 1 hour at room temperature. Slides were then incubated overnight at 

4°C with primary antibody solutions. The following day slides were washed five times with PBS 

and incubated for 1 hour at room temperature with secondary antibody solutions. Cells were 

washed five times with PBS before coverslips were applied. 

All antibodies were diluted in blocking buffer at the ratios indicated below. Primary 

antibodies used were guinea pig anti-insulin (INS) (1:500 dilution, Dako) and mouse anti-HLA-

DQ8 (1:200, cs.200.1). Secondary antibodies were Alexa488- and Cy3-conjugated donkey 

antibodies (Jackson Immuno Research Laboratories), and were used at dilutions of 1:500 (anti-

guinea pig Alexa488) or 1:1000 (anti-mouse Cy3). Cell nuclei were stained with Hoechst 33342 

(1:3000, Invitrogen). Representative images were obtained with a Zeiss Axio-Observer-Z1 

microscope equipped with a Zeiss ApoTome and AxioCam digital camera. Figures were prepared 

in Adobe Creative Suite 5. 

 

Flow cytometry analysis 

Cell aggregates derived from hPSCs were allowed to settle in microcentrifuge tubes and 

washed with PBS. Cell aggregates or EndoC-βH1 cells were incubated with Accutase® at 37°C 

until a single-cell suspension was obtained. Cells were washed with 1 mL ice-cold flow buffer 

comprised of 0.2% BSA in PBS and centrifuged at 200 g for 5 min. BD Cytofix/Cytoperm™ Plus 

Fixation/Permeabilization Solution Kit was used to fix and stain cells for flow cytometry according 

to the manufacturer's instructions. Briefly, cell pellets were re-suspended in ice-cold BD 

Fixation/Permeabilization solution (300 µL per microcentrifuge tube). Cells were incubated for 20 

min at 4°C. Cells were washed twice with 1 mL ice-cold 1X BD Perm/Wash™ Buffer and 
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centrifuged at 10°C and 200 x g for 5 min. Cells were re-suspended in 50 µL ice-cold 1X BD 

Perm/Wash™ Buffer containing diluted antibodies, for each staining performed. Cells were 

incubated at 4°C in the dark for 1-3 hours. Cells were washed with 1.25 mL ice-cold 1X BD Wash 

Buffer and centrifuged at 200 g for 5 min. Cell pellets were re-suspended in 300 µL ice-cold flow 

buffer and analysed in a FACSCanto™ II (BD Biosciences). Antibodies used were mouse anti-

HLA-DQ8 (1:200, cs.200.1), PE-conjugated anti-Insulin (1:50 dilution, Cell Signaling), 

AlexaFluor® 647-conjugated anti-NKX6.1 (1:5 dilution, BD Biosciences), and anti-mouse 

Alexa488 (1:50, Jackson Immuno Research Laboratories). Data were processed using FlowJo 

software v10.  

 

RNA Isolation and Sequencing (RNA-seq) and qRT-PCR 

RNA was isolated from cell samples using the RNeasy® Micro Kit (Qiagen) according to 

the manufacturer instructions. For each cell stage and condition analyzed between 0.1 and 1 x 

106 cells were collected for RNA extraction. For qRT-PCR, cDNA synthesis was first performed 

using the iScript™ cDNA Synthesis Kit (Bio-Rad) and 500 ng of isolated RNA per reaction. qRT-

PCR reactions were performed in triplicate with 10 ng of template cDNA per reaction using a 

CFX96™ Real-Time PCR Detection System and the iQ™ SYBR® Green Supermix (Bio-Rad). 

PCR of the TATA binding protein (TBP) coding sequence was used as an internal control and 

relative expression was quantified via double delta CT analysis. A complete list of RT-qPCR primer 

sequences can be found in Supplementary Figure 4.1. 

 

CD4+ T cell co-culture assays 

For co-culture assays involving anti-Ins13-21 and anti-C-peptide T cell clones, serial 

dilutions of suspended iPSC-islet aggregates or EndoC-βH1 cells were co-cultured with T cell 

hybridomas. After 24 hours of incubation at 37°C, supernatants were harvested and assayed for 

IL-2 content using a radioactive IL-2–dependent natural killer cell line bioassay. For assays 
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involving addition of exogenous peptides, peptides were added to media in increasing 

concentration. All assays were performed in biological triplicates. For each T cell hybridoma, 

receptors were derived from autoreactive CD4+ T cells found in type 1 diabetic patients216,217 and 

cloned onto a hybridoma expressing the human CD4 molecule with substitutions at positions 40 

and 45 (Gln40Tyr and Thr45Trp)216. 

For assays involving activation of hybridomas lacking a T cell receptor, a reporter line was 

used in which T cell activation triggers expression of an NFAT response element linked to 

mAmetrine. Activation was then measured via flow cytometry.  

 

Derivation of iPSC lines 

50 mL blood draws were taken from consented patients, and peripheral blood 

mononuclear cells were isolated via flow cytometry assisted cell sorting. Clonal iPSC lines were 

then derived at the Salk Institute Stem Cell Core. Each clonal line was karyotyped, donor-matched 

to patient cells via STR analysis, and tested for pluripotency prior to differentiation.  

 

Maintenance and pancreatic differentiation of iPSCs 

iPSCs were cultured in mTeSR1 media (Stem Cell Technologies) and propagated by 

passaging cells every 3 to 4 days using Accutase (eBioscience) for enzymatic cell dissociation.  

For differentiation, cells were dissociated using Accutase for 10 min, then reaggregated 

by plating the cells at a concentration of ~5 x 106 cells/well in a 6-well plate coated with Matrigel 

(Corning). The following day, undifferentiated cells were washed with PBS and then differentiated 

using a multi-step protocol with stage-specific media and daily media changes. At day 29, cells 

were dissociated and resuspended in stage 7 medium at a concentration of ~3 x 106 cells per well 

of a 6-well ultra-low attachment plates (Costar). The cells were cultured overnight on an orbital 

rotator (Innova2000, New Brunswick Scientific) at 100 rpm, then maintained at 118 rpm until day 

40. At day 40, cells were collected for analysis or used for further experiments.  



154 
 

All stage-specific base media were comprised of MCDB 131 medium (Thermo Fisher 

Scientific) supplemented with NaHCO3, GlutaMAX, D-Glucose, and BSA using the following 

concentrations: 

Stage 1/2 base medium: MCDB 131 medium, 1.5 g/L NaHCO3, 1X GlutaMAX, 10 mM D-Glucose, 

0.5% BSA 

Stage 3/4 base medium: MCDB 131 medium, 2.5 g/L NaHCO3, 1X GlutaMAX, 10 mM D-glucose, 

2% BSA 

Stage 5/6 medium: MCDB 131 medium, 1.5 g/L NaHCO3, 1X GlutaMAX, 15 mM D-glucose, 2% 

BSA 

Stage 7 medium: MCDB 131 medium, 1.5 g/L NaHCO3, 2% BSA 

Media compositions for each stage were as follows: 

Stage 1 (days 0 - 3): base medium, 100 ng/ml Activin A, 3 µM CHIR (day 0). Day 1-2: base 

medium, 100 ng/ml Activin A 

Stage 2 (days 4 - 6): base medium, 0.25 mM L-Ascorbic Acid (Vitamin C), 50 ng/mL KGF 

Stage 3 (days 7 - 8): base medium, 0.25 mM L-Ascorbic Acid, 50 ng/mL KGF, 0.25 µM SANT-1, 

1 µM Retinoic Acid, 100 nM LDN193189, 1:200 ITS-X, 200 nM TPB 

Stage 4 (days 9 - 11): base medium, 0.25 mM L-Ascorbic Acid, 2 ng/mL KGF, 0.25 µM SANT-1, 

0.1 µM Retinoic Acid, 200 nM LDN193189, 1:200 ITS-X, 100nM TPB 

Stage 5 (days 12 - 14): base medium, 0.25 µM SANT-1, 0.05 µM RA, 100 nM LDN-193189, 1 µM 

T3, 10 µM ALK5i II, 10 µM ZnSO4, 10 µg/mL heparin, 1:200 ITS-X 

Stage 6 (days 15 - 21): base medium, 0.05 µM RA, 100 nM LDN-193189, 1 µM T3, 10 µM ALK5i 

II, 10 µM ZnSO4, 10 µg/mL heparin, 100nM gamma-secretase inhibitor, 1:200 ITS-X 

Stage 7 (days 22 - 40): base medium, 10 µg/mL heparin, 10 µM ZnSO4, 1X trace element A, 1X 

trace element B 

 

Measurement of glucose-stimulated insulin secretion (GSIS) 
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Perifusion was carried out using the Biorep perifusion system. hPSC-islet aggregates 

were first starved for 30 min in Krebs-RingersBicarbonate-HEPES (KRBH) buffer (130 mM NaCl, 

5 mM KCl, 1.2 mM CaCl2, 1.2 mM MgCl2, 1.2 mM KH2PO4, 20 mM HEPES pH 7.4, 25 mM 

NaHCO3, and 0.1% bovine serum albumin) containing 2.8 mM glucose at 37°C with 5% CO2 and 

were then loaded into perifusion chambers (70 cell aggregates/chamber).  

hPSC-islet aggregates were perifused with KRBH containing 2.8 mM glucose for an 

additional 2 hours, at which point aggregates were stimulated with KRBH containing 16.8 mM 

glucose. At each timepoint, perifusate was collected for analysis. Perifusion was carried out at 

37°C with a flow rate of 80 µL/min. At the end of each experiment, hPSC-islet aggregates were 

transferred to Eppendorf tubes and lysed by sonication for insulin content determination. Insulin 

content was measured using the ALPCO C-peptide ELISA kit according to manufacturer’s 

instructions.  

 

Cytokine treatment of iPSC-islet cells 

10 ng/mL TNFa (Peprotech) and 30ng/mL IFNg (Peprotech) were added daily to fresh 

Stage 7 differentiation media for 4 days. Cells were then rinsed with PBS prior to co-culture 

experiments or downstream analysis.  

 

Thapsigargin treatment of iPSC-islet cells 

 5 µM thapsigargin (Sigma) was added to Stage 7 differentiation media 5 hours. Cells were 

then rinsed twice with PBS prior to coculture experiments and downstream analysis.  

 

Quantification and statistical analyses 

Statistical analyses were performed using GraphPad Prism (v8.1.2). Statistical 

parameters, such as the value of n, mean, standard deviation (SD), standard error of the mean 
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(SEM), significance level (*p < 0.05, **p < 0.01, and ***p < 0.001), and the statistical tests used, 

are reported in the figures and figure legends. The ‘‘n’’ refers to the number of biological replicates. 
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