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The transcriptional activity of Pdx1 is modulated by a di-
verse array of coregulatory factors that govern chromatin
accessibility, histonemodifications, and nucleosomedistri-
bution.We previously identified the Chd4 subunit of the nu-
cleosome remodeling and deacetylase complex as a Pdx1-
interacting factor. To identify how loss of Chd4 impacts
glucose homeostasis and gene expression programs in
b-cells in vivo, we generated an inducible b-cell–specific
Chd4 knockout mouse model. Removal of Chd4 from ma-
ture islet b-cells rendered mutant animals glucose intoler-
ant, in part due to defects in insulin secretion.We observed
an increased ratio of immature-to-mature insulin granules
in Chd4-deficient b-cells that correlated with elevated lev-
els of proinsulin bothwithin isolated islets and from plasma
following glucose stimulation in vivo. RNA sequencing and
assay for transposase-accessible chromatinwith sequenc-
ing showed that lineage-labeled Chd4-deficient b-cells
have alterations in chromatin accessibility and altered ex-
pression of genes critical for b-cell function, including
MafA, Slc2a2, Chga, and Chgb. Knockdown of CHD4 from
ahumanb-cell line revealed similar defects in insulin secre-
tion and alterations in severalb-cell–enriched gene targets.
These results illustrate how critical Chd4 activities are in
controlling genes essential formaintainingb-cell function.

Chromatin is a dynamic molecular structure of DNA and
nucleosomes, which are histone octamers that serve to

package the eukaryotic genome and regulate accessibility
of DNA for recombination, damage repair, replication,
and transcription. Since the occupancy of nucleosomes
along the DNA strand hinders access of transcriptional
regulators, modulation of chromatin accessibility is a ma-
jor control point in gene expression. Movement of nucleo-
somes along the DNA strand is facilitated by multiprotein
chromatin-remodeling complexes that use the energy de-
rived from ATP hydrolysis to exchange, slide, or evict his-
tones (1). Maintenance of transcriptional regulation by
these complexes is largely mediated by recruitment to
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• Pdx1–Chd4 interactions were previously shown to be
compromised in b-cells from human donors with type 2
diabetes.

• b-Cell–specific removal of Chd4 impairs insulin secre-
tion and leads to glucose intolerance in mice.

• Expression of key b-cell functional genes and chroma-
tin accessibility are compromised in Chd4-deficient
b-cells.

• Chromatin remodeling activities enacted by Chd4 are
essential for b-cell function under normal physiologi-
cal conditions.
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specific promoter or enhancer genomic loci regions in a
transcription factor (TF)-dependent manner.

Transcriptional dysregulation is the basis of numerous dis-
eases, including type 2 diabetes (T2D). It was demonstrated
that a subset of failing human islet b-cells from donors with
T2D lose activity and expression of islet-enriched TFs, includ-
ing PDX1,NKX6.1, andMAFA (2). Under physiological condi-
tions, these TFs direct the transcription of genes essential for
glucose-stimulated insulin secretion (GSIS), including Ins,
components of glucose transport and metabolism (e.g.,
Slc2a2, Gck), components of KATP channels and voltage-gated
calcium pumps (e.g., Kcnj11, Abcc8, Vdccb, Vdcca1D, Serca2b,
Serca3), and components necessary for hormone processing
and insulin granule exocytosis (e.g., Pcsk1, Pcsk2, Cpe, Stx1a,
Stxbp1, Snap25, Vamp2, Vamp3, Syt4, Sytl4) (3). Loss of tran-
scriptional activity of key islet-enriched TFs leads to reduced
expression of these components necessary for GSIS, impaired
b-cell function, and ultimately overt diabetes. Therefore, it is
of critical importance to understand the mechanisms by
which TFs control expression of genes to maintain GSIS un-
der physiological conditions and how their activities become
disrupted in settings of T2D.

Numerous transcriptional coregulators have been identi-
fied to modulate the activity of b-cell–specific TFs and to
play a role in maintaining b-cell function in vivo. For exam-
ple, conditional whole-islet deletion of Ldb1 impaired Isl-1
target gene expression in a- and b-cells and led to hypergly-
cemia and reduced hormone production (4,5). Additionally,
conditional deletion of the Mll3/4 subunit NCoA6 in mouse
b-cells impaired transcription of MafA target genes and ex
vivo GSIS (6). Similarly, b-cell–specific deletion of Swi/Snf
chromatin remodeling activity in mice impaired binding of
Pdx1 to Ins2, which blunted insulin production leading to
impaired whole-body glucose homeostasis (7).

Recently, our group demonstrated that the chromodomain
helicase 4 (Chd4) subunit of the nucleosome remodeling and
deacetylase (NuRD) complex is required to maintain b-cell
function in vitro (8). We found that Chd4 dynamically inter-
acts with the essential b-cell TF, Pdx1, in mouse and human
b-cell lines and primary tissue. In vivo, acute glucose stimu-
lation enhanced Pdx1–Chd4 interactions, and transient re-
duction of Chd4 in rodent b-cell lines impaired GSIS.
Interestingly, interactions between Pdx1 and Chd4 are se-
verely impacted in T2D settings, as b-cells from tissue of
mice fed a high-fat diet and tissue of human donors with
T2D contained significantly fewer interactions compared
with tissue of mice fed a normal diet or tissue of donors
without diabetes, respectively.

Based on these findings and the profound observation
that loss of CHD4-PDX1 complex formation is a significant
feature of T2D pathophysiology (8), further evaluation is
necessary to uncover the mechanistic basis by which Chd4
modulates the chromatin landscape and gene expression
programs required for optimal b-cell function in vivo. To
this end, we generated a tamoxifen-inducible b-cell–specific
Chd4-deficient mouse model. We demonstrate that loss of

Chd4 from the mature b-cell impairs whole-body glucose
homeostasis and islet insulin secretion and leads to in-
creased immature insulin granules and excess proinsulin
throughout Chd4-deficient b-cells. These alterations were
found to be the consequence of a disordered chromatin
landscape and differential gene expression programs critical
for normal b-cell function, several of which were confirmed
following CHD4 knockdown in human b-cell lines. Collec-
tively, our results highlight a predominant role for Chd4 in
controlling gene expression signatures in adult b-cells.

RESEARCH DESIGN AND METHODS

Animal Models
MIP-CreERT (9) mice were used to remove the LoxP sites
flanking exons 12 and 21 of the Chd4 locus (Chd4f/f [10]) and
the stop cassette in the Rosa26-Loxp-Stop-Loxp-tdTomato line-
age reporter (R26LSL-tdTomato [11]). The following genotypes
were used: control (MIP-CreERT;Chd4 f/1;R26LSL-tdTomato/1)
and Chd4Db (MIP-CreERT;Chd4f/f;R26LSL-tdTomato/1). CreERT-
mediated recombination of Chd4f/f and the R26LS-LtdTomato

was achieved through administration of 100 mg/kg tamoxi-
fen (T5648; Sigma-Aldrich) by oral gavage once per day for a
5-day period.

Intraperitoneal Glucose Tolerance Test and Plasma
Insulin/Proinsulin Measurements
Mice (n = 10–18) were given an injection of D-glucose in PBS
(2 mg/g body wt i.p.) after a 6-h fast. Blood glucose was mea-
sured with an AimStrip Plus Blood Glucose Meter (Germaine
Laboratories). Plasma insulin under ad libitum feeding condi-
tions or following a 6-h fast was collected and measured by
radio immunoassay at the Translation Core at Indiana Uni-
versity School of Medicine. For glucose-stimulated plasma in-
sulin and proinsulin measurements, plasma was collected
2 min following injection with D-glucose (2 mg/g body wt)
andmeasured by radio immunoassay or ELISA.

Tissue Preparation and Microscopy
Whole mouse pancreata were isolated and fixed for 4 h in 4%
(v/v) paraformaldehyde and then washed three times in PBS
and placed in 30% sucrose overnight at 4�C. The following
day, pancreata were embedded in optimal cutting tempera-
ture embedding medium and frozen in a�80�C freezer. Sec-
tions were generated at 6-mm thickness on a cryostat (Leica
Biosystems). We performed immunofluorescence staining
by incubating slides with primary antibodies, described in
Supplementary Table 1.

Images were acquired on a Zeiss LSM 800 confocal laser
scanning microscope and processed with ImageJ software.
For b-cell area quantitation, six sections (�300 mm apart)
from control and Chd4Db mice were analyzed for insulin
staining with use of 3,30-diaminobenzidine substrate and
counterstained with eosin. The percentage of insulin1 area
relative to pancreas area was calculated. For quantitation of
immunofluorescence images, we restricted the quantitation
to the Tomato1 area using a mask function in Image J and
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subsequently measuring the pixel intensities of MafA, CgA,
and CgB staining.

Perifusion of Isolated Islets
Islets were isolated (12) and perifusion was performed by
the Islet and Physiology Core at Indiana University School
of Medicine. Insulin secretion samples were measured with
ELISA by the Translation Core at Indiana University School
of Medicine. Insulin secretion was normalized to DNA con-
tent as measured with the Quant-iT PicoGreen dsDNA As-
say Kits and dsDNA Reagents (P7589; Invitrogen).

Cytoplasmic Ca2+ Imaging
For measurement of intracellular Ca21, isolated islets were
incubated in 5.5 mmol/L glucose media for 48 h and loaded
with the ratiometric Ca21 indicator Fura-2 acetoxymethyl es-
ter (Fura-2, AM) (8 mmol/L, F-1221; Invitrogen) and 0.04%
Pluronic F127. Islets were transferred for imaging to a glass-
bottom plate containing Hanks’ balanced salt solution sup-
plemented with 0.2% BSA, 1.0 mmol/L Mg21, 2.0 mmol/L
Ca21, and 5.5 mmol/L glucose for baseline measurements.
Plates were mounted on the stage of a Zeiss Axio Observer
microscope and incubated at 37�C with use of an in-line
heater (Pecon) for 10–15 min before being perifused with ei-
ther 16.7 mmol/L glucose or 30 mmol/L KCl. Excitation light
from a xenon burner was supplied to the preparation via a
light pipe and filter wheel (Sutter Instrument Company). Im-
ages were taken sequentially under conditions of 340 nm and
then 380 nm excitation with a HamamatsuORCA-ER camera
for production of data representing each intracellular Ca21

ratio from emitted light at 510 nm.

Transmission Electron Microscopy and Granule
Quantitation
Approximately 1,000 isolated islets from four control and
five Chd4Db animals were suspended separately in 100 mL
media and 100 mL 2% glutaraldehyde 1 4% paraformalde-
hyde in 0.1 mol/L sodium cacodylate for 10 min. Superna-
tant was removed and 500 mL fixative was added to the
islets for 1 h. Fixative was removed and replaced with fresh
fixative, and islets were resuspended. The fixed islets were
sent to the Advanced Electron Microscopy Core Facility at
the University of Chicago for further processing and
imaging.

Mature and immature insulin granules were quanti-
tated with the ImageJ Cell Counter plugin. Granules were
quantitated as a percentage of mature, immature, or rod
like divided by the total number of counted granules in
each image. A total of 20 images were quantitated per
group.

Flow Cytometry and RNA Purification
Isolated islets were dispersed into a single-cell suspension
(Accumax, A7089; Sigma-Aldrich), stained with DAPI, and
sorted by gating for Tomato1DAPI1 cells with FACS at the
Indiana University School of Medicine Flow Cytometry

Resource Facility. RNA was isolated from FACS-purified
b-cells (mean ± SEM 30,648 ± 6,565 cells [control; n = 4]
and 18,725 ± 3,161 cells [Chd4Db; n = 4]) with use of the
RNAqueous-Micro kit and analyzed on 2100 Bioanalyzer
(Agilent Technologies). Only samples with an RNA integ-
rity number >7.5 were used for cDNA synthesis and li-
brary preparation.

RNA Sequencing and Analysis
One nanogram of total RNA per sample was used for library
preparation. cDNA was first synthesized with use of SMART-
Seq v4 Ultra Low Input RNA Kit for Sequencing (Takara Bio).
A dual indexed cDNA library was then prepared with use of
Nextera XTDNA Library Prep Kit (Illumina). Each library was
quantified and its quality accessed with Qubit and Agilent
Bioanalyzer, and multiple libraries were pooled in equal mo-
larity. The average size of the library insert was �300–400
base pairs (bp). The pooled libraries were then denatured
and neutralized before loading to the NovaSeq 6000 se-
quencer for 100b paired-end sequencing (Illumina). Approx-
imately 30–40 × 106 reads per library were generated. A
Phred quality score (Q score) was used to measure the qual-
ity of sequencing. More than 95% of the sequencing reads
reached Q30 (99.9% base call accuracy). The generated
FASTQ files were processed with the Genialis visual infor-
matics platform (https://www.genialis.com).

Assay for Transposase-Accessible Chromatin With
Sequencing and Analysis
A total of 27,000–80,000 Tomato1 mature b-cells were col-
lected for assay for transposase-accessible chromatin with se-
quencing (ATAC-Seq). Cells were first lysed to collect nuclei
through incubating with 100mL lysis buffer (10mmol/L Tris-
HCl, 10 mmol/L NaCl, 3 mmol/L MgCl2, 0.10% Tween-20,
0.10% Nonidet P40 Substitute, 0.01% Digitonin, 1% BSA,
1 mmol/L dithiothreitol [DTT], 40 units/mL RNase Inhibitor)
for 3 min, centrifuging at 300 rcf for 5 min at 4�C, and dis-
carding the supernatant. The resulting nuclei were then
washedwith 1mLwash buffer (10mmol/L Tris-HCl, 10mmol/L
NaCl, 3 mmol/L MgCl2, 0.10% Tween-20, 1% BSA, 1 mmol/L
DTT, 40 units/mL RNase Inhibitor) and centrifuged at 200 rcf
for 5 min at 4�C two to three times. The final nuclei, rang-
ing from 14,000 to 45,000 in number, were used for tag-
mentation and library preparation following procedures
previously described (13). In brief, the nuclei were immedi-
ately suspended in 50 mL tagmentation reaction with use
of 2× TD Buffer (FC-121-1030; Illumina) and Nextera Tn5
Transposase enzyme (FC-121-1030; Illumina). Fragments
>600 bp were excluded in library preparation. Each result-
ing indexed library was quantified and its quality assessed
with Qubit and Agilent Bioanalyzer, and multiple libraries
were pooled in equal molarity. The pooled libraries were
then denatured and neutralized before loading to NovaSeq
6000 sequencer at 300 pmol/L final concentration for 100b
paired-end sequencing (Illumina). Approximately 100 × 106

reads per librarywere generated.APhredquality score (Q score)
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was used to measure the quality of sequencing. More than
90% of the sequencing reads reached Q30 (99.9% base call
accuracy).

Motif Analysis Using HOMER
HOMER (Hypergeometric Optimization of Motif EnRich-
ment) (14) was used to perform motif enrichment analysis
on those differentially accessible chromatins (DAC) and en-
hancer regions that were found in Chd4Db b-cells. The
search lengths of the motifs were 10 bp. P values were cal-
culated through comparison of the enrichments within the
target regions with those of a random set of regions (back-
ground) generated by HOMER.

RNA Interference–Mediated Chd4 Knockdown in
EndoC-bH1 Cell Line
Human EndoC-bH1 cells (15) were cultured at 37�C in 5%
CO2 in low glucose (1 g/L) DMEM, 2% albumin from bovine
serum fraction V, 50 mmol/L 2-mercaptoethanol, 10 mmol/L
nicotinamide, 5.5 mg/mL transferrin, 6.7 ng/mL sodium sele-
nite, and 1% PSA with passage numbers ranging between 85
and 95. siRNA knockdown in EndoC-bH1 cells was achieved
with use of ON-TARGETplus siRNAs targeting human CHD4
(no. L-009774-00; Dharmacon). Targeting siRNA or a nontar-
geting control (no. D-001810-10; Dharmacon) was diluted in
Opti-MEM and incubated with Lipofectamine RNAiMAX
(LMRNA015; Invitrogen) at a 1:3 ratio for 5 min. Cells sus-
pended in Opti-MEM were combined with the mixture of
siRNA and Lipofectamine RNAiMAX at a density of 2 × 106

cells in a 6-well dish until adherent, and then media was re-
placed with EndoC-bH1 growth media. GSIS was performed
and RNA and nuclear extracts were collected 72 h after trans-
fection. Nuclear extracts were resolved by SDS-PAGE and im-
munoblotted with CHD4 and b-actin antibodies. RNA was
purified per the manufacturer’s instructions (D7001; Zymo
Research) and cDNA prepared (4368814; Applied Biosys-
tems). Quantitative PCR reactions were performed with the
gene primers listed in Supplementary Table 2 on a Quant-
Studio 3 Real-Time PCR System (A28567; Applied Biosystems).
Gene expression changes were analyzed with the 2�DDCT

method (16) with use of GAPDH for normalization. For GSIS,
cells were treated with baseline glucose solution at 1 mmol/L
glucose for 1 h. Cells were then treated with either 2.8 mmol/L
glucose (low) or 16.7 mmol/L glucose (high) for 1 h. Secretion
media were collected, and cells were treated with acid/ethanol
solution for collection of contents. Human insulin and proinsu-
lin ELISAs were performed by the Translation Core at Indiana
University School of Medicine. Insulin secretion samples were
normalized to insulin content.

Statistical Analysis
Statistical significance was determined with the two-tailed
Student t test for comparison of two experimental groups
or one-way ANOVA with Tukey post hoc analysis for com-
paring more than two groups. Data are presented as

means ± SEM. A threshold of P < 0.05 was used to de-
clare significance.

Study Approval
All animal studies were reviewed and approved by the Indi-
ana University Institutional Animal Care and Use Commit-
tee. Mice were housed and cared for according to the
Indiana University Laboratory Animal Resource Center and
the Institutional Animal Care and Use Committee/Office of
AnimalWelfare Assurance standards and guidelines.

Data and Resource Availability
Raw and analyzed RNA-sequencing and ATAC-Seq data
sets have been deposited in Gene Expression Omnibus
(GEO) (accession no. GSE217446). All noncommercially
available resources generated and/or analyzed during the
current study are available from the corresponding author
on reasonable request.

RESULTS

Adult Islet b-Cell Function Is Impaired Following Loss
of Chd4
To evaluate the contributions of Chd4 in controlling b-cell
function in vivo, we crossed transgenic mice containing a
tamoxifen-inducible, b-cell–specific Cre recombinase (mouse
Ins1 enhancer/promoter [MIP]-driven CreERT [9]) and the
Rosa26-Loxp-Stop-Loxp-tdTomato (R26LSL-tdTomato [11]) lineage
reporter with mice containing LoxP sites flanking exons
12–21 of the Chd4 gene (i.e., Chd4Db [10]) (Supplementary
Fig. 1A and B). All experimental and control (MIP-CreERT;
Chd4f/1) animals contain the MIP-CreERT transgene and re-
ceived tamoxifen, as this line has been shown to augment is-
let b-cell mass and function independently (17,18). Removal
of Chd4was achieved through administration of five doses of
tamoxifen over a 5-day period. Four weeks following the last
tamoxifen dose, immunofluorescence analysis confirmed re-
moval of Chd4 protein from the majority of b-cells through-
out the islets of Chd4Dbmice (Supplementary Fig. 1C andD).

Male Chd4Db mutants displayed impaired glucose toler-
ance 4 weeks following the last tamoxifen treatment with
no alterations in body weight (Fig. 1A and Supplementary
Fig. 2A). Importantly, we compared MIP-CreERT–positive
mice (MIP-CreERT;Chd41/1) with our controls (MIP-CreERT;
Chd4f/1), which revealed no change in glucose tolerance be-
tween the Cre-alone animals and heterozygous controls
(Supplementary Fig. 2B). Based on the breeding strategies,
efforts to use control and experimental littermates, and the
similar phenotypes between MIP-CreERT–positive and MIP-
CreERT;Chd4f/1 mice, we selected the latter as the control
cohort throughout. Female Chd4Db mutants also displayed
the glucose intolerance phenotype at 4 weeks post–tamoxifen
treatment, although not as severe as male littermates (Supp-
lementary Fig. 2C). Moreover, the phenotype did not appear
to become worse as the animals age, as at 8 weeks post–
tamoxifen treatment glucose tolerance in female Chd4Db

mutants was similar to that at 4 weeks (Fig. 1A and
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Supplementary Fig. 2C and D). Ad libitum feeding blood
glucose levels were elevated inmale and female Chd4Dbmu-
tants, and plasma insulin levels were reduced in male, but
not female, mutants (Fig. 1B and C and Supplementary
Fig. 2E and F). The defect in glucose homeostasis and re-
duced plasma insulin levels suggested that there could be a
decrease in isletb-cell area; however, analyses from 4weeks
post–tamoxifen treatment in male mutants show no differ-
ence (Fig. 1D).

As b-cell area was unchanged, we queried whether insulin
secretion frommale Chd4Db mutant islets was impaired. Islet
perifusion analysis was used to examine the dynamics of insu-
lin secretion ex vivo at rest (2.5mmol/L glucose), in response
to 16.7mmol/L glucose, and in response to 2.5mmol/L glu-
cose with direct depolarization by 30mmol/L KCl. As ex-
pected, based on in vitro Chd4 knockdown followed by GSIS
in rat INS-1 832/13 b-cell lines (8), Chd4Db mutant islets have
a marked reduction in insulin secretion at steady state, 1st
phase, and 2nd phase and under KCl-induced depolarizing con-
ditions (Fig. 2A andB).

The profound defects in insulin release following glucose
stimulation and KCl-induced depolarization suggested that
stimulation of Ca21 influx through voltage-sensitive Ca21

channels could be altered. Therefore, Ca21 imaging experi-
ments using the ratiometric Ca21 indicator Fura-2, AM,
were conducted in islets from male control and Chd4Db mu-
tants. Remarkably, while phase 1 duration was modestly ex-
pedited in Chd4Db islets, no alterations were observed in
baseline Ca21 flux prior to glucose stimulation or phase 1
amplitude, oscillatory amplitude, or oscillatory duration af-
ter glucose stimulation (Supplementary Fig. 3). Moreover,
islets treated with 2.5 mmol/L glucose and 30 mmol/L KCl
presented with no change in cytosolic Ca21 (Fig. 2C). Col-
lectively, these observations indicate that the insulin secre-
tion defects are largely independent of Ca21 flux dynamics.

Expression of Key b-Cell Functional Genes Is
Compromised in Chd4Db b-Cells
To define the molecular influence of Chd4 in controlling
gene expression programs within the b-cell, we performed

A

B

C

Figure 2—Glucose and KCl-stimulated insulin release of perifused is-
lets is impaired in Chd4Db islets. A and B: Insulin secretion from peri-
fused control and Chd4Db male islets at 2.5 mmol/L glucose (G),
16.7 mmol/L glucose, and 2.5 mmol/L glucose 1 30 mmol/L KCl.
B: Corresponding area under the curve (AUC) analysis of insulin secre-
tion during low glucose (2.5 mmol/L glucose), 16.7 mmol/L glucose–sti-
mulated first phase (21–30 min) and second phase (30–48 min), and 2.5
mmol/L glucose1 30mmol/L KCl stimulation (48–62min) (n = 4–5). AU,
arbitrary units. C: Representative trace of intracellular Ca21 measure-
ments from isolated male islets with use of ratiometric Ca21 indicator
Fura-2, AM, under stimulation with 30 mmol/L KCl. The amplitude (DF)
of intracellular Ca21 is unchanged in Chd4Db islets, indicating that KCl-
mediated defect in insulin secretion is not due to Ca21 (n = 4–8). *P <
0.05; **P< 0.01; ***P< 0.001.

A

B C

D

 -

Figure 1—Glucose tolerance is impaired and insulin levels are re-
duced in male Chd4Db mice. A: Glucose tolerance was compro-
mised in Chd4Db male mice during intraperitoneal glucose
tolerance tests 4 weeks following the last tamoxifen treatment.
Area under the curve analysis of glucose tolerance tests is shown
graphically (n = 10–17). AU, arbitrary units. B: Ad libitum feeding
blood glucose levels were elevated in Chd4Db male mice (n =
10–17). C: Plasma insulin levels were reduced in fasted Chd4Db

male animals (n = 15–18). *P < 0.05; **P < 0.01; ***P < 0.001.
D: b-Cell area is unchanged between control and Chd4Db male ani-
mals (n = 3).
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RNA sequencing on FACS Tomato1 b-cells from dispersed
male control and Chd4Db islets. Using a twofold cutoff
and false discovery rate of <0.05, we found 438 down-
and 1,093 upregulated genes in Chd4Db b-cells (Fig. 3A
and Supplementary Table 3). Several of the genes with re-
duced expression include those encoding the MafA TF
(MafA), islet secretory granule molecules chromogranin A
(Chga) and chromogranin B (Chgb), the Ca21-binding synap-
totagmin 10 (Syt10), the primary glucose transporter Glut2
(Slc2a2), and roundabout receptor 2 (Robo2) and its ligand
Slit1—all critical factors in b-cell physiology (19). We con-
firmed the reduction of several of these important modula-
tors of insulin production and secretion at the protein level,
including MafA, CgA, and CgB (Fig. 4). Additionally, disal-
lowed genes Hk2, Pdgfra2, and Mycl, and numerous Serpina
and Serpine genes, were upregulated in Chd4Db b-cells (Fig.
3A and B and Supplementary Table 3). The Serpina family
of genes cluster together on chromosome 12 and are down-
regulated in the late stages of the secondary transition, a
temporary point critical for endocrine cell development
(20). SERPINE2 expression has been shown to be upregulated

in T2D donor islets (21), further highlighting that the tran-
scriptional programming governed by Chd4 is closely linked
to diabetes pathogenesis. Moreover, we observed no signifi-
cant alterations in expression of fundamental islet-enriched
TF mRNAs (e.g., Foxo1, Hnf1b, Isl1, Mnx1, Neurod1, Nkx2.2,
Pax6, Pdx1) (Supplementary Fig. 4A and B). Lastly, we found
no increased levels of glucagon or somatostatin in Tomato1

Chd4Db b-cells (Supplementary Fig. 4B), supporting that loss
of Chd4 does not lead to aberrant expression of a-cell– and
d-cell–enriched genes.

As Chd4 has been shown to interact with Pdx1 and play
instrumental roles in maintaining Pdx1 function (8), we
compared those genes differentially expressed in Chd4Db

b-cells with genes bound by Pdx1 in mouse islets (22),
which revealed a partial overlap of 385 genes. Gene ontol-
ogy (GO) analysis of these genes with use of the Database
for Annotation, Visualization, and Integrated Discovery
(DAVID) led to the identification of pathways linked to hor-
mone secretion and regulation of K1 ion transmembrane
transport (Fig. 3C), the latter of which is supported by
the significant defect in insulin secretion when Chd4Db

A B

C

–

Figure 3—RNA sequencing identifies Pdx1-bound genes differentially expressed in Chd4Db b-cells. A: Volcano plot illustrating the most
DEGs in FACS-sorted, Tomato1 Chd4Db male b-cells. B: Heat map hierarchical clustering displaying log2(CPM) of select subset of DEGs
in Chd4Db b-cells. C: Left, Venn diagram of differentially expressed (DE) Chd4Db genes overlaid with Pdx1-bound genes obtained from
ChIP experimentation of primary mouse islets (22), and right, biological processes of the 385 overlapping genes identified by GO analysis
include those associated with nervous system development, signal transduction, regulation of ion transmembrane (transmem) transport,
and hormone secretion. n = 4. FC, fold change; FDR, false discovery rate.
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islets are treated under KCl-mediated depolarizing con-
ditions (Fig. 2A).

Immature-to-Mature Insulin Granule Ratios and
Proinsulin Levels Are Elevated in Chd4Db Mutants
The reductions in CgA and CgB could partially explain the
defects in insulin secretion from Chd4Db b-cells. Loss of
CgB obstructs proinsulin processing leading to accumula-
tion of proinsulin content in b-cells and causes an accu-
mulation of immature insulin secretory granules (23,24).
Therefore, we used transmission electron microscopy to
provide detailed visualization of the cytoarchitecture of
male control and Chd4Db islets. We quantitated the num-
ber of mature, immature, and rod-like granules throughout
and observed an increased percentage of immature insulin
granules in male Chd4Db islets (Fig. 5A and B). Accumula-
tion of immature secretory granules could be resultant
from defects in proinsulin conversion to insulin. In support
of this idea, we found that male Chd4Db islet contents
have increased proinsulin-to-insulin ratios (Fig. 5C). Next,
plasma collected from male Chd4Db mutant mice 2 min fol-
lowing a glucose injection revealed that Chd4Db mutants
secreted significantly more proinsulin into the bloodstream
and that overall proinsulin-to-insulin ratios were increased
in Chd4Db mutants (Fig. 5D and E).

Chromatin Accessibility Is Significantly Altered in
Chd4Db b-Cells
To interrogate chromatin architecture changes in the Chd4Db

mutants, we performed ATAC-Seq on flow-sorted Tomato1

cells from dispersed male control and Chd4Db islets. Interest-
ingly, of the DAC regions identified in Chd4Db b-cells, 872 re-
sided within promoters (±1 kb from transcription start site
[TSS]) (Fig. 6A), corresponding to 81 genes with closed and
791 genes with open chromatin in Chd4Db b-cells. Of the 791
genes with open chromatin at the promoter, 218 were upre-
gulated, and 12 of the 81 genes with closed chromatin were
downregulated, in Chd4Db b-cells. In GO pathway analyses,
these concordant overlapping genes were linked to pathways
associated with regulation of insulin secretion and K1 export
across plasma membrane (Fig. 6A and Supplementary Table 4).
We next aligned DAC regions from Chd4Db b-cells with those
defined to be functional enhancers within islets (25). There
were 283 defined islet-enhancer regions that were differentially
accessible in Chd4Db b-cells. Of the genes associated with those
enhancers, 12 were differentially expressed in Chd4Db b-cells,
includingMafA (Supplementary Table 5).

Previously, we established that Chd4 binds to an upstream
MafA regulatory sequence termed region 3 (base pairs�8118
to �7750 relative to the TSS [26]) in rodent b-cell lines (8).
In support of this, across replicate samples, we observed
MafA region 3 is in a more closed chromatin state (Fig. 6B).

A B

C D

Figure 4—Chd4Db b-cells have reduced levels of MafA, chromogranin A, and chromogranin B. Representative confocal images of islet-
enriched TF MafA (A), chromogranin A (CgA) (B), and chromogranin B (CgB) (C) reveal that levels are compromised in lineage-labeled
Chd4Db b-cells. Scale bar = 10 mm. D: Mean fluorescence intensity of MafA, CgA, and CgB was calculated from Tomato1 b-cells of control
and Chd4Db islets. AU, arbitrary units.
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Moreover, we found that Slc2a2 (encoding the Glut2 primary
glucose transporter in the rodent b-cell) expression is re-
duced (Fig. 3A and B), with chromatin accessibility being
compromised at the promoter and intragenic regions
(Supplementary Fig. 5). In a concordant manner, accessible
chromatin signals were enhanced at promoter sites of genes
upregulated in Chd4Db b-cells, including Kcnk5 and Serpina1a
(Fig. 6C and Supplementary Fig. 5). Interestingly, we found
differential regulation of alternate Chd members of the same
class II Chd family. Whereas Chd5 was found to be upregu-
lated and promoter/intragenic regions showed increased chro-
matin accessibility in Chd4Db b-cells (Supplementary Fig. 5),
transcript levels of Chd3 were unchanged in Chd4Db b-cells.
Interestingly, we observed that both Chd3 and Chd5 proteins
are elevated in Tomato1 Chd4Db b-cells (Supplementary Fig.
4B). These data suggest partial compensation or possible func-
tional redundancy by alternate Chd helicase subunits in the
absence of Chd4, albeit to a degree that does not fully rescue
the loss of Chd4.

We observed a relatively small number of differentially
expressed genes (DEGs) in Chd4Db b-cells that overlap with
Pdx1-bound genes (Fig. 3C). Those DEGs not bound by
Pdx1 suggest that the differences could be driven by either

secondary effects, or, most likely, other islet-enriched TFs
that are modulated by Chd4 activity. To this end, we per-
formed HOMER analysis on our ATAC-Seq data set. As
expected, a conserved homeobox-domain binding site
(TAAT) was found to be a region with DAC at promoter
regions (Supplementary Fig. 6A). There are several islet-
enriched TFs, including Pdx1, that bind to this consensus se-
quence in the islet (Supplementary Fig. 6A). Additionally,
binding sites for NeuroD1 and Smad proteins were identi-
fied at both promoter and enhancer regions (Supplementary
Fig. 6A and B), opening the possibility that Chd4 is being re-
cruited by these TFs to genomic control regions. NeuroD1 is
of particular interest, as global deletion leads to arrest of is-
let development, loss of final b-cell mass, severe hyperglyce-
mia, and perinatal death (27). To further interrogate the
relationship between Chd4 and NeuroD1 in the b-cell, we
analyzed ChIP-sequencing data sets for NeuroD1-occupied
enhancer loci in mouse islets, which were also flanked by
H3K4me1-marked nucleosomes (28), to evaluate their over-
lap with Chd4Db DEGs and those bound by Pdx1 (from
mouse islets [22]). We revealed a notable overlap of genes
bound by both Pdx1 and NeuroD1, with 74 of Chd4Db

DEGs found in all three gene sets (Supplementary Fig. 7).
Those genes in all three data sets include b-cell functional

A B

C D E

Figure 5—Loss of Chd4 results in increased immature granule number and increased proinsulin-to-insulin ratios. A: Representative elec-
tron microscopic images of b-cells and insulin granule morphology from control and Chd4Db male islets. B: The percentages of immature,
mature, and rod-like granules were calculated, revealing that Chd4Db b-cells have elevated immature-to-mature granule ratios (scale bar = 1 mm)
(n = 4–5; 20 images per group quantitated). C: Ratio of proinsulin and insulin was determined from islets grown overnight in standard islet culture
media (RPMI; 11 mmol/L glucose) (n = 3–6). D and E: Plasma collected from fasted control andChd4Db male mice 2 min following stimulation with
glucose revealed elevated plasma proinsulin levels and increased plasma proinsulin-to-insulin ratios (n = 6–12). *P< 0.05; ****P< 0.0001.
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genes such as Robo2, Slc2a2, and Chga (Supplementary
Table 6). There was a relatively small number of Chd4Db

DEGs that reside in NeuroD1-bound genes (23 genes),
suggesting other islet-enriched TFs are also likely being
governed by Chd4.

CHD4 Is Necessary for Insulin Secretion in EndoC-bH1
Cells
We next assessed the functional role of human CHD4 using
siRNA in the well-characterized human b-cell line model,
EndoC-bH1 cells. CHD4 levels were reduced �50% from
EndoC-bH1 cells following siRNA-mediated depletion (Fig.
7A). Analyses of various genes linked to b-cell function and
those differentially expressed in Chd4Db b-cells revealed sig-
nificant reductions in MAFA, G6PC2, and INS (Fig. 7B). The
reduced expression of INS was not expected, as levels of
Ins1 and Ins2 are unchanged in both Chd4Db b-cells and ro-
dent b-cell lines following transient knockdown of Chd4
(8). GSIS following CHD4 knockdown in EndoC-bH1 cells
revealed a marked reduction in insulin secretion, with no

significant alteration in insulin content (Fig. 7C and D). In
agreement with observations from Chd4Db islets, we reveal
a trending elevation of proinsulin and proinsulin-to-insulin
ratios in EndoC-bH1 cell contents following knockdown of
CHD4 (Fig. 7E and F).

DISCUSSION

Blood glucose homeostasis requires adapted responses from
hormone-secreting islet cells and hormone-sensitive periph-
eral tissues such as liver, muscle, and adipose cells. The adapta-
tion by the isletb-cell is largely regulated at the transcriptional
level, through interaction among DNA-bound TFs, recruited
transcriptional coregulators, and the basal transcriptional ma-
chinery. Although numerous coregulators with diverse enzy-
matic activities exist in mammalian cells, few have been
characterized to govern the activities of islet-enriched TFs. We
previously showed that interactions between Pdx1 and the
Chd4 subunit of the NuRD complex are amplified under acute
glucose stimulatory conditions and are significantly reduced in
pathophysiological conditions associated with diabetes (8),

A

B C

Figure 6—Chromatin accessibility is significantly altered at subset of gene promoters and defined islet enhancers in Chd4Db b-cells.
A: ATAC-Seq performed on FACS-sorted, Tomato1 control and Chd4Db male b-cells (n = 3) revealed numerous areas of DAC. Of these
DAC regions, 872 peaks resided within gene promoter regions (±1 kb of TSS). In a concordant manner, 218 of the 791 genes with open
chromatin were upregulated, and 12 of the 81 genes with closed chromatin were downregulated, in Chd4Db b-cells. Biological processes
of the 230 genes identified by GO analysis revealed pathways associated with regulation of insulin secretion and K1 export across plasma
membrane. B and C: Representative ATAC-Seq tracks of the enhancerMafA region 3 (MafA-R3) illustrating reduced chromatin accessibil-
ity (B) and Kcnk5 promoter illustrating increased chromatin accessibility (C). sign., signaling.
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suggesting that Chd4 is a modulator of Pdx1 activity and,
therefore, b-cell function. Here, we report the importance
of Chd4 in governing b-cell gene expression, chromatin acces-
sibility,b-cell function, andmature insulin granule production
in vivo.

In this regard, conditional removal of Chd4 from mature
islet b-cells leads to disruptions of gene expression pro-
grams that induce glucose intolerance and impaired insulin
secretion (Figs. 1 and 2). For example, we demonstrate that
Chd4 has a prominent role in regulating MafA, a critical TF
important for insulin secretion, by augmenting chromatin
accessibility at Pdx1-regulated MafA region 3 enhancer
(Figs. 3 and 6). Furthermore, we identified a role for Chd4
in positively regulating the genes encoding CgA and CgB,
which are essential for appropriate granule maturation, and
in maintaining appropriate proinsulin-to-insulin ratios in
the b-cell (23,24,29). Interestingly, in addition to reduced
mature granule density, we also found elevated proinsulin-
to-insulin ratios in Chd4Db islets (Fig. 5). Given the history
of the MIP-CreERT and other transgenic Cre-driver lines in
augmentingb-cell function (30), all control and experimental
animals included MIP-CreERT and received tamoxifen. While
we controlled for factors that could confound the results, this
model is not without its limitations, as we are unable to dis-
tinguish any potential role of Chd4 in controlling Cre expres-
sion/activity or Tamoxifen actions within theb-cell.

Deletion of Pdx1 from mature b-cells leads to loss of
b-cell function and identity, where Pdx1-deficient cells

acquire molecular and transcriptional signatures of a-cells,
including expression of Gcg and MafB (31). This suggests
that Pdx1 activates b-cell functional genes and represses
non–b-cell genes. As Chd4 has been shown to maintain
identity of a variety of cell types (e.g., cardiac muscle cells,
skeletal muscle cells, embryonic stem cells), we expected to
observe an increase in non–b-cell genes in Chd4-deficient
b-cells. However, we did not observe upregulation of genes
encoding non–b-cell hormones (e.g., Gcg, Sst, Ppy, Ghrl)
(Supplementary Fig. 4), but we did detect changes in several
disallowed genes (Hk2, Pdgfra2, Mycl, Serpina and Serpine
family members) (Fig. 3), suggesting a partial reprogram-
ming of the b-cell transcriptional state on Chd4 loss. More-
over, this indicates that other coregulators are contributing
to the maintenance of Pdx1-repressive functions within
the b-cell.

We found that b-cell–specific deletion of Chd4 leads to in-
creased chromatin accessibility and upregulation of an alter-
nate Chd isoform, Chd5, and slightly elevated protein levels
of Chd3 (Supplementary Fig. 4). This observation is consis-
tent with our recent findings that transient knockdown of
Chd4 in mouse b-cell lines leads to upregulation of both Chd3
and Chd5 (8). Similarly, a satellite cell-specific deletion of
Chd4 led to upregulation of both Chd3 and Chd5, which were
additionally found to be bound directly by Chd4 (32). Inter-
estingly, Chd5 has not garnered as much attention as Chd4,
potentially due to having low expression in tissues outside
the nervous system and testis (33). Whereas Chd5 might not

A B

C D E Fmmol/L
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Figure 7—CHD4 modulates genes essential for insulin secretion in EndoC-bH1 human b-cell lines. A: Left, protein level of CHD4 was re-
duced on targeted siRNA treatment (siCHD4), and right, densitometric analysis indicated effective knockdown of CHD4 (n = 5). B: The ef-
fect of CHD4 knockdown on candidate b-cell mRNA levels was determined with quantitative PCR analyses (n = 3–4). C and D: GSIS was
measured 1 h following glucose stimulation with 16.7 mmol/L glucose in cells treated with siRNA for 72 h. C: Results are presented as fold
stimulation between siControl and siCHD4 at 16.7 vs. 2.8 mmol/L glucose following normalization to insulin content. Statistical analyses
between groups were performed with one-way ANOVA with Tukey post hoc analysis. **P< 0.01. n.s., not significant. Insulin (D) and proin-
sulin (E) content levels were monitored following knockdown (n = 4). F: Proinsulin-to-insulin ratios were calculated in unstimulated
EndoC-bH1 cells following knockdown of CHD4 (n = 4). *P< 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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play major roles outside of these systems under physiological
conditions, it could become important in situations where
Chd4 activity is altered, such as themultisystemic neurodeve-
lopmental disorder Sifrim-Hitz-Weiss, caused by missense
mutations in CHD4 (34). Therefore, the roles of other Chd
subunits when Chd4 activity is altered will be an important
avenue for future study.

Pdx1 interacts with a variety of transcriptional coregulators
with various enzymatic functions in the b-cell (35). Loss of
Chd4 leads to loss of expression of key b-cell functional genes,
including MafA and Slc2a2, genes that are also regulated by
the Swi/Snf chromatin remodeling complex (7). However, in
contrast to Swi/Snf, whose activity is shown to promote Pdx1
occupancy to the Ins2 locus and robust expression of insulin
(7), Chd4 does not appear to alter expression of Ins1 or Ins2 or
alter chromatin accessibility of their genomic loci (Supple-
mentary Figs. 4 and 5). These findings underscore how the
recruitment of different coregulators to distinct loci is imper-
ative for proper gene regulation. Moreover, it raises the
question as to how the selective recruitment of coregulators
by Pdx1 to specific genomic loci is regulated. Whether poten-
tial posttranslational modifications of Pdx1 influence its
ability to interact with specific coregulators remains to be es-
tablished, as Pdx1 has been shown to undergo glycosylation,
SUMOylation, ubiquitination, and phosphorylation (36–39),
modifications that could alter its binding capacity and tran-
scriptional activity.

We evaluated how transient loss of CHD4 in human
b-cell lines would impact gene expression signatures and is-
let function. Similar to Chd4Db b-cells, we found reductions
in MAFA and SLC2A2 (Fig. 7). Interestingly, in EndoC-bH1
cell lines, reduced expression of CHD4 also led to reduced
expression of INS, which was unchanged in Chd4Db mouse
b-cells. Moreover, and in agreement with our mouse model
findings, we revealed transient reduction in CHD4 from
EndoC-bH1 cells trends toward elevated proinsulin levels.
However, in contrast to Chd4Db islets, EndoC-bH1 insulin
content was unchanged following knockdown. We propose
that the differences likely arose from the transient siRNA
knockdown in EndoC-bH1 cells with insufficient time hav-
ing passed to reduce insulin content. However, while gene
expression programs differ between mice and humans in-
sufficient or deficient for Chd4, b-cell function was im-
paired in both models, demonstrating the importance for
Chd4 in governing b-cell function across species.

Overall, our results demonstrate a prominent role of
Chd4 in controlling insulin secretion and modulating a sub-
set of gene targets within the b-cell to maintain its func-
tion. Our findings are the first to demonstrate that Chd4
plays an essential role in maintaining mature b-cell func-
tion in vivo. The regulation we characterized by Chd4 opens
potential therapeutic opportunities to manage b-cell dys-
function associated with T2D.
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