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SUMMARY
The adaptive increase in insulin secretion in early stages of obesity serves as a safeguard mechanism to
maintain glucose homeostasis that cannot be sustained, and the eventual decompensation of b cells is a
key event in the pathogenesis of diabetes. Here we describe a crucial system orchestrated by a transcrip-
tional cofactor CtBP2. In cultured b cells, insulin gene expression is coactivated by CtBP2. Global genomic
mapping of CtBP2 binding sites identifies a key interaction between CtBP2 and NEUROD1 through which
CtBP2 decompacts chromatin in the insulin gene promoter. CtBP2 expression is diminished in pancreatic is-
lets inmultiplemousemodels of obesity, aswell as human obesity. Pancreaticb cell-specific CtBP2-deficient
mice manifest glucose intolerance with impaired insulin secretion. Our transcriptome analysis highlights an
essential role of CtBP2 in the maintenance of b cell integrity. This system provides clues to the molecular ba-
sis in obesity and may be targetable to develop therapeutic approaches.
INTRODUCTION

Despite the broad influence of insulin on a multitude of biological

processes, its production and secretion is solely dependent on

pancreatic b cells. Together with the fact that these irreplaceable

b cells are vulnerable to cell-intrinsic stresses such as endo-

plasmic reticulum (ER) stress1,2 and oxidative stress3 that are

evoked by obesity, insulin insufficiency frequently arises as a

result of metabolic stresses, leading to diabetes as well as other

catabolic illnesses. The complex system that b cells have

evolved to exert their pre-eminent role in insulin production has

liabilities in this context; however, the molecular bases underly-

ing this obesity-induced b cell dysfunction remain incompletely

understood.

Since the insulin gene is specifically expressed in pancreatic b

cells, insulin gene expression and b cell differentiation are insep-

arably regulated at the levels of transcription. We observe signif-

icant contributions of key transcription factors to the mainte-

nance of b cell integrity in cases of monogenic diabetes:

HNF4A/MODY1, HNF1A/MODY3, HNF1B/MODY5, PDX1/

IPF1/MODY4, and NEUROD1/MODY6.4 Among them, MODY6

is an extremely rare form of monogenic diabetes caused by mu-
This is an open access article und
tation(s) in NEUROD1 gene.5 The low penetrance of MODY6

suggests the susceptibility to environmental factors such as

maternal nutritional conditions,5 implicating that the transcrip-

tional activity of NEUROD1 may also be under the influence of

metabolic alterations.5 Mice lacking the Neurod1 gene manifest

severe diabetes with impaired pancreatic islet morphogenesis

that leads to perinatal lethality,6 providing another line of evi-

dence showing an indispensable role of NEUROD1 in the main-

tenance of b cell integrity. NEUROD1 is a basic-helix-loop-helix

(bHLH) transcription factor that commits neuroendocrine precur-

sor cells to a b cell lineage and is immediately downstream of

neurogenin 3 (NEUROG3), another critical bHLH transcription

factor.7 It has been reported that NEUROD1 expressed in spe-

cific tissues forms a heterodimer with transcription factor 3

(TCF3, also known as E47), a ubiquitous bHLH factor8 that can

recruit a set of chromatin modifiers.9

C-terminal binding protein (CtBP) transcriptional corepressors

play critical roles in the regulation of chromatin architecture.10

Two isoforms exist in mammals, CtBP1 and CtBP2, and only

CtBP2 has a nuclear localization signal on its N-terminal region,

which specifically designates CtBP2 for regulation of transcrip-

tion.11 While CtBP2 is localized exclusively in the nucleus,
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CtBP1 is distributed throughout cells and also exerts non-tran-

scriptional functions.12,13 The global deficiency of both isoforms

of CtBPs leads to developmental defects, whereas deficiency of

only CtBP2 manifests in embryonic lethality, and loss of CtBP1

leads to a milder phenotype.14 In part because of this lethality,

the roles of CtBPs in vivo have been underexplored. Recently,

we demonstrated that CtBP2 serves as a metabolite sensor

with an activation/inactivation equilibrium controlled through

binding to NADH/NAD+ and fatty acyl-CoAs, respectively.15

While CtBP2 represses FoxO1-mediated gluconeogenesis and

SREBP1-mediated lipogenesis to prevent diabetes and hepatic

steatosis in healthy liver, fatty acyl-CoAs induced by obesity

inactivate CtBP2, resulting in metabolic deterioration.15

Conversely, CtBP2 activation dramatically ameliorates diabetes

as well as hepatic steatosis.15 Historically, CtBPs have been re-

ported to have preferential binding affinity for NADH compared

to NAD+, which confers CtBPs a unique capability to be acti-

vated by increased glycolytic flux,16,17 albeit with some contro-

versy.18,19 Interestingly, both glycolysis and fatty acyl-CoA

metabolism are tightly coupled with insulin secretory function

in b cells.20

In this study, we demonstrate that CtBP2 interacts with

NEUROD1 to activate insulin gene expression through chro-

matin remodeling. In mouse models of obesity, the protein

expression of CtBP2 in pancreatic islets is markedly decreased,

and genetic ablation of CtBP2 in pancreatic b cells results in a

diabetic phenotype with reduced insulin secretion. The

decreased CtBP2 expression was also observed in human

obesity. Our global transcriptome analysis indicates a critical

role of CtBP2 in the maintenance of b cell integrity. These data

suggest that the loss of CtBP2 may be a mechanistic link be-

tween obesity and b cell dysfunction that may be targetable to

develop new therapeutic approaches.

RESULTS

CtBP2 is recruited to insulin gene promoters to
coactivate the gene expression
Having observed the critical roles of CtBP2 in the liver of

obesity,15 we embarked on an investigation of a potential

involvement of CtBP2 in the function of pancreatic b cells. Firstly,

we suppressed the expression of endogenous CtBP2 by adeno-

virus-mediated delivery of shRNA, and we observed decreased

expression levels of two mouse insulin genes, Ins1 and Ins2, in

MIN6 cells, a mouse b cell line (Figures 1A and S1A).Conversely,

when we examined the effects of gain of function of CtBP2,
Figure 1. CtBP2 is a coactivator for insulin gene expression in pancrea

(A) The effect of CtBP2 suppression on Ins1 and Ins2 gene expression. MIN6 cells

mediated transduction (n = 4).

(B) The effect of CtBP2 overexpression on Ins1 and Ins2 gene expression. MIN6 ce

or CtBP2 (AdCtBP2) (n = 4).

(C) Schematic description of mouse Ins1 and Ins2 gene promoters. Elements are

sequences. Since there are two E-box sequences in the mouse Ins1 gene promote

E2). The primer set to amplify the single mouse Ins2 gene promoter was designa

(D) ChIP-qPCR analysis to detect recruitment of CtBP2 to each region of the in

designed to amplify the upstream region of Alb gene.

(E) Gene Ontology (GO) analysis of CtBP2 ChIP-seq in MIN6 cells with GREAT to

(F) CtBP2 ChIP-seq peaks at representativemetabolic gene loci. Data are express
CtBP2 overexpression increased the expression of Ins1 and

Ins2 compared to the overexpression of control protein b-glucu-

ronidase (GUS) (Figures 1B and S1B). Together, these data sug-

gest a coactivating role of CtBP2 in insulin gene expression.

Indeed, we observed robust recruitment of CtBP2 to the pro-

moter regions of insulin genes (Figure 1C) in our chromatin

immunoprecipitation (ChIP)-qPCR analysis, suggesting a direct

involvement of CtBP2 in insulin gene expression (Figure 1D).

Next, we attempted to gain mechanistic insights into the

CtBP2-mediated insulin gene transcriptional activation. CtBP2

lacks a DNA binding domain and binds to specific transcription

factors to be recruited to functional DNA elements.21 Therefore,

motifs found in CtBP2 footprints would enable prediction of

those key transcription factors. To accomplish this, we deci-

phered the CtBP2 cistrome in MIN6 cells using ChIP followed

by high-throughput DNA sequencing (ChIP-seq). The peak distri-

bution relative to the genomic features was analyzed by the cis-

regulatory element annotation system (CEAS),22 and we found

that CtBP2 was more frequently recruited onto transcriptional

start sites, while peaks were also observed on gene bodies of

certain sets of genes (Figures S1C and S1D). Enrichment of

gene ontology processes associated with the peaks was

analyzed by GREAT (Genomic Regions Enrichment of Annota-

tions Tool), and the top ranking hit in Gene Ontology molecular

function terms was related to the voltage-gated calcium channel

activity that primarily regulates insulin secretion (Figure 1E), sug-

gesting that CtBP2 may govern a broad array of genes involved

in insulin secretion. Indeed, we observed recruitment of CtBP2 to

not only insulin (Ins1 and Ins2) and the calcium channel gene

(Cacna1c) but also other key genes encodingmolecules critically

involved in the insulin secretory machinery (Figures 1F and S1E).

We also observed peaks around the gene bodies of insulin

genes, suggesting chromatin rearrangement of insulin genes

may be induced not only in the promoters but also in the gene

bodies.23

CtBP2 forms a transcriptional coactivation complex
with NEUROD1 to regulate insulin gene expression
We further extracted consensus motifs from the ChIP-seq peaks

and compared these motifs against databases of known motifs

of transcription factors15 (Figure S2). The list of candidate tran-

scription factors contains those reported to directly bind to

CtBP2, such as FoxO115 and KLFs,24 ensuring the accuracy of

our analysis. Intriguingly, one of the top-ranked motifs (e-value

3.2e-110) suggested a potential interaction with NEUROD1, a

master regulator of insulin gene transcription,25 which was also
tic b cells

were transduced with non-target shRNA (shCont) or shCtBP2 by adenovirus-

lls were transduced with adenoviruses encoding control protein (GUS, AdGUS)

termed according to the literature,48 and the E elements contain typical E-box

r, two primer sets were prepared to amplify those sequences (Ins1 E1 and Ins1

ted Ins2 E1.

sulin gene promoters in MIN6 cells (n = 4). The negative control primers were

ol. Top ranking hits are in GO molecular function terms.

ed as themean ±SEM. *p < 0.05 and **p < 0.01, determined by Student’s t test.

Cell Reports 42, 112914, August 29, 2023 3



A B

C

D

E

F

G

(legend on next page)

4 Cell Reports 42, 112914, August 29, 2023

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
supported by a previous report26 (Figures 2A and S2). Consistent

with this finding, we observed an interaction between CtBP2 and

NEUROD1 in HEK293 cells exogenously expressing these genes

(Figure 2B). Moreover, we were able to detect the endogenous

CtBP2-NEUROD1 complex in MIN6 cells (Figure 2C). Despite

the fact that the binding partners for CtBP2 share a highly

conserved motif Pro-x-Asp-Leu (PxDL) in their primary amino

acid sequences,21 we could not find the putative CtBP interac-

tion site(s) in NEUROD1, implicating the indirect nature of this

interaction. Since a previous report suggested that Ras-respon-

sive element binding protein 1 (RREB1) serves as an interme-

diary molecule between CtBP2 and NEUROD1,26 we examined

the CtBP2-RREB1 interaction. Indeed, we were able to detect

this interaction and find the putative CtBP-binding motif in

RREB1 (Figures 2D and S3A). However, the CtBP2-NEUROD1

interaction was preserved even after suppressing the expression

of RREB1, implicating the existence of a largemulti-protein com-

plex that supports the CtBP2-NEUROD1 interaction (Figure 2E).

We further examined the role of this transcriptional complex in

the regulation of insulin genes. NEUROD1 has been known to

preferentially bind to E-box motifs that are present in the pro-

moters of Ins1 and Ins2 genes, with duplication in Ins1 gene (Fig-

ure 1C). As shown in Figure 1D, the recruitment of CtBP2was de-

tected in all of these E-box sequences. In addition, our re-ChIP

experiment demonstrated that the CtBP2-NEUROD1 complex

was present in the human insulin gene promoter, which has a sin-

gle E-box motif (Figure 2F). To observe the functional conse-

quences of this transcriptional complex formation, we performed

reporter-based assays and observed that CtBP2 and NEUROD1

synergistically enhanced human insulin promoter activities, sub-

stantiating the coactivating role of CtBP2 in insulin gene expres-

sion (Figure 2G). Interestingly, we found that the presence of

TCF3 (E47), an obligate partner of NEUROD1, was required for

this synergistic induction (Figure 2G).

CtBP2 modifies chromatin architecture to coactivate
insulin gene promoters
Since CtBP2 has been reported to regulate gene expression

through alteration of epigenetic codes,21 we examined the ef-

fects of CtBP2 on histone modifications of the insulin gene pro-

moters. CtBP2 overexpression increased histone marks associ-

ated with open chromatin, such as H3K4me3, H3K9ac, and
Figure 2. Analysis of CtBP2 cistrome leads to identification of CtBP2-

(A)Motif analysis of CtBP2 binding sites. Themotif enclosed by a rectangle is one o

to be targeted by CtBP2 based on sequence similarity.

(B) CtBP2-NEUROD1 complex was detected by co-immunoprecipitation. HEK

CtBP2, and the complex was immunoprecipitated with FLAG magnetic beads.

(C) The endogenous CtBP2-NEUROD1 complex was detected by NEUROD1 im

(D) CtBP2-RREB1 complex was detected by co-immunoprecipitation. HEK293 c

the complex was immunoprecipitated with FLAG magnetic beads.

(E) CtBP2-NEUROD1 complex formation in the presence or absence of RREB1 sh

and thereafter transfected with either control plasmid, FLAG-NEUROD1, or CtBP

(F) Promoter occupancy of the CtBP2-NEUROD1 complex detected by sequen

CtBP2. The chromatin was first enriched by FLAG immunoprecipitation, and the

(n = 4).

(G) Insulin gene promoter activities analyzed using a luciferase reporter. HEK29

obligate partner of NEUROD1, as well as the human INS gene promoter luciferase

by Student’s t test.
H3K27ac, and it decreased those associated with repressive

chromatin, such as H3K27me327 (Figure 3A). While the role of

H3K4ac in chromatin remodeling remains underexplored,28,29

we observed that it was decreased by CtBP2 overexpression

(Figure S3B). In contrast, suppression of CtBP2 decreased

active histone marks and increased repressive ones albeit with

some exceptions. Together, these data indicate that CtBP2

maintains an open chromatin architecture at the insulin gene

promoters (Figures 3B and S3C). A wide range of histone modi-

fiers have been identified as components of the CtBP2 chro-

matin-remodeling complex, such as LSD1-KDM1A (lysine-spe-

cific demethylase 1, lysine demethylase 1A), EHMT1/2

(euchromatic histone methyltransferase 1/2), PCAF, CBP/p300,

and HDAC26,30 that would be responsible for the dynamic alter-

ations observed in H3K9ac, H3K27ac, and H3K4ac. Since one of

the most prominent alterations was methylation of H3K4, we

searched in silico for H3K4 methyltransferases harboring the

PxDL CtBP-binding motif(s) and identified members of the

MLL/KMT2 family (Figures S3D and S3E). Indeed, we were

able to demonstrate the interactions between CtBP2 and

KMT2A/B that were also reported previously (Figure 3C).31

These data unequivocally demonstrate that CtBP2 activates in-

sulin gene expression through alterations of histone

modifications.

CtBP2 protein expression is markedly diminished in the
pancreatic b cells in obesity
Having observed an interesting role of CtBP2 in the transcrip-

tional regulation of the insulin genes in vitro, we investigated

in vivo relevance of this novel system. We previously demon-

strated that functional alterations of CtBP2 are primarily regu-

lated at the levels of dynamic equilibrium between dimer and

monomer in liver, and that CtBP2 is markedly inactivated with

a modest decrease in protein expression in the livers of obese

mice and humans.15 To examine the influence of obesity on

CtBP2 in pancreatic b cells, we first examined the CtBP2 protein

expression levels in multiple animal models of obesity. CtBP2

expression was detected in both exocrine and endocrine

pancreas in our immunohistochemical analysis. Notably,

CtBP2 protein expression was markedly reduced in pancreatic

islets in multiple models of obesity, while expression in exocrine

cells was unchanged (Figures S4A–S4C). This findingwas further
NEUROD1 transcriptional complex

f the CtBP2-bindingmotifs enriched in the ChIP-seq. NEUROD1was predicted

293 cells were transfected with either control plasmid, FLAG-NEUROD1, or

munoprecipitation in MIN6 cells.

ells were transfected with either control plasmid, FLAG-RREB1, or CtBP2, and

RNA. HEK293 cells were transfected with either non-target shRNA or shRREB1

2.

tial ChIP (re-ChIP). HEK293 cells were transfected with FLAG-NEUROD1 and

eluents were further immunoprecipitated with either control IgG or anti-CtBP2

3 cells were transfected with CtBP2 and/or NEUROD1 along with TCF3, an

reporter (n = 6). Data are expressed as themean ± SEM. **p < 0.01, determined
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validated using isolated islets of obese mouse models, which

showed 75%–88% decreases in CtBP2. Conversely, expression

of CtBP1, another CtBP isoform, was relatively preserved in islet

of obese mice (Figures 4A–4C). These observations led us to

examine the mRNA expression of both isoforms of CtBPs. Inter-

estingly, CtBP2 mRNA expression was reduced specifically in

leptin-signaling deficient models (ob/ob and db/db), while it

was not affected in diet-induced obesity (DIO, Figure 4D). The

reduction of CtBP2 mRNA expression specifically in leptin-

signaling deficiency led us to examine the direct effect of leptin

on CtBP2 mRNA expression. CtBP2 expression was only rather

modestly decreased by leptin treatment in MIN6 cells, implying

the existence of indirect mechanism(s) (Figure S5A). Since

numerous differences between human and murine b cells have

been reported,32 we further examined human pancreas speci-

mens obtained at autopsy (Figure 4E). Indeed, immunostaining

of CtBP2 in islets was also decreased in the obese human spec-

imens (Figure 4E). Overall, decreased CtBP2 protein expression

was identified as a feature conserved among all of the obese

models including human subjects.

Given that CtBP2 promotes insulin gene transcription, the

decreased CtBP2 protein expression in obesity may be the mo-

lecular link between the progressive impairment of insulin secre-

tion and chronic hyperglycemia observed during the course of

obesity.33,34 Therefore, we further investigated the molecular

mechanisms behind this observation. Obesity evokes several

detrimental systems such as oxidative stress and ER stress,

and pancreatic b cells are particularly vulnerable to oxidative

stresses due to their insufficient anti-oxidative defense sys-

tem.33 Intriguingly, hydrogen peroxide (H2O2)-induced oxidative

stress decreased CtBP2 protein expression in both MIN6 b cells

and HEK293 cells that lack characteristics of b cells (Figures 4F

and S5B). Reflecting the lack of the anti-oxidative stress

response system in b cells, the decrease of CtBP2 protein in

MIN6 b cells was more robust (92% after 2-h treatment)

compared to that in HEK293 cells (36% after 4-h treatment).

Furthermore, cycloheximide chase experiments revealed that

this decrease in CtBP2 protein was caused by protein destabili-

zation (Figures 4G and S5C). On the other hand, CtBP1 expres-

sion was not influenced in response to the H2O2-induced oxida-

tive stress (Figures 4F and 4G). The comparison between the

results from b cells and non-b cells highlighted two important

points that are consistent with our in vivo observations: CtBP2

is sensitive to H2O2-induced degradation particularly in b cells,

and CtBP1 is insensitive to this oxidative insult. In agreement

with these observations, CtBP2 protein underwent modification

with polyubiquitin chains that typically destine proteins for

degradation upon exposure to H2O2 (Figure 4H). We also exam-

ined the influence of ER stress on CtBP2 expression. While two

classic ER stress inducers, tunicamycin and thapsigargin,

increased DNA damage inducible transcript 3 (also known as

CHOP) expression, CtBP2 expression wasmarginally decreased
Figure 3. CtBP2 regulates insulin gene expression through chromatin

(A and B) ChIP-qPCR analysis of histone marks induced by CtBP2 overexpressio

with the open chromatin are indicated by red rectangles, and those with closed

(C) CtBP2-KMT2A and CtBP2-KMT2B complexes were analyzed by co-immunop

and **p < 0.01, determined by Student’s t test.
by these stimuli in both HEK293 cells andMIN6 cells, suggesting

that the relative contributions of ER stress to the diminished

CtBP2 expression in the islets in obesity would be limited

(Figures S5D and S5E). We also found that NEUROD1 was poly-

ubiquitinated and degraded by oxidative insults (Figures 4F and

S5F). Collectively, these data suggest that CtBP2 protein un-

dergoes targeted degradation particularly upon oxidative stress

exposure.

Pancreatic b cell-specific CtBP2 deletion leads to
glucose intolerance and impaired insulin secretion
We further addressed the question of whether reduction of

CtBP2 leads to b cell dysfunction in vivo by generating b cell-

specific CtBP2 deletion models. We first created b cell-specific

CtBP2 knockout mice by crossing CtBP2 flox mice15 with

Ins1-Cre transgenic mice that exclusively express Cre recombi-

nase in pancreatic b cells35 (Ins1C2KO, Figure 5A). There were

no significant differences in their cumulative body weight gains

and tissue weights (Figures 5B and S6A). As expected, the

Ins1C2KO mice showed increased hyperglycemia along with

reduced plasma insulin levels following a glucose challenge

(GTT, Figures 5C–5F). Regarding insulin sensitivity, there was

no discernible difference in the insulin tolerance when plotted

as ‘‘percent of initial value’’ in insulin tolerance test, although

we observed significantly increased blood glucose levels in the

Ins1C2KO (Figures 5G, 5H, S6B, and S6C). Histological inspec-

tion of the pancreas sections revealed a trend toward decreased

size of islets in the Ins1C2KO (Figure 5I). The expression levels of

Ins1 and Ins2 were decreased in the Ins1C2KO islets, in agree-

ment with the in vitro findings (Figure S6D). As expected, the in-

sulin content in the Ins1C2KO islets was also reduced (Figure 5J),

and those islets from the Ins1C2KO mice exhibited impaired in-

sulin secretion in response to glucose, as well as depolarizing

concentrations of potassium chloride (KCl) ex vivo (glucose-

stimulated insulin secretion, Figure 5K). Although the specificity

of the Cre driver to pancreatic b cells was ensured in the previous

report,35 there may be potential developmental defects. There-

fore, we generated an additional b cell-specific CtBP2-deficient

model using the tamoxifen-inducible Cre/loxP system36

(ERT2C2KO) to achieve adolescent deletion of CtBP2. This

model maymore faithfully recapitulate the loss of CtBP2 induced

by the metabolic abnormalities, and validation in an independent

mouse model would further support our hypothesis and resolve

some concerns related to the tissue specificity of pancreas-spe-

cific Cre drivers.37 Similar to the Ins1C2KO, CtBP2 protein

expression was depleted in pancreatic islets in this model (Fig-

ure 5L). There were no significant differences in their body

weights or tissue weights (Figure S6E). Importantly, the

ERT2C2KO mice exhibited decreased glucose tolerance with

impaired insulin secretion, as observed in Ins1C2KO mice

(Figures 5M–5P). Again, the inducible CtBP2 deletion in pancre-

atic b cells did not affect insulin tolerance (Figures 5Q, 5R, S6F,
remodeling

n (A) or CtBP2 knockdown (B) in MIN6 cells (n = 4). Histone marks associated

chromatin are indicated with blue rectangles.

recipitation in HEK293 cells. Data are expressed as the mean ± SEM. *p < 0.05
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and S6G). These findings indicate that the sequential events that

begin with obesity and lead to impaired insulin secretion and dia-

betes could be explained at least in part by loss of b cell CtBP2 in

obesity. The adaptive response of b cells to obesity is character-

ized by an initial compensatory increase in insulin production fol-

lowed by decompensation of b cell function. Since overexpres-

sion of CtBP2 increased the insulin gene expression

(Figure 1B), we examined the possibility that CtBP2 expression

may be increased in the early stage of DIO to contribute to the

adaptive response. For this purpose, we isolated the pancreatic

islets from mice fed a high-fat diet for 1 week, along with their

lean controls. We observed a decrease in CtBP2 protein expres-

sion in islets in this early stage of DIO (Figure S6H), implicating

obesity-induced alterations of CtBP2 expression may be

responsible solely for the progressive decline of b cell function

during the course of obesity.

CtBP2 plays an essential role in the maintenance of
pancreatic b cell integrity
Next, we attempted to gain broad insights into the transcriptional

system regulated by CtBP2 through comprehensive transcrip-

tome analysis of Ins1C2KO islets. While it is well known that

pancreatic b cells have a unique expression profile specialized

for insulin production, we found that expression levels of

numerous b cell genes were decreased in Ins1C2KO islets, sug-

gesting an essential role of CtBP2 in themaintenance of the b cell

integrity (Figure 6A). The differentially expressed genes (false

discovery rate < 0.05) were further analyzed using ingenuity

pathway analysis (IPA) software, and we found that ‘‘Insulin

secretion signaling pathway’’ was enriched in the canonical

pathway analysis, indicating that CtBP2 may govern a broad

array of genes involved in insulin secretion (Figure 6B). Several

transcription factors with significant contributions to b cell func-

tions were also enriched as predicted upstream regulators

through the IPA analysis (Figure 6C), further supporting the key

role of CtBP2 in b cells. The close inspection of expression levels

of individual genes further supported our idea that CtBP2 coac-

tivates subsets of genes associated with insulin secretion. Inter-

estingly, the Gcg gene that encodes the precursor for glucagon

and glucagon-like peptide 1 was decreased in Ins1C2KO islets,

implicating potential modulation of endocrine cell lineages other

than b cells in this system. In line with these findings, immunohis-

tochemical inspection of pancreatic specimens revealed that all

of the parameters representing the insulin-producing b cell func-
Figure 4. CtBP2 expression is markedly reduced in pancreatic b cells

(A–C) Expression of CtBPs at the protein levels in pancreatic islets of mousemode

control mice on chow diet: (B) genetically obese mice (ob/ob) and their lean contr

controls (m+/db) at 10 weeks of age. The densitometric quantification is shown

(D) Expression of CtBPs at the mRNA levels in pancreatic islets of mouse model

(E) Immunohistochemical quantification of CtBP2 expression in human pancreas

each subject is indicated above the representative image. The yellow lines indic

intensity corresponding to CtBP2 expression is shown below the images (two do

(F) MIN6 cells were treated with either vehicle or 200 mM H2O2 for 2 h to induce

(G) Protein stability was analyzed in a cycloheximide (CHX) chase experiment in M

protein stability was analyzed in the presence or absence of 200 mM H2O2.

(H) Polyubiquitination of CtBP2 protein induced byH2O2 treatment. HEK293 cells w

200 mMH2O2 for 1 h. UbiquitinatedCtBP2 protein was detected by FLAG immunop

SEM. *p < 0.05 and **p < 0.01, determined by Student’s t test.
tions (b cell area, b cell intensity/islet, and b cell intensity/area)

were significantly reduced in Ins1C2KO (Figure 6E). Intriguingly,

the average a cell area and a cell intensity of single islets were

also reduced in Ins1C2KO, although there was no difference in

the a cell intensity normalized to unit area (Figure 6F). Indeed,

serum glucagon levels were decreased in ERT2C2KO, although

the difference was not observed in Ins1C2KO (Figure S6I). These

data suggest that CtBP2 deletion in b cells may have some influ-

ence on the a cell lineage.

DISCUSSION

In this study, we demonstrated that CtBP2 may play a role in

obesity-induced pancreatic b cell dysfunction at least in part

through epigenetic mechanisms. CtBP2 forms a large transcrip-

tional complex comprising a wide range of epigenetic modifiers,

including KMT2 where an interaction with NEUROD1 is centrally

located. We decoded the transcriptional landscape regulated by

CtBP2 through comprehensive analyses of ChIP-seq and RNA-

seq data, which revealed the critical involvement of CtBP2 in the

maintenance of pancreatic b cell integrity.

Studies in humans and laboratory animal models have deter-

mined the complicated progression of obesity-induced dia-

betes where the failure of adaptive b cell responses is the

key event triggering its onset.38 While obesity-induced insulin

resistance can be initially compensated by adaptive hyperinsu-

linemia to maintain systemic glucose levels, this increased

workload in the b cells evokes several detrimental pathways,

such as ER stress39 and oxidative stress,40 consequently re-

sulting in b cell failure and the onset of diabetes. It was demon-

strated in a human longitudinal study that this b cell failure oc-

curs early in the development of diabetes,41 suggesting it is one

of the prime targets for the development of therapeutic ap-

proaches. The decline in CtBP2 protein expression that starts

from the early stage of obesity (Figure S6H) may be responsible

for this latent and subclinical b cell dysfunction. In contrast,

although we observed that CtBP2 overexpression increased in-

sulin gene expression (Figure 1B), the adaptive increase in insu-

lin secretion in response to weight gain might be explained by

other mechanism(s).

In our previous study, we demonstrated a biological system in

liver where CtBP2 is inactivated in obesity and activation of

CtBP2 ameliorates diabetes as well as hepatic steatosis.15

This study additionally highlights a potential metabolic benefit
in obesity

ls of obesity (A, diet-induced obesity [DIO], 14 weeks on high-fat diet) and their

ols (ob/+) at 10 weeks of age; (C) genetically obese mice (db/db) and their lean

to the right of each blot.

s of obesity (n = 3–4).

specimens. Samples were obtained at autopsy, and body mass index (BMI) for

ate islet area, and the yellow scale bars indicate 50 mm. Quantification of the

nors for lean and obese, respectively, and 10 islets for each subject).

oxidative stress. CtBP1 and CtBP2 protein levels were analyzed.

IN6 cells. Protein synthesis was stopped by the addition of cycloheximide, and

ere transfectedwith FLAG-CtBP2 andHA-ubiquitin and thereafter treatedwith

recipitation followed byHA immunoblotting. Data are expressed as themean ±
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obtained through CtBP2 activation in pancreatic b cells. The ac-

tivity of CtBP2 is regulated primarily by metabolite-dependent

allosteric regulation in liver, while it is regulated at the protein

expression levels in pancreatic b cells. Together with the fact

that not only the activity of CtBP2 but also its protein stability

are regulated by accommodation of metabolites in its pocket

structure called the Rossmann fold,15 pharmacological targeting

of this structure to treat obesity-induced diabetes would be

attractive and plausible in both liver and pancreatic b cells. We

also reported that CtBP2 activation confers protection against

oxidative stress in part through interactions with NRF1 and

NRF2.42 This intriguing property of CtBP2 activation would be

the most advantageous in b cells since they are vulnerable to

oxidative insults compared to other types of cells.40 In this

context, we observed that CtBP2 was also extremely sensitive

to oxidative insults, which was in sharp contrast to the insensi-

tivity observed in the other isoform, CtBP1 (Figures 4F–4H,

S5B, and S5C). These findings suggest that the expression levels

of CtBP2 could be an indicator of b cell capability to manage

oxidative stress: as long as the cells canmanage oxidative stress

through CtBP2-mediated anti-oxidative stress responses42 and

other systems, the cells can maintain CtBP2 protein expression.

However, upon overwhelming oxidative insults, cells cannot

maintain CtBP2 expression.

In this study, we focused our investigation on the effects of

CtBP2 expression. However, the metabolite-dependent alter-

ations of CtBP2 activity would deserve further scrutiny especially

under physiological conditions. Glycolysis, a key metabolic pro-

cess for insulin secretion in response to glucose, regenerates

NADH from NAD+, which allosterically activates CtBP2.15,21

We reported long-chain fatty acyl-CoAs as inhibitory metabolites

for CtBP2,15 and there have been debates regarding the para-

doxical roles of fatty acyl-CoAs in b cell functions. Long-chain

fatty acyl-CoAs have been reported to serve as secretagogues

for insulin,43,44 while lipid spillover that generates fatty acyl-

CoAs is detrimental to b cells.45 The fatty acyl-CoAs from endog-

enous and exogenous origins may also have distinct roles in b

cells, and CtBP2 may be able to discriminate the lipids from

different sources. Moreover, acyl chain length and saturation

largely influence biological activities of fatty acids/fatty acyl-

CoAs, which has to be taken into account in the system regu-

lated by CtBP2 as well.
Figure 5. Loss of function of CtBP2 in pancreatic b cells of mice leads

(A–K) Ins1 Cre-mediated perinatal deletion of CtBP2 in pancreatic b cells (Ins1C

(L–R) Tamoxifen-induced adolescent deletion of CtBP2 in pancreatic b cells (ER

(A) Expression levels of CtBP1 and CtBP2 protein in the islets of Ins1C2KO and

(B) Growth curves of the Ins1C2KO and their control (flox) mice (n = 22 for flox a

(C and D) Glucose tolerance test (n = 14 for flox and 13 for KO, 16–20 weeks of

(E and F) Plasma insulin levels during the GTT (n = 12 for flox and 9 for KO, E) an

(G and H) Insulin tolerance test (n = 10 for flox and 11 for KO, 17–21 weeks of ag

(I) Quantification of islet size (77 islets for flox and 93 islets for KO, four mice for

(J) Insulin content of the isolated islets (n = 4 for each genotype).

(K) Glucose-induced insulin secretion from isolated islets (n = 4 for each genotyp

(L) Expression levels of CtBP1 and CtBP2 protein in the islets of ERT2C2KO and

(M and N) Glucose tolerance test (n = 14 for flox and 14 for KO, 16–20 weeks of

(O and P) Plasma insulin levels during the GTT (n = 11 for flox and 14 for KO, O)

(Q and R) Insulin tolerance test (n = 11 for flox and 13 for KO, 17–21 week of age, Q

confirmed by two independent researchers. Data are expressed as the mean ± S
It is of note that expression levels of not only b cell-specific

genes but also Gcg, an a cell-specific gene, were decreased in

the pancreatic islets from Ins1C2KO. Since the expression of

Cre recombinase is b cell specific,35 this finding indicates that

CtBP2 deletion in b cells may influence the a cell lineage. This

may be due to intercellular communications between a cells

and b cells or some defects in cell differentiation processes

such as transdifferentiation and dedifferentiation. Indeed, our

upstream regulator analysis using IPA identified transcription

factors that play key roles in the b cell differentiation as potential

contributors to the transcriptional profile in Ins1C2KO (Fig-

ure 6C). Although we reported FoxO1 as a keymolecule targeted

by CtBP2 in liver,15 b cell-specific FoxO1 deficiency leads to

dedifferentiation of b cells accompanied by an increase in a

cells.46 Mice with b cell-specific deletion of NEUROD1 manifest

diminished expression of the Ins1 gene specifically,47 while the

global NEUROD1 deficiency results in a more severe pheno-

type.6 To the best of our knowledge, none of the pre-existing an-

imal models faithfully resemble mice with CtBP2 deficiency in b

cells, highlighting the uniqueness of the system regulated by

CtBP2. Our findings, including data obtained from human au-

topsy material, may have translational relevance, especially

given that the amino acid sequence of CtBP2 is well conserved

between humans and rodents. It is also an intriguing possibility

that mutation(s) in CtBP2 causally associated with humanmono-

genic diabetes might be identified in the future with the recent

advances of genetics and genomics technologies.4

In conclusion, we identified CtBP2 as a key molecule poten-

tially linking obesity to pancreatic b cell dysfunction. Our finding

provides a basis for understanding the complex biological sys-

tems in pancreatic b cells and could be exploited to develop

future therapeutic approaches.

Limitations of the study
We performed our animal studies using only male mice. We per-

formed an RNA-seq analysis using whole islets that contain non-

b cells as well, although b cells constitute the predominant pop-

ulation in those islets. CtBP2 may regulate b cell functions not

only throughmodulation of NEUROD1 activity but also by target-

ing non-NEUROD1 transcriptional system(s). In the analysis of

human pancreas sections, we examined a section of pancreatic

head from each donor. There are issues that remain to be
to glucose intolerance with impaired insulin secretion

2KO).

T2C2KO).

their controls (flox).

nd 11 for KO).

age, C) and the areas under the curve (AUC) (D).

d AUC (F).

e, G) and AUC (H).

each genotype).

e).

their controls (flox).

age, M) and AUC (N).

and AUC (P).

) and AUC (R). The reproducibility of the GTT experiments for both models was

EM. *p < 0.05 and **p < 0.01, determined by Student’s t test.
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considered such as regional differences of pancreatic islet distri-

bution and intersection variability. In addition, we need to

demonstrate an improvement of b cell dysfunction by restoration

or maintenance of CtBP2 protein levels in obesity to directly link

between loss of CtBP2 and obesity-induced b cell dysfunction,

which awaits future investigations.
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(D) Expression levels of individual genes critical for the maintenance of b cell integ
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Oligonucleotides
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Recombinant DNA

RREB1 expression plasmid Liu H et al. 200950

PMID: 19558368

N/A

pcDNA3.1 CtBP2-HA Sekiya M et al. 202115

PMID: 34728642

N/A

pcDNA3.1 FLAG-NeuroD1 This paper N/A

HA-ubiquitin expression plasmid Nakagawa Y et al. 202151

PMID: 27053096

N/A

pRL-SV40 Kainoh K et al. 202142
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pGL2 human insulin gene promoter (�638bp) This paper N/A

pCMV7 TCF3 (E47) Amemiya-Kudo M et al. 200552
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Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Motohiro Sekiya (msekiya@md.

tsukuba.ac.jp).

Materials availability
This study did not generate new unique reagents.

Data and code availability
RNA-seq and ChIP-seq data have been deposited at the Gene Expression Omnibus database and are available as of the date of

publication. Accession numbers are listed in the key resources table. This paper does not report original code. Any additional infor-

mation required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
The research protocol was approved by the Animal Care Committee, University of Tsukuba, and all experimental procedures

involving animals were conducted according to the guidelines. All mice used were males and maintained on a 14-h light and 10-h

dark period cycle with free access to water and a standard chow diet. We generated two lines of pancreatic b-cell specific

CtBP2-deficient mouse models by crossing the CtBP2 flox mice15 with either mouse Ins1 promoter-Cre transgenic mice35

(Ins1C2KO) or inducible rat Ins2 promoter-Cre transgenic mice (Jackson #008122)36 (ERT2C2KO). Tamoxifen (1 mg/mL, Sigma)

was administered in the drinking water at the age of �6 weeks for 7 days to achieve the inducible Cre-mediated recombination.

Glucose tolerance tests were performed at the age of 16–20 weeks by intraperitoneal glucose (1 g/kg) administration following an

overnight fast, and insulin tolerance tests were performed at the age of 17–21 week by intraperitoneal administration of insulin

(0.25 U/kg) following a 3 h food withdrawal. Plasma insulin and glucagon levels were determined with the mouse insulin enzyme-

linked immunosorbent assay kit (Wako Chemicals) and glucagon-HS ELISA kit (YK-091, Yanaihara Institute Inc).

Cell culture
MIN6 murine pancreatic b-cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco 11965) containing 25 mM

glucose, 100 U/ml penicillin and 100 g/mL streptomycin sulfate supplemented with 15% fetal bovine serum (FBS) and 5 mL/L b-mer-

captoethanol. Human embryonic kidney (HEK)293 cells were maintained in DMEM supplemented with 10% FBS.

METHOD DETAILS

Quantitative real-time RT-PCR
Total RNA was isolated using Sepazol Reagent (Nacalai) and cDNA was synthesized with PrimeScript RT Master Mix (Takara Bio).

Quantitative real-time PCR analysis was performed using SYBR Green in 7300 Real-Time PCR systems (Applied Biosystems). Data

were normalized to 18s ribosomal RNA or acidic ribosomal phosphoprotein P0 (Rplp0, 36B4).

Western blot analysis and co-immunoprecipitation experiments
The plasmid encoding RREB1 cDNA is a generous gift from Kiyotsugu Yoshida (Jikei University School of Medicine).50 Proteins were

extracted from cells with buffer A (50 mM Tris-HCl pH 7.4, 150 mMNaCl, 1%Nonidet P-40, 1 mM EDTA, 10 mMNaF, 2 mMNa3VO4)
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with complete protease inhibitors (Sigma-Aldrich) and subjected to SDS-polyacrylamide gel electrophoresis. Membranes were incu-

bated with anti-CtBP1 (BD, 612042), anti-CtBP2 (BD, 612044), anti-FLAG (Sigma, F1804), anti-HA (Cell Signaling, 3724), anti-Insulin

(Cell Signaling, C27C9), anti-alpha tubulin (Sigma, T6199) anti-RREB1 (Santa Cruz sc-515600), anti-DDIT3 antibody (Cell Signaling,

D46F1) and anti-GAPDH (Santa Cruz, sc-32233). The membranes were incubated with secondary antibody conjugated with horse-

radish peroxidase (Cell Signaling) and were visualized using an enhanced chemiluminescence system (BioRad). To detect endoge-

nous binding of NEUROD1 and CtBP2, the anti-NEUROD1 (Cell Signaling, D35G2), anti-CtBP2 (Santa Cruz E�16, ActiveMotif 61261

or BD 612044), control mouse IgG (Santa Cruz) or control goat IgG (Santa Cruz) were cross-linked to Protein G dynabeads (Thermo)

with 50 mM dimethyl pimelimidate (Sigma-Aldrich). The protein complex was immunoprecipitated in buffer A with reduced concen-

tration of NP40 (0.5%) (50 mM Tris-HCl pH 7.4, 150mMNaCl, 0.5%Nonidet P-40, 1 mM EDTA, 10 mMNaF, 2 mMNa3VO4) for 4 h at

4�C. The beads were washed with the buffer A with 0.5% NP40 four times, eluted with SDS loading buffer and analyzed by Western

blot analysis. FLAG tag co-immunoprecipitation was performed as follows. HEK293 cells were transiently transfectedwith either con-

trol plasmid, FLAG-NEUROD1 along with CtBP2 using lipofectamine3000 (Thermo). Cells were lysed with buffer A with 1%NP40 and

immunoprecipitated with FLAG M2 magnetic beads (Sigma) in buffer A with 0.5% NP40 for 4 h at 4�C. The beads were washed four

times with buffer A with 0.5% NP40 and eluted with 0.5 mg/mL of 3x FLAG peptide (Sigma). Thereafter, the NEUROD1/CtBP2 com-

plex was eluted and analyzed in the same way.

Isolation of mouse pancreatic islets
Mouse pancreatic Islets were isolated using the collagenase technique from 16 to 20 week old mice, as described previously.43 Pro-

teins were extracted using the buffer A and subjected to SDS-polyacrylamide gel electrophoresis. RNA was extracted using the

RNeasy Micro kit (Qiagen). Glucose stimulated insulin secretion was performed as follows: isolated islets were cultured in

RPMI1640 supplemented with 10% FBS and 1% penicillin and streptomycin overnight. Five islets from each mouse were preincu-

bated for 30 min in low glucose buffer (130 mM NaCl, 5.2 mM KCl, 1.3 mM KH2PO4, 2.7 mM CaCl2, 1.3 mM MgSO4, 24.8 mM

NaHCO3, and 10 mM HEPES at pH 7.4) containing 2.8 mM glucose and 0.5% bovine serum albumin (BSA; Fraction V; Sigma, St.

Louis, MO). Thereafter the islets were incubated in the same low glucose buffer for 30 min (low glucose stimulation). The islets

were further incubated in the same buffer with either high glucose (20 mM) or KCl (30 mM)/low glucose for 30 min. DNA was isolated

with the alkaline lysis method and quantified using Qubit dsDNAHS assay kit (Thermo). Insulin content wasmeasured in acid/ethanol

extracts as reported previously.53 DNA content was measured with the Qubit system (Thermo) for normalization.

Chromatin immunoprecipitation (ChIP)
MIN6 cells were washed and fixed in 1% formaldehyde for 10 min at room temperature. Crosslinking was quenched by adding

glycine to a final concentration of 125 mM. Thereafter, ChIP was carried out using Magna ChIP HiSens Chromatin Immunoprecip-

itation system (EMD Millipore). Chromatin shearing was achieved by sonication (Bronson sonifier 250). Chromatin was immunopre-

cipitated with either control IgG (Cell Signaling), anti-CtBP2 (Active Motif, 61261), anti-H3K4ac (Abcam, EPR16596), anti-H3K4me2

(Active Motif, 39679), anti-H3K4me3 (Abcam, ab8580), anti-H3K9ac (Abcam, ab10812), anti-H3K9me2 (Active Motif, 39683), anti-

H3K27ac (Active Motif, 39133) or anti-H3K27me3 (Active Motif, 39155). Immunoprecipitated DNA and input DNA were quantified

by real-time PCR with primers specific for the Ins1 or Ins2 gene promoter. For sequential ChIP (re-ChIP), HEK293 cells were tran-

siently transfected with FLAG-NEUROD1 and CtBP2 plasmids. The chromatin was first enriched by FLAG magnetic beads (Sigma)

and eluted with 3xFLAG peptide (Sigma). Afterward, the second ChIP experiment was performed with either control goat IgG (Santa

Cruz) or anti-CtBP2 antibody (Active Motif 61261). The immunoprecipitated DNA was quantified using quantitative real-time PCR

with primers specific to the human INS gene promoter.

ChIP-seq analysis and downstream data mining
The chromatin immunoprecipitated DNA and input DNA were obtained as described above using the anti-CtBP2 antibody (Active

Motif 61261). The sequencing library was constructed with NEBNext Ultra II DNA Library Prep Kit (New England Biolabs). Paired-

end sequencing was performed with an Illumina NestSeq500 system. By mapping the sequencing reads to the mouse genome

mm9 using BWA (Burrows Wheeler Aligner, version 0.7.5), 38,278,790 final reads were detected. Subsequently, the binding peaks

were obtained by model-based analysis of ChIP-seq (MACS2). The peak-related genes were screened based on the number, width

and distribution of the peaks. Genomic distribution of CtBP2 binding sites were analyzed using the cis-regulatory element annotation

system (CEAS). Consensus motifs of CtBP2 binding sites were extracted using MEME (Multiple EM for Motif Elicitation)-ChIP pro-

gram. To find candidate transcription factors bound to CtBP2, thesemotifs were compared against databases of knownmotifs using

TOMTOM. Enrichment of gene ontology processes associated with the peaks was analyzed by GREAT (Genomic Regions Enrich-

ment of Annotations Tool). Source: GEO accession No. GSE221259 (superseries number containing both ChIP-seq and RNA-

seq data).

Luciferase assays
Each expression plasmid, luciferase reporter plasmid (human insulin promoter containing�638 bp), and pSV40-Renilla plasmid were

transiently co-transfected using Lipofectamine 3000 reagent (Thermo) according to the manufacturer’s instructions. HEK293 cells

were seeded in 24-well plates at a density of 2.53 105 cells/well. After 32-h of transfection the media were changed to fresh media,
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and after additional 4-h incubation, luciferase assays were carried out using the Dual-Luciferase Reporter Assay System (Promega),

and luciferase activity was quantified with a Varioskan LUX multimode microplate reader (Thermo). As an internal standard, SV40

Renilla luciferase control vector was also co-transfected to normalize transfection efficiencies.

Immunohistochemistry
Formalin-fixed pancreatic tissues were embedded in paraffin, and 3-mm-thick sections were used for immunostaining. After dewax-

ing and rehydration, sections were boiled in citrate buffer (pH 6.0) for 10min at 121�C for antigen retrieval. After permeabilization with

0.1% Triton X-100 for 10 min, sections were blocked with 5% skim milk for 1 h. Thereafter, the sections were incubated with diluted

primary antibodies (anti-CtBP2 (BD 612044) 1:100, anti-insulin (Abcam ab7842) 1:100, and anti-glucagon (Dako A0565)) overnight at

4�C. After washing, the sections were incubated with secondary antibodies (anti-mouse IgG Fab’ fragment Alexa Fluor 488 (4408,

Cell Signaling, 1:500), anti-mouse IgG Fab’ fragment Alexa Fluor 555 (4409, Cell signaling, 1:500) and anti-guinea pig IgG Alexa Fluor

568 (ab175714, Abcam, 1:500) for 1 h at room temperature. Finally, the sections were embedded in FluorSave reagents (Calbiochem)

and imaged under a fluorescence microscope (Biozero) at room temperature. Pancreatic specimens from human donors were ob-

tained using the service of AnaBios (San Diego, CA). The samples were obtained at autopsy frommale brain dead patients with indi-

cated body mass index (BMI). Approval for this study was granted by the Medical Ethics Committee, University of Tsukuba. Images

were captured by means of a BZ-8000 microscopic system with a 10x eyepiece lens and a 10x objective lens (Keyence).

RNA-seq analysis and downstream data mining
Poly(A) mRNA was purified with the poly(A) mRNA Magnetic Isolation Module (New England Biolabs). The sequencing library was

constructedwith NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (NewEngland Biolabs) and sequencingwas performed

using NovaSeq 6000 (Illumina). The quality of the raw paired-end reads was assessed with FastQC (ver 0.11.7). After trimming, the

reads were aligned to the mm10 mouse reference genome using HISAT2 (ver 2.1.0). Sam files were converted into bam files with

Samtools (ver 1.9) and the bam files were used to estimate the abundance of uniquely mapped reads with featureCounts (ver

1.6.3). The raw read counts were normalized with transcripts per million (TPM) and clustered with Wald method based on Eucidean

distances of the normalized counts using stats (ver 3.6.1) and gplots (ver 3.0.1.1) R packages. The downstream pathway analyses

were performed using Ingenuity Pathway Analysis (IPA) software based on the TPM values. Source: GEO accession No. GSE221259

(superseries number containing both ChIP-seq and RNA-seq data).

QUANTIFICATION AND STATISTICAL ANALYSIS

Western blot data were quantified using ImageJ software (NIH). Statistical analyses were carried out with a two-tailed unpaired Stu-

dent’s t-test.
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