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Highlights 

• NEUROG3 CUT&RUN analysis revealed 1268 target genes in human pancreatic endocrine progenitors 

(PEPs) 

• NEUROG3 binding sites overlap with active chromatin regions in PEPs. 

• 1/5 of the genes downregulated in NEUROG3−/− hESC-derived PEPs are bound by NEUROG3. 

• NEUROG3 targets islet specific TFs and regulators of insulin secretion. 

• Several T2DM risk allelles lie within NEUROG3 bound regions. 

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 15, 2021. ; https://doi.org/10.1101/2021.04.14.439685doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.14.439685


 3 

ABSTRACT 

 
 
Objective: Mice lacking the bHLH transcription factor (TF) Neurog3 do not form pancreatic islet cells, 

including insulin secreting beta cells, causing diabetes. In human, homozygous mutations of NEUROG3 

manifest with neonatal or childhood diabetes. Despite this critical role in islet cell development, the precise 

function and downstream genetic programs regulated directly by NEUROG3 remain elusive. We therefore 

mapped genome-wide NEUROG3 occupancy in human induced pluripotent stem cell (iPSC)-derived 

endocrine progenitors and determined NEUROG3 dependency of associated genes to uncover direct targets.   

 
Methods: We generated a novel hiPSC line (NEUROG3-HA-P2A-Venus), where NEUROG3 is HA-tagged 

and fused to a self-cleaving fluorescent VENUS reporter. We used the CUT&RUN technique to map 

NEUROG3 occupancy and epigenetic marks in pancreatic endocrine progenitors (PEP) differentiated from 

this hiPSC line. We integrated NEUROG3 occupancy data with chromatin status and gene expression in 

PEPs and their NEUROG3-dependence. In addition, we searched whether NEUROG3 binds type 2 diabetes 

mellitus (T2DM)-associated variants at the PEP stage.  

 
Results: CUT&RUN revealed a total of 863 NEUROG3 binding sites assigned to 1268 unique genes. 

NEUROG3 occupancy was found at promoters as well as at distant cis-regulatory elements frequently 

overlapping within PEP active enhancers. De novo motif analyses defined a NEUROG3 consensus binding 

motif and suggested potential co-regulation of NEUROG3 target genes by FOXA, RFX or PBX transcription 

factors. Moreover, we found that 22% of the genes downregulated in NEUROG3−/− hESC-derived PEPs are 

bound by NEUROG3 and thus likely to be directly regulated. NEUROG3 targets include transcription factors 

known to have important roles in islet cell development or function, such as NEUROD1, PAX4, NKX2-2, 

SOX4, MLXIPL, LMX1B, RFX3, and NEUROG3 itself. Remarkably, we uncovered that NEUROG3 binds 

transcriptional regulator genes with enriched expression in human fetal pancreatic alpha (e.g., IRX1, IRX2), 

beta (e.g., NKX6-1, SMAD9, ISX, TFCP2L1) and delta cells (ERBB4) suggesting that NEUROG3 could 

control islets subtype programs. Moreover, NEUROG3 targets genes critical for insulin secretion in beta cells 

(e.g., GCK, ABCC8/KCNJ11, CACNA1A, CHGA, SCG2, SLC30A8 and PCSK1). In addition, we unveiled 

a panel of ncRNA potentially regulated by NEUROG3. Lastly, we identified several T2DM risk SNPs within 

NEUROG3 peaks suggesting a possible developmental role of NEUROG3 in T2DM susceptibility.  

 

Conclusion: Mapping of NEUROG3 genome occupancy in PEPs uncovers an unexpectedly broad, direct 

control of the endocrine gene regulatory network (GRN) and raises novel hypotheses on how this master 

regulator controls islet and beta cell differentiation.  

 
 
Keywords: NEUROG3; iPSC, islet progenitors, CUT&RUN, T2DM, SNPs
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1. INTRODUCTION 
 
 Diabetes results either from an auto-immune destruction of beta cells (Type 1 diabetes) or defective 

insulin secretion combined with the resistance of the peripheral tissues to insulin action (Type 2 diabetes). 

These forms of diabetes are considered as polygenic. On the other hand, mutations in single genes can also 

lead to rare early-onset forms of diabetes, thus defined as monogenic diabetes, for which the prevalence is 

estimated to be 2-5% of diabetes cases [1]. Monogenic diabetes is classified according to the age of onset 

and includes Neonatal Diabetes Mellitus (NDM) and Maturity Onset Diabetes of the Young (MODY), where 

diabetes occurs before 6 months and 25 years, respectively. These rare forms of diabetes result from 

mutations in genes controlling beta cell development, function, or both, including genes encoding essential 

transcription factors such as PTF1A, PDX1, HNF1B, NEUROG3, RFX6, or NEUROD1 [1]. 

 
 Among these genes, the bHLH transcription factor NEUROG3 is the key regulator of endocrine cell 

fate decision in the embryonic pancreas. In the mouse, all pancreatic islet cells derive from Neurog3-

expressing pancreatic endocrine progenitors (PEP) and depend on Neurog3 [2; 3]. Neurog3-deficient 

newborn mice die within a few days; they are diabetic since they lack insulin-secreting beta cells as well as 

all other islet cells [3]. In humans, homozygous or compound heterozygous mutations in NEUROG3 have 

been identified in patients developing diabetes [4-7]. The pathology declared at various ages from neonatal 

to childhood, probably reflects differences in how severely NEUROG3 function is compromised. Of note, 

patients also developed rare forms of congenital malabsorptive diarrhea due to the lack of intestinal endocrine 

cells, which do not develop in the absence of NEUROG3 [4; 8]. Using pancreatic differentiation of human 

pluripotent stem cells as a model, it has been shown that NEUROG3 is required for endocrine cell 

development [9; 10]. 

 
 Despite its key function in endocrine commitment, the direct genetic program implemented by 

NEUROG3 is largely unknown both in mouse and human. Genome wide approaches have been performed 

to identify Neurog3-regulated genes in the mouse embryonic pancreas [11]. However, since the islet lineage 

is lost in the absence of Neurog3, a comparison of transcriptomes between Neurog3-deficient and control 

embryos revealed the entire islet transcriptome from endocrine progenitors to mature hormone-expressing 

cells, not only Neurog3 regulated genes. Direct Neurog3 target candidate genes such as NeuroD, Nkx2-2, 

Insm1, Pax4, Neurog3 and Cdkn1a have been characterized previously using in vitro EMSA, Chromatin 

Immunoprecipitation (ChIP) and transactivation assays [12-16]. Using EMSAs and ChIP-qPCR, direct 

binding of NEUROG3 to NKX2-2 and NEUROG3 regulatory regions in hES-derived pancreatic precursors 

was recently reported [17]. Nevertheless, genome wide analysis to identify NEUROG3 bound regions and 

thus the entire panel of potential direct NEUROG3 targets has not been described. Such studies have been 

hampered by the lack of sensitivity of ChIP-Seq technique combined with the scarcity of NEUROG3-

expressing endocrine progenitors. 

 
 Here we generated a novel hiPSC cell line where endocrine progenitor cells can be purified, and 

NEUROG3 is epitope tagged. We used the cleavage under targets and release using nuclease (CUT&RUN) 
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technique, a method allowing transcription factor profiling from a low cell number [18-20], to identify 

NEUROG3 bound regions across the genome in hiPSC-derived pancreatic cells. We confirmed previously 

known NEUROG3 targets validating the experimental approach. Importantly, we identified many 

NEUROG3 targets that have not been reported before. Comparison with transcriptome data identified 

NEUROG3 bound genes that are enriched in human fetal pancreatic progenitors and regulated by 

NEUROG3. Our study uncovers an unexpectedly large panel of direct NEUROG3 targets in human pancreas 

progenitors, comprising an extensive endocrine GRN that implements NEUROG3 function.  

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted April 15, 2021. ; https://doi.org/10.1101/2021.04.14.439685doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.14.439685


 6 

 
2. MATERIALS AND METHODS 
 
2.1. Culturing of iPSC lines - Wild type SB AD3.1 [21] and AD/N3HAV lines were maintained as 

undifferentiated hiPSC in mTeSR1 medium (Stem Cell Technology) on 1:30 diluted Matrigel (hESC grade, 

Corning) coated tissue culture surfaces, with everyday medium change. Cells were split every 3 or 4 days 

with TrypLE Select (Fisher) and seeded at 1.5-4x10e5 in a Matrigel-coated p35 plate containing 5μM 

Y27632 (Stem Cell Technologies) (mTeSR+Y) for the first day. 

 
2.2. Generation of the NEUROG3-HA-P2A-Venus line - The SB AD3.1 line [21] was co-transfected with 

a pX458-plasmid expressing the sg1 guide RNA (Suppl. Table 1) and the Cas9 fused to GFP, and the 

targeting vector pBSII-KS-hNEUROG3-3HA-2A-3NLS-Venus-pA, both generated in the laboratory. 

Nucleofection was performed according to the manufacturer instructions (Amaxa), with 8x10e5 SB AD3.1 

cells mixed with 2.5 μg each plasmid DNA, and cells were seeded on a p35 with mTeSR1+Y. The following 

day, cells were harvested with TryPLE, resuspended in PBS containing 2% FCS, 10 μM Y27632 and 1% 

Penicillin/Streptomycin, sorted by expression of GFP and seeded as 200 and 500 cells in several p35 in 

mTeSR1+Y. After 12 days, clones were picked by scratching and expanded for banking while genotyping. 

 
2.3. Genotyping - DNA was purified from collected cells using the Nucleospin Tissue XS kit (Macherey-

Nagel) according to the manufacturer instructions and genotyped by nested PCR using primers described in 

Suppl. Figure 1 and Suppl. Table 1.  PCR products were purified using the Nucleospin Gel and PCR clean-

up kit (Macherey-Nagel) and sequenced with appropriated primers (Suppl. Table 1) at Eurofins Genomics 

(Ebergberg, Germany). 

 
2.4. Differentiation of hiPSC cells to pancreatic progenitors - Cells were differentiated according to the 

protocol of Petersen et al. (2017) [21]. At 80-90% confluency, cells were harvested with TryPLE and seeded 

at 3x10e5 cells/cm2 on Growth Factor Reduced Matrigel-coated 24wells- or 6wells-plates (CellBind 

Corning) in mTESR+Y. Differentiation was initiated 24 h after seeding. Cells were first rinsed with 1x PBS, 

then exposed daily to freshly prepared differentiation medium (Suppl. Table 1). 

 
2.5. Flow cytometry analyses - Cells were harvested with TrypLE Select as described above, quenched with 

3 volumes of MCDB131-3 medium containing 5 mM Y27632 (M3Y), washed once with PBS and fixed with 

4% formaldehyde in PBS for 20 min. After 2 washes with PBS, cells were either stored at +4°C in PBS, BSA 

1% for delayed analysis, or permeabilized 30 min with PBS, Triton 0.2%, 5% Donkey serum 

(permeabilization buffer) then incubated overnight at +4°C with primary antibodies (Suppl. Table 1) diluted 

in permeabilization buffer. After 2 washes with PBS-Triton 0.1%, 0.2% BSA (PBSTB), cells were incubated 

for 1-2 hour at RT with fluorophore-conjugated secondary antibodies (Suppl. Table 1) diluted in 

permeabilization buffer. After 2 washes with PBSTB, cells were resuspended at 1M/ml in PBS, 1% BSA, 

filtered on 85µm nylon mesh and analyzed on a BD Fortessa LSR II Cell analyser (BD Bioscience).  
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2.6. Immunofluorescence imaging - Cells were washed twice with PBS, fixed with 4% formaldehyde in 

PBS for 20 min, permeabilized 30 min with PBS-Triton 0.5% and blocked for 30 min in PBSTB. Cells were 

incubated with primary antibodies (Suppl. Table 1) diluted in PBSTB overnight at 4°C, washed 3x in PBS-

Triton 0.1% and incubated for 1-2 hour at RT with fluorophore-conjugated secondary antibodies (Suppl. 

Table 1) diluted in PBSTB. Cells were washed twice in PBSTB, nuclei were stained with Dapi 50 ng/mL in 

PBST. Image acquisition was done on an inverted fluorescence microscope Leica DMIRE2. 

 
2.7. Flow cytometry sorting of Venus+ cells - Cells were harvested with TrypLE Select at day 13 of 

differentiation, quenched with 3 volumes of M3Y, centrifuged 4 min at 200g, resuspended at 5M/ml in M3Y 

and sorted using a FACS Fusion/Aria in M3Y at +4°C. Venus+ cells were collected and either used 

immediately or cryoconserved in Cryostor10 (Stem Cell Technologies) at -80°C. 

 

2.8. CUT&RUN - We followed the protocol of Hainer and Fazzio (2019) [22] with minor modifications. 

Freshly sorted cells (75,000 for anti NEUROG3, HA and CTRL donkey anti sheep (DAsh) antibodies and 

18,000 cells for H3K4me3 antibody) or thawed sorted cells (15,000 for H3K27me3 and rabbit anti mouse 

control antibodies) were washed once with 1mL cold PBS and resuspended in nuclear extraction buffer (NE, 

20mM HEPES-KOH, pH 7.9, 10mM KCl, 0.5mM Spermidine, 0.1% Triton X-100, 20% glycerol, freshly 

added protease inhibitors). After 3 min spinning at 4°C at 600g, cells were resuspended in 600 μL NE buffer. 

Concanavalin A beads (Polysciences, 25 μL bead slurry/sample) were washed twice with ice-cold Binding 

buffer (20mM HEPES-KOH, pH 7.9, 10mM KCl, 1mM CaCl2, 1mM MnCl2) and resuspended in 300 μL 

Binding buffer. Nuclei were added to beads with gentle vortexing and incubated for 10 min at 4°C with gentle 

rocking. Bead-bound nuclei were blocked with 1 mL cold Blocking buffer (20mM HEPES, pH 7.5, 150mM 

NaCl, 0.5mM Spermidine, 0.1% BSA, 2mM EDTA, freshly added protease inhibitors) by gentle pipetting, 

incubated 5 min at RT and washed in 1mL cold Wash buffer (WB, 20mM HEPES, pH 7.5, 150mM NaCl, 

0.5mM Spermidine, 0.1% BSA, freshly added protease inhibitors) and resuspended in 250 μL cold WB. 250 

μL of primary antibody (Suppl. Table 1) diluted 1:100 in cold WB were added with gentle vortexing, and 

samples were incubated overnight with gentle rocking at 4°C. Samples were washed twice in 1 mL cold WB, 

and resuspended in 250 μL cold WB. When indicated, incubation with a secondary antibody (Donkey anti 

Sheep IgG, 1:200) was performed for 1h at 4°C in WB under gentle rocking.  After 2 washes with 1 ml WB, 

and resuspension in 250 μl WB, 200 μL of pA-MN (diluted at 1.4 ng/mL in cold WB) was added with gentle 

vortexing, and samples were incubated with rotation at 4°C for 1 hour. The pA-MN was produced in-house, 

according to the protocol described by [23] and using the pK19pA-MN plasmid, obtained from Ulrich 

Laemmli (RRID:Addgene_86973; http://n2t.net/addgene:86973). Samples were washed twice in 1 mL cold 

WB and resuspended in 150 μL cold WB. Three μL of 100 mM CaCl2 were added upon gentle vortexing to 

activate the MN. After 30 min of digestion, reactions were stopped by addition of 150 μL 2XSTOP buffer 

(200mM NaCl, 20mM EDTA, 4mM EGTA, 50ug/mL RNaseA, 40ug/mL glycogen) and DNA fragments 

were released by passive diffusion during incubation at 37°C for 20 min. After centrifugation for 5 min at 

16,000g at +4°C to pellet cells and beads, 3 μL 10% SDS and 2.5 μL Proteinase K 20mg/ml were added to 

the supernatents, and samples were incubated 10 min at 70°C. DNA purification was done with 
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phenol/chloroform/isoamyl alcohol extraction followed by chloroform extraction using MaxTract tubes 

(Qiagen). DNA was precipitated with ethanol after addition of 20 µg glycogene, and resuspended in 36.5µl 

0.1XTE.  

 

2.9. High throughput sequencing - Illumina sequencing libraries were prepared at the Genomeast facility 

(IGBMC, Illkirch). CUT&RUN samples were purified using Agencourt SPRIselect beads (Beckman-

Coulter). Libraries were prepared from 10 ng of double-stranded purified DNA using the MicroPlex Library 

Preparation kit v2 (Diagenode) following the manufacturer's protocol with some modifications. Illumina 

compatible indexes were added through a PCR amplification (3 min at 72°C, 2 min at 85°C, 2 min at 98°C; 

[20 sec at 98°C, 10 sec at 60°C] x 13 cycles). Amplified libraries were purified and size-selected using 

Agencourt SPRIselect beads (Beckman Coulter) by applying the following ratio: volume of beads / volume 

of libraries = 1,4 / 1. The libraries were sequenced on Hiseq 4000 as Paired-End 2x100 base reads following 

Illumina’s instructions. 

 
2.10. Bioinformatics analyses  
2.10.1. Data processing - Image analysis and base calling were performed using RTA 2.7.3 and bcl2fastq 

2.17.1.14. Reads were trimmed using cutadapt v1.9.1 with option: -a 

AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC -A 

AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTA -m 5 -e 0.1. Paired-end reads were mapped to 

Homo Sapiens genome (assembly hg38) using Bowtie2 (release 2.3.4.3, parameter: -N 1 -X 1000). Reads 

overlapping with ENCODE hg38 blacklisted region V2 were removed using Bedtools. Reads were size 

selected to <120bp and >150bp, since it has been reported that small reads define more precisely TF binding 

site, whereas larger reads (>150bp) result from sites occupied by nucleosomes [18; 19]. Bigwig tracks were 

generated using bamCoverage from deepTools for ≤120 bp and ≥150 bp fragments separately. Tracks were 

normalized with RPKM method. The bin size is 20. ≤120 bp fragments are used for samples obtained with 

anti NEUROG3 (VLSR28), HA (VLSR27) and the control donkey anti sheep (DAsh, thereafter named 

CTRL, VLSR29) antibodies and ≥150 bp fragments for samples obtained with anti H3K4me3 (VLSR32), 

anti H3K27me3 (VLSR44) and the rabbit anti mouse control (RAM, VLSR41) antibodies. Bigwig tracks 

(reads <120 bp long for NEUROG3, HA and CTRL samples and >150 pb for histone marks) were displayed 

on the reference genome hg38 using UCSC genome browser. For simplicity, only the DAsh CTRL is 

illustrated throughout the manuscript. Heatmaps and K-means clustering was done using seqMINER v1.3.3g 

[24]. To compare with previously published data obtained from human in vitro derived pancreatic endocrine 

progenitors [25], multipotent progenitors [26] and from adult islets [27], we converted coordinates of bed  

and bigwig files to hg19 coordinates using the UCSC Liftover and the bigwigLiftOver tools 

(https://github.com/milospjanic/bigWigLiftOver), respectively. Genomic tracks were visualized using 

http://meltonlab.rc.fas.harvard.edu/data/UCSC/SCbetaCellDiff_ATAC_H3K4me1_H3K27ac_WGBS_trac

ks.txt.  
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2.10.2. Peak calling - Peak calling was performed with the Sparse Enrichment Analysis for CUT&RUN 

SEACRv1.3 tool [28] (https://seacr.fredhutch.org), using the norm and stringent mode on the <120bp size 

selected reads and VLSR29 (DAsh CTRL) as a control for VLSR27 (HA) and VLSR28 (NEUROG3) 

datasets. To identify overlapping genomic regions, peak coordinates were intersected using the BEDtools 

2.22.0 command intersect interval files (http://use.galaxeast.fr).  

 

2.10.3. Association of peaks with genomic features and genes - Genomic annotation was first performed 

using the HOMER v3.4 [29] annotatePeaks.pl script with the default settings (promoters-transcription start 

site (TSS) from –1 kb to +100 bp to the TSS and transcription termination sites (TTS) from –100 bp to +1 

kb of the TTS. GREAT 4.0.4 [30] was used to assign NEUROG3/HA peaks to their nearest coding gene(s) 

using basal settings (each gene is assigned a basal regulatory domain of 5 kb upstream and 1 kb downstream 

of its TSS. The gene regulatory domain is extended in both directions to the nearest gene's basal domain but 

no more than 1,000 kb extension in one direction. Each peak is associated with all genes whose regulatory 

domain it overlaps). The NEUROG3 peaks or the distal peaks defined by GREAT (>5kb from TSS) were 

intersected with enhancers regions of hESC-derived endocrine progenitors (EN) lifted over to the hg38 

genome ([25], GSE139816). 

 

2.10.4. Motifs identification and analyses - De novo motif discovery and known motifs enrichment analysis 

were performed using the HOMER v3.4 [29] findMotifsGenome.pl script with default settings (200-bp 

windows centred on peak summits, motif lengths set to 8, 10 and 12 bp, hypergeometric scoring). For the 6 

most significant de novo motifs identified, known best match motifs were associated if their Homer score 

was >0.85. Known co-occurring motifs were manually curated to exclude redundant bHLH motifs. Co-

occurance of the de novo identified NEUROG3 motif and known RFX6 or FOXA2 motifs was done on the 

entire peak sequences using the HOMER script annotatePeaks.pl with -size given and -m <motifn.motif> 

options.  

 

2.10.5. Functional annotations - Gene functional annotation and clustering was carried out with DAVID v6.8 

(https://david.ncifcrf.gov/home.jsp, [31]), using GO Biological Process, GO Cellular Component and KEGG 

Pathways. Selected terms significantly enriched and sorted by -Log(P-value) are displayed. To identify 

NEUROG3 transcription factors target genes, the peaks-assigned genes names were intersected by Venny 

2.1.0 (https://bioinfogp.cnb.csic.es/tools/venny/) with a list of 1734 TF combining the 1639 human TF 

identified by [32] with the 1496 human TF taken from the human protein atlas (https://www.proteinatlas.org) 

(Suppl. Table 2). To identify ncRNA genes at the vicinity of NEUROG3 binding sites, we extended the 

genomic coordinates of the 2226 de novo and 2112 previously annotated LncRNA listed by Akerman et al 

(2017) [33] by 100kb (or 5kb) in both directions and intersected with hg19 converted coordinates of 

NEUROG3 peaks.  
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2.10.6. Overlap between bound genes and differentially expressed genes - Differential expression analysis 

between NEUROG3−/− hESC line differentiated to day 13 and its wild-type counterpart, from corresponding 

RNA-seq data [34], was performed using a negative binomial GLM fit and Wald significance test 

implemented in the Bioconductor package DESeq2 version 1.16.1 [35]. The variables considered for the 

GLM model were the batch and condition. Differentially expressed genes were defined as those having a 

Benjamini – Hochberg-adjusted Wald test P < 0.05. A total of 319 genes were differentially expressed, from 

which 312 were downregulated in NEUROG3−/− cells. The list of genes significantly enriched in NEUROG3-

eGFP+ human pancreatic and endocrine progenitors differentiated in vitro from hESC cells (2852 genes), 

compared to NEUROG3-eGFP− cells, was taken from Liu et al, 2014 [36]. Both gene lists were intersected 

with NEUROG3 bound genes list by Venny 2.1.0. Expression of genes of interest in human fetal pancreas 

and during in vitro differentiation of human embryonic stem cells to pancreatic endocrine cells was examined 

using https://descartes.brotmanbaty.org [37] and 

http://hiview.case.edu/public/BetaCellHub/differentiation.php [38], respectively. 

 

2.10.8. Enrichment of T2D-FG associated variants - The NEUROG3 bound EN_enhancers (hg19) and the 

NEUROG3-bound regions (hg19) were intersected using Bedtools 2.22.0 with the 23,144 genetic variants 

associated with T2D and glycemic traits (T2D-FG) on 109 loci, compiled by Miguel-Escalada et al [27].  

 

2.10.9. Data availability - Raw data have been deposited in the GEO database under accession code 

GSE171963. hESC-derived NEUROG3−/− [34] and hESC-derived NEUROG3-eGFP+ cell [36] RNA-seq 

data are from E-MTAB-7185 and GSE54879, respectively. hESC-derived endocrine progenitors (EN) data 

(enhancers, H3K27ac ChIP-seq and RNA-seq, Ref [25]) are from GSE139817. 
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3. RESULTS AND DISCUSSION 
 
 
3.1 Identification of NEUROG3 targets in hiPSC-derived endocrine progenitors 
 
 To unveil the endocrinogenic program implemented by NEUROG3, we mapped NEUROG3 

occupancy across the genome during directed differentiation of hiPSC into beta cells. We first generated an 

hiPSC line where NEUROG3 is tagged with 3 HA epitopes and fused to a cleavable nuclear VENUS 

fluorescent reporter (NEUROG3-HA-P2A-Venus) (Figure 1A and Suppl. Figure 1). Using the protocol 

described by Petersen et al (2017) [21] and adapted from Rezania et al. (2014) [39], we differentiated the 

NEUROG3-HA-P2A-VENUS hiPS cells along the pancreatic and islet lineage until the pancreatic endocrine 

progenitor (PEP) stage 5, at day 13 (Figure 1A). By immunofluorescence, we found that NEUROG3-positive 

cells are indeed co-expressing HA and Venus, as expected (Suppl. Figure 2A-B). Accordingly, FACS 

analyses showed a correlation between HA and Venus expression (Suppl. Figure 2C). All the Venus+ cells 

are expressing PDX1 (Suppl. Figure 2A,C), as expected and previously shown with a NEUROG3-eGFP 

hiPSC line [21]. To map NEUROG3-bound regions, we used the CUT&RUN technique, an alternative to 

ChIP-seq for low input cell numbers [18; 19]. This technique is based on the recruitment of micrococcal 

nuclease, fused to protein A (pA-MNase), to antibody-bound sites within the genome in intact nuclei (Figure 

1A). The subsequently cleaved fragments are recovered and sequenced. Endocrine progenitors were purified 

at day 13 (d13) of differentiation (Suppl. Figure 2D), and CUT&RUN experiments were performed on 

Venus+ cells using anti-NEUROG3 and anti-HA antibodies. To map chromatin states, we also profiled active 

(H3K4me3) and repressive (H3K27me3) histone marks.  

 We identified 1873 and 1428 peaks using NEUROG3 and HA antibodies, respectively (Figure 1B). 

To enhance the stringency of NEUROG3-bound regions, we intersected both datasets, defining NEUROG3 

occupancy at 863 common sites (Figure 1B and Suppl. Table 2). These high confidence NEUROG3 binding 

sites were found at promoters (35%), in introns (30%), and in intergenic regions (31%) (Figure 1C) and were 

assigned by GREAT to 1268 unique genes, with 573 peaks (66%) assigned to 2 or more genes (Figure 1D). 

NEUROG3 binding to distal regions (located >5kb from the TSS of their associated gene) was observed for 

65% of sites (557 peaks for 1042 genes) (Figure 1E). Remarkably, 90.8% (506 peaks) of these distal 

NEUROG3 bound regions were located within enhancer regions of hESC-derived endocrine progenitors 

(EN), as defined through their H3K27 acetylation by Alvarez-Dominguez et al. (2019) [25] (Figure 1F). In 

agreement, we found that H3K4me3 active histone marks were enriched at the NEUROG3 peaks compared 

to the H3K27me3 repressive marks (Figure 1G), indicating NEUROG3 binding at active promoters and 

enhancers. Taken together, we uncovered the NEUROG3 cistrome in PEPs, suggesting that NEUROG3 

activates gene transcription by binding both proximal and distal cis-regulatory elements.  

 
3.2 CUT&RUN detects previously identified and novel binding sites in known NEUROG3 targets  
 
 To validate the CUT&RUN approach for identifying of NEUROG3 bound regions in PEPs, we first 

examined previously characterized direct targets. As expected, peaks were identified in NEUROD1, NKX2-

2, PAX4, INSM1, and NEUROG3 [12; 13; 15-17], some of which at sites already mapped by ChIP-qPCR 
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and/or EMSA and luciferase assays (Figure 1H). Interestingly, we identified two unreported NEUROG3 

binding sites upstream of NKX2-2 gene and upstream of NEUROG3 TSS (purple arrowheads in Figure 1H). 

The sites identified for NEUROG3 were distinct from the one reported previously by ChIP-qPCR [17] but 

overlapped with the conserved Neurog3 enhancer region described in the mouse [40], supporting that 

NEUROG3 regulates its own transcription [12]. The peak assigned to INSM1 is distantly located >180kb 

downstream of its TSS, within an intron of the RALGAPA2 genes. However, this region has been identified 

as a super-enhancer directly linked to the INSM1 gene in promoter capture HiC studies performed in adult 

pancreatic islet [27] (Figure 1H and Suppl. Figure 3) suggesting a function in the regulation of INSM1 

expression. Of note, we found no binding site for the CDKN1A gene, shown in the mouse to be directly 

regulated by NEUROG3 and to promote cell cycle exit in PEP [14]. It is possible that the NEUROG3 target 

NEUROD1 serves as an intermediate since NEUROD1 was shown to similarly inhibit cell proliferation by 

directly regulating Cdkn1a transcription [41]. Altogether, these data validate the CUT&RUN technique to 

unravel NEUROG3 bound sites genome-wide and suggest that the expected NEUROG3-driven 

endocrinogenic programs are activated in hiPSC-derived PEP.  

 
3.3 Consensus NEUROG3 binding motif and co-binding of transcription factors  
 
 To determine the motifs enriched in the NEUROG3 binding regions, we performed a de novo motifs 

analysis [29] that revealed a strong enrichment for the RCCATCTGBY E-box type motif (CANNTG) 

recognized by bHLH transcription factors (Figure 2A). The NEUROG3 recognition motif is similar to 

NEUROD1 and NEUROG2 binding motifs, in agreement with the strong homology of the bHLH DNA 

binding domains between NEUROD and NEUROG families. Several additional motifs were found 

significantly enriched, such as the motif recognized by NFY, FOX, SP/KLF, RFX, and PBX TFs (Figure 

2A-C and Suppl. Figure 4). Some TFs of these families have been reported to regulate pancreas development 

and islet cell differentiation, such  as Pbx1 [42], Rfx3 and Rfx6 [43; 44]. Interestingly, the binding of the 

general NFY factors was reported biased towards regulatory elements with enhancer activity [45]. In 

agreement with our findings, KLF, FOXA1/A2, RFX, and MEIS1 (a PBX1 related homeobox gene) TFs 

have recently been predicted to bind to PEP Super Enhancers in a model of Core transcriptional regulatory 

circuits (CRCs) in the human islet lineage [25]. Of particular interest are the presence of FOX and RFX 

motifs in NEUROG3 bound regions. Indeed, FOXA1 and FOXA2 have been shown to act as pioneer factors 

facilitating chromatin access to other TFs at multiple stages during pancreas development [46]. 28.27% of 

the NEUROG3 peaks harbor a FOXA2 motif (Figure 2B). Moreover, 189 (21.97%) of NEUROG3 binding 

sites are bound by FOXA2 in in vitro-derived pancreatic multipotent progenitor cells (MPC) [26], and 36 of 

these sites match with cis-regulatory modules (CRM), binding sites of multiple TFs essential for early 

pancreas development, among which 15 are regulator elements of TF genes (Figure 2D and 2E, and see 

below) [26]. The pioneer activity of FOXA2 that was also described during human in vitro pancreatic 

progenitor differentiation [47] could therefore be required for the subsequent gene activation mediated by 

NEUROG3 at primed enhancers. The fact that FOXA2 possibly regulates NEUROG3 (as shown in mouse 

[40]) and our findings that NEUROG3 binds FOXA2 (Figure 2E) provides a possible additional regulatory 

loop between these two TFs. Interestingly, we identified a RFX6 motif in 37.54% of NEUROG3 peaks 
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(Figure 2B) and revealed the co-occurence of the NEUROG3 motif with the RFX6 motif in 1/5 of the peaks, 

from which 1/3 had an additionnal FOXA2 motif (Figure 2C). Several NEUROG3 bound genes were indeed 

previously identified as Rfx6 targets in a mouse beta cell line [43]  (Figure 2C and data not shown). 

Altogether, FOXA2, as well as RFX6, might be important coregulators of the transcription of NEUROG3 

direct targets. 

 
3.4 Integration of NEUROG3 occupancy and gene expression in the islet lineage 
 
 Gene ontology (GO) analyses revealed that NEUROG3-bound regions are associated with genes 

retaled to GO terms such as endocrine pancreas development and insulin secretion, in agreement with the 

expected proendocrine function of NEUROG3 (Figure 3A and Suppl.Table 2). We, therefore, scrutinized 

NEUROG3 bound genes that are expressed in the islet lineage, expecting these genes to be downregulated 

in NEUROG3−/− cells, or upregulated in NEUROG3-enriched cells. We thus used RNA-seq data comparing 

the transcriptome of NEUROG3−/− versus wild-type hESC line, differentiated to d13 [34] and a previously 

published list of genes significantly enriched in NEUROG3-eGFP+ hESC-derived endocrine progenitors 

[36]. From the 319 differentially expressed genes in NEUROG3−/− cells, 312 were downregulated (Suppl. 

Table 2) from which 69 (22%) were directly bound by NEUROG3 (Figure 3B-C, Suppl. Table 2). From the 

2852 enriched genes in NEUROG3-eGFP+ cells [36], 277 were bound by NEUROG3, including 56 that were 

downregulated in the NEUROG3−/− cells  (Figure 3B-C, Suppl. Table 2). Many of these genes encode for 

TFs or proteins known to regulate islet cell differentiation and function (see below). Thus, a total of 290 

genes specifically expressed in the endocrine lineage (out of 2988) are bound by NEUROG3, suggesting that 

NEUROG3 directly regulates the expression of about 10% of islet specific genes. In addition, we compared 

the NEUROG3 cistrome with the human pancreatic adult islet regulome [27]. We found that 782 (90.6%) 

NEUROG3 binding sites matched with at least one of the adult islet regulatory elements, with 655 (75.90%) 

of them localized within active enhancers or promoters (Figure 3D and E). This suggests that most of the 

genes regulated by NEUROG3 are still active in the adult islets, supporting the hypothesis that the transient 

expression of NEUROG3 at the PEP stage is required to initiate the endocrinogenic program while other 

transcription factors sustain the transcription of NEUROG3 targets in mature islets by binding to the same 

regulatory elements.   

 

3.5 NEUROG3 binds to a subset of islet enriched transcription factors  
 
 To better understand how NEUROG3 drives islet cell differentiation, we first examined the TF genes 

bound by NEUROG3. Among the 1268 NEUROG3 bound genes, 138 encode for TFs (Figure 4A and Suppl. 

Table 2). From those, 24 were enriched in NEUROG3-eGFP+ hESC-derived endocrine progenitors, including 

8 genes also downregulated in NEUROG3−/− cells. Besides the TF genes already mentioned above (NKX2-2, 

NEUROD1, NEUROG3, PAX4, INSM1, and FOXA2), we unraveled several other TFs known to control islet 

cell development in the mouse or human, including SOX4, RFX3, ST18 (MYT3), MLXIPL, NKX6.1 and 

LMX1B (Figure 4A and data not shown), suggesting they could to be regulated directedly by NEUROG3. 

For instance, NEUROG3 binds to a region in intron 1 of MLXIPL (Figure 4B) previously shown to be bound 
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by Rfx6 and Nkx2-2 in the mouse [43; 48]. Interestingly, a NEUROG3 binding site was found 33kb upstream 

of SOX4 TSS, and three additional peaks were found within the adjacent CDKAL1 locus (Figure 4C). The 

later region is likely to act as a distant enhancer to regulate SOX4 in islet cells, as suggested by promoter 

capture HiC data [27] and found to be an activated enhancer (H3K27ac enriched) also at the endocrine 

progenitor stage [25] (Figure 4C). Thus, while Sox4 has been shown to regulate Neurog3 expression and be 

required downstream of Neurog3 to regulate endocrine differentiation in the mouse [49], SOX4 might, in 

turn, be a direct target of NEUROG3. Importantly, we found that NEUROG3 binds to intron 2 of LMX1B, a 

transcription factor recently reported to be critical for generating human islet cells downstream of 

NEUROG3, suggesting direct transcriptional regulation of LMX1B by NEUROG3 (Figure 4D) [25]. 

Intriguingly, a NEUROG3 peak within the GLIS3 coding sequence (exon 8) was assigned to both GLIS3 and 

RFX3 (Figure 4E). This peak nicely overlapped with an enhancer region at both endocrine progenitor and 

adult islets stages [25; 27]. In the adult islets, HiC showed that the two genes are spatially linked [27]. 

Moreover, RFX3 but not GLIS3 is highly expressed at the endocrine progenitor stage (Figure 4E, [25]) and 

has recently been documented as a human endocrine fate switch gene regulator [38]. Taken together, these 

data suggest a possible regulation of RFX3 by NEUROG3 at the endocrine progenitor stage.  

 In a recent study, Alvarez-Dominguez et al. [25] described Core transcriptional Regulatory Circuits 

(CRCs) for each stages of in vitro beta cells differentiation, based on interconnected autoregulatory loops 

betweens TFs. Strikingly, out of the 40 TF genes defining the endocrine progenitors CRCs, we show here 

that 35% are bound by NEUROG3: LMX1B, FOXA1, FOXA2, FOXP1, GATA4, INSM1, KLF3, KLF13, 

NKX2-2, RFX3, SOX4, SOX11, PAX4 and PBX1 (Figure 4A). Of note, since the definition of CRCs relied on 

TF recognition motifs, NEUROG3, whose motif was not yet known, could not be integrated into the 

endocrine progenitors CRCs [25]. Importantly, our data reveal and provide molecular mechanistic insights 

into the role of NEUROG3 as a possible direct regulator of many TFs of the endocrine CRCs.  

 We further scrutinized the TFs dataset to examine whether NEUROG3 binds to genes known to 

control islet subtype development and to unveil novel candidates. We focused on transcription factor genes 

for which NEUROG3 binding site(s) coincided with endocrine progenitor active enhancer regions [25] and 

were enriched in developing alpha, beta or delta cells based on recent transcriptomic profiling of the human 

fetal pancreas [37] (Figure 5A). Importantly, an essential role of NEUROG3 in promoting the beta cell fate 

is supported by its direct regulation of Pax4 expression, a critical regulator of beta cell development [50]. In 

addition to Pax4, Nkx6-1 has been shown to be critical for endocrine progenitors to acquire a  beta destiny in 

the mouse [51]. Supporting a possible direct regulation of NKX6-1 by NEUROG3, we found a peak at 466kb 

downstream of NKX6-1 TSS (Figure 5B). This region overlaps with an endocrine progenitors specific active 

enhancer region, suggesting that this site might be important for NEUROG3 regulated expression of NKX6-

1 in human islet progenitors. NEUROG3 binding sites were also associated with genes encoding TFs 

previously reported as markers for beta cells based on their expression, but not yet functionally addressed in 

endocrine cells development, such as SMAD9 [52] and TFCP2L1 [52] (Figure 5C). For TFCP2L1, however, 

the NEUROG3 binding region was not identified as an endocrine progenitor but an adult islet enhancer [27], 

belonging to an islet-TAD regulating the GLI2 gene. Whether TFCP2L1, GLI2, or both, expressed in human 

fetal beta cells (Figure 5A), regulate beta destiny in a NEUROG3-dependent manner remains to be 
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established. Of note, we additionally discovered ETS2 and ISX as new NEUROG3 targeted TFs and whose 

expression is enriched in human feta beta cells, suggesting that they could play a role in human beta cell 

development (Figures 5A and C). 

 Regarding alpha destiny, no peaks were assigned to ARX, which is essential for alpha cell 

development in the mouse and human [50; 53]. Of note, NEUROG3 was found bound to regions associated 

with IRX1 and IRX2, which are both enriched in human fetal (Figure 5A) and adult (Figure 5D and [25; 54]) 

alpha cells. Interestingly, Irx2 was induced by ectopic Neurog3 expression in the chick endoderm [11] and 

downregulated in hPSC-derived human islet cells lacking ARX [53]. Thus IRX1/2 are attractive, alpha-

specific, NEUROG3 direct targets, although their function in alpha cell development remains to be studied.  

 In contrast to alpha and beta cells, much less is known regarding the regulation of delta cell destiny. 

We did not find any binding of NEUROG3 associated with the delta transcription factor HHEX. 

Nevertheless, our analysis pointed to a possible NEUROG3-dependent candidate regulators of delta cell 

development. Indeed, we identified a NEUROG3 binding site within the first intron of the EGFR family 

member Erb-B2 Receptor Tyrosine Kinase 4 (ERBB4) gene (Figure 5E), that is highly and specifically 

expressed in human fetal (Figure 5A) and adult [54] delta cells, and whose ligand neuregulin-4 (NGR-4) was 

found to be essential for the determination of delta cells in mouse [55]. Of note, ERBB4 is cleaved by gamma-

secretase to generate an intracellular domain endowed with TF regulatory activity [56]. Furthermore, during 

human in vitro beta cell differentiation, a gamma-secretase inhibitor is added at the endocrine progenitor 

stage to inhibit Notch signalling and further promote the beta lineage [39]. Whether the concomitant 

inhibition of ERBB4, by impeeding the delta destiny, could favor the beta destiny remains to be tested.   

 Taken together, mapping NEUROG3 occupancy revelaled an unexpectedly broad direct control of 

TFs in the endocrine gene regulatory network (GRN). 

 
3.6 NEUROG3 binds to genes involved in islet cell function 
 
 As mentioned above, gene ontology analyses revealed that many NEUROG3 bound genes were 

associated with insulin secretion, suggesting that NEUROG3 could regulate the expression of genes of the 

hormone secretory machinary. Indeed, NEUROG3 binding was found in genes linking glucose metabolism 

to electrical activity in beta cells and subsequent insulin secretion [57], such as the glucose sensor gene GCK 

and ABCC8/KCNJ11 encoding subunits of the ATP-sensitive K+ channel (Figures 6A-C). Interestingly, other 

K+ (ATP-independent) channel genes (KCNA3, KCNB2, KCND3, KCNK16, KCNMA1), which also 

contribute to glucose-stimulated insulin secretion, and are expressed in human fetal islet cells [37], were 

bound by NEUROG3 (Figure 6A and Suppl. Table 2). In the same line, the voltage-dependent Ca2+ channels 

(CACNA1A, CACNA1C, CACNA1E, CACNA2D1, CACNB2) or genes involved in the formation, 

composition, or release of secretory granules (CHGA, SCG2, SLC30A8/ZNT8, SLC18A2/VMAT2, RGS16, 

RGS4, SYT7, SYT13 SYT3, STX2, STXBP1) or proinsulin processing (PCSK1, CPE) (Figures 6A, D-G, and 

Suppl. Table 2) are associated to NEUROG3 binding sites. We did not find any binding of NEUROG3 to 

hormone genes. NEUROG3 binding was also identified in the somatostatin receptor genes SSTR1, SSTR2, 

and SSTR5 involved in the paracrine regulation of insulin and glucagon secretion [57] (Figure 6H and Suppl. 

Table 2).  
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 These findings of NEUROG3 bound genes involved in islet cell function were unexpected due to 

the transient expression of NEUROG3 in endocrine progenitors. Interestingly, several of these target genes, 

like ABCC8/KCNJ11, CACNA1A, SLC30A8, and SLC18A2, are not or weakly expressed in endocrine 

progenitors compared to more differentiated hESC-derived beta (SC-beta) or adult islet cells (Figures 6C, E 

and G, [25]). We noticed that some of these genes, (e.g., ABCC8/KCNJ11 and SLC18A2, (Figures 6C and 

E), are decorated with H3K27me3 at or close to their TSS, suggesting that NEUROG3 could prime these 

genes at the endocrine progenitor stage, but subsequent binding by other TF could be required for their full 

activation. Thus, NEUROG3 might not only promote islet destiny in uncommitted pancreatic progenitors, 

but also control the initiation of later generic endocrine programs in maturing islet and beta cells.  

 
3.7 NEUROG3 occupancy and ncRNA genes 
 

 Non-coding RNAs, such as long non-coding RNA (LnRNA) and microRNA (miRNAs) actively 

contribute to regulating developmental processes, including pancreatic endocrine specification [33; 58]. We 

found that 588 (68.3%) NEUROG3 binding sites are less than 100kb distant (98 even within 5kb) from at 

least one of the human LncRNA expressed in islet cells, compiled by Akerman et al. (2017) [33] (Figure 7A 

and Suppl. Table 2). Among them, HI-LNC66 (nearby NEUROD1), HI-LNC103 (ABCC8), HI-LNC4389 

(CACNA1A), HI-LNC832 (SLC18A2) or HI-LNC2984 (GCG) could thus as well be targeted by NEUROG3 

as their nearby genes (Figures 6B-E and Suppl. Table 2). More generally, this opens the possibility that 

NEUROG3 could regulate LncRNA expression and consequently their regulatory activity on islet function. 

Using HOMER annotation, we additionally identified 218 binding sites whose nearest TSS belongs to non-

coding genes, among which 66 encode long non coding intergenic LincRNAs, 31 miRNA, and 23 antisense 

RNA (Figure 7A and Suppl. Table 2). Several ncRNA, not described in Akerman et al. (2017) list [33], were 

antisense to genes already mentioned above as bound and therefore possibly regulated by NEUROG3, such 

as GLIS3, ISX, KCND3, KCNMA1, and SSTR5. NEUROG3 could therefore regulate these genes directly or 

indirectly by regulating the expression of their antisense RNA. In line with this hypothesis, the somatostatin 

receptor SSTR5-AS1 is downregulated in NEUROG3−/− PEP cells, whereas SSTR5 is enriched in 

NEUROG3-eGFP+ PEP cells (Suppl. Table 2).  LINC00261, nearby to FOXA2, is highly expressed during 

pancreatic differentiation [25; 58] (Figure 2E) and was shown recently to be required for the efficient 

differentiation of hESCs to insulin-producing cells [58], through the trans-regulation of PAX4 and MAFB 

TFs, whereas its cis-regulatory role on FOXA2 is debated [58; 59]. FOXA2 but not LINC00261 is 

downregulated in NEUROG3−/− PEP (Suppl Table 2). Therefore, whether NEUROG3 regulates LINC00261, 

or FOXA2, or both, is an open question that can be extended to other NEUROG3 bound genes with ncRNAs 

in their vicinity. 

 
 
3.8 NEUROG3 binding at T2DM risk variants 
 
 Genome-wide association studies (GWAS) have identified hundreds of genetic variants associated 

with increased T2DM susceptibility [60]. It is essential to understand how these T2DM linked SNPs 
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contribute to the disease, which genes they affect and how, whether it is by altering the protein sequence or, 

most frequently, distal cis-regulatory elements. Miguel-Escalada et al. [27] have compiled a list of 23,154 

genetic variants associated with T2D and/or fasting glycemia (T2D/FG SNPs) within 109 loci. We found an 

overlap between 7 risk loci (harboring 152 SNPs) and NEUROG3 bound endocrine progenitor enhancers 

(Figures 8A-B and Suppl. Table 2). Moreover, 4 of these risk loci had additional SNPs, not in the 

abovementioned endocrine enhancers but falling within a NEUROG3-binding site (Figures 8A-B and Suppl. 

Table 2). A closer examination of the genomic regions of some of these 7 risk loci was performed. The risk 

alleles rs1799884, rs635299, and rs114152784 lie within NEUROG3-binding sites at the promoter regions 

of GCK, SIX5, and MDC1, respectively (Figures 6B, 8C and data not shown) and rs7245708 at the bi-

directional promoter of QPCTL and SNRPD2 (Figure 8C). SIX5, QPCTL, and SNRPD2 belong to the GIPR 

GWAS locus, and whereas all 4 genes are variably expressed at the endocrine progenitor stage (Figure 8C 

and [25]), GIPR is the most highly expressed in the human fetal pancreas [37]. The NEUROG3 binding sites 

within the CDKAL1 locus coincide with several T2D-FG SNPs previously assigned to the distal gene SOX4 

(Figure 4C and [27]). The UBE2Z risk region contains several genes expressed at the endocrine progenitor 

stage and in the fetal pancreas that could be affected by SNPs, such as ATP5G1, CALCOCO2, TTLL6, and 

UBE2Z itself (Figure 8D and [37]). A NEUROG3 binding site lies upstream TTLL6 TSS (-1255bp) that is 

expressed higher at the endocrine progenitor stage than in beta cells (Figure 8D, [25]). In mouse, TTLL6 

expression follows that of NEUROG3 [61] and mouse invalidated for the Ttll6 gene revealed decreased 

circulating glucose level (https://www.mousephenotype.org/data/genes/MGI:2683461). Altogether, these 

data support the potential regulation of TTLL6 by NEUROG3. Interestingly, the NEUROG3 binding site 

assigned to the ARAP1 gene coincided with an islet active enhancer (R11, Figure 8E) belonging to a 

regulatory region of the STARD10 and FCHSD2 genes, highly enriched in T2D/FG variants [27; 62]. The 

variable region (VR) within this locus was demonstrated to be required for insulin secretion [62]. STARD10 

is already expressed at the endocrine progenitor stage and in the fetal pancreas (Figure 8E and [25; 37]), but 

whether this expression is regulated by NEUROG3 and this regulation affected by genetic variants remain to 

be established.  

Taken together, the overlap of T2DM SNPs and NEUROG3 bound regions suggests that T2DM susceptibility 

could arise from impaired, NEUROG3-dependent genetic programs.  

 
4. CONLUSION 
 
 Despite the major progress made in the generation of functional beta cells from pluripotent stem 

cells for a cell therapy in diabetes, directed differentiation protocols lack robustness, and obtaining glucose-

responsive cells remains difficult. The overall strategy was to mimic pancreas and islet developmental 

programs identified essentially in rodents. While the successful production of insulin-producing cells from 

PSC in vitro attests that these programs are remarkably conserved, it is important to acquire additional 

insights into the gene regulatory networks controlling islet cell development in human to optimize 

differentiation protocols. Notwithstanding the essential function of NEUROG3 in islet cell development in 

mouse and human, its downstream direct targets implementing the endocrinogenic program are essentially 

unknown. Searching and analyzing NEUROG3 binding sites in purified hiPSC-derived PEP, using the 
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CUT&RUN technique, revelead more than a thousand novel putative direct targets. Importantly, NEUROG3 

binding largely overlaps with PEP active enhancers (H3K27ac binding) as defined by others [25], underlining 

the importance of NEUROG3 in promoting gene expression in PEPs. Our study revealed that NEUROG3 

binds to a high number of important islet TFs as well as novel possible transcriptional regulators of islet cell 

differentiation. Moreover, a plethora of genes involved at several key steps of the insulin secretion pathway  

is bound by NEUROG3. In addition, we unveiled a panel of ncRNA potentially regulated by NEUROG3. 

Finally, we reveal that NEUROG3 binding overlaps with a series of T2DM associated SNPs. Taken together, 

our results suggest that NEUROG3 controls the progression of islet cell differentiation as well as the setting 

up of the hormone secretory machinery. The pleiotropic functions of NEUROG3 direct targets support the 

severity of NEUROG3 mutations in mice and humans as well as the potential of NEUROG3 to induce an 

endocrinogenic program when expressed ectopically. To our knowledge, this is the first genome wide 

characterization of NEUROG3 occupancy in iPSC-derived PEPs.  
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Figure Legends 
 

Figure 1. Characterization of the genome-wide binding sites of NEUROG3 in human hiPSC-derived 

pancreatic endocrine progenitors. (A) Overview of the study: a 5-stage protocol was used to differentiate 

hiPSC to pancreatic endocrine progenitors using the sequential supplementation of factors indicated. At day 

13, Venus+ cells were sorted and used in a CUT&RUN experiment. Inset: schematic representation of the 

NEUROG3-3HA-P2A-3NLS-Venus allele. (B) Venn diagram showing the number and overlap of peaks 

identified by CUT&RUN with an anti-NEUROG3 or an anti-HA antibody. (C) Genomic distribution 

(number and % of peaks) of the 863-high confidence NEUROG3 binding sites. (D) Number of genes assigned 

by GREAT per NEUROG3 peaks. (E) Distance of NEUROG3 peaks to their gene(s)-associated TSS. (F) 

Overlap between NEUROG3 distal binding sites (>5kb from TSS) and enhancers regions of hiPSC-derived 

endocrine progenitors (EN), as defined by [25]. (G) Normalized read density surrounding NEUROG3 peak 

summit ±5Kb for H3K4me3 and H3K27me3 CUT&RUN data sets. (H) Genome browser tracks showing 

NEUROG3, HA, H3K4me3, H3K27me3 and the CTRL (Donkey anti Sheep antibody) CUT&RUN data at 

the NEUROD1, NKX2-2, NEUROG3, PAX4 and INSM1/RALGAPA2 loci. Identified NEUROG3 peaks are 

highlighted in light blue. Peaks matching previously reported NEUROG3 binding sites are indicated by blue 

arrowheads, newly discovered peaks by purple arrowheads, and reported sites not confirmed here by grey 

arrowheads [12; 13; 15-17]. 

 

Figure 2. TF motifs discovery in NEUROG3 binding sites. (A). De novo motif discovery ranked by P-

value reflecting motif enrichment within peak summit ±100bp. Number (#) and % of target and background 

sequences harboring each motif is indicated for the 6 most significant motifs identified. Known best matching 

transcription factors were associated if their HOMER score was >0.85. (B) Selection of known co-occuring 

motifs ranked by P-value within the entire peak sequences. The full list of the 50 most significantly enriched 

motifs is shown in Suppl Figure 4. (C) Co-occurence of NEUROG3 de novo identified motifs with motifs 

for RFX6 and/or FOXA2 on the entire peak sequences. Some selected GREAT assigned genes are indicated, 

and in bold when identified as targets for Rfx6 in mouse beta cell line [43]. (D-E) Regions bound by 

NEUROG3 at PEP stage that are bound by FOXA2 at the MPC stage. 36 regions coincide with MPC cis-

regulatory modules (CRM) defined by [26], from which, 15 regulate TF genes (D). (E) Genome browser 

tracks showing NEUROG3, HA, and the CTRL CUT&RUN data at the FOXA2 loci. Coordinates are from 

hg19. The position of NEUROG3 binding sites is highlighted in light blue (or in grey, when identified in a 

single dataset). Data of RNA-seq (EN_RNA), H3K27ac ChIP-seq (EN_K27AC) and the position of 

enhancers (EN Enhancers) from hESC-differentiated to endocrine progenitors were taken from [25] and 

http://meltonlab.rc.fas.harvard.edu/data/UCSC/SCbetaCellDiff_ATAC_H3K4me1_H3K27ac_WGBS_trac

ks.txt. Position of hESC-derived multipotent progenitor cells (MPC) enhancers and cis-regulatory modules 

(CRM, defined as regions bound by at least two TF) are taken from [26]. Data from adult islets (Super-

enhancers, Islet regulome, T2D/FG SNP and TAD-like regions) are taken from [27], isletregulome.org and 

http://epigenomegateway.wustl.edu/.  
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Figure 3. Integration of NEUROG3 occupancy and islet expression of target candidates. (A) Gene 

ontology analysis (biological process, KEGG pathways) showing selected significantly enriched terms 

(Log10 p-value ≥2) related to the 1268 NEUROG3 bound genes. (B) Venn diagram illustrating the overlap 

of NEUROG3 bound genes and the 312 downregulated genes in NEUROG3−/− hESC line differentiated to 

d13 stage (NEUROG3−/− down; [34]) and the 2852 genes enriched in NEUROG3-eGFP+ hESC line 

differentiated to pancreatic endocrine progenitors (NEUROG3-eGFP+ enriched; [36]). (C) List of the 69 

NEUROG3 target genes downregulated in NEUROG3−/− PEP. In italics, the 13 bound genes downregulated 

in NEUROG3−/− PEP but not enriched in NEUROG3-GFP+ PEP. (D-E) NEUROG3 binding sites matching 

with one or more islets regulatory element(s) (islet regulome; [27]). OCR, open chromatin regions, CTCF, 

CTCF binding sites.   

 

Figure 4. NEUROG3 binding to transcription factors genes. (A) NEUROG3 binds 138 genes encoding 

human TFs. A selection of TF genes is given. Complete list is given in Suppl Table 2, with the list of 1734 

human TFs taken from [32] and https://www.proteinatlas.org. The 24 TF enriched in GFP-NEUROG3+ 

endocrine progenitors [36], among which 8 are downregulated in NEUROG3−/− endocrine progenitors [34] 

are underlined and in bold, respectively. The 14 TFs belonging to Core Regulatory Circuits (CRCs) in 

endocrine progenitors as defined by [25] are in red. (B-E) NEUROG3 binding to the MLXIPL (B), SOX4-

CDKAL1 (C), LMXIB (D) and RFX3-GLIS3 (E) loci. See Figure 2E for legend description. In (E), RNA-seq 

data from primary islet beta (Beta-RNA) and alpha (Alpha-RNA) cells are taken from [25]. 

 

Figure 5. NEUROG3 binds to transcription factors genes enriched in islet-subtypes. (A) Enriched 

expression of a selection of transcriptional regulators in islet-subtypes (alpha, beta, delta cells) in the human 

fetal pancreas (taken from https://descartes.brotmanbaty.org). Expression of INS, GCG and SST is provided 

to define beta, alpha and delta cells, respectively. (B-D) NEUROG3 binding to transcription factor genes 

expressed in fetal alpha or beta cells: NKX6-1 (B), SMAD9, TFCP2L1-GL12, ETS2 and ISX (C) for beta 

cells; IRX1-IRX2 (D) for alpha cells. (E) NEUROG3 binding to the Receptor Tyrosine Kinase/transcription 

coactivator ERBB4 gene expressed in developing delta cells. See Figure 2E for legend description. 

 

Figure 6. NEUROG3 binding to genes regulating glucose-dependent insulin secretion. (A) Schematic 

representation of insulin secretion upon glucose sensing in a beta cell. The NEUROG3 bound genes are 

indicated in red. (B-H) NEUROG3 binding to genes involved in glucose-stimulated insuline secretion: (B) 

GCK; (C) ABCC8-KCNJ11; (D) CACNA1A; (E) SLC18A2; (F) CHGA; (G) SLC30A8 and (H) SSTR2. See 

Figure 2E for legend description. 

 

Figure 7. NEUROG3 binds to ncRNA genes (A) Distribution of NEUROG3 binding sites and number of 

associated non coding (nc) genes located within 100kb (or 5kb from the TSS) of human beta-cell enriched 
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lncRNAs, taken from [33]. HI-LNC, human islet long non coding RNA. (B) Distribution of NEUROG3 

binding sites within ncRNA genes, including LINC RNA, miRNA, antisense RNA and other RNA annotated 

by HOMER. Some selected examples are given, underlined when found enriched in NEUROG3-eGFP+ PEP 

and in bold when downregulated in NEUROG3−/− PEP.  

 

Figure 8. T2D and fasting glycemia (FG)-associated genetic variants located within NEUROG3-bound 

EN enhancers and NEUROG3-bound regions. (A) Venn diagram illustrating the overlap of NEUROG3 

bound EN enhancers (left, [25]) or peaks (right) and the 23,154 T2D-FG SNPs distributed over 109 risk loci 

compiled by [27]. (B) The 7 risk loci overlapping with NEUROG3-bound enhancers or peaks, with the 

number of SNPs, NEUROG3-peaks assigned genes, some selected nearby genes and selected SNPs given 

for each risk loci. (C-E) NEUROG3 binding to the GIPR-SNRPD2-FBXO46-SIX5 (C), UBE2Z-TTLL6 (D) 

and ARAP1-STARD10 (E) loci. In E, the inset is a magnification of the region previously described as a 

regulatory region of the STARD10 and FCHSD2 genes [27; 62]. R5-13, regulatory regions; VR, variable 

region. See Figure 2E for legend description. 
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APPENDIX A. SUPPLEMENTARY DATA 

 

Supplemental Figure 1. Generation of the NEUROG3-HA-P2A-Venus hiPSC line by CRISPR/Cas9. 

(A) CRISPR/Cas9 mediated targeting of the NEUROG3 locus to knock in the 3HA-P2A-3NLS-Venus 

cassette in fusion with NEUROG3 coding sequence. Position of the sgRNA and the primers used for 

genotyping and sequencing is indicated. (B). Genotyping by PCR using the indicated primers. The clone used 

throughout this study is clone#31. See Suppl. Table 1 for oligonucleotide sequences. 

 

Supplemental Figure 2. Differentiation of NEUROG3-HA-P2A-Venus hiPSCs line to pancreatic 

endocrine progenitors (PEP) and FACS-sorting of Venus+ cells. (A-B) Immunofluorescence staining for 

NEUROG3, Venus and PDX1 (A) or HA (B) at PEP stage (day 13 of differentiation). DNA counterstained 

with Dapi is shown as an inset within the merged images. Scale bar = 50 µM. Arrows point to a selection of 

cells co-expressing NEUROG3, Venus and PDX1 (A) or NEUROG3, Venus and HA (B). (C) Representative 

flow cytometry plots showing the percentage of cells expressing NEUROG3-3HA (anti-HA antibody), Venus 

(anti-GFP anibody) and PDX1 (anti-PDX1 antibody) at day 13 for the differentiated SB AD3.1 and 

NEUROG3-HA-P2A-Venus hiPSC lines. (D) Representative flow cytometry plot showing the sorted living 

Venus+ cells at day 13 used for CUT&RUN experiments.  

 

Supplemental Figure 3. NEUROG3 binds to INSM1-RALGAPA2 locus. Genome browser tracks showing 

NEUROG3, HA, H3K4me3, H3K27me3 and the CTRL CUT&RUN data at the INSM1-RALGAPA2 locus. 

Coordinates are from hg19. The position of NEUROG3 binding sites is highlighted in light blue. Position of 

endocrine progenitor enhancers (EN Enhancers) were taken from [25]. Data from adult islets (Super-

enhancers, Islet regulome, TAD-like regions and promoter capture HiC pc-HiC_islets) are taken from [27], 

isletregulome.org and http://epigenomegateway.wustl.edu/.  

 

Supplemental Figure 4. List of the 50 most significantly enriched TFs known motifs in NEUROG3 

binding sites, in regions defined by the entire peak coordinates. 

 

Supplemental Table 1.  

ST1.1. List of oligonucleotides   

ST1.2. List of antibodies  

ST1.3. hiPSC differentiation protocol and media 

 

Supplemental Table 2.  

ST2.1. The 863 NEUROG3 binding sites, identified by CUT&RUN with both the anti NEUROG3 and anti 

HA antibodies, and annotated with HOMER v3.4  

ST2.2. The 863 NEUROG3 binding sites are assigned to 1268 unique genes by GREAT v4.0.4 
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ST2.3.  Co-occurence of NEUROG3, FOXA2 and RFX6 motifs in the NEUROG3 peaks 

ST2.4. Gene ontology performed with https://DAVID.org on the 1268 NEUROG3 bound genes  

ST2.5.  Genes downregulated in NEUROG3−/− hESC line differentiate to pancreatic endocrine progenitors 

ST2.6.  NEUROG3 bound genes and expression in islet lineage  

ST2.7. NEUROG3 bound TFs genes  

ST2.8. T2D and FG-associated genetic variants located within NEUROG3-bound EN enhancers and/or 

NEUROG3-bound regions.  
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(matrix) svg
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Seq(GSE127998)/Homer
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C
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Seq(GSE31006)/Homer
1e-
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1e-
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(matrix) svg
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T
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T
A
CGATCTAGACGTCAGTCAGTGCTAAGTCGTCAGCAT FOXK2(Forkhead)/U2OS-FOXK2-ChIP-Seq(E-

MTAB-2204)/Homer
1e-
19 -4.380e+01 0.0000 168.0 19.47% 4383.4 9.26% motif file

(matrix) svg

41
CT
A
G
AG
C
T
G
A
C
T
C
A
T
G
AGT
C
AGT
C
G
T
C
A
C
A
G
T
CTA
G
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G
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T
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Seq(GSE49402)/Homer
1e-
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(matrix) svg
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C
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C
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(matrix) svg
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(matrix) svg
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A
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(matrix) svg

45
G
C
A
T
CGTACGATGACTACTGCTGAGACTGATC Hnf6b(Homeobox)/LNCaP-Hnf6b-ChIP-

Seq(GSE106305)/Homer
1e-
17 -4.107e+01 0.0000 193.0 22.36% 5524.8 11.67% motif file

(matrix) svg

46
G
C
T
A
A
C
T
G
T
C
G
A
CTG
A
CTG
A
ACG
T
TA
G
C
CTG
A
CGTACGAT Cux2(Homeobox)/Liver-Cux2-ChIP-

Seq(GSE35985)/Homer
1e-
17 -4.009e+01 0.0000 119.0 13.79% 2704.9 5.71% motif file

(matrix) svg

47
AGC
T
GTC
A
CGTAACGTACGTCTGATCAGATGC Lhx2(Homeobox)/HFSC-Lhx2-ChIP-

Seq(GSE48068)/Homer
1e-
17 -3.965e+01 0.0000 212.0 24.57% 6402.7 13.52% motif file

(matrix) svg

48
T
G
C
A
CTG
A
ATG
C
GTC
A
ACG
T
ATG
C
ACGTACTGACTGTGCA ZBTB18(Zf)/HEK293-ZBTB18.GFP-ChIP-

Seq(GSE58341)/Homer
1e-
17 -3.933e+01 0.0000 174.0 20.16% 4839.3 10.22% motif file

(matrix) svg

49
CG
T
A
G
C
T
A
C
G
A
T
CTA
G
ACGTGTCACGTACGTAAGTCCGTATGCATACG FoxL2(Forkhead)/Ovary-FoxL2-ChIP-

Seq(GSE60858)/Homer
1e-
16 -3.842e+01 0.0000 185.0 21.44% 5338.0 11.27% motif file

(matrix) svg

50
C
T
G
A
T
C
A
G
CA
G
T
CTA
G
ACTGCTAGGATCATCGACTGCTGATCAGGATC Sp5(Zf)/mES-Sp5.Flag-ChIP-

Seq(GSE72989)/Homer
1e-
16 -3.784e+01 0.0000 355.0 41.14% 13134.7 27.74% motif file

(matrix) svg

51
C
T
A
G
T
A
C
G
G
A
T
C
GT
C
A
TG
C
A
ACGTTGCAGCTATCGATGCA Hoxa9(Homeobox)/ChickenMSG-Hoxa9.Flag-

ChIP-Seq(GSE86088)/Homer
1e-
15 -3.650e+01 0.0000 447.0 51.80% 17937.8 37.88% motif file

(matrix) svg

52
T
A
C
G
T
A
C
G
C
T
A
G
TC
A
G
AGTCCGTAATCGATGCACGTACTGAGTCGACT Ascl2(bHLH)/ESC-Ascl2-ChIP-

Seq(GSE97712)/Homer
1e-
15 -3.595e+01 0.0000 374.0 43.34% 14239.4 30.07% motif file

(matrix) svg

53
G
C
A
T
G
C
A
T
C
T
G
A
A
C
G
T
CTG
A
ACGTCGTACGTACGTAAGTCGTCAGTCA Foxf1(Forkhead)/Lung-Foxf1-ChIP-

Seq(GSE77951)/Homer
1e-
15 -3.583e+01 0.0000 195.0 22.60% 5905.2 12.47% motif file

(matrix) svg

54
G
A
C
T
C
G
A
T
C
T
G
A
GTCAGACTCGATTCGACGTAGCTAGCTATGACGTACCGTAACTGTGCACGATACTGACGT Pitx1:Ebox(Homeobox,bHLH)/Hindlimb-Pitx1-

ChIP-Seq(GSE41591)/Homer
1e-
15 -3.549e+01 0.0000 64.0 7.42% 1045.2 2.21% motif file

(matrix) svg

55
C
G
T
A
C
A
T
G

AG
T
C
GA
C
T
TG
C
A
CGTAACGTACGTCTGATCAG Lhx1(Homeobox)/EmbryoCarcinoma-Lhx1-ChIP-

Seq(GSE70957)/Homer
1e-
15 -3.534e+01 0.0000 216.0 25.03% 6841.2 14.45% motif file

(matrix) svg

56
A
C
T
G
C
A
G
T
ACGTCGTACGTAACGTACTGCTGA Nkx6.1(Homeobox)/Islet-Nkx6.1-ChIP-

Seq(GSE40975)/Homer
1e-
14 -3.383e+01 0.0000 401.0 46.47% 15800.9 33.37% motif file

(matrix) svg

57
A
T
C
G
A
T
G
C
A
G
T
C

T
A
G
C

G
A
C
T
T
C
G
A
GC
T
A
GC
A
T
A
G
C
T
C
T
G
A DLX1(Homeobox)/BasalGanglia-Dlx1-ChIP-

seq(GSE124936)/Homer
1e-
14 -3.260e+01 0.0000 250.0 28.97% 8557.0 18.07% motif file

(matrix) svg

58
A
G
T
C
C
T
G
A
A
G
T
C
C
G
A
T
C
A
G
T
GA
T
C
AT
G
C
A
C
T
G
A
T
C
G
G
A
C
T Fli1(ETS)/CD8-FLI-ChIP-

Seq(GSE20898)/Homer
1e-
14 -3.242e+01 0.0000 292.0 33.84% 10535.7 22.25% motif file

(matrix) svg

59
AG
C
T
CA
T
G
G
C
A
T
GA
T
C
T
G
C
A
C
T
A
G
G
A
T
C
A
C
G
T Tgif2(Homeobox)/mES-Tgif2-ChIP-

Seq(GSE55404)/Homer
1e-
14 -3.239e+01 0.0000 545.0 63.15% 23676.4 50.00% motif file

(matrix) svg

60
CG
A
T
C
T
A
G
ACG
T
ACGTACGTCGTAAGCTCGATAGCTCGTACTAGTAGC FoxD3(forkhead)/ZebrafishEmbryo-Foxd3.biotin-

ChIP-seq(GSE106676)/Homer
1e-
13 -3.168e+01 0.0000 181.0 20.97% 5563.4 11.75% motif file

(matrix) svg

61
G
A
C
T

T
C
A
G
CTA
G
AGTCAGTCGTACAGTCCTGAAGTCAGTCAGTCGACTAGTCACTGATGC KLF3(Zf)/MEF-Klf3-ChIP-

Seq(GSE44748)/Homer
1e-
13 -3.102e+01 0.0000 213.0 24.68% 7001.3 14.78% motif file

(matrix) svg

62
C
T
G
A
T
A
G
C
T
G
A
C
T
C
A
G
C
T
A
G
G
T
C
A
C
G
T
A
T
C
A
G
A
G
C
T
T
C
A
G ETV4(ETS)/HepG2-ETV4-ChIP-

Seq(ENCODE)/Homer
1e-
12 -2.969e+01 0.0000 299.0 34.65% 11104.1 23.45% motif file

(matrix) svg

63
G
A
T
C

C
T
G
A
A
G
T
C
CG
A
T
CG
A
T
GA
T
C
AGTCACTGATCGAGCT Elk4(ETS)/Hela-Elk4-ChIP-

Seq(GSE31477)/Homer
1e-
12 -2.888e+01 0.0000 187.0 21.67% 6004.1 12.68% motif file

(matrix) svg

64
C
A
T
G
C
T
A
G
A
G
C
T
G
A
C
T
C
A
T
G
AG
T
C
GA
T
C
G
C
T
A
C
G
A
T
CTA
G
TC
A
G
G
T
A
C
C
T
G
A
T
C
G
A X-box(HTH)/NPC-H3K4me1-ChIP-

Seq(GSE16256)/Homer
1e-
12 -2.872e+01 0.0000 50.0 5.79% 799.4 1.69% motif file

(matrix) svg

65
T
G
C
A
T
A
G
C
G
A
C
T
T
G
C
A
T
G
A
C
T
G
C
A
C
G
T
A
A
G
C
T
A
G
C
T
A
G
T
C
A
G
T
C
G
T
A
C GFY(?)/Promoter/Homer 1e-

12 -2.838e+01 0.0000 48.0 5.56% 750.5 1.58% motif file
(matrix) svg

66
T
C
A
G
T
G
A
C
GTA
C
TG
C
A
GTA
C
CT
A
G
GTACATGCAGTCGTCAAGTCGACT Klf9(Zf)/GBM-Klf9-ChIP-

Seq(GSE62211)/Homer
1e-
12 -2.834e+01 0.0000 164.0 19.00% 5050.4 10.66% motif file

(matrix) svg

67
C
T
G
A
CG
A
T
CTA
G
CGTAAGCTCGATCAGTCTGAGACTCTAGCTAGATGC PBX2(Homeobox)/K562-PBX2-ChIP-

Seq(Encode)/Homer
1e-
12 -2.819e+01 0.0000 167.0 19.35% 5187.6 10.95% motif file

(matrix) svg

68
A
G
T
C
CGATCTGACGTAACGTCAGTTCAGTGAC Isl1(Homeobox)/Neuron-Isl1-ChIP-

Seq(GSE31456)/Homer
1e-
12 -2.817e+01 0.0000 333.0 38.59% 12910.2 27.26% motif file

(matrix) svg

69
CA
T
G
ACT
G
CT
A
G
T
C
G
A
TC
G
A
T
C
G
A
T
C
G
A
T
C
A
G
T
C
A
G
T
C
A
G
TG
A
C
TGA
C
CGT
A
A
C
T
G
TG
C
A
CG
A
T
AC
T
G RBPJ:Ebox(?,bHLH)/Panc1-Rbpj1-ChIP-

Seq(GSE47459)/Homer
1e-
11 -2.555e+01 0.0000 111.0 12.86% 3040.5 6.42% motif file

(matrix) svg

70
T
C
G
A
C
T
G
A
T
A
G
C
T
G
A
C
T
C
A
G
T
C
A
G
C
G
T
A
C
G
T
A
T
C
A
G
A
G
C
T ETV1(ETS)/GIST48-ETV1-ChIP-

Seq(GSE22441)/Homer
1e-
10 -2.526e+01 0.0000 319.0 36.96% 12503.1 26.40% motif file

(matrix) svg

71
G
A
C
T
G
C
A
T
C
T
A
G
C
G
A
T
G
A
T
C
T
C
G
A
C
A
T
G
G
A
T
C Tgif1(Homeobox)/mES-Tgif1-ChIP-

Seq(GSE55404)/Homer
1e-
10 -2.438e+01 0.0000 494.0 57.24% 21747.7 45.92% motif file

(matrix) svg

72
T
A
C
G
A
T
G
C
GA
C
T
ACTGAGCTAGTCGTCATGCAACGTAGTCGCTATGCA Pknox1(Homeobox)/ES-Prep1-ChIP-

Seq(GSE63282)/Homer
1e-
10 -2.434e+01 0.0000 81.0 9.39% 1958.3 4.14% motif file

(matrix) svg

73
T
C
A
G
T
A
C
G
TA
G
C
ACGTACTGCGATAGTCCGTATACGAGTC Meis1(Homeobox)/MastCells-Meis1-ChIP-

Seq(GSE48085)/Homer
1e-
10 -2.380e+01 0.0000 353.0 40.90% 14366.0 30.34% motif file

(matrix) svg

74
T
C
A
G
C
T
A
G
CTA
G
ACTGACTGGATCACTGACTGCTAGCTAGAGTCGATC KLF1(Zf)/HUDEP2-KLF1-

CutnRun(GSE136251)/Homer 1e-9 -2.279e+01 0.0000 311.0 36.04% 12362.5 26.11% motif file
(matrix) svg

75
T
C
G
A
T
C
G
A
T
A
G
C
G
T
A
C
T
C
A
G
T
A
C
G
C
G
T
A
C
G
T
A
T
C
A
G
A
G
C
T GABPA(ETS)/Jurkat-GABPa-ChIP-

Seq(GSE17954)/Homer 1e-9 -2.270e+01 0.0000 230.0 26.65% 8447.6 17.84% motif file
(matrix) svg

76
T
A
G
C
T
A
G
C
GA
C
T
CTA
G
AGC
T
AGTCGTCATGCAACGTATGCGCTATGCA Pbx3(Homeobox)/GM12878-PBX3-ChIP-

Seq(GSE32465)/Homer 1e-9 -2.259e+01 0.0000 78.0 9.04% 1923.3 4.06% motif file
(matrix) svg

77
TG
C
A
CT
G
A
AT
G
C
GTC
A
ACTGACTGCGTACGTACTAGAGCT Ets1-distal(ETS)/CD4+-PolII-ChIP-

Seq(Barski_et_al.)/Homer 1e-9 -2.228e+01 0.0000 86.0 9.97% 2236.5 4.72% motif file
(matrix) svg

78
A
T
G
C
T
A
C
G
A
G
C
T
T
G
C
A
C
G
T
A
C
G
A
T
A
C
G
T
C
T
G
A DLX5(Homeobox)/BasalGanglia-Dlx5-ChIP-

seq(GSE124936)/Homer 1e-9 -2.203e+01 0.0000 147.0 17.03% 4744.1 10.02% motif file
(matrix) svg

79
C
G
T
A
T
G
A
C

TC
G
A
AGTCCGTAATCGATGCACGTACTGAGTC E2A(bHLH)/proBcell-E2A-ChIP-

Seq(GSE21978)/Homer 1e-9 -2.186e+01 0.0000 427.0 49.48% 18442.7 38.94% motif file
(matrix) svg

80
T
G
C
A
T
C
G
A
T
A
G
C
GT
A
C
TCA
G
CTA
G
GTC
A
GC
T
A
TC
A
G
G
A
C
T ETS(ETS)/Promoter/Homer 1e-9 -2.125e+01 0.0000 117.0 13.56% 3526.4 7.45% motif file

(matrix) svg

81
TC
G
A
ACTGACTGCGTACGTATCGAAGTCCTGAATCGGTACGCATCATG ETS:E-box(ETS,bHLH)/HPC7-Scl-ChIP-

Seq(GSE22178)/Homer 1e-9 -2.106e+01 0.0000 40.0 4.63% 692.8 1.46% motif file
(matrix) svg

82
CG
A
T
C
T
A
G
T
C
G
A
AG
C
T
C
G
A
T
C
T
G
A
CGTAAGCTACTGCTAGATGCGATC Hoxb4(Homeobox)/ES-Hoxb4-ChIP-

Seq(GSE34014)/Homer 1e-9 -2.100e+01 0.0000 56.0 6.49% 1206.7 2.55% motif file
(matrix) svg

83
G
A
T
C
T
C
G
A
A
G
T
C
C
G
A
T
C
G
A
T
A
G
T
C
AT
G
C
AC
T
G
A
T
C
G
G
A
C
T Elk1(ETS)/Hela-Elk1-ChIP-

Seq(GSE31477)/Homer 1e-8 -2.063e+01 0.0000 173.0 20.05% 6000.7 12.67% motif file
(matrix) svg

84
A
G
C
T
A
G
T
C
AT
G
C
AGCTACGTCGTAACGTAGTCCGATATGC Gata2(Zf)/K562-GATA2-ChIP-

Seq(GSE18829)/Homer 1e-8 -2.004e+01 0.0000 127.0 14.72% 4025.1 8.50% motif file
(matrix) svg

85
A
G
C
T
A
T
G
C
G
A
C
T
G
C
A
T
C
G
T
A
A
G
C
T
GT
A
C
C
G
A
T
A
T
C
G
A
G
T
C Gata6(Zf)/HUG1N-GATA6-ChIP-

Seq(GSE51936)/Homer 1e-8 -1.994e+01 0.0000 160.0 18.54% 5474.0 11.56% motif file
(matrix) svg

86
T
A
G
C
GC
T
A
ACTGCGTAACGTCGTACGTATACGTCAGTCGA Gata1(Zf)/K562-GATA1-ChIP-

Seq(GSE18829)/Homer 1e-8 -1.954e+01 0.0000 117.0 13.56% 3636.4 7.68% motif file
(matrix) svg

87
C
T
G
A
A
G
T
C
C
G
A
T
A
G
C
T
A
T
G
C
G
T
A
C
A
C
G
T
A
T
C
G
C
A
G
T
G
C
A
T Elf4(ETS)/BMDM-Elf4-ChIP-

Seq(GSE88699)/Homer 1e-8 -1.948e+01 0.0000 237.0 27.46% 9092.8 19.20% motif file
(matrix) svg

88
G
A
C
T
G
T
A
C
TG
C
A
ACGTGATCGCTATCGAACGTAGTCCGTA Pdx1(Homeobox)/Islet-Pdx1-ChIP-

Seq(SRA008281)/Homer 1e-8 -1.906e+01 0.0000 168.0 19.47% 5906.1 12.47% motif file
(matrix) svg

89
T
A
C
G
TA
C
G
GTA
C
ATC
G
TA
C
G
T
A
C
G
G
T
C
A
C
T
G
A
C
G
T
A
G
A
C
T E2F4(E2F)/K562-E2F4-ChIP-

Seq(GSE31477)/Homer 1e-8 -1.901e+01 0.0000 157.0 18.19% 5415.4 11.44% motif file
(matrix) svg

90
A
T
G
C
A
T
C
G
T
A
C
G
AGC
T
ATC
G
CTG
A
AGT
C
CTA
G
AGC
T
ATG
C
CTG
A
AT
G
C CRE(bZIP)/Promoter/Homer 1e-8 -1.858e+01 0.0000 75.0 8.69% 1997.4 4.22% motif file

(matrix) svg

91
T
C
G
A

C
A
G
T
A
C
T
G
AGC
T
CGTACGTAACGTACGTCTGATAGC Dlx3(Homeobox)/Kerainocytes-Dlx3-ChIP-

Seq(GSE89884)/Homer 1e-7 -1.838e+01 0.0000 122.0 14.14% 3928.5 8.30% motif file
(matrix) svg

92
G
C
A
T
TCG
A
CTGAGATCAGTCGATCGTCAGTCAACGTAGTCCGTACTGA Duxbl(Homeobox)/NIH3T3-Duxbl.HA-ChIP-

Seq(GSE119782)/Homer 1e-7 -1.809e+01 0.0000 30.0 3.48% 473.3 1.00% motif file
(matrix) svg

93
C
T
G
A
T
G
C
A
T
A
G
C
T
G
A
C
TA
C
G
T
C
A
G
C
T
G
A
G
C
T
A
T
C
A
G
G
A
C
T ELF1(ETS)/Jurkat-ELF1-ChIP-

Seq(SRA014231)/Homer 1e-7 -1.797e+01 0.0000 159.0 18.42% 5592.5 11.81% motif file
(matrix) svg

94
T
A
C
G
A
T
G
C
GC
T
A
ACTGCGTAACGTCGTACTGATACGTCGA Gata4(Zf)/Heart-Gata4-ChIP-

Seq(GSE35151)/Homer 1e-7 -1.796e+01 0.0000 174.0 20.16% 6277.1 13.26% motif file
(matrix) svg

95
T
C
A
G
A
G
C
T
ATG
C
C
G
T
A
AG
T
C
TC
A
G
A
C
G
T
AT
C
G
T
C
G
A
A
G
T
C
G
A
T
C
T
G
A
C TFE3(bHLH)/MEF-TFE3-ChIP-

Seq(GSE75757)/Homer 1e-7 -1.733e+01 0.0000 34.0 3.94% 609.9 1.29% motif file
(matrix) svg

96
A
C
G
T
TG
C
A
AG
C
T
GA
T
C
CT
A
G
CTG
A
AG
C
TGTCATCGACGTA CUX1(Homeobox)/K562-CUX1-ChIP-

Seq(GSE92882)/Homer 1e-7 -1.685e+01 0.0000 123.0 14.25% 4085.7 8.63% motif file
(matrix) svg

97
A
T
G
C

A
G
T
C
C
T
G
A
A
G
T
C
CG
A
T
ACGTAGTCAGTCACGTATCGGACTACGT Etv2(ETS)/ES-ER71-ChIP-

Seq(GSE59402)/Homer 1e-7 -1.667e+01 0.0000 210.0 24.33% 8093.1 17.09% motif file
(matrix) svg

98
T
G
C
A
CT
G
A
AGTCGTCAACTGACTGCGTACGTACTGAAGCT EWS:FLI1-fusion(ETS)/SK_N_MC-EWS:FLI1-

ChIP-Seq(SRA014231)/Homer 1e-7 -1.665e+01 0.0000 145.0 16.80% 5075.9 10.72% motif file
(matrix) svg

99
A
G
T
C
C
T
A
G
CT
A
G
A
G
T
C
GA
T
C
GTA
C
AGT
C
CT
A
G
AGTCAGTCAGTCGTAC Sp2(Zf)/HEK293-Sp2.eGFP-ChIP-

Seq(Encode)/Homer 1e-6 -1.576e+01 0.0000 415.0 48.09% 18626.2 39.33% motif file
(matrix) svg

100
G
A
C
T
CT
A
G
C
T
A
G
AGTCTGCAACTGACGTACGTCTAGTCAG AMYB(HTH)/Testes-AMYB-ChIP-

Seq(GSE44588)/Homer 1e-6 -1.541e+01 0.0000 280.0 32.44% 11677.1 24.66% motif file
(matrix) svg

101
C
T
A
G
T
C
A
G
C
A
G
T
TC
A
G
ACTGACTGGATCCTAGACTGCTAGTCAGATGC KLF14(Zf)/HEK293-KLF14.GFP-ChIP-

Seq(GSE58341)/Homer 1e-6 -1.498e+01 0.0000 457.0 52.95% 21006.2 44.36% motif file
(matrix) svg

102
C
T
A
G
A
T
G
C
ATG
C
CGA
T
ACTGGACTATGCGCTATGACAGCTTAGCGCTA PBX1(Homeobox)/MCF7-PBX1-ChIP-

Seq(GSE28007)/Homer 1e-6 -1.492e+01 0.0000 35.0 4.06% 711.8 1.50% motif file
(matrix) svg

103
T
C
G
A
TA
G
C
GTC
A
ACTGACTGCGTACGTACTAGAGCTTCAG ERG(ETS)/VCaP-ERG-ChIP-

Seq(GSE14097)/Homer 1e-6 -1.467e+01 0.0000 317.0 36.73% 13655.1 28.83% motif file
(matrix) svg

104
CTA
G
ACTGCTAGTCAGTCAGTACGCTAGACTG Maz(Zf)/HepG2-Maz-ChIP-

Seq(GSE31477)/Homer 1e-6 -1.409e+01 0.0000 340.0 39.40% 14926.2 31.52% motif file
(matrix) svg

105
C
G
T
A
T
G
A
C
TA
G
C
TG
C
A
ACTGACTGCGTACGTATCAGGACT ELF3(ETS)/PDAC-ELF3-ChIP-

Seq(GSE64557)/Homer 1e-5 -1.375e+01 0.0000 153.0 17.73% 5711.1 12.06% motif file
(matrix) svg

106
A
G
T
C

G
C
A
T
CGT
A
CGTAGTACACGTACTGGATCGATCTCGA BMYB(HTH)/Hela-BMYB-ChIP-

Seq(GSE27030)/Homer 1e-5 -1.338e+01 0.0000 262.0 30.36% 11043.2 23.32% motif file
(matrix) svg

107
CG
T
A
T
A
G
C
TA
G
C
TG
C
A
ACTGCTAGCGTACGTATCAGGACT EHF(ETS)/LoVo-EHF-ChIP-

Seq(GSE49402)/Homer 1e-5 -1.265e+01 0.0000 250.0 28.97% 10543.2 22.26% motif file
(matrix) svg

108
TC
G
A
AGC
T
ACGTACGTAGTCAGTCACGTATCGGACTATCG EWS:ERG-fusion(ETS)/CADO_ES1-EWS:ERG-

ChIP-Seq(SRA014231)/Homer 1e-5 -1.263e+01 0.0000 141.0 16.34% 5269.6 11.13% motif file
(matrix) svg

109
A
C
T
G
A
C
G
T
C
A
T
G
A
T
C
G
ATC
G
TG
A
C
ACTGATCGATCGTGCACTGACGTA E2F3(E2F)/MEF-E2F3-ChIP-

Seq(GSE71376)/Homer 1e-5 -1.253e+01 0.0000 181.0 20.97% 7169.2 15.14% motif file
(matrix) svg

110
C
T
A
G
A
C
T
G
T
G
C
A
G
T
C
A
A
T
G
C
C
G
T
A
AT
C
G
ATG
CAGTCCTAG ZNF341(Zf)/EBV-ZNF341-ChIP-

Seq(GSE113194)/Homer 1e-5 -1.211e+01 0.0000 171.0 19.81% 6740.3 14.23% motif file
(matrix) svg

111
A
T
G
C
A
T
G
C
A
T
C
G
T
A
C
G
A
G
C
T
AGTCGCTAAGTCTCAGGACTACTGTCGA E-box(bHLH)/Promoter/Homer 1e-5 -1.169e+01 0.0000 34.0 3.94% 792.1 1.67% motif file

(matrix) svg

112
C
T
A
G
A
C
G
T
G
C
A
T
TC
G
A
G
T
C
A
G
C
A
TATCGCGTACAGTAGCTCTGATGCA HNF1b(Homeobox)/PDAC-HNF1B-ChIP-

Seq(GSE64557)/Homer 1e-5 -1.154e+01 0.0000 34.0 3.94% 798.9 1.69% motif file
(matrix) svg

113
CG
A
T
CT
A
G
CGTAGACTCAGTCTAGCGTAAGCTCATGCTAG HOXA1(Homeobox)/mES-Hoxa1-ChIP-

Seq(SRP084292)/Homer 1e-4 -1.148e+01 0.0000 57.0 6.60% 1678.4 3.54% motif file
(matrix) svg

114
GC
T
AAGTCTACGTGCAATCGTCAGGCTATCGATCAGAGCT ELF5(ETS)/T47D-ELF5-ChIP-

Seq(GSE30407)/Homer 1e-4 -1.137e+01 0.0000 152.0 17.61% 5922.0 12.51% motif file
(matrix) svg

115
A
G
C
T
ACGTACTGATGCAGTCCGTACTGATACG NF1-halfsite(CTF)/LNCaP-NF1-ChIP-

Seq(Unpublished)/Homer 1e-4 -1.117e+01 0.0001 347.0 40.21% 15756.5 33.27% motif file
(matrix) svg

116
CGT
A
ACTGCGTAACGTCGTACTGATCAGTGCAAGCTTGAC TRPS1(Zf)/MCF7-TRPS1-ChIP-

Seq(GSE107013)/Homer 1e-4 -1.110e+01 0.0001 291.0 33.72% 12856.6 27.15% motif file
(matrix) svg

117
A
T
G
C
T
C
G
A
A
G
T
C
AGC
T
ACG
T
G
T
A
C
AGT
CGCTACTAGCATGGTCACTGATCAGAGTC Stat3+il21(Stat)/CD4-Stat3-ChIP-

Seq(GSE19198)/Homer 1e-4 -1.109e+01 0.0001 143.0 16.57% 5528.3 11.67% motif file
(matrix) svg

118
T
A
C
G
T
C
A
G
A
G
C
T
ATGCCGTAAGTCTCAGACGTACTGTCGA USF1(bHLH)/GM12878-Usf1-ChIP-

Seq(GSE32465)/Homer 1e-4 -1.098e+01 0.0001 116.0 13.44% 4285.6 9.05% motif file
(matrix) svg

119
G
T
A
C
CA
G
T
ACTGACTGACTGGATCACTGACGTACTGACTGAGTCGATC KLF6(Zf)/PDAC-KLF6-ChIP-

Seq(GSE64557)/Homer 1e-4 -1.079e+01 0.0001 302.0 34.99% 13475.3 28.46% motif file
(matrix) svg

120
T
C
G
A
T
G
A
C
AGTCCGTAAGTCCTAGACGTACTGACTGAGCTAGTCGCAT Max(bHLH)/K562-Max-ChIP-

Seq(GSE31477)/Homer 1e-4 -1.074e+01 0.0001 152.0 17.61% 5996.1 12.66% motif file
(matrix) svg

121
T
G
C
A
G
C
A
T
A
G
C
T
G
C
A
T
AGTCAGTCAGTCCTGAACTGTCGATCGACAGTATCGAGTCGATC ZNF143|STAF(Zf)/CUTLL-ZNF143-ChIP-

Seq(GSE29600)/Homer 1e-4 -1.069e+01 0.0001 103.0 11.94% 3721.4 7.86% motif file
(matrix) svg

122
C
T
A
G
G
C
A
T
G
A
T
C
CGT
A
AGT
C
TC
A
G
GA
C
T
C
T
A
G CLOCK(bHLH)/Liver-Clock-ChIP-

Seq(GSE39860)/Homer 1e-4 -1.057e+01 0.0001 132.0 15.30% 5070.9 10.71% motif file
(matrix) svg

123
T
C
G
A
TA
G
C
TG
C
A
ACTGACTGCGTACGTACTAGGACTTACG ETS1(ETS)/Jurkat-ETS1-ChIP-

Seq(GSE17954)/Homer 1e-4 -1.031e+01 0.0001 219.0 25.38% 9329.4 19.70% motif file
(matrix) svg

124
T
A
C
G
G
A
C
T
TG
A
C
CGT
A
ACGTGATCGTCACGTAACGTATGCCGTAGACT HOXA2(Homeobox)/mES-Hoxa2-ChIP-

Seq(Donaldson_et_al.)/Homer 1e-4 -1.020e+01 0.0001 29.0 3.36% 675.4 1.43% motif file
(matrix) svg

125
T
C
G
A
ACGTACTGCTGAAGTCTCAGAGCTGTACCGTAAGCTGATCTCGA JunD(bZIP)/K562-JunD-ChIP-Seq/Homer 1e-4 -1.007e+01 0.0001 29.0 3.36% 680.8 1.44% motif file

(matrix) svg

126
T
A
C
G
TA
C
G
G
T
A
C
A
T
C
G
A
C
T
G
T
A
C
G
TC
G
A
C
T
G
A
T
C
G
A
A
T
C
G E2F6(E2F)/Hela-E2F6-ChIP-

Seq(GSE31477)/Homer 1e-4 -9.931e+00 0.0002 150.0 17.38% 5999.3 12.67% motif file
(matrix) svg

127
T
C
A
G
C
T
G
A
CT
A
G
CA
T
G
A
C
G
T
A
T
G
C
CTG
A
C
T
G
A
CTG
A
CT
A
G
C
A
T
G
AC
G
T
A
T
G
C
C
T
G
A TR4(NR),DR1/Hela-TR4-ChIP-

Seq(GSE24685)/Homer 1e-4 -9.863e+00 0.0002 35.0 4.06% 908.2 1.92% motif file
(matrix) svg

128
ACGTCTAGCGTAAGTCGTACACGTACGTACGTGTCAGTACTGACGACT Nur77(NR)/K562-NR4A1-ChIP-

Seq(GSE31363)/Homer 1e-4 -9.853e+00 0.0002 38.0 4.40% 1022.2 2.16% motif file
(matrix) svg

129
A
G
T
C
G
A
C
T
C
A
G
T
G
T
A
C
A
G
T
CATCGTCAGACTGGTCACGTA Stat3(Stat)/mES-Stat3-ChIP-

Seq(GSE11431)/Homer 1e-4 -9.824e+00 0.0002 111.0 12.86% 4174.8 8.82% motif file
(matrix) svg

130
C
G
T
A
CTA
G
ACTGACTGGACTCTAGCAGTCTAGCATGGATC KLF5(Zf)/LoVo-KLF5-ChIP-

Seq(GSE49402)/Homer 1e-4 -9.489e+00 0.0003 359.0 41.60% 16694.1 35.25% motif file
(matrix) svg

131
A
T
G
C
A
G
C
T
TC
A
G
TG
A
C
TCA
G
AT
GCTGCAACGTATCGGATCACTGAGTC NRF1(NRF)/MCF7-NRF1-ChIP-

Seq(Unpublished)/Homer 1e-4 -9.401e+00 0.0003 55.0 6.37% 1731.2 3.66% motif file
(matrix) svg

132
C
A
T
G

G
C
A
T
C
G
A
T
CGTACGTAGATCAGTCAGCTCGTACGTAACGTAGTCCGTACGTAGCAT DUX4(Homeobox)/Myoblasts-DUX4.V5-ChIP-

Seq(GSE75791)/Homer 1e-3 -9.159e+00 0.0004 15.0 1.74% 251.4 0.53% motif file
(matrix) svg

133
G
A
C
T
CTA
G
GAT
C
CA
G
T
ACT
G
C
T
G
A
A
T
G
C
G
C
A
T
A
T
G
C
C
T
G
A MafA(bZIP)/Islet-MafA-ChIP-

Seq(GSE30298)/Homer 1e-3 -8.930e+00 0.0004 154.0 17.84% 6323.2 13.35% motif file
(matrix) svg

134
T
C
A
G
A
G
C
T
ACGTACGTGTACGATCCGTACTAGCATGGTCACGTATCGA STAT4(Stat)/CD4-Stat4-ChIP-

Seq(GSE22104)/Homer 1e-3 -8.558e+00 0.0006 156.0 18.08% 6472.2 13.67% motif file
(matrix) svg

135
CT
A
G
CT
A
G
AGTCTCAGACTGACGTACGTCTGA MYB(HTH)/ERMYB-Myb-

ChIPSeq(GSE22095)/Homer 1e-3 -8.494e+00 0.0007 295.0 34.18% 13520.2 28.55% motif file
(matrix) svg

136
T
C
A
G
A
G
C
T
ATG
CCGTAAGCTTCAGCAGTACTGCTGAAGTC MITF(bHLH)/MastCells-MITF-ChIP-

Seq(GSE48085)/Homer 1e-3 -8.203e+00 0.0009 185.0 21.44% 7956.7 16.80% motif file
(matrix) svg

137
C
T
A
G
T
A
C
G
GA
T
C
GT
C
A
TC
G
A
ACG
T
TC
A
G
CGT
A
CGTACGTA Hoxd10(Homeobox)/ChickenMSG-Hoxd10.Flag-

ChIP-Seq(GSE86088)/Homer 1e-3 -8.177e+00 0.0009 173.0 20.05% 7364.0 15.55% motif file
(matrix) svg

138
C
G
T
A
A
C
G
T
ACG
T
ACGTACGTAGTCAGTCCTGAAGCTAGCT NFAT(RHD)/Jurkat-NFATC1-ChIP-

Seq(Jolma_et_al.)/Homer 1e-3 -8.111e+00 0.0010 143.0 16.57% 5902.9 12.46% motif file
(matrix) svg

139
C
T
A
G
T
A
C
G
GA
C
T
T
G
C
A
TG
C
A
CG
A
T
T
A
C
G
C
T
G
A
T
C
G
A
C
T
G
A Hoxa10(Homeobox)/ChickenMSG-Hoxa10.Flag-

ChIP-Seq(GSE86088)/Homer 1e-3 -8.100e+00 0.0010 93.0 10.78% 3528.9 7.45% motif file
(matrix) svg

140
C
G
A
T
T
A
C
G
T
G
A
C
GA
C
T
CAT
G
CGT
A
T
A
C
G
ACGTGTACCTGA Bach2(bZIP)/OCILy7-Bach2-ChIP-

Seq(GSE44420)/Homer 1e-3 -7.981e+00 0.0011 42.0 4.87% 1289.1 2.72% motif file
(matrix) svg

141
A
G
C
T

T
A
C
G
C
G
A
T
T
C
A
G
A
G
C
T
AC
G
T
GA
T
C
CT
G
A
T
A
G
C
AGC
T
AT
G
C
CTG
A
CG
T
A
ATC
G
AG
T
C
CT
A
G
A
C
T
G
CT
G
A
G
T
C
A
T
C
G
A PAX6(Paired,Homeobox)/Forebrain-Pax6-ChIP-

Seq(GSE66961)/Homer 1e-3 -7.650e+00 0.0015 25.0 2.90% 640.0 1.35% motif file
(matrix) svg

142
T
G
C
A
T
C
G
A
T
C
G
A
ACGTCATGCGTAAGTCTCAGACGTGTACCGTAAGCT CREB5(bZIP)/LNCaP-CREB5.V5-ChIP-

Seq(GSE137775)/Homer 1e-3 -7.045e+00 0.0027 82.0 9.50% 3137.0 6.62% motif file
(matrix) svg

143
A
C
T
G
C
A
T
G
T
C
G
A
ACGTACTGCGTAATCGACGTGTACCGTAGACTAGTC Fos(bZIP)/TSC-Fos-ChIP-

Seq(GSE110950)/Homer 1e-3 -7.032e+00 0.0027 94.0 10.89% 3698.7 7.81% motif file
(matrix) svg

144
C
T
A
G
C
A
G
T

TG
A
C
CGT
A
GAT
C
TC
A
G
GA
C
T
CAT
G BMAL1(bHLH)/Liver-Bmal1-ChIP-

Seq(GSE39860)/Homer 1e-3 -6.925e+00 0.0030 312.0 36.15% 14733.2 31.11% motif file
(matrix) svg

145
A
G
C
T
C
T
G
A
CT
A
G
C
T
A
G
A
C
T
G
T
A
G
C
T
G
C
A
T
C
G
A
CT
G
A
CT
A
G
C
A
T
G
A
C
G
T
A
T
G
C
T
C
G
A RXR(NR),DR1/3T3L1-RXR-ChIP-

Seq(GSE13511)/Homer 1e-3 -6.909e+00 0.0030 227.0 26.30% 10310.6 21.77% motif file
(matrix) svg

146
T
C
G
A
T
A
G
C
T
G
A
C
CT
G
A
AGTCACTGGACTCATG c-Myc(bHLH)/LNCAP-cMyc-ChIP-

Seq(Unpublished)/Homer 1e-2 -6.894e+00 0.0031 115.0 13.33% 4718.0 9.96% motif file
(matrix) svg

147
A
C
G
T
T
A
C
G
G
A
T
C
ACTGACGTCTAGACTGACTGGATCCTAGCATGCTAG Egr2(Zf)/Thymocytes-Egr2-ChIP-

Seq(GSE34254)/Homer 1e-2 -6.725e+00 0.0036 58.0 6.72% 2076.6 4.39% motif file
(matrix) svg

148
T
A
C
G
T
C
G
A
T
A
G
C
AGTCCGTAAGTCCTAGGCATACTGATCG n-Myc(bHLH)/mES-nMyc-ChIP-

Seq(GSE11431)/Homer 1e-2 -6.692e+00 0.0037 155.0 17.96% 6708.2 14.17% motif file
(matrix) svg

149
CT
A
G
G
T
A
C
AGTCTGCAAGTCCTGAAGTCAGTCAGTCGCTA Klf4(Zf)/mES-Klf4-ChIP-Seq(GSE11431)/Homer 1e-2 -6.674e+00 0.0037 126.0 14.60% 5282.3 11.15% motif file

(matrix) svg

150
A
G
C
T
AG
C
T
TA
G
C
ATC
G
AGTCACTGATGCATCGTCGACTGATCGACTGA E2F(E2F)/Hela-CellCycle-Expression/Homer 1e-2 -6.361e+00 0.0051 21.0 2.43% 550.5 1.16% motif file

(matrix) svg

151
C
T
A
G
T
A
C
G
G
A
T
C
G
T
A
C
C
T
G
A
AGC
TTGCAGCTACGTAGCATGATCGCTA Hoxc9(Homeobox)/Ainv15-Hoxc9-ChIP-

Seq(GSE21812)/Homer 1e-2 -6.213e+00 0.0058 78.0 9.04% 3046.0 6.43% motif file
(matrix) svg

152
T
G
C
A
A
G
C
T
C
T
G
A
A
T
C
G
GA
C
T
CT
A
G
GT
A
C
GATCGTCAAGTCGTACGACTCTAGATCGGCATCATGCATGGATCGTACCTGA CTCF(Zf)/CD4+-CTCF-ChIP-

Seq(Barski_et_al.)/Homer 1e-2 -6.053e+00 0.0068 33.0 3.82% 1047.6 2.21% motif file
(matrix) svg

153
GC
T
A
ATC
G
GCT
A
GAC
T
G
C
T
A
T
C
G
A
T
A
G
C
T
C
G
A GATA3(Zf)/iTreg-Gata3-ChIP-

Seq(GSE20898)/Homer 1e-2 -5.781e+00 0.0089 214.0 24.80% 9871.7 20.85% motif file
(matrix) svg

154
C
A
G
T
TC
A
G
G
A
T
C
ACTGACGTCTAGACTGACTGGACTCTAG Egr1(Zf)/K562-Egr1-ChIP-

Seq(GSE32465)/Homer 1e-2 -5.752e+00 0.0091 169.0 19.58% 7578.5 16.00% motif file
(matrix) svg

155
A
C
T
G

C
T
A
G

T
C
G
A
CG
A
T
C
A
T
G
GC
T
AATCGCGATGTACGCTAAGCTGTAC Fra1(bZIP)/BT549-Fra1-ChIP-

Seq(GSE46166)/Homer 1e-2 -5.709e+00 0.0094 86.0 9.97% 3488.7 7.37% motif file
(matrix) svg

156
C
T
A
G
C
T
A
G
G
C
A
T
C
G
A
T
C
T
G
A
G
T
C
A
GC
T
A
A
T
G
C
CG
T
A
CA
G
T
G
A
C
T
C
G
T
A
T
G
C
A Hnf1(Homeobox)/Liver-Foxa2-Chip-

Seq(GSE25694)/Homer 1e-2 -5.642e+00 0.0100 23.0 2.67% 665.6 1.41% motif file
(matrix) svg

157
C
G
A
T
CTG
A
CGTAAGCTAGTCTGCACTGAACGTAGCTGCTA Pax7(Paired,Homeobox)/Myoblast-Pax7-ChIP-

Seq(GSE25064)/Homer 1e-2 -5.626e+00 0.0101 19.0 2.20% 510.1 1.08% motif file
(matrix) svg

158
T
A
G
C
C
G
A
T
A
C
G
T
AGC
T
AGC
T
AGTCATGCAGTCACTGATGCATGCGCTA E2F7(E2F)/Hela-E2F7-ChIP-

Seq(GSE32673)/Homer 1e-2 -5.612e+00 0.0102 43.0 4.98% 1512.7 3.19% motif file
(matrix) svg

159
G
T
A
C
G
C
T
A
T
C
A
G
C
T
G
A
C
T
A
G
C
A
T
G
A
G
C
T
GA
T
C
TGC
A
TC
G
A
CTG
A
A
C
T
G
C
A
G
T
A
G
T
C
GA
T
C
G
C
T
A HNF4a(NR),DR1/HepG2-HNF4a-ChIP-

Seq(GSE25021)/Homer 1e-2 -5.489e+00 0.0114 89.0 10.31% 3662.1 7.73% motif file
(matrix) svg

160
A
T
G
C

T
C
A
G
T
C
G
A
G
C
A
T
A
C
T
G
C
G
T
A
A
G
T
C
T
C
A
G
G
A
C
T
T
G
A
C
C
G
T
A
A
G
C
T Atf2(bZIP)/3T3L1-Atf2-ChIP-

Seq(GSE56872)/Homer 1e-2 -5.353e+00 0.0130 79.0 9.15% 3202.5 6.76% motif file
(matrix) svg

161
C
T
A
G
T
C
G
A
G
C
A
T
C
A
T
G
G
C
T
A
T
A
G
C
C
G
A
T
G
T
A
C
C
T
G
A
A
G
C
T JunB(bZIP)/DendriticCells-Junb-ChIP-

Seq(GSE36099)/Homer 1e-2 -5.324e+00 0.0133 85.0 9.85% 3493.3 7.38% motif file
(matrix) svg

162
C
A
T
G
GTA
C
CGTAAGTCCTAGACGTACTGGTACAGTCAGCT bHLHE40(bHLH)/HepG2-BHLHE40-ChIP-

Seq(GSE31477)/Homer 1e-2 -5.317e+00 0.0133 76.0 8.81% 3064.5 6.47% motif file
(matrix) svg

163
T
C
G
A
C
T
G
A
C
T
G
A
A
T
G
C
G
T
A
C
G
T
C
A
A
G
C
T
A
G
C
T
C
G
T
A
T
C
A
G Barx1(Homeobox)/Stomach-Barx1.3xFlag-ChIP-

Seq(GSE69483)/Homer 1e-2 -5.299e+00 0.0135 73.0 8.46% 2924.3 6.18% motif file
(matrix) svg

164
A
C
T
G
T
G
A
C
GTA
C
CGT
A
A
G
T
C
TA
C
G
ACGTACTGGTCAAGTC NPAS2(bHLH)/Liver-NPAS2-ChIP-

Seq(GSE39860)/Homer 1e-2 -4.920e+00 0.0196 228.0 26.42% 10792.5 22.79% motif file
(matrix) svg

165
T
C
G
A
ACGTCATGGCTATAGCCGATGTACGCTAACGTATGC AP-1(bZIP)/ThioMac-PU.1-ChIP-

Seq(GSE21512)/Homer 1e-2 -4.888e+00 0.0201 112.0 12.98% 4880.4 10.31% motif file
(matrix) svg

166
C
G
A
T
T
A
C
G
T
G
C
A
G
T
A
C
GA
T
C
GA
C
T
A
G
C
T
A
C
G
TATCGGTACGATCGTACGATCGTCA PPARE(NR),DR1/3T3L1-Pparg-ChIP-

Seq(GSE13511)/Homer 1e-2 -4.844e+00 0.0209 182.0 21.09% 8428.9 17.80% motif file
(matrix) svg

167
AT
C
G
AGC
T
ACTGAGTCACTGAGTCCGTAACGTACTGAGTCACTGAGTC NRF(NRF)/Promoter/Homer 1e-2 -4.840e+00 0.0209 54.0 6.26% 2090.0 4.41% motif file

(matrix) svg

168
C
G
A
T
T
G
C
A
G
T
A
C
C
G
T
A
AGT
C
CTA
G
G
A
C
T
CA
T
G NPAS(bHLH)/Liver-NPAS-ChIP-

Seq(GSE39860)/Homer 1e-2 -4.813e+00 0.0213 274.0 31.75% 13234.4 27.95% motif file
(matrix) svg

169
C
G
A
T
G
A
C
T

CGA
T
TC
A
G
GA
C
T
ACG
T
CA
G
T
C
T
G
A
G
A
C
T
G
A
C
T
AGC
T
CGA
T
ACT
G
ATC
G
GT
A
C
GC
T
A NF1:FOXA1(CTF,Forkhead)/LNCAP-FOXA1-

ChIP-Seq(GSE27824)/Homer 1e-2 -4.778e+00 0.0219 12.0 1.39% 288.0 0.61% motif file
(matrix) svg

170
C
T
A
G
T
C
G
A
ACGTACTGCGTATAGCCGATGTACCGTAAGCTGATCGTAC Jun-AP1(bZIP)/K562-cJun-ChIP-

Seq(GSE31477)/Homer 1e-2 -4.756e+00 0.0223 42.0 4.87% 1548.3 3.27% motif file
(matrix) svg

171
T
G
A
C
C
G
A
T
C
T
G
A
CT
A
G
C
T
A
G
A
C
G
T
A
T
G
C
T
G
C
A
T
C
G
A
CTG
A
CT
A
G
CA
T
G
A
C
G
T
A
G
T
C
C
G
T
A PPARa(NR),DR1/Liver-Ppara-ChIP-

Seq(GSE47954)/Homer 1e-2 -4.732e+00 0.0227 191.0 22.13% 8917.7 18.83% motif file
(matrix) svg

172
C
T
A
G
T
C
G
A
C
G
A
T
A
C
T
G
C
G
T
A
T
A
C
G
A
G
C
T
T
G
A
C
G
C
T
A
A
C
G
T
G
A
T
C
T
A
G
C Fosl2(bZIP)/3T3L1-Fosl2-ChIP-

Seq(GSE56872)/Homer 1e-2 -4.725e+00 0.0227 55.0 6.37% 2149.2 4.54% motif file
(matrix) svg

173
C
T
A
G
T
C
G
A
ACGTACTGCGTAATGCACGTGTACCGTAAGCTGATCGTAC Atf3(bZIP)/GBM-ATF3-ChIP-

Seq(GSE33912)/Homer 1e-2 -4.722e+00 0.0227 99.0 11.47% 4266.4 9.01% motif file
(matrix) svg

174
C
A
G
T
C
G
A
T
GC
A
T
G
C
A
T
GT
C
A
A
G
C
T
C
A
T
G
C
T
A
G
A
T
G
C
G
T
A
C Hoxa11(Homeobox)/ChickenMSG-Hoxa11.Flag-

ChIP-Seq(GSE86088)/Homer 1e-2 -4.722e+00 0.0227 301.0 34.88% 14690.5 31.02% motif file
(matrix) svg
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