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ABSTRACT CREB mediates effects of cyclic AMP on cellular gene expression. Ubiq-
uitous CREB target genes are induced following recruitment of CREB and its coacti-
vators to promoter proximal binding sites. We found that CREB stimulates the expres-
sion of pancreatic beta cell-specific genes by targeting CBP/p300 to promoter-distal
enhancer regions. Subsequent increases in histone acetylation facilitate recruitment of
the coactivators CRTC2 and BRD4, leading to release of RNA polymerase II over the tar-
get gene body. Indeed, CREB-induced hyperacetylation of chromatin over superenhanc-
ers promoted beta cell-restricted gene expression, which is sensitive to inhibitors of CBP/
p300 and BRD4 activity. Neurod1 appears critical in establishing nucleosome-free regions
for recruitment of CREB to beta cell-specific enhancers. Deletion of a CREB-Neurod1-
bound enhancer within the Lrrc10b-Syt7 superenhancer disrupted the expression of both
genes and decreased beta cell function. Our results demonstrate how cross talk be-
tween signal-dependent and lineage-determining factors promotes the expression of
cell-type-specific gene programs in response to extracellular cues.
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Cyclic AMP (cAMP) stimulates cellular gene expression via the protein kinase A
(PKA)-mediated phosphorylation of CREB and dephosphorylation of the cAMP-

responsive transcriptional coactivators (CRTCs) (1). CREB phosphorylation at Ser133
stimulates its association with the histone acetyltransferase (HAT) coactivators CBP/
p300, which are thought to enhance target gene expression by acetylating resident
nucleosomes over relevant target genes (2).

In contrast, CRTCs are phosphorylated by salt-inducible kinases (SIKs) and seques-
tered in the cytoplasm under basal conditions through interactions with 14-3-3 proteins
(1). Exposure to cAMP triggers the PKA-mediated phosphorylation and inactivation of
the SIKs, leading to the dephosphorylation and nuclear entry of the CRTCs, which bind
to CREB over relevant promoters.

Genome-wide studies suggest that the mammalian genome contains about 5,000
CREB target genes (3, 4). Only a small fraction of these targets appear to be activated
by cAMP in any one tissue.

CREB stimulates the expression of ubiquitous core target genes via recruitment of
CBP/p300 and CRTC to promoter-proximal CREB binding sites (1). Many of these targets
are genes for transcription factors that induce a secondary wave of gene transcription
(e.g., FOS, FOSB, and NR4A1, NR4A2, and NR4A3) as well as genes for signaling molecules
that feed back to attenuate upstream signaling pathways (e.g., RGS2, ICER, and PDE4B)
(5). CRTC activity appears critical for induction of most core targets, but the importance
of CBP/p300 in this setting is less clear (6, 7). Indeed, a number of core genes remain
cAMP inducible following targeted disruption of both CBP and p300, suggesting that

Citation Van de Velde S, Wiater E, Tran M,
Hwang Y, Cole PA, Montminy M. 2019. CREB
promotes beta cell gene expression by
targeting its coactivators to tissue-specific
enhancers. Mol Cell Biol 39:e00200-19. https://
doi.org/10.1128/MCB.00200-19.

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Marc Montminy,
montminy@salk.edu.

Received 1 May 2019
Returned for modification 22 May 2019
Accepted 4 June 2019

Accepted manuscript posted online 10
June 2019
Published

RESEARCH ARTICLE

crossm

September 2019 Volume 39 Issue 17 e00200-19 mcb.asm.org 1Molecular and Cellular Biology

12 August 2019

https://doi.org/10.1128/MCB.00200-19
https://doi.org/10.1128/MCB.00200-19
https://doi.org/10.1128/ASMCopyrightv2
mailto:montminy@salk.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/MCB.00200-19&domain=pdf&date_stamp=2019-6-10
https://mcb.asm.org


these coactivators are dispensable for cAMP-dependent transcription, at least in this
context.

In addition to its effects on ubiquitous targets, CREB also stimulates the expression
of cell-type-restricted genes (3, 4). Cell-specific genomic responses to extracellular
stimuli are thought to proceed via the recruitment of lineage-determining transcription
factors (LDTFs) to distal enhancers that also contain binding sites for stimulus-induced
transcription factors (8). Indeed, signal-dependent factors such as NF-�B, Lxr, Smad3,
and AP-1 have been shown to establish enhancer activity in a variety of cell contexts
(9–13).

Superenhancers also contribute importantly to cell-type-restricted gene expression;
these loci are composed of extended genomic regions that are heavily occupied by
LDTFs, transcriptional coactivators (e.g., CBP/p300, BRD4, and mediator), RNA polymer-
ase II (Pol II), and activating chromatin modifications, such as H3AcK27, over long
genomic regions (�10 kb) (14–16). Notably, superenhancers are acutely sensitive to
inhibitors of the BET/bromodomain protein BRD4, a chromatin reader that links histone
acetylation to the release of paused Pol II and to its productive elongation over the
gene body (17).

Although it appears to function in a wide variety of settings, CREB has been shown
to mediate effects of hormonal and nutrient signals on glucose homeostasis in meta-
bolic tissues such as liver and pancreatic islets (1). Activation of CREB and CRTC2 in
response to the incretin hormone glucagon-like peptide 1 (GLP1) during feeding
stimulates beta cell genes that promote insulin secretion and islet viability (18).
Depletion of CREB or CRTC2 activity in pancreatic beta cells leads to hyperglycemia due
in part to decreases in insulin secretion (18–20).

Conversely, CREB also promotes increases in hepatic glucose production in response
to circulating pancreatic glucagon during fasting by stimulating expression of gluco-
neogenic genes (21). Depleting CRTC2 in hepatocytes lowers gluconeogenic gene
expression and blood glucose concentrations in the fasted state and in response to
insulin resistance.

Based on the importance of CREB in mediating effects of two hormones that both
stimulate cAMP signaling, we explored the mechanism by which this activator pro-
motes the expression of distinct genetic programs in response to the same signal. We
found that cAMP triggers the expression of core CREB targets in hepatocytes and beta
cells by binding to promoter-proximal cAMP response elements (CREs), whereas CREB
stimulates pancreatic beta cell-specific genes by binding to CREs on distal enhancers
and superenhancers.

In contrast with its transient effects on promoter-proximal target genes, CREB
stimulated beta cell-specific transcription in a more sustained manner, in part by
cooperating with the LDTF Neurod1. Reducing Neurod1 function, by RNA interference
(RNAi)-mediated depletion or by deletion of enhancer binding sites for Neurod1 and
CREB, abolishes cAMP-inducible expression of neighboring genes. Neurod1 was found
to promote cAMP-dependent transcription by creating nucleosome-free regions that
enhance occupancy of CREB and its coactivators over relevant binding sites. Collec-
tively, these results point to an important role of Neurod1 and perhaps other LDTFs in
cooperating with signal-dependent activators to stimulate the expression of tissue-
restricted gene programs in response to hormonal stimuli.

RESULTS
CREB mediates a broad transcriptional response to cAMP in pancreatic beta

cells. We compared the transcriptional responses of cultured mouse pancreatic islets
with INS-1 insulinoma cells and primary hepatocytes to cAMP signaling (Fig. 1A and B).
The effect of forskolin (FSK) on gene expression was overwhelmingly stimulatory.
Exposure to FSK upregulated a similar set of core CREB target genes in each cell type
(e.g., Nr4a2, Crem, and Sik1), but FSK had more robust effects on gene expression in
islets and INS-1 insulinoma cells, triggering the expression of nearly 10-fold more genes
than hepatocytes; these included genes involved in calcium signaling, insulin secretion,
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FIG 1 CREB mediates a broad transcriptional response to cAMP in pancreatic beta cells. (A) Volcano plots of RNA-seq data
comparing genomic responses to cAMP in cultured primary mouse islets, primary hepatocytes (hepa), and INS-1 insulinoma
cells (n � 2 independent experiments for each; 2 h of FSK exposure). adj., adjusted. (B) Heat map comparing the magnitude
of gene induction in response to cAMP in cultured mouse islets relative to primary hepatocytes. Genes upregulated 2-fold or
better in primary mouse islets or hepatocytes selected from RNA-seq experiments conducted independently from replicates
shown in panel A. Tissue-specific and ubiquitously induced (core) CREB target genes are highlighted. (C) Box plot showing
relative effect of FSK on gene expression in cultured pancreatic islets from wild-type and CRTC2 whole-body knockout
littermates (n � 882; *, P � 1 � 10�8). (D, left) Metagene analysis of RNA Pol II occupancy over cAMP-induced genes in INS-1
cells infected with control adenovirus (GFP) or adenovirus expressing dominant-negative ACREB. (Right) Effect of ACREB

(Continued on next page)
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and circadian cycling (e.g., Ncald, Syt4, Sstr1, Per1, and Vgf) as well as a number of genes
with unknown function (e.g., C2cd4a, C2cd4b, Fndc4, Lrrc10b, and Diras2) (Fig. 1B) (20).

We investigated the role of the CREB/CRTC pathway in promoting cAMP-dependent
gene expression in beta cells. Cultured pancreatic islets from whole-body Crtc2�/� mice
were less responsive to FSK than islets from wild-type littermates (genes induced 2-fold
or greater following exposure to FSK [FSK/CON], �2; fragments per kilobase million
[FPKM], �8) by RNA sequencing (RNA-seq) analysis (Fig. 1C). Loss of CRTC2 only
partially disrupted target gene expression, however, likely reflecting compensatory
effects of other CRTC family members (CRTC1 and CRTC3) in this setting.

Similar to CRTC2 depletion, adenoviral expression of the dominant-negative CREB
inhibitor ACREB (22), which heterodimerizes with and blocks binding of all three CREB
family members (CREB1, ATF1, and CREM) to DNA, disrupted genome-wide cAMP-
inducible gene expression to a greater degree in INS-1 cells (Fig. 1D). Consistent with
these effects, ACREB expression decreased FSK-induced Pol II occupancy over the
transcription start site (TSS) as well as elongation over the gene body (Fig. 1D).
Amounts of paused Pol II at the promoter were unexpectedly increased in ACREB-
expressing cells under basal conditions, suggesting that CREB enhances Pol II elonga-
tion under these conditions.

In keeping with the inhibitory effects of CRTC2 or CREB disruption, adenoviral
expression of phosphorylation-defective constitutively active CRTC2 [CRTC2(S171A)]
upregulated the expression of CREB target genes, particularly under basal conditions,
when endogenous CRTC2 is normally phosphorylated and sequestered in the cyto-
plasm (Fig. 1E). Taken together, these results indicate that cAMP exerts extensive
genome-wide effects on beta cell gene expression, stimulating both core and beta
cell-specific gene expression through induction of the CREB-CRTC2 pathway.

CREB triggers cell-specific gene expression through distal enhancer activation.
To determine the mechanism by which CREB and its coactivators promote cell-type-
specific gene expression, we compared genome-wide occupancy patterns for CREB and
CRTC2 in primary mouse hepatocytes and pancreatic islets (Fig. 2A). In chromatin
immunoprecipitation sequencing (ChIP-seq) studies, we detected significantly fewer
CREB- and CRTC2-bound regions in islets than hepatocytes, likely due to the relatively
harsher genomic DNA shearing conditions required to generate ChIP-seq libraries.

We compared cohorts of tissue-specific CREB-occupied regions that were preferen-
tially enriched in islets or hepatocytes (n � 1,546 loci in which islet tags were enriched
�4 above the level for hepatocyte tags; n � 8,255 loci in which hepatocyte tags were
enriched �4 above the level for islet tags) (Fig. 2A). In both cases, roughly 90% of
cell-type-specific CREB occupancy was confined to activated TSS-distal enhancer re-
gions that are enriched in H3AcK27 by ChIP assay (Fig. 2B and C).

The importance of distal enhancer regions for activation of cell-type-specific CREB
targets is illustrated by the C2cd4a/b locus. C2cd4a and C2cd4b are cAMP-inducible
CREB target genes in mouse pancreatic islets and INS-1 cells; they are not expressed
detectably in hepatocytes (Fig. 2D). The shared �69-kb genomic region between
C2cd4a and C2cd4b genes corresponds to a conserved islet-restricted superenhancer,
which contains multiple type 2 diabetes-associated single-nucleotide polymorphisms
(23–25). Within this superenhancer, we identified four CREB/CRTC2-bound loci that are
absent from hepatocytes (Fig. 2D).

We compared CREB occupancy profiles over loci, which were annotated to genes
that were upregulated 2-fold or better by FSK, and we compared these to loci
annotated to genes that are unresponsive to FSK in INS-1 cells. Although exposure to
FSK increased CREB binding comparably for both groups, it selectively enhanced CBP
and CRTC2 occupancy as well as H3AcK27 enrichment for inducible targets (Fig. 2E).

FIG 1 Legend (Continued)
expression on cAMP-induced gene expression relative to that of control (GFP) INS-1 cells. *, P � 1 � 10�11. (E) Effect of
adenovirally encoded ACREB inhibitor or phosphorylation-defective, constitutively active CRTC2 [CRTC2CA(S171A)] on expres-
sion of beta cell-specific CREB target genes. mRNA amounts for Diras2 and Ccnd1 are shown. *, P � 0.05; **, P � 0.01.
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FIG 2 CREB triggers cell-specific gene expression through distal enhancer activation. (A) Scatter plot comparing tag enrichment in
CREB ChIP-seq experiments of cultured primary mouse islets and hepatocytes (1 h of FSK exposure). Tissue-specific enrichment
(�4-fold) of CREB binding in islets and hepatocytes is highlighted. (B) Heat map depicting CREB occupancy restricted to activated
genomic regions (H3AcK27-decorated promoters and enhancers) that are tissue specific or shared between islets and hepatocytes. (C)
Pie charts showing genomic distribution of common and cell-restricted CREB peaks. The majority of tissue-restricted CREB occupancy
occurs in TSS-distal genomic loci (promoter-TSS, �1,000/�100 bp from TSS). (D) Browser plot of a genomic region containing two beta
cell-restricted CREB target genes, C2cd4a and C2cd4b, and intervening superenhancer. RNA-seq and ChIP-seq data collected under
basal conditions (orange) and upon FSK exposure (blue) in primary islets and hepatocytes (2 h for RNA-seq, 1 h for ChIP-seq). (E)
Histograms showing genome-wide occupancy profiles for CREB, CRTC2, CBP, and H3AcK27 across CREB binding sites annotated to

(Continued on next page)
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These results indicate that cAMP-inducible genes are distinguishable from noninduc-
ible genes in their ability to recruit CRTC2 and CBP/p300 to CREB binding sites in
response to cAMP.

Having seen effects of cAMP on CREB and coactivator occupancy for CREB binding
loci annotated to cAMP-inducible genes, we tested the importance of CREB occupancy
for enhancer activation by H3K27 acetylation in beta cells. To that end, we assembled
a list of high-confidence CREB-bound regions from four independent CREB ChIP-seq
experiments representing 6,247 CREB peaks in INS-1 cells. We extracted a subset of
CREB-inducible enhancers from this list by quantifying effects of FSK on H3AcK27
amounts over a 4-kb region centered on high-confidence CREB-bound loci (n � 741;
log2 H3AcK27 tag [FSK/CON], �0.8; adjusted P value of �0.04).

ACREB expression in INS-1 cells decreased amounts of CREB, CRTC2, CBP, and
H3AcK27 compared to those of inducible enhancers under basal conditions and
following exposure to FSK. Notably, most (88%) of these inducible loci occur within
promoter-distal regions, whereas only 9% of regions with cAMP-inducible CREB binding
and H3K27 acetylation are located in gene promoters (Fig. 2F). Conversely, the majority
(60%) of noninducible H3AcK27 enrichment at CREB-occupied loci is located at
promoter-proximal sites (Fig. 2F). These results support the idea that stimulus-induced
binding of CREB to distal enhancers triggers coactivator recruitment and H3K27 acet-
ylation, leading to target gene activation.

In keeping with the relatively robust transcriptional response to cAMP signaling in
islets, FSK-induced enhancers (H3AcK27 tag FSK/CON, �2) were increased in pancreatic
islets compared to those in hepatocytes (Fig. 2G, top). Target genes annotated to
inducible enhancers were also more responsive to FSK than genes annotated to
noninducible enhancers (Fig. 2G, bottom). Taken together, these results point to an
important role for CREB in stimulating target gene expression through cAMP-
dependent increases in distal enhancer acetylation.

CREB promotes superenhancer activity. Genes critical for cell identity and func-
tion are often controlled by superenhancer regions that are enriched in coactivator
occupancy and activated chromatin modifications along extended genomic regions
(14–16). Using H3AcK27 amounts as an index of enhancer strength, we noticed that
exposure to FSK promoted activation of superenhancer regions in INS-1 cells and islets
(Fig. 3A and B). In beta cells, genes located in the same stimulus-induced superen-
hancer region are coregulated by cAMP (C2cd4a/C2cd4b and Midn/Atp5d/Dos). Similar
to proximal promoter-driven targets (Nr4a2 and Sik1), superenhancer-dependent genes
are also repressed by ACREB and induced by CRTC2(S171A) overexpression in INS-1
cells (Fig. 3C).

We compared the activation profiles of genes that are controlled by TSS-proximal
recruitment of CREB (n � 48) or in the context of an inducible superenhancer (n � 148).
Consistent with their location in activated chromatin regions, superenhancer-regulated
genes are expressed at higher levels under basal conditions, and they exhibit a more
modest transcriptional response to FSK than core CREB targets (Fig. 3D and E).
Although prolonged exposure to cAMP agonist has been shown to promote islet gene
expression via protein synthesis-dependent increases in the hypoxia-inducible factor
HIF1a (18), the induction of superenhancer-driven CREB targets by cAMP appears to be
direct; indeed, exposure to cycloheximide (CHX) did not reduce their expression in
response to FSK compared to that of the HIF1a target gene Hmox1 (Fig. 3D) (18, 26).

Enhancer clusters near the gene promoter have been shown to increase transcrip-
tion by triggering release of paused Pol II (27). The bromodomain-containing protein

FIG 2 Legend (Continued)
cAMP-inducible or noninducible (RNA no change [RNA N.C.]) genes. Exposure to FSK is indicated. (F) Pie charts showing relative
genomic distribution of CREB occupancy for cAMP-inducible and noninducible enhancers in INS-1 cells. (G) Enhancer activation
(H3AcK27 signal FSK/CON, �2) correlates with cAMP-inducible gene expression in primary mouse hepatocytes and islet tissue. Relative
numbers of inducible enhancers and target genes are indicated. Box plot shows correspondence between enhancer H3AcK27
inducibility in response to FSK and target gene induction. RNA-seq data were taken from experiment shown in Fig. 1B. *,
P � 1 � 10�13; **, P � 1 � 10�15.
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FIG 3 CREB promotes gene expression from superenhancers. (A) Metagene analysis of H3AcK27 occupancy over superenhancers in INS-1 cells (n � 606).
Effects of FSK treatment and ACREB expression are shown. (B) Enhancer ranking based on H3AcK27 ChIP-seq signal in primary islet tissue under basal
and FSK-treated conditions. Genes located inside enhancers are indicated. (C) Relative effect of FSK on core (Nr4a2 and Sik1) and beta cell-restricted CREB
target genes located in superenhancers (Midn and Pde10a) in INS-1 cells. Cells infected with control (GFP), ACREB, or CRTC2(S171A) adenovirus are
indicated. qPCR data are presented as expression over basal levels in control GFP adenovirus-infected cells. *, P � 0.007; **, P � 0.003. (D) Time course
analysis of mRNA levels in INS-1 cells exposed to FSK. mRNA profiles of core (Nr4a2) and beta cell-restricted (Lrrc10b, Syt7, and Pde10a) CREB target genes
are shown. Effect of cycloheximide (CHX) on CREB or HIF target (Hmox1) gene expression are indicated. (E, top) Box plots showing FPKM values from
RNA-seq studies of promoter- or superenhancer-driven CREB target genes in INS-1 cells maintained under basal conditions and following exposure to
FSK. Cells expressing control (GFP) or ACREB are indicated. (Bottom) Metagene analysis of RNA Pol II and H3AcK27 enrichment over promoter- and
enhancer-driven CREB targets. *, P � 0.004; **, P � 0.002; ***, P � 1 � 10�6. TTS, transcription termination site. (F) Browser plots of two conserved beta
cell-specific superenhancer regions in INS-1 cells. Effect of FSK on CREB, CRTC2, BRD4, and H3AcK27 occupancy on Pol II elongation is shown. y axis values
indicate normalized tag enrichment.
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BRD4 appears to promote transcription via its association with the pause release
complex pTEFb, which mediates release of paused Pol II to productive elongation in
part by phosphorylating the C-terminal domain of Pol II (17, 28). Following its activa-
tion, CREB appears to induce strong Pol II recruitment to the TSS as well as elongation
over the gene body (Fig. 3E). Disrupting CREB occupancy with ACREB decreased Pol II
elongation in cells exposed to FSK, but ACREB actually increased Pol II density over the
TSS for CREB targets in the basal state, suggesting again that CREB activity is required
for Pol II release from target promoters under these conditions.

Triggering of the cAMP pathway in INS-1 cells increased Pol II recruitment to
superenhancer-driven target genes more modestly than promoter-driven genes
(Fig. 3E), but FSK treatment increased H3AcK27 amounts to a greater degree over
superenhancer-driven targets (Fig. 3E). Correspondingly, exposure to FSK increased
BRD4 recruitment to CREB binding sites within superenhancers (Fig. 3F). Taken to-
gether, these experiments indicate that CREB maintains dynamic expression of tissue-
specific genes through chromatin activation and recruitment of BRD4 in response to
increases in H3K27 acetylation.

BRD4 and CBP/p300 are required for induction of enhancer-driven CREB target
genes by cAMP. Realizing that BRD4 links enhancer acetylation to target gene expres-

sion (28), and knowing that BRD4 is recruited to CREB-bound superenhancers, we
investigated the genome-wide effects of FSK on BRD4 occupancy and gene expression.

Exposure of INS-1 cells to FSK promoted the recruitment of BRD4 to CREB-occupied
cAMP-inducible enhancers but not to noninducible enhancers (Fig. 4A). Disrupting
CREB activity by overexpression of dominant-negative ACREB blocked BRD4 binding to
cAMP-inducible enhancers (Fig. 4B). Consistent with the notion that BRD4 is recruited
to chromatin by binding to acetylated lysine residues in histone tails, we noted that
BRD4 occupancy over inducible enhancers extends across the nucleosome-free region
and into H3AcK27-decorated flanking regions (Fig. 4B).

Because the transcriptional response to FSK exposure is overwhelmingly stimula-
tory, we examined whether BRD4 occupancy correlates with stimulus-induced gene
expression. As expected, genes associated with BRD4 recruitment were upregulated in
response to FSK, but genes associated with BRD4-depleted loci were not repressed (Fig.
4C). These results are consistent with the largely positive effect of FSK on cellular gene
expression in hepatocytes and pancreatic islets (Fig. 1A).

Genes under the control of superenhancers appear to be highly sensitive to small
molecules that inhibit epigenetic cofactors (13, 29, 30). Having seen that CREB activates
genes controlled by superenhancers, we wondered whether small-molecule inhibitors
that target either the bromodomain of BRD4 (JQ1) (31) or CBP/p300 histone acetyl-
transferase (HAT) activity (A-485) (32) correspondingly attenuate CREB target gene
expression.

In line with this idea, we found clusters of beta cell-specific genes in INS-1 cells that
are sensitive to small-molecule inhibition of CBP/p300 HAT activity or BRD4 recruitment
by RNA-seq analysis (Fig. 4D). Indeed, a majority of inducible CREB targets appeared
sensitive to CBP/p300 HAT inhibition (n � 284 out of 484 induced genes; FSK/A-485
plus FSK, �2). Notably, core proximal promoter-driven target genes were comparatively
insensitive to A-485 (Nr4a1, Nr4a2, Junb, and Fos). Significantly, the cAMP-dependent
induction of these core target genes also appears to be unaffected by targeted genetic
disruption of both p300 and CBP (7).

Similar to effects of CBP/p300 HAT inhibitor, exposure to the BRD4 inhibitor JQ1 (33)
also decreased FSK-induced gene expression from enhancer-driven CREB targets
(Fig. 4D). In keeping with the importance of CBP/p300-induced histone acetylation for
BRD4 recruitment, 110 out of 120 JQ1-repressed genes were also inhibited by exposure
to A-485. Notably, genes with enhancers that are active in both islets and hepatocytes
(e.g., Irs2 and Midn/Atp5d/Dos) appear to be resistant to JQ1, while genes controlled
selectively by beta cell-specific enhancers (e.g., C2cd4a/b, Lrrc10b/Syt7, Ncald, and Il1r1)
are sensitive to JQ1 (Fig. 4D).
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FIG 4 Role of BRD4 and CBP/p300 in CREB target gene induction. (A) Scatter plot showing BRD4 ChIP-seq tag counts in INS-1 cells under basal
or FSK-induced conditions. Twofold tag enrichment (blue) or depletion (orange) upon stimulation is indicated. Total BRD4 (left) and BRD4
occupancy over CREB-bound loci in inducible and noninducible enhancers (right) is shown. (B) Histogram showing effect of FSK on BRD4
occupancy over CREB-bound loci in inducible enhancers. Effect of ACREB is indicated. (C) Box plots showing relative mRNA levels (FPKM) for genes
associated with FSK-inducible BRD4 peaks (left) or FSK-inhibited BRD4 peaks (right) in INS-1 cells. Effect of ACREB is indicated. *, P � 3 � 10�7;
**, P � 4 � 10�4. (D) Heat map showing effect of BRD4 inhibitor JQ1 (1 �M) or the CBP/p300 HAT inhibitor A-485 (10 �M; 2 h) on CREB target
gene expression in INS-1 cells exposed to FSK (10 �M). Genes induced by FSK (FSK/CON, �2) are shown. A comparison of core promoter-driven
(top) and enhancer-driven (bottom) beta cell-specific targets is shown on the right. (E) Histograms showing effect of BRD4 inhibitor JQ1 (1 �M)
(left) or CBP/p300 HAT inhibitor (A-485; 10 �M) (right) on occupancy profiles for BRD4 (top) and H3AcK27 (bottom) across CREB-bound, inducible
enhancers in INS-1 cells exposed to FSK for 1 h. (F) Metagene analysis of RNA Pol II ChIP enrichment over genes associated with BRD4 peaks that
are either induced (top) or repressed (bottom) by FSK. INS-1 cells were preexposed to the BRD4 inhibitor JQ1 (1 �M) (left) or the CBP/p300 HAT
inhibitor A-485 (10 �M) (right) for 2 h and then stimulated with FSK for 1 h. (G) Browser plot showing effect of CBP/p300 HAT inhibitor A-485 on

(Continued on next page)
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Based on the ability for JQ1 and A-485 to block beta cell-specific CREB target gene
expression, we tested effects of these inhibitors on BRD4 recruitment and H3K27
acetylation for CREB target genes. Exposure of INS-1 cells to JQ1 inhibitor blocked BRD4
recruitment and reduced the subsequent elongation of Pol II over target gene bodies
without disrupting H3AcK27 induction in response to FSK (Fig. 4E and F). In contrast,
exposure to the CBP/p300 inhibitor A-485 disrupted both H3K27 acetylation and BRD4
recruitment (Fig. 4E), indicating that CBP and p300 act upstream of BRD4. Exposure to
FSK increased recruitment of Pol II to gene bodies near BRD4-induced enhancers; these
effects were repressed in cells treated with JQ1 or A-485 (Fig. 4F and G). Consistent with
the role of BRD4 in promoting pause release, exposure to JQ1 increased amounts of
paused Pol II at the TSS. This increase in paused Pol II appeared similar to effects of
ACREB expression noted earlier.

Pol II occupancy for genes with BRD4-depleted enhancers was unaffected by FSK
and did not decrease in response to BRD4 or CBP/p300 inhibitor, indicating that BRD4
depletion in response to FSK occurs near genes that are not dependent on CBP/p300
HAT activity or BRD4 recruitment for their expression (Fig. 4F).

Having seen that CREB target gene expression is linked to genomic loci that are
sensitive to CBP/p300 HAT inhibition, we compared effects of A-485 on genes con-
trolled by CREB-regulated enhancers. Exposure to A-485 had no effect on CREB protein
amounts or phosphorylation in response to FSK (Fig. 4H). Confirming its effects on
transcript abundance for these enhancer-driven genes, exposure to A-485 inhibitor also
decreased basal and FSK-induced protein amounts for Midn, Irs2, and Syt7 but not for
Lkb1, a cellular gene that is directly adjacent to the Atp5d/Midn/Cirbp superenhancer.
Taken together, these results show that cAMP/CREB-dependent recruitment of CBP/
p300 and subsequent targeting of BRD4 to cell-defining enhancers are key events in
maintaining tissue-restricted gene expression in beta cells.

Neurod1 promotes cAMP-inducible gene expression in beta cells. Based on its
ability to stimulate beta cell-specific gene expression, we considered that CREB coop-
erate with lineage-dependent transcription factors (LDTFs) to activate distal enhancers
in relevant tissues. To test this idea, we searched for transcription factor binding motif
enrichment in tissue-specific CREB-bound genomic loci. This analysis revealed potential
cooccupancy of CREB and LDTFs such as the homeobox factor Pdx1 and E-box binding
factor Neurod1 across the genome in islet tissue (Fig. 5A).

To test the potential role of Neurod1 in beta cell-specific CREB target gene induc-
tion, we generated adenovirus expressing a short hairpin RNA (shRNA) against this
LDTF. Depletion of Neurod1 in INS-1 cells disrupted the cAMP-dependent induction of
beta cell-specific genes (Lrrc10b and C2cd4a), having no effect on the expression of a
core target gene (NRr4a2) (Fig. 5C). Neurod1 is expressed in mature beta cells, where it
plays a key role in islet cell survival and insulin gene expression (34, 35). Neurod1 has
also been shown to stimulate the expression of genes that govern neuronal specifica-
tion through chromatin derepression and enhancer activation (36).

We examined whether, similar to its effects in neurons, Neurod1 also contributes to
enhancer activation in beta cells. Using ChIP-seq studies of INS-1 cells, we detected
both Neurod1 and Pdx1 binding to beta cell-specific enhancer regions that were also
occupied by CREB (Fig. 5A and B). The number of Pdx1-bound loci was nearly 10-fold
higher than the number of Neurod1-bound loci (n � 14,800 and 1,806 for Pdx1 and
Neurod1, respectively), and most Neurod1-bound loci (n � 1,180) were also cooccupied
by Pdx1 (Fig. 5B). Pointing to a potential role for this factor in the activation of beta
cell-specific enhancers, Neurod1 was recruited primarily to TSS-distal genomic loci but
Pdx1 was not (Fig. 5D and E).

FIG 4 Legend (Continued)
occupancy of CREB, BRD4, H3AcK27, and RNA Pol II over the Syt7/Lrrc10b locus in INS-1 cells. Effect of FSK is shown. (H) Immunoblot showing
effect of A-485 inhibitor on protein amounts for enhancer-driven endogenous CREB target gene products (MIDN, IRS2, and SYT7). Effect of A-485
on LKB1, expressed from a gene adjacent to the Midn,Atp5d,Dos enhancer is also shown. Effects of A-485 on total and phospho-CREB amounts
are indicated.
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FIG 5 Neurod1 promotes cAMP-inducible gene expression in beta cells. (A) Motif analysis of tissue-specific CREB binding loci in mouse islets showing
enrichment of lineage-defining transcription factor (TF) binding motifs. obs/exp, observed/expressed. (B) Overlap of CREB, NeuroD1, and PDX1 genomic
occupancy in INS-1 cells. (C) Effect of RNAi-mediated depletion of Neurod1 on induction of core (Nr4a2) or cell-restricted (Lrrc10b and C2cd4a) CREB target genes

(Continued on next page)
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We tested the relative importance of Neurod1 and Pdx1 for CREB occupancy and
enhancer activation in INS-1 cells. In keeping with its role in chromatin activation,
depletion of Neurod1 but not Pdx1 reduced H3AcK27 protein amounts across CREB-
cooccupied enhancers (Fig. 5F and G). Notably, knockdown of Neurod1 also decreased
binding of CREB to nucleosome-free regions (NFRs) over CREB-Neurod1 cooccupied
enhancers (Fig. 5F and G). Depletion of Neurod1 also triggered a significant increase in
H3AcK27 binding within the NFRs of Neurod1-bound enhancers (Fig. 5G).

Based on the ability of Neurod1 to function as a pioneering factor that associates
with the SWI/SNF chromatin remodeling complex (37), loss of Neurod1 may lead to
nucleosome infiltration within enhancer regions. Taken together, these results suggest
that Neurod1 enhances cAMP-dependent transcription by promoting CREB occupancy
at beta cell-specific enhancers that contain E-box motifs adjacent to CREs.

We considered that cooccupancy of CREB and Neurod1 may be predictive of cAMP
inducibility for nearby genes. Less than 5% of genes annotated to CREB or CREB-Pdx1-
cobound loci were upregulated 2-fold or better in response to FSK. In contrast, 18.7%
of genes annotated to Neurod1-CREB-cobound loci and 9.6% of genes near Neurod1-
Pdx1-CREB-cobound loci were upregulated by FSK (Fig. 5H). Taken together, these
results indicate that CREB stimulates beta cell-specific gene expression cooperatively
with Neurod1 and that, surprisingly, cooccupancy between CREB and a lineage-
determining transcription factor can be more predictive of target gene induction than
occupancy of CREB alone.

Neurod1 promotes CREB occupancy at binding sites within beta cell-specific
enhancers. The GLP1 agonist exendin-4 has been shown to promote the conversion of
progenitor cells into hormone-expressing beta cell-like cells (38, 39). Based on the
ability of GLP1 to stimulate cAMP signaling, we considered that Neurod1 and CREB may
promote beta cell identity through their cooperative effects on superenhancer activa-
tion.

The pancreatic acinar cell line AR42J has been shown to transdifferentiate into
beta-like cells following coexpression of Neurod1, Pdx1, and MafA (40). Indeed, coex-
pression of adenovirally encoded Neurod1 and Pdx1 triggered expression of the insulin
1 (Ins1) gene (Fig. 6A). In the absence of beta cell factors, exposure of AR42J cells to FSK
did not increase mRNA amounts for the beta cell-specific CREB targets Lrrc10b and
Diras2 (Fig. 6A). Overexpression of Neurod1 was sufficient to upregulate both genes in
response to FSK (Fig. 6A). Overexpression of both Pdx1 and Neurod1 appeared neces-
sary for the induction of the CREB target gene C2cd4a in response to FSK (Fig. 6A).
Taken together, these results indicate that Neurod1 plays an important role in beta
cell-restricted CREB target gene expression. The coordinated expression of multiple
LDTFs may be required to establish active, signal-responsive enhancers in mature
tissue.

We evaluated the genome-wide effects of Neurod1 on the induction of beta
cell-specific CREB target genes by cAMP. In keeping with its ability to promote the
expression of beta cell-specific genes, Neurod1 overexpression in AR42J cells stimu-
lated the expression of genes involved in glucose homeostasis, insulin secretion,
and exocytosis while decreasing the expression of genes that promote cell proliferation
(Fig. 6B).

To test for the potential cooperativity between Neurod1 and CREB at the level of
enhancer activation, we measured effects of virally encoded Neurod1 on H3AcK27

FIG 5 Legend (Continued)
by FSK in INS-1 cells. *, P � 0.04; **, P � 7 � 10�4. (D) Browser plot depicting binding of Neurod1 and Pdx1 in the Syt7/Lrrc10b-inducible superenhancer in INS-1
cells. Colocalization of Neurod1 and Pdx1 with CREB over inducible enhancers is indicated. Effect of FSK is shown. y axis values indicate normalized tag
enrichment. (E, top) Box plot showing genomic distribution (dist) of Pdx1- and Neurod1-bound loci relative to TSS for genes with (�CREB) or without (�CREB)
cobound CREB peaks in INS-1 cells. ***, P � 0. (Bottom) Pie charts showing relative genomic distribution of Pdx1 and Neurod1 peaks in INS-1 cells. (F) Effect
of Neurod1 or Pdx1 depletion on enhancer activity and CREB occupancy on the Syt7/Lrrc10b enhancer. (G) Histograms showing relative effect of Pdx1 or
Neurod1 knockdown on CREB and H3AcK27 occupancy over CREB-Pdx1-cobound (left) or CREB-Neurod1-cobound loci (right) in INS-1 cells. Exposure to FSK
is shown. (H) Correspondence between CREB-Neurod1 or CREB-Pdx1 cobinding relative to CREB, Neurod1, and Pdx1 alone on cAMP inducibility of proximal
genes in INS-1 cells.
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FIG 6 Neurod1 promotes CREB occupancy at binding sites within beta cell-specific enhancers. (A) Effect of beta cell transcription factor (Pdx1,
Neurod1, and MafA) overexpression on mRNA amounts for beta cell-restricted CREB targets Lrrc10b, Diras2, and C2cd4a in AR42J pancreatic

(Continued on next page)
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enrichment over these regions. Neurod1 expression alone activated beta cell-specific
enhancers (Fig. 6C and D) and triggered recruitment of endogenous CREB to these
regions (Fig. 6C). Although FSK had only modest effects alone, it strongly potentiated
effects of Neurod1 on beta cell-specific enhancer strength (Fig. 6D).

To further evaluate the role of Neurod1 in targeting CREB to beta cell-specific
loci, we isolated INS-1-specific CREB-occupied loci (INS-1 cells showed �4� enrich-
ment compared to that in AR42J cells) and measured CREB occupancy over these
regions under basal conditions and following overexpression of Neurod1 in AR42J
cells. Consistent with the eviction of CREB from beta cell-specific enhancers that we
observed following depletion of Neurod1 from INS-1 cells, overexpression of Neu-
rod1 in AR42J cells increased CREB occupancy over the same INS-1-specific loci
(Fig. 6E).

A conserved CREB-Neurod1-regulated superenhancer is required for beta cell
function. Having seen effects of CREB and Neurod1 on enhancer activity, we tested the
role of CREB and Neurod1 binding sites in regulating beta cell function. The cAMP-
responsive genes Lrrc10b and Syt7 are located within a conserved inducible superen-
hancer. Lrrc10b is a protein of unknown function, whereas Syt7 is a well-characterized
member of the synaptotagmin protein family that promotes glucose-stimulated insulin
secretion (GSIS). Indeed, Syt7 activity is also modulated through PKA-mediated phos-
phorylation in response to GLP1 signaling (41, 42).

Lrrc10b and Syt7 expression appears to be controlled by a conserved CREB/Neurod1-
bound enhancer in the second intron of Syt7, 	27.8 kb from the Syt7 TSS and 	39 kb
from the Lrrc10b TSS; it contains two conserved cAMP response elements (CREs) and a
conserved E-box motif (Fig. 7A). We used the Crispr/Cas9 system and two sets of guide
pairs to generate two mutant INS-1 cell lines carrying homozygous deletions of
the entire enhancer region (Syt7e
1, rn5 chromosome 1 [Chr1] 233,410,068 –778Δ;
Syt7e
2, rn5 Chr1 233,410,103–721Δ). Relative to those of wild-type (WT) cells, mRNA
and protein amounts for Lrrc10b and Syt7 in both mutant lines are decreased, and their
responsiveness to FSK is eliminated (Fig. 7B and C).

Consistent with the loss of Lrrc10b and Syt7 expression in mutant cells, Pol II
occupancy is disrupted across the deleted enhancer and over the Lrrc10b and Syt7 gene
bodies, particularly following exposure to FSK by ChIPseq analysis (Fig. 7D). H3AcK27
protein amounts are also reduced across the deleted enhancer and for the promoters
of both Lrrc10b and Syt7 (Fig. 7D). Thus, a single TSS-distal CREB-Neurod1-cooccupied
enhancer appears to induce coordinated expression of two genes within a superen-
hancer (43, 44).

We evaluated the functional significance of the Syt7-Lrrc10b enhancer in INS-1 cells
by measuring insulin secretion from Syt7e
1 and Syt7e
2 cells in response to glucose
or cAMP. Exposure to high glucose (20 mM) and, to a greater extent, FSK plus glucose
increased insulin secretion from wild-type cells. These effects were diminished by half
in the mutant lines relative to those in control cells (Fig. 7E). We next measured Ins1
mRNA expression levels and intracellular insulin content in WT, Syt7e
1, and Syt7e
2
lines and found that both were also decreased in mutant cells (Fig. 7F and G). These
results demonstrate that the phenotypic effects of this deletion extend beyond simply
loss of Syt7 expression and point to potential effects of Lrrc10b in this setting. The

FIG 6 Legend (Continued)
exocrine cells. *, P � 0.02; **, P � 0.005. Ins1 expression is shown. Exposure to FSK (green) or vehicle (white) is indicated. (B) Heat map showing
effect of adenoviral Neurod1 on cAMP-inducible gene expression in pancreatic exocrine AR42J cells. (Top) AR42J cells were treated with FSK
for 2 h. Heat map depicts RNA-seq data of a cluster of Neurod1- and FSK-induced genes. (Bottom) Enrichment in biological process of
NeuroD1-induced and repressed genes. (C, top tracks) Browser plots showing effect of adenoviral NeuroD1 expression on CREB occupancy
over beta cell-specific loci. (Bottom tracks) Effect of FSK on enhancer activation (H3AcK27 occupancy) over beta cell-specific gene loci. AR42J
cells were treated with FSK for 1 h. Arrows point to induced CREB-bound loci. (D) Effect of Neurod1 expression and FSK treatment alone or
together on beta cell-specific enhancer strength. AR42J cells infected with control (GFP) or Neurod1-expressing adenovirus and treated with
FSK for 1 h. (E) Box plot showing genome-wide enrichment of CREB binding over INS-1-specific CREB-bound loci following adenoviral Neurod1
expression in AR42J cells. INS-1-specific CREB binding loci are defined as regions with a �4� enrichment of CREB tags in INS-1 cells relative
to that in AR42J cells. *, P � 2 � 10�9.
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Syt7/Lrrc10b superenhancer and the Ins1 gene are syntenic in rat (Chr1, 	46.8 Mbp
apart), mouse (Chr19, 	41.8 Mbp), and human (INS) (Chr11, 	59.1 Mbp). While gene
regulation by enhancers in cis has not been described over such large genomic
distances, our results suggest that the Syt7/Lrrc10b enhancer affects beta cell function
and identity beyond controlling Syt7 gene expression and concurrent insulin secretion
defects. Collectively, these results demonstrate the importance of signal-dependent
activators and LDTFs in promoting pancreatic islet function through the cooperative
activation of beta cell-restricted superenhancers in response to extracellular signals.

DISCUSSION

In most cell types, the second messenger cAMP promotes cell cycle exit and growth
arrest. However, in a subset of endocrine cells, most notably beta cells of the pancreatic
islets, cAMP functions as a potent growth factor signal that also enhances insulin
secretion and beta cell survival (45). The incretin hormone GLP1 and its agonists have

FIG 7 Conserved CREB-Neurod1-regulated superenhancer is required for insulin secretion. (A) Conservation of E-box and CRE sites within the Syt7 enhancer
in human, mouse, and rat. (B) Relative effect of FSK on mRNA amounts for Lrrc10b and Syt7 in wild-type and enhancer-deleted SYT7eΔ lines. *, P � 0.02. Two
immunoreactive Syt7 bands represent phospho (top) and dephospho (bottom) forms of Syt7. (C) Immunoblot showing effect of FSK on protein amounts for
Lrrc10B and Syt7 in wild-type and SYT7eΔ lines. Cells were exposed to 10 �M FSK for 8 h. ATF3 included as a control for CREB target protein induction. Exposure
to FSK reduces Syt7 mobility due to PKA-mediated phosphorylation. Arrows indicate phospho- and unphospho-Syt7. (D) Browser plot showing relative Pol II
and H3AcK27 occupancy over the Lrrc10b/Syt7 enhancer in wild-type and SYT7eΔ1 mutant cells. Exposure to FSK (10 �M, 1 h) is shown. The location of deleted
enhancer is indicated with an arrowhead (top). (E) Signal-induced insulin secretion assay in wild-type and SYT7eΔ lines. Cells were exposed for 2 h to glucose
(glc) and FSK as indicated. Insulin secretion measured in KRBH buffer by radioimmunoassay. *, P � 0.003; **, P � 2 � 10�4. (F) Relative content of mature insulin
in extract from wild-type and SYT7eΔ lines measured by radioimmunoassay. *, P � 0.04; **, P � 0.02. (G) Ins1 mRNA levels in wild-type and SYT7eΔ lines. *,
P � 0.005. **, P � 0.0004.
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been found to improve glucose homeostasis in individuals with type II diabetes in part
by triggering the cAMP pathway. cAMP in turn appears to stimulate beta cell function
at least in part through activation of CREB. Depletion of CREB or its coactivator, CRTC2,
in beta cells disrupts glucose homeostasis by reducing insulin secretion and beta cell
viability (18, 19). Our results show that activation of the cAMP pathway in pancreatic
islets triggers a robust transcriptional response that far exceeds its effects on cultured
hepatocytes. In addition to epigenetic contributions noted in our study, CREB activity
may also be preferentially upregulated in beta cells due to upstream differences in
cAMP signaling that enhance CREB phosphorylation and CRTC2 dephosphorylation.

Genome-wide studies indicate that CREB regulates up to 5,000 genes in the mam-
malian genome (3, 4). Although CREB undergoes phosphorylation at a majority of these
sites in response to cAMP signaling, only a small fraction (2 to 4%) of these putative
target genes is upregulated in any one cell type. The discordance between CREB
phosphorylation and transcriptional induction has argued for the presence of addi-
tional cAMP regulators that might function with CREB to promote gene expression (46).
Supporting this idea, the CRTC coactivators have been shown to promote induction of
CREB targets following their dephosphorylation and nuclear entry in response to cAMP,
where they bind to CREB over relevant sites (47). Indeed, recruitment of CRTC2 to CREB
binding sites was predictive of cAMP inducibility.

To date, most mechanistic studies of CREB-dependent transcription have focused on
cAMP-inducible genes that contain promoter-proximal CREB binding sites and that are
ubiquitously activated by cAMP (6, 7). Many of these are unaffected by loss of CBP and
P300 (7). In contrast with these core target genes, which contain promoter-proximal
CREB binding sites, we found that cell-restricted targets are controlled by CREB binding
sites on distal enhancers. CREB appears to stimulate enhancer activity by associating
with both CRTC2 and CBP/p300, leading to the acetylation of resident nucleosomes. In
turn, the enrichment of H3AcK27 appears to mediate recruitment of the chromatin
reader BRD4 to such enhancers and to trigger the pTEFb-dependent phosphorylation
and release of RNA polymerase II from paused promoters. In contrast with its dispens-
able role in the regulation of genes with promoter-proximal CREB binding sites,
CBP/p300 HAT activity appears critical for the expression of beta cell-specific CREB
target genes.

Compared to core targets, cell-restricted CREB target genes are expressed at higher
levels under basal conditions, apparently reflecting constitutive increases in H3K27
acetylation at relevant enhancers. The effects of CREB in this setting appear to be
largely epigenetic, as small-molecule inhibitors that disrupt CBP-HAT activity or BRD4
occupancy decrease cell-specific but not core CREB target gene expression. Overex-
pression of the CREB inhibitor ACREB actually increased amounts of paused Pol II over
that of the TSS, apparently by decreasing Pol II elongation. Notably, exposure to the
BRD4 inhibitor JQ1 also increased amounts of paused Pol II, suggesting that CREB
regulates Pol II elongation in the basal state via an association with BRD4.

Our data indicate that the CRTCs contribute importantly to induction of both core
and cell-type-restricted target genes in beta cells. Based on the ability of CRTCs to
coactivate genes involved in insulin secretion, small molecules that enhance CRTC
activity may provide therapeutic benefit to individuals with type II diabetes. Indeed,
selective small-molecule inhibitors against the salt-inducible kinases (SIKs), which oth-
erwise phosphorylate and sequester the CRTCs, have been shown to trigger the
expression of CREB target genes in different cell types (48, 49). These would be
expected to have salutary effects on insulin secretion and glucose homeostasis by
potentiating effects of GLP1 on CREB target gene expression. Complicating this picture,
SIK2 has also been found to promote insulin secretion in response to glucose stimu-
lation (50) by phosphorylating the CDK5 activator p35 and thereby promoting its
degradation; loss of SIK2 disrupts insulin secretion. Future studies should address
whether the effects of SIK2 on insulin secretion and CREB activity can be distinguished
by different small-molecule inhibitors.

We found that CREB stimulates beta cell-specific gene expression in cooperation
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with the beta cell transcription factor Neurod1. Indeed, depletion of Neurod1 reduced
CREB-dependent transcription, while Neurod1 overexpression increased it. Based on
the increased density of histone H3 within the nucleosome-free region of Neurod1-
depleted cells, our results suggest that Neurod1 reconfigures the architecture of CREB
binding sites to permit coactivator recruitment in response to cAMP. Indeed, CREB-
Neurod1-cobound loci are substantially more responsive to cAMP than CREB- or
CREB-Pdx1-bound loci. Future studies should reveal the extent to which such combi-
natorial effects between CREB and other LDTFs contribute to cAMP-dependent tran-
scription in other tissues.

CREB and Neurod1 appear critical for Syt7/Lrrc10b enhancer activation and for
increases in beta cell function beyond Syt7 gene expression and insulin secretion.
Deletion of CREB and Neurod1 binding sites in this superenhancer reduced Ins1 mRNA
and protein levels in two independent mutant INS-1 clones, suggesting a larger role for
this locus in regulating beta cell function. Notably, the Syt7/Lrrc10b superenhancer is
syntenic with the Ins1 gene in rat (Chr1, 	46.8 Mbp apart), mouse (Chr19, 	41.8 Mbp),
and human (INS) (Chr11, 	59.1 Mbp). Although transcriptional effects of enhancers in
cis have not been reported over such large genomic distances, future studies should
provide insight into the mechanisms underlying this process.

MATERIALS AND METHODS
Contact for reagent and resource sharing. Requests for further information and for reagents

should be directed to Marc Montminy (montminy@salk.edu).
Experimental model and subject details. Primary tissues were isolated from male wild-type

C57BL/6J mice obtained from The Jackson Laboratory. To test the role of CRTC2 in forskolin-induced
gene expression, we used whole-body CRTC2 knockout mice (60).

Mice were housed in a temperature-controlled environment under 12-h light/dark cycle conditions
with free access to water and standard chow diet.

INS-1 insulinoma cells (51) were cultured in RPMI 1640 with 10% fetal bovine serum, 2 mM glutamine
(Mediatech), 1 mM sodium pyruvate, 100 �g/ml penicillin-streptomycin, and 0.05 mM �-mercaptoethanol.
AR42J cells (CRL-1492; ATCC) were cultured in F-12K with 20% fetal bovine serum and 100 �g/ml penicillin-
streptomycin.

Recombinant adenovirus was grown in HEK293 cells cultured in Dulbecco’s modified Eagle’s medium
with 10% fetal bovine serum and 100 �g/ml penicillin-streptomycin.

Adenovirus production. Adenovirus was generated as described earlier. Briefly, clones were ligated
in the AdTrack(�CMV) vector. PmeI-digested AdTrack with insert was recombined with AdEasy-1 by
cotransformation in BJ5183 Escherichia coli cells. PacI-linearized recombined vector was transfected in
293 cells (61). Recombinant adenovirus was amplified in 293 cells and purified by ultracentrifugation over
CsCl gradients. For shRNA-expressing adenovirus, oligonucleotides containing hairpin sequences (see
Table S2 in the supplemental material) were cloned in pBS/U6 and subcloned in AdTrack(�CMV) vector
using NotI and XbaI restriction endonucleases.

Preparation of primary mouse islets. Islet tissue was isolated from wild-type C57BL/6J mice
(000664; The Jackson Laboratory) as described earlier (18). Primary islets were cultured in complete RPMI
medium for 1 to 2 days before analysis.

Preparation of primary mouse hepatocytes. Hepatocytes were isolated from wild-type C57BL/6J
mice (000664; The Jackson Laboratory) as described earlier (52).

Reporter assays. Enhancer regions were cloned from mouse genomic DNA and ligated in the pGL3
promoter vector (E1751; Promega). Reporter constructs and �-galactosidase (�-Gal) under the control of
the respiratory syncytial virus promoter were cotransfected in INS-1 cells using Lipofectamine 2000
(11668019; ThermoFisher) according to the manufacturer’s instructions. Cells were exposed to FSK for 6 h
and lysed in luciferase extraction buffer (25 mM Gly-Gly, 15 mM MgSO4, 4 mM EGTA, 1 mM dithiothreitol
[DTT], 1% Triton X-100). For luciferase activity assay, 20 �l of extract was added to assay buffer (25 mM
Gly-Gly, 15 mM MgSO4, 4 mM EGTA, 15 mM K2HPO4, pH 7.8, 2 mM DTT, 2.5 mM ATP). Fifty microliters of
0.1 mM D-luciferin K� salt was added just before measuring luminescence. For �-Gal activity assay, 20 �l
of extract was added to 50 �l of �-Gal assay buffer (1.33 mg/ml ortho-nitrophenyl-�-galactoside, 100 mM
�-mercaptoethanol, 2 mM MgCl2, 200 mM Na2HPO4) and incubated at 37°C until the reaction looked faint
yellow. Absorbance was measured at 420 nm.

Western blotting. Immunoblots were performed as described previously (18). Densitometry for
Western blot quantification was performed with ImageJ, v. 1.51s (53).

qPCR. mRNA amounts for these studies were determined by reverse transcription-quantitative PCR
(qPCR) analysis. RNA was extracted from cultured cells or tissue with TRIzol (15596026; Invitrogen)-
chloroform. cDNA was synthesized from 1 �g total RNA using a Transcriptor first-strand cDNA synthesis
kit (04897030001; Roche) according to the manufacturer’s instructions. Quantitative PCR was performed
using LightCycler 480 SYBR green I master mix (04887352001; Roche) in a LightCycler 480 II (Roche) with
oligonucleotides listed in Table S1.
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Insulin secretion. A total of 0.5 � 106 INS-1 cells were seeded in a 24-well plate. After 2 days, cells
were washed once and incubated in 0.5 ml KRBH buffer (10 mM HEPES [pH 7.4], 5 mM NaHCO3, 129 mM
NaCl, 4.8 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 1 mM CaCl2) for 2 h to starve cells. Glucose and FSK
were added at the indicated concentrations. Buffer was collected and insulin measured with sensitive rat
insulin radioimmunoassay (SRI-13K; EMD Millipore) according to the manufacturer’s instructions.

CRISPR/CAS9-mediated deletion of Syt7/Lrrc10b enhancer. Two unique guide pairs flanking the
Syt7/Lrrc10b enhancer region were designed using the guide design tool on crispr.mit.edu (now defunct)
(Table S3) and were cloned into the lentiCRISPRv2 vector as described previously (62). Three-microgram
aliquots of each LentiCRISPRv2 plasmid containing enhancer flanking guides were cotransfected into 5
million INS-1 cells using the Amaxa cell line nucleofection kit T (Lonza) and program T-20 according to
the manufacturer’s instructions. After transfection, cells were selected in 2 �g/ml puromycin for 4 days.
Clones were isolated by single-cell sorting in a 96-well plate. Homozygous enhancer deletion mutants
were screened by PCR on genomic DNA using oligonucleotides listed in Table S3, cloned in pUC19, and
sequenced.

ChIP. Chromatin immunoprecipitation (ChIP) was performed as described earlier (54). Briefly, cells
were fixed in 0.75% formaldehyde for 10 min and quenched with 125 mM glycine for 5 min. Cells were
washed and scraped in ice-cold phosphate-buffered saline (PBS). Cell pellets were resuspended in buffer
LB3 (10 mM Tris-HCl [pH 8.0], 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% Na-deoxycholate, 0.5%
N-laurylsarcosine, protease inhibitor cocktail; P9599; Sigma) and sonicated (Active Motif EpiShear probe
sonicator) (Table 1). After sonication, Triton X-100 was added to the extract (1% final) and chromatin was
cleared by centrifugation at 17,000 � g for 10 min.

Thirty-five microliters of protein A-agarose beads (20333; Thermo Scientific) was washed twice with
PBS plus 0.1% bovine serum albumin (BSA) and coupled with antibody for 4 h in PBS plus 0.1% BSA at
4°C with rotation. For ChIP, 500 �l extract was added to antibody-coupled beads and incubated
overnight at 4°C with rotation.

Beads were washed three times in 500 �l wash buffer 1 (20 mM Tris-HCl [pH 7.4], 150 mM NaCl, 2 mM
EDTA, 0.1% SDS, 1% Triton X-100) and three times in wash buffer 2 (20 mM Tris-HCl [pH 7.4], 250 mM LiCl,
1 mM EDTA, 1% Triton X-100, 0.7% Na-deoxycholate). Elution was then performed by incubating beads
in 50 �l elution buffer 1 (Tris-EDTA [TE], 1% SDS) for 15 min at 50°C and 50 �l elution buffer 2 (TE, 1% SDS,
300 mM NaCl) for 15 min at 50°C with shaking. Both elutions were combined and incubated with
proteinase K and RNase A for 2 h at 37°C. DNA-protein complexes were de-cross-linked at 65°C with
shaking overnight. ChIP DNA was purified using Agencourt AMPure XP beads (A63881; Beckman Coulter).

RNA-seq analysis. FASTQ files were aligned against the mouse mm10 or rat rn6 genome builds
using Tophat v2.0.9 or STAR (55). For the differential expression analysis shown in Fig. 1A, raw read count
tables of two biological replicates from control and FSK-treated material were generated using Homer
(54) (analyzeRepeats.pl with option –raw). Differential expression was calculated with Homer (getDiff-
Expression.pl using DESeq2 [56]). Cluster analysis was performed on log2-transformed normalized FPKM
data generated with Cufflinks v2.2.1. RNA-seq data were filtered for expression (FPKM under at least one
condition of �8). Genes induced by FSK were defined as an FSK/CON of �2. Hierarchical clustering was
performed with Cluster 3.0 (57) and visualized with Java TreeView (version 1.1.6r4) (58). RNA-seq data for
Fig. 1D, 3E, and 4C were taken from GEO accession number GSE60158 (20).

ChIP-seq analysis. Reads were aligned to the mouse (mm10) or rat (rn5 and rn6) genomes using
bowtie2 (59) or STAR (55). Tag directories of uniquely mapped reads were generated with HOMER.
Binding peaks were called using HOMER (findPeaks in “factor” mode for CREB, CRTC2, BRD4, PDX1, and
NeuroD1 and in “histone” mode for H3AcK27).

We identified high-confidence CREB peaks in INS-1 cells from four independent CREB ChIP-seq
experiments (�FSK, 1 h) using HOMER (getDifferentialPeaksReplicates.pl, default parameters). We ex-
tracted FSK-inducible enhancers by quantifying H3AcK27 signal over a 4-kb region centered on high-
confidence CREB-bound loci (log2 H3AcK27 tag [FSK/CON], �0.8; adjusted P value of �0.04).

Histograms of ChIP-seq data were generated with using HOMER (annotatePeaks.pl �peakfile/bed�
�genome� -size – hist 10 – d �Tagdirectory1, Tagdirectory2,. . .�).

ChIP-seq binding data were correlated with RNA-seq expression data by annotation of ChIP-seq
peaks to nearby gene loci using HOMER (annotatePeaks.pl, default parameters). annotatePeaks.pl was
also used to measure genomic distance of ChIP-seq binding data to TSS of the nearest genes.

Sequencing-depth-normalized BigWig files were generated with HOMER (makeMultiWigHub.pl, de-
fault parameters) and visualized in the UCSC Genome Browser (http://genome.ucsc.edu).

Tissue-enriched ChIP-seq peaks were identified with HOMER (getDifferentialPeaks with �4� read
coverage).

Superenhancers were identified based on H3AcK27 occupancy with HOMER (findPeaks –style super
–L 0; maximum distance to stitch peaks together, 12.5 kb).

TABLE 1 Sonicator settings

Cell or tissue Output (%) Pulse time (s) No. of cycles

Islets 30 10 28
70 10 12

Hepatocytes 25 10 30
INS-1/AR42J 25 10 10
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Motif analysis was performed using HOMER (findMotifsGenome.pl –size 200 –len 5,6,8,10,12).
Motif enrichment near ChIP-seq peaks was performed with HOMER using motif files created with

findMotifsGenome or custom motifs created using seq2profile.pl. Motif enrichment was plotted using
the annotatePeaks.pl command (annotatePeaks.pl �peakfile� �genome� -size 1000 – hist 5 –m
�motiffile�).

CREB, NeuroD1, and PDX1 binding cooccupancy was analyzed with HOMER using the mergePeaks
command. First, peak files from untreated and FSK-treated ChIP-seq experiments were merged for each
transcription factor. Peak files for overlapping and unique binding sites then were generated for each
transcription factor using the mergePeaks command using the merged peak files with the –prefix option.

To analyze Pol II occupancy profiles over a selection of gene bodies, we first generated lists of RefSeq
gene coordinates in rn5 using the filterListBy.pl program in HOMER. Using the gene coordinates as a peak
file and Pol II or H3AcK27 tag directories, we built occupancy histograms with the makeMetaGenePro-
file.pl program.

Reagents. Reagents used included rabbit anti-CREB serum (244; in-house), rabbit anti-CRTC2 serum
(6865 in-house), rabbit anti-CBP serum (5613; in-house), rabbit anti-PDX1 serum (5538; in-house), rabbit
anti-H3AcK27 (ab4729; Abcam), goat anti-NeuroD1 (Sc-1086X; Santa Cruz), rabbit anti-RPB1 (RNA Pol II)
(2629; Cell Signaling), rabbit anti-Lrrc10B (TA337416; OriGene), mouse anti-SYT7 (OASE00272; Aviva),
rabbit anti-MIDN (18939-1-AP; Proteintech), rabbit anti-ATF-3 (Sc-188 X; Santa Cruz), mouse antitubulin
(05-829; EMD Millipore), mouse anti-IRS2 (06-506; Upstate), rabbit anti-BRD4 (A301-985A; Bethyl), rabbit
anti-LKB1 (3047; Cell Signaling), forskolin (F6886; Sigma), and (�)-JQ1 (11187; Cayman Chemical).

Quantification and statistical analysis. Significance was calculated with two-tailed t test.
Data availability. RNA-seq and ChIP data sets are available under GEO accession number

GSE126558.
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