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Dietary intervention preserves β cell function in mice
through CTCF-mediated
transcriptional reprogramming
Ruo-Ran Wang1,2,3*, Xinyuan Qiu1,11*, Ran Pan1,2,3*, Hongxing Fu5*, Ziyin Zhang1,2,3**, Qintao Wang1,2,3**, Haide Chen6**,
Qing-Qian Wu1,2,3, Xiaowen Pan7, Yanping Zhou1, Pengfei Shan7, Shusen Wang8,9, Guoji Guo6, Min Zheng10, Lingyun Zhu11, and
Zhuo-Xian Meng1,2,3,4

Pancreatic β cell plasticity is the primary determinant of disease progression and remission of type 2 diabetes (T2D). However,
the dynamic nature of β cell adaptation remains elusive. Here, we establish a mouse model exhibiting the compensation-to-
decompensation adaptation of β cell function in response to increasing duration of high-fat diet (HFD) feeding.
Comprehensive islet functional and transcriptome analyses reveal a dynamic orchestration of transcriptional networks
featuring temporal alteration of chromatin remodeling. Interestingly, prediabetic dietary intervention completely rescues β cell
dysfunction, accompanied by a remarkable reversal of HFD-induced reprogramming of islet chromatin accessibility and
transcriptome. Mechanistically, ATAC-based motif analysis identifies CTCF as the top candidate driving dietary
intervention–induced preservation of β cell function. CTCF expression is markedly decreased in β cells from obese and diabetic
mice and humans. Both dietary intervention and AAV-mediated restoration of CTCF expression ameliorate β cell dysfunction
ex vivo and in vivo, through transducing the lipid toxicity and inflammatory signals to transcriptional reprogramming of genes
critical for β cell glucose metabolism and stress response.

Introduction
The modern lifestyle characterized by excessive nutrition and
poverty of exercise contributes to the global epidemic of obesity
and type 2 diabetes (T2D). Long-term caloric excess results in
insulin resistance and β cell dysfunction, the twomajor causes of
T2D (DeFronzo et al., 2015; Taylor et al., 2019). Accumulating
evidence suggests that pancreatic islet β cells exhibit significant
plasticity during the development of T2D. It has been proposed
that during the development of T2D, from obesity and predia-
betes to overt diabetes, pancreatic β cells undergo a dynamic
adaptation from compensation to eventual decompensation

(Weir and Bonner-Weir, 2004). Moreover, recent studies sug-
gest that these adaptive responses could be even more complex
since β cells undergo a dynamic alteration in cell identity in
response to intra-islet microenvironmental changes during
disease progression (Talchai et al., 2012). A better understanding
of the dynamic features and underlying molecular bases of β cell
adaptation during disease progression is crucial for developing
new effective approaches to restoring β cell function in T2D.

It has been reported that long-term exposure of β cells to
elevated levels of glucose, fatty acids, and inflammatory
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cytokines could induce ultrastructural cellular structure dam-
age (Brereton et al., 2014; Pinnick et al., 2010) and ER stress
(Huang et al., 2007; Laybutt et al., 2007; Pinnick et al., 2008)
and alter gene expression profiles related to insulin secretion
(Kelpe et al., 2003; Meng et al., 2006; Zhou and Grill, 1994) and
lipid metabolism (Bikopoulos et al., 2008; Pinnick et al., 2008),
which would eventually lead to β cell dysfunction in T2D. Re-
moval of these stimuli could reverse most of the above-
mentioned cellular responses, leading to the restoration of β
cell function (Boucher et al., 2004; Moffitt et al., 2005; Pinnick
et al., 2010). However, the mechanisms underlying such re-
versal are yet to be further understood.

Recently, clinical trials have demonstrated the efficacy of
lifestyle interventions in delaying or preventing the develop-
ment of diabetes in people with prediabetes or even at the early
stage of T2D (Dagogo-Jack et al., 2020; Eriksson and Lindgärde,
1991; Knowler et al., 2002; Perreault et al., 2009). A recent Di-
abetes Remission Clinical Trial also reported that weight loss by
dietary intervention achieved remission of T2D in some partic-
ipants. The extent of remission depends upon the functional
recovery of β cells, especially upon the recovery of the first
phase of insulin secretion (Al-Mrabeh et al., 2020; Taylor et al.,
2018). These findings highlight the importance of elucidating the
functional alterations and underlying molecular mechanisms of
dietary intervention’s effects on pancreatic β cells. However,
due to the specific anatomical properties of pancreatic islets, it is
nearly impossible to perform these studies in humans.

As such, it is critical to establish a rodentmodel of obesity and
T2D recapitulating the dynamic features of β cell adaptation
during disease progression, enabling the investigation of the
effects and molecular mechanisms of dietary intervention on β
cell dysfunction during the development of T2D. In this study,
by feeding wild-type mice of C57BL/6J background with high-fat
diet (HFD) for increasing periods, we established a murine
model with similar dynamic adaptation processes in islet β cells
as speculated in human studies, and provided a systematic
functional and multiomics description of the effects of dietary
intervention on pancreatic β cells during disease progression of
obesity and T2D. Mechanistically, using assay for transposase-
accessible chromatin using sequencing (ATAC-Seq) and motif
analysis, we identified the DNA binding protein CCCTC-binding
factor (CTCF) as the key driving factor of dietary intervention–
mediated recovery of β cell function, through chromatin re-
modeling and transcriptional regulation of selective genes
critical for glucose metabolism, stress response, and β cell
identity. CTCF expression was significantly downregulated in
pancreatic islet β cells from obese and diabetic mice and humans.
More importantly, adeno-associated virus (AAV)–mediated res-
cue of CTCF expression preserved β cell function in ex vivo
cultured human and mouse islets, and in mice.

Results
Pancreatic β cells undergo a compensation-to-
decompensation switch during the progression of T2D in mice
Previous human studies indicated that the development of T2D
entails a compensation-to-decompensation process of pancreatic

β cell function accompanied by a phase-delayed onset of hy-
perglycemia (Hudish et al., 2019). However, the dynamic alter-
ations of phase I and phase II insulin secretion from pancreatic
islets, and the accompanying molecular basis such as tran-
scriptional networks underlying this adaptation process have
not been well established. To solve this issue, we subjected wild-
type male mice to increasing durations (1–6 mo) of HFD feeding,
and analyzed islet β cell function and transcriptome changes at
each time point (Fig. 1 a). Consistent with previous reports
(Gupta et al., 2017), HFD feeding induced a continuous weight
gain in mice (Fig. S1 a), accompanied by a gradual elevation of
fasting blood glucose levels (Fig. S1 b). We next isolated islets
from mice fed with HFD and chow diet at each time point and
performed islet perifusion studies (Fig. 1 b) to evaluate the dy-
namic responses of glucose-stimulated insulin secretion (GSIS)
from β cells. Intriguingly, 1- and 3-mo HFD feeding significantly
elevated both glucose-stimulated phase I (1-mo HFD, 2.0-fold,
P = 0.0001; 3-mo HFD, 1.6-fold, P = 0.0002) and phase II (1-mo
HFD, 2.1-fold, P = 0.0025; 3-mo HFD, 1.6-fold, P = 0.0025) in-
sulin secretion compared to the chow diet-fed controls (Fig. 1, c
and d), while a 21.92% decrease of total insulin secretion (phase
I + II) could be observed inmice fed with HFD for 3mo compared
to animals fed with HFD for 1 mo. Moreover, islets isolated from
mice fed with HFD for longer durations (5 and 6 mo) exhibited
significant decreases in total insulin secretion (68.03% and
48.29%, respectively, P < 0.0001) compared to their respective
chow diet-fed control groups (Fig. 1, e and f). This time-series
data demonstrates a compensation-to-decompensation course in
islet function in response to HFD feeding. The crash of islet
function seems to occur between 3 and 5 mo of HFD feeding
(Fig. 1 g).

To further characterize the dynamic alterations of gene ex-
pression profiles in mouse islets upon HFD feeding for different
periods, we performed bulk RNA sequencing analysis on islets
isolated from mice fed with HFD for 1, 2, 3, and 6 mo. We
identified 6,038 genes with significant changes (P < 0.05, |log2FC| >
0.3) in at least one time point. With unsupervised clustering, these
genes could be further designated into 10 clusters represent-
ing diverse change patterns (Fig. 1 h). It was worth noticing
that among the highly dynamic transcriptional changes along
with the HFD duration, robust signatures could be observed in
either the compensation stage (2–3 mo of HFD) or the de-
compensation stage (6 mo of HFD). To further understand the
functional significance of these signatures, we then exclu-
sively compared gene expression changes in islets between
2 and 6 mo of HFD feeding (Fig. 1 i). Among the 3,157 differ-
entially expressed genes (P < 0.05, |log2FC| > 0.3 in either
group), we identified 359 genes that were actively altered in
both 2- and 6-mo HFD feeding (Fig. 1 i, left, light blue). Gene
ontology (GO) analysis showed significant enrichment of
hormone transport and insulin secretion pathways related
genes (Fig. 1 i, right, light blue). Also, we identified 2,369
genes that were differentially expressed exclusively in mouse
islets upon HFD feeding for 2 mo (Fig. 1 i, left, purple) as the
signature of the functional compensation stage. Biological
processes, including response to ER stress, response to oxi-
dative stress, ATP metabolic processes, and intriguingly,
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Figure 1. Dynamic functional and transcriptional profiles of pancreatic islet adaptation in response to continuous HFD feeding. (a) Schematic
representation of the experimental setup. (b) Schematic of the islet perifusion system. (c–f) Perifusion analyses of dynamic glucose-stimulated phase I and
phage II insulin secretion in islets from mice fed with HFD for 1, 3, 5, and 6 mo and their corresponding controls. Each islet sample was pooled from at least
three animals. Data represent mean ± SD; n = 3 technical replicates. (g) Relative phase I and phase II and total (I + II) insulin secretion in islets from mice fed
with HFD for 1, 3, 5, and 6 mo shown in c–f determined by calculating the AUC of each HFD group against their respective control group set as 100% (shown in
black dashed lines). Each islet sample was pooled from at least three animals. Data represent mean ± SD; n = 3 technical replicates. (h) Unsupervised clustering
of differentially expressed genes in timescale HFD feeding. log2FC values against their respective chow diet–fed control group in each time point are shown
(scale bar, −1.5 to 1.5). Dendrogram was manually cut to obtain 10 clusters representing 10 change patterns. (i) Differential expression analysis of genes with
significant changes in primary islets isolated from mice underwent either 2 or 6 mo of HFD feeding. Heatmap showing scaled fragments per kilobase of exon
model per million mapped fragments (as Z-Score) of genes with significant changes in both time points (in light blue), exclusively in the 2 mo (in purple), and
exclusively in the 6 mo (in sky blue; left, scale bar indicats −2 to 2), and GO enrichment analysis of biological processes featuring these patterns (right), most
significant and nonredundant biological processes with respective gene numbers and P values are shown. Data in c–g are representative of at least two
independent experiments.
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covalent chromatin modification and histone modification,
were found to feature such stage (Fig. 1 i, right, purple). Be-
sides, 370 genes showed expression changes exclusively in
islets from mice fed with HFD for 6 mo (Fig. 1 i left, sky blue),
enriched in biological processes including regulation of neu-
ron differentiation, calcium ion homeostasis, regulation of
lymphocyte proliferation, and T cell activation (Fig. 1 i right,
sky blue). These results identified distinct transcriptional
signatures featuring the compensation to decompensation
switch, which may also serve as the key drivers for the im-
pairment of islet function in animals with long-term HFD
feeding.

Dietary intervention prevents HFD-induced pancreatic β
cell dysfunction
Previous human studies have demonstrated the efficacy of the
prediabetic dietary intervention in delaying or even preventing
the development of T2D (Al-Mrabeh et al., 2020; Eriksson and
Lindgärde, 1991; Knowler et al., 2002; Perreault et al., 2009;
Taylor et al., 2018). The establishment of a mouse model
closely recapitulating the β cell functional compensation-to-
decompensation process in human T2D provided the opportu-
nity to elucidate the effect and underlying mechanism of dietary
intervention on β cell GSIS function. Therefore, we established a
murine dietary intervention model by switching HFD to a reg-
ular chow diet at the 10–16th wk of HFD feeding (the HFD-Chow
group), a time during the progression of β cell functional
compensation to decompensation and massive transcriptomic
changes, tomimic the dietary intervention at prediabetic to early
T2D stages in the previous published clinical studies. Mice con-
tinuously fed with a regular chow diet (Chow group) or high-fat
diet (HFD group) to mimic the healthy diet or nonintervened
conditions were used as control groups (Fig. 2 a). As expected,
mice under continuous HFD feeding showed sustained body
weight gain compared to the Chow group. In contrast, the HFD-
Chow group exhibited a significant body weight loss after die-
tary intervention, and reached similar body weight and body
composition as the Chow group (Fig. 2 b; and Fig. S1, c and d).
Also, mice in the HFD group developed hyperglycemia, hyper-
insulinemia, and significantly impaired glucose tolerance and
insulin sensitivity compared to mice in the Chow group (Fig. 2, c
and d; andFig. S1 e). In contrast, mice in the HFD-Chow group
showed normal glycemic and blood insulin levels compared to
those in the HFD group (Fig. 2 c), improved glucose tolerance
and insulin sensitivity could be observed (Fig. 2 d and Fig. S1 e).
These results demonstrated that prediabetic dietary interven-
tion could almost completely prevent the development and onset
of diabetic syndrome and preserve β cell GSIS function in mice.

To assess the effect of dietary intervention on islet mor-
phology, we performed histochemical andmorphometric studies
on pancreas sections. H&E staining and quantification analysis
of islet number of pancreas sections from three groups dem-
onstrated that the islet number was markedly increased (∼2.7-
fold) in the HFD group compared to the Chow group (Fig. 2 e).
Further insulin immunohistochemical (IHC) staining on con-
secutive pancreas sections revealed an ∼3.6-fold increase in
β cell mass in the HFD group compared to the Chow group

(Fig. 2 f). Notably, a significant decrease in islet number (44.32%
decrease, P < 0.001) and β cell mass (43.86% decrease, P =
0.0044) could be observed in HFD-Chow animals compared to
those in the HFD group (Fig. 2, e and f). Similarly, the size of
primary islets isolated from the HFD group was much bigger
than that from the Chow group, and was largely restored by
dietary intervention (Fig. S1 f). Consistent with previous studies
suggesting that cell de-differentiation and reprogramming play
an important role in β cell adaptation and dysfunction in T2D
(Talchai et al., 2012), immunofluorescent staining of Neurogin3
(Ngn3), a progenitor cell marker, showed that HFD feeding led to
a marked increase in Ngn3+ cell number in islets compared to
the Chow group, which was largely reversed by dietary inter-
vention (Fig. S1 g).

To examine the effect of dietary intervention on β cell
function, primary islets were isolated for functional analyses.
Consistent with the impaired glucose tolerance in the HFD
group, the islet perifusion assay revealed a significant decrease
in phase I and phase II insulin secretion in islets from the HFD
group compared to the Chow group (Fig. 2 g). Intriguingly, HFD-
Chow treatment elicited a significant improvement of both
phase I and phase II insulin secretion over the HFD group (∼3.3-
fold and ∼2.8-fold for phase I and phase II, respectively, P <
0.001; Fig. 2 g). To further dissect the underlying mechanisms
responsible for the alterations of GSIS function in primary islets
isolated from Chow, HFD, and HFD-Chow groups, we first ex-
amined the ATP/ADP ratio in primary islets since the elevation
of ATP/ADP ratio in β cells is known to trigger the closure ATP-
sensitive potassium (KATP) channel, membrane depolarization,
and calcium influx, which is a crucial signal for the following
insulin secretion. As shown in Fig. 2 h, upon high-glucose (16.8
mM) treatment, islets from both Chow and HFD-Chow mice
exhibited a significant increase in ATP/ADP ratio compared to
the basal levels under low-glucose condition. However, the
glucose-stimulated elevation of ATP/ADP ratio was dismissed in
islets from the HFD group. Consistently, calcium imaging at both
islet single cell and whole islet levels demonstrated that dietary
intervention almost completely ameliorated the impairment of
glucose-stimulated calcium response by HFD feeding (Fig. 2 i
and Fig. S1 h).

Dietary intervention improves β cell function through
transcriptional reprogramming
To systematically assess the effects of dietary intervention on
the transcriptome in islets, we then performed RNA sequencing
(RNA-Seq) analysis on primary islets isolated from the Chow,
HFD, and HFD-Chow groups. Pairwise differential expression
analysis identified 789 upregulated and 709 downregulated
genes in islets from the HFD group compared to the Chow group
(Fig. S2 a). Among the upregulated genes, biological processes
including epithelial cell proliferation and immune cell prolifer-
ation and activation were significantly enriched, whereas bio-
logical processes such as regulated exocytosis, regulation of
membrane potential, and regulation of ion transport were en-
riched in the downregulated genes (Fig. S2 b). These results
were consistent with the morphological and functional data
showing the expanded islet size and impaired β cell insulin
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Figure 2. Dietary intervention prevents HFD-induced β cell dysfunction and systemic metabolic defects. (a) Schematic representation of the exper-
imental setup. (b) Body weight changes in mice with indicated treatments. Data represents mean ± SEM (n = 7–9 mice per group). (c) Overnight fasting blood
glucose levels (left) and plasma insulin levels (right) of Chow, HFD, and HFD-Chowmice. Data represent mean ± SEM (n = 4–5 mice per group); ***, P < 0.001;
one-way ANOVA. (d) GTT (left) and ITT (right) of Chow, HFD, and HFD-Chow mice. Data represent mean ± SEM (n = 5 mice per group), ***, P < 0.001, HFD vs.
Chow; ##, P < 0.01, ###, P < 0.001, HFD-Chow vs. HFD; two-way ANOVAwith multiple comparisons. (e) Representative H&E staining of pancreas sections from
Chow, HFD, and HFD-Chow mice (left panel), and islet number per pancreas section (right). Scale bar, 1 mm. Data represent mean ± SEM (n = 24 pancreas
sections from six mice/group; at least 4 sections/mouse).***, P < 0.001; one-way ANOVA. (f) Representative IHC images of mouse pancreas sections from
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secretion triggered byHFD feeding.Moreover, by comparing the
HFD-Chow group with the HFD group, we identified 544 upre-
gulated genes and 777 downregulated genes (Fig. S2 c). Notably,
biological processes enriched from these upregulated genes
were similar to the terms enriched from the downregulated
genes in the HFD vs. Chow comparison. Such similarity could
also be observed in the terms enriched from downregulated
genes in the HFD-Chow vs. HFD comparison and terms enriched
from upregulated genes in the HFD vs. Chow comparison (Fig.
S2 d). We went on to assess the fold change difference of each
gene in these comparisons. We obtained 783 genes (Reversible
Genes) that were significantly altered in each comparison and
showed an opposite trend of transcriptional changes between
the two comparisons (Fig. 2 j). GO analysis revealed that genes
associated with cellular response to oxidative stress, insulin
secretion, and inflammatory response, such as solute carrier
family 2 member 2 (Slc2a2), aldehyde dehydrogenase 1 family
member A3 (Aldh1a3), cluster of differentiation 74 (Cd74), re-
generating family member 3 α (Reg3a), etc., were enriched in
these Reversible Genes (Fig. 2, j and k). These data implied that
dietary intervention during the development of T2D preserved β
cell function through transcriptional reprogramming. Moreover,
to identify the genes that were not reversed by dietary interven-
tion, we performed differential analysis on HFD-Chow islets
against Chow islets. Reversible genes shown in Fig. 2 j were ex-
cluded from these differential genes to ensure the obtained gene
sets were truly not reversible. With this approach, we identified
2,903 genes that remained unaltered by the dietary intervention.
GO analysis showed that these genes were mainly related to bio-
logical processes such as synapse organization, autophagy, glucose
homeostasis, insulin secretion, regulation of translation, and cell
cycle phase transition (Fig. S2 e). These results revealed the
pathways that are not altered by dietary intervention, which could
be critical for the pathogenesis of ultimate β cell failure.

Islet consists of multiple cell types that work in concert to
orchestrate their endocrine function. To further reveal how
dietary intervention preserves islet β cell function, we then
performed microwell-based single cell RNA sequencing (scRNA-
Seq; Han et al., 2018) on dissociated primary islet cells from
Chow, HFD, and HFD-Chow groups. By Uniform Manifold Ap-
proximation and Projection (UMAP), cells were clustered into
five major subgroups that were then designated as α cells, β
cells, δ cells, pancreatic polypeptide (PP) cells, and other cells
mainly based on endocrine hormone gene expression (Fig. 3 a

and Fig. S3 a). The “other cells” subgroup mainly consisted of
multiple types of immune cells and endothelial cells expressing
Rnase1 (Fig. S3 a). Islet cell composition analysis revealed mild
differences in the β cell and δ cell proportions among the three
groups, while α cell percentagewas slightly increased in the HFD
group compared to the Chow group. The percentage of PP cells
was significantly decreased by ∼70% in islets from the HFD
group compared to the Chow group (Fig. 3 b). Interestingly,
percentages of both α cells and PP cells in islets from the HFD-
Chow group were indistinguishable from those from the Chow
group, indicating that dietary intervention could prevent the
islet cell composition change toward the track directed by HFD
feeding. To further confirm such findings, immunofluorescent
stainingwas performed on pancreas sections. As shown in Fig. 3,
c and d; and Fig. S3, b and c, a significant decrease of INS+ β cells,
accompanied by the increase of GCG+ α cells and PP+ PP cells
could be observed, which were similar to the findings in
scRNA-Seq, indicating a possible de-differentiation or trans-
differentiation process in islets. Immunofluorescent staining also
revealed a significant increase in β cell size in the HFD group
compared to the Chow group (∼1.9-fold), which was almost
completely reversed by HFD-Chow treatment (Fig. 3, c and d).
Among the obtained cell types, the β cell is responsible for GSIS
function in islets. Hence, β cell clusters were extracted for fur-
ther analysis. Previous research has revealed the significant
heterogeneity of β cell population in pancreatic islets
(Dominguez-Gutierrez et al., 2019; Roscioni et al., 2016). Con-
sistently, with improved resolution in scRNA-Seq, β cells were
further designated into four distinct clusters, namely β1 to β4
(Fig. 3 e). Composition analysis revealed a significant decrease of
β1 population (from 38.09% in Chow group to 24.23% in HFD
group) and an increase of β4 population upon HFD feeding (from
15.75% in Chow group to 25.02% in HFD group), whereas such
changes could be largely reversed by dietary intervention. The
other two subpopulations showed no significant proportional
changes among the three groups (Fig. 3 f). Transcriptome
analysis revealed that β1 subcluster was characterized with high
expression of metallothionein-1 (Mt1), nuclear protein 1 (Nupr1),
and Slc2a2. Interestingly, the β4 subcluster was characterized by
significantly reduced levels ofMt1, Nupr1, Secretogranin 2 (Scg2),
and Slc2a2. Significantly high level of Ins1 was also detected in
the β4 subcluster (Fig. 3, g and h). Previous reports have re-
vealed the role of Mt1 and Nupr1 as antioxidants protecting islet
cells against oxidative stress, inflammation, and other cell

Chow, HFD, and HFD-Chow mice immune-stained for insulin (brown) and counterstained with hematoxylin (blue; left). Quantitation of β cell mass in the
pancreas of Chow, HFD, and HFD-Chowmice (right). Scale bar, 500 μm. Data represent mean ± SEM (n = 5–7 mice per group). **, P < 0.01; ***, P < 0.001; one-
way ANOVA. (g) Perifusion analyses of dynamic glucose-stimulated insulin secretion in islets from Chow, HFD, and HFD-Chow mice (left) and biphasic insulin
release levels (right). Each islet sample was pooled from at least three animals. Data represent mean ± SD (n = 3 technical replicates). ***, P < 0.001; one-way
ANOVA. (h) ATP/ADP ratios of islets from Chow, HFD, and HFD-Chow mice under low-glucose (2.8 mM) or high-glucose (16.8 mM) treatments, islet samples
were pooled from at least three animals. Data represent mean ± SEM (n = 6–7 replicates of islet samples, each sample represent 20 IEQ islets); ***, P < 0.001;
one-way ANOVA. (i) Glucose (16.8 mM) stimulated Ca2+ influx in single islet β cells in mice from Chow (n = 128 cells), HFD (n = 178 cells), and HFD-Chow (n =
214 cells) groups. Each islet sample was pooled from at least three animals. Data represent mean ± SEM; two-way ANOVA. (j) Differential gene expression
analysis of RNA-Seq of mouse islets from Chow, HFD, and HFD-Chow groups (RNA isolation from islets pooled from three mice). Log10 transferred fold change
expression levels of all highly expressed genes (fragments per kilobase of exon model per million mapped fragments >1) in indicated comparisons are shown in
the scatter plot. Reversible Genes with |log2FC| > 0.5, P < 0.05 were additionally marked in red (upregulated) and blue (downregulated). (k) GO analysis of
Reversible Genes in i. Most significant and nonredundant biological processes with respective gene numbers and P values are shown. All panels report data
verified in at least two independent experiments.
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damage caused by stress reaction (Chen et al., 2001; Li et al.,
2004; Päth et al., 2020). Our data, therefore, implied an elevated
sensitivity of the β4 subcluster to stress conditions compared to the
cells in the β1 subcluster. Also, the significantly elevated Slc2a2
expression in β1 cells implied a higher glucose sensitivity in these
cells compared to β4 cells. These findings were in compliance with
the functional data showing reduced, but dietary intervention–
reversible GSIS function in islets from the HFD group, and our
findings in bulk RNA-Seq suggesting dietary intervention might
preserve β cell function by reducing cellular stress levels.

To further explore the effects of dietary intervention on
transcriptional profiles specifically in β cells, differential ex-
pression analysis was performed on all the clusters of β cells. GO
analysis revealed that, compared to Chow diet, HFD feeding
upregulated genes related to ER-associated protein degradation,
response to oxidative stress, response to topological incorrect
protein and mitochondrial respiratory chain assembly; and
downregulated genes related to insulin secretion and cytoplas-
mic translation processes (Fig. S3 d). In contrast, compared to
the HFD group, HFD-Chow treatment significantly elevated the

Figure 3. scRNA-Seq analysis of dietary intervention on islet cell composition and β cell specific transcriptome. (a) scRNA-Seq and UMAP visualization
of transcriptome similarity-based cell clustering of islet single cells from indicated groups. Islet sample for each treatment was pooled from at least three
animals. In total, 4,231 (Chow), 6,454 (HFD), and 4,490 (HFD-Chow) cells were used in the clustering. (b) Cell composition of islets from indicated groups by
scRNA-Seq. (c) Representative immunofluorescent images of insulin (Ins), glucagon (Gcg), and PP in islets from Chow, HFD, and HFD-Chow mice. Scale bar,
50 μm. (d) Quantification of β, α, and PP cell percentage and relative β cell size (n = 27–38 islets per group for % β, % α, and relative β cell size; n = 44–82 islets
per group for % PP; islets were pooled from 4 to 5 mice; at least 6 islets per mice) in pancreas sections of Chow, HFD, and HFD-Chow mice. Data represent
mean ± SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001; one-way ANOVA. Relative β cell size was normalized to the average β cell size in Chow group. (e) UMAP
visualization of β cell sub-clusters in indicated groups; cells apart from the major β cell cluster on the UMAP plot were not shown. (f) Composition analysis of
β cell sub-clusters in indicated groups. (g) Top markers of indicated β cell clusters. Upregulated genes were marked in red, downregulated genes were marked
in green. Log2FC indicates the average log2 transferred fold change of indicated gene expression in given subcluster comparing to the expression level in other
β cells. (h) Expression heatmap of indicated genes in all β cells. (i) GO analysis of reversible genes (with P < 0.05 by Wilcoxon Rank Sum test) in β cells. Most
significant and nonredundant biological processes with respective gene numbers and P values are shown. Data in c and d are representative of at least two
independent experiments.
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expression of genes involved in the regulation of hormone se-
cretion and cellular response to metal ion, while genes as-
sociated with response to topologically incorrect proteins,
mitochondrial respiratory chain complex assembly, and oxida-
tive phosphorylation were downregulated by dietary interven-
tion (Fig. S3 e). Among the 502 genes that were either
upregulated (158 genes) or downregulated (344 genes) by HFD
feeding, 109 genes were significantly reversed by dietary in-
tervention. Among these reversible genes, we also noticed a
significant reversion in the expression of Mt1. The gene ex-
pression of some members in the heat shock protein family in-
volved in ER response to unfolded proteins, such as Hsp90b1 and
Hspa5, was also reversibly expressed. Besides, members of mi-
tochondrial NADH dehydrogenase complex (Ndufa1, Ndufa2,
etc.) and genes related to insulin biosynthesis and secretion
process, including chromogranin b (Chgb), urocortin 3 (Ucn3),
and proprotein convertase 1 inhibitor (Pcsk1n) also showed re-
versed expression in response to dietary intervention (Fig. S3 f).
GO analysis of all reversible genes revealed significant enrich-
ment of biological processes that are potentially important for β
cell function, such as response to ER stress, mitochondrial res-
piratory chain complex I and II assembly, hormone transport,
and insulin secretion (Fig. 3 i). Together with the whole-islet
RNA-Seq results, these analyses indicated that dietary inter-
vention was likely to preserve islet GSIS function by altering β
cell transcriptional programs. Besides, like the RNA-Seq data, we
performed differential analysis on mouse islets from the HFD-
Chow group against islets from the Chow group. Reversible
genes we obtained in β cells were then removed from these
differential genes to identify the truly not reversible genes in β
cells. We hereby identified 506 genes that were not reversible by
dietary intervention. GO analysis showed that biological pro-
cesses including cytoplasmic translation, ribonucleoprotein
complex assembly, cellular respiration, and Golgi vesicle trans-
port were significantly enriched in these genes (Fig. S3 g),
suggesting the alterations in these pathways in β cells by HFD
feeding could not be reversed by dietary intervention.

CTCF-mediated chromatin remodeling may be responsible for
the improvement of β cell function by dietary intervention
With phenotypical and transcriptional changes systematically
described, we then explored the underlying mechanism medi-
ating the preservation of β cell function by dietary intervention.
Looking back into the time-series analysis along with HFD du-
ration, we noticed that genes related to chromatin modification
and remodeling were significantly altered in the compensation
stage (Fig. 1, h and i), implying possible changes in the chromatin
landscape and activity during the compensation and decom-
pensation processes of islet β cell function in obesity and T2D.
Hence, it is possible that dietary intervention might improve β
cell function through chromatin remodeling. To test this possi-
bility, ATAC-Seq analysis was performed on primary islets iso-
lated from the Chow, HFD, and HFD-Chow groups to explore the
genome-wide chromatin accessibility changes among these
groups. ATAC-Seq totally obtained 41,163 shared open chro-
matin regions among three groups, which were mainly dis-
tributed in introns (43.13%), intergenic regions (36.61%), or at

transcriptional start sites (TSSs; 10.37%). Distribution of ATAC
signal within the −3 to +3 kb regions flanking TSSs demon-
strated a generally less accessible chromatin status in the HFD
group compared to the Chow group (Fig. 4 a). Such reduced
signal intensity was not observed in the HFD-Chow group, in-
dicating that dietary intervention might prevent the HFD in-
duced remodeling of overall chromatin accessibility. Indeed, we
obtained 15,321 chromatin regions that showed opposite acces-
sibility changes in HFD vs. Chow comparison and HFD-Chow vs.
HFD comparison (Reversible Peaks), and annotated these regions
to their closest genes to identify 2,189 genes that are likely to be
epigenetically regulated by dietary intervention. Consistent with
the results obtained at the transcriptional level, GO analysis
showed significant enrichment of genes involved in cellular re-
sponse to oxidative stress (39 genes), insulin secretion (29 genes),
cell respiration (31 genes), and response to ER stress (30 genes;
Fig. 4 b). Meanwhile, we generated differential accessed peaks in
HFD-Chow vs. Chow comparison. Reversible peaks we showed in
Fig. 4 e were excluded from these differential peaks. The obtained
peaks were then annotated to 1,009 genes. GO analysis showed
significant enrichment in pathways including cellular translation,
cell respiration, and cell cycle alteration (Fig. S4 a), which was
similar to the findings we obtained via bulk RNA-Seq (Fig. S2 e).

To explore the possible regulator mediating these chromatin
accessibility changes, we then performed known motif enrich-
ment analysis on reversible peaks. Unexpectedly, while binding
sites for multiple islet function-related transcription factors
such Foxa2 and Pdx1 were significantly enriched in these re-
gions, the CTCF binding site was identified as the most signifi-
cantly enriched motif in these reversible peaks (P = 10−292;
Fig. 4 c). To prioritize these potential factors, primary islets from
mice fed with HFD for 1 mo were isolated and subjected to
transduction with AAVs carrying either CTCF, Foxa2, Pdx1, or
GFP (AAV-CTCF, AAV-Foxa2, AAV-Pdx1, or AAV-GFP) coding
sequences. Remarkably, CTCF overexpression showed the most
robust improvement in islet insulin secretion. Both phase I
(∼1.9-fold, P < 0.001) and phase II (∼2.0-fold, P < 0.0001) insulin
secretion was markedly enhanced by CTCF overexpression
compared to other groups transduced with AAVs expressing
Pdx1, Foxa2, or GFP (Fig. S4, b and c). We next performed foot-
print analysis to evaluate the ATAC signal distribution within
the 200 bp region flanking all CTCF binding sites, and revealed a
significant decrease in ATAC signal density in islets from the
HFD group compared to the Chow group, suggesting an overall
downregulation of chromatin accessibility to CTCF binding sites
in response to HFD feeding. Such a decrease in chromatin ac-
cessibility was not present in the HFD-Chow group (Fig. 4 d),
suggesting that dietary intervention may prevent HFD-induced
accessibility loss on CTCF binding sites. With Cleavage Under
Targets and Tagmentation (CUT&Tag) analysis (Kaya-Okur
et al., 2019), we identified the global CTCF binding sites in pri-
mary mouse islets. We then mapped the CTCF binding sites and
ENCODE annotated cis-regulatory elements (CREs; Moore et al.,
2020) to the Reversible Peaks and their flanking regions (±3 kb).
Intriguingly, we observed binding of CTCF on ∼40% of Revers-
ible Peaks. These peaks with CTCF binding were also found to
be overlapped with the promoter and distal enhancer signals
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(Fig. 4 e, lanes 1, 2, and 4). Proximal enhancer signals were also
flanking some of these peaks (Fig. 4 e, lane 3). These findings
suggested that accessibility changes on CTCF binding sites may
directly modulate the transcriptional activation of correspond-
ing genes. As such, we annotated these peaks to their closest
genes and found 183 of them overlapped with Reversible Genes
as revealed by RNA-Seq analysis (Fig. 4 f). Biological processes,
including insulin secretion and regulation of potassium ion
transport, were enriched in these genes (Fig. 4 f), suggesting that
the CTCF-mediated chromatin accessibility changes might serve
as the driving force to trigger transcriptional reprogramming
critical for islet β cell function.

CTCF expression is downregulated in islets from obese and
diabetic mice and humans
CTCF is a polyfunctional DNA binding protein reported to act as
a transcriptional activator, repressor, and insulator (Chen et al.,
2013; Gaszner and Felsenfeld, 2006; Gosalia et al., 2014; Klenova

et al., 1993). We went on to test whether the expression levels of
CTCF are actively regulated in islets during the development of
diabetes in mice and humans. Interestingly, CTCF mRNA and
protein levels were significantly downregulated in islets from
genetically obese and diabetic mouse models, ob/ob and
C57BLKS/J (BKS)-db/db mice (Fig. 5, a and b). The ob/ob data
were generated by islet RNA-Seq, and the BKS-db/db datasets
were obtained from previously published data (Wang et al.,
2012). Western blotting analysis also revealed similar down-
regulation of CTCF protein levels in islets from mice fed with
HFD for 6 mo (Fig. S5 a and Fig. 5 c). Intriguingly, HFD-Chow
treatment prevented the downregulation of CTCF expression in
response to HFD feeding (Fig. 5 c), which is consistent with the
pattern of chromatin accessibility change on CTCF binding sites,
indicating that CTCF expression level may play an important
role in the regulation of chromatin accessibility on genes critical
for β cell GSIS function. To further evaluate the protein levels of
CTCF in islets and β cells under HFD and dietary intervention

Figure 4. Identification of CTCF as the top
candidate mediating the preservation of
β cell function by dietary intervention.
(a) Metagene heatmap of the genome-wide
ATAC peaks’ occupation in the −3 to +3 kb re-
gion flanking the TSS. Scale bar indicates peak
density. In each treatment, ATAC-Seq libraries
were prepared using islets pooled from three
mice. (b) GO analysis of genes annotated to the
Reversible Peaks (within −5,000 to +100 bp rela-
tive to TSS). Most significant and nonredundant
biological processes with respective gene
number and P value are shown. (c) Known motif
analysis within Reversible Peaks. Consensus islet
related motifs (Motif), transcriptional fac-
tor names (Name), and P values are shown.
(d) Footprint aggregate plots at putative CTCF
binding sites. (e) Metagene heatmap of CTCF
CUT&Tag peaks and ENCODE annotated CREs
around the Reversible Peaks. Scale bar indicates
peak density. (f) Upper panel: Venn plot
showing the overlap between given datasets
and schematic representation of data integra-
tion pipeline. Lower panel: GO analysis of light
blue shaded genes in the Venn plot. Most sig-
nificant and nonredundant biological process
with respective gene number and P value
are shown.
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Figure 5. CTCF expression is downregulated in islets from obese and diabetic mice and humans. (a) Relative CTCF mRNA expression in islets from 12-
wk-old ob/ob mice (n = 3 mice per group; data represent mean ± SEM) or 9-wk-old BKS-db/db mice (n = 5 mice per group; data represent mean ± SEM). The
relative gene expression levels of CTCF were calculated using the expression values of CTCF in the RNA-Seq (ob/ob mice) or microarray datasets (BKS-db/db,
GEO accession no. GSE31559), normalized to their respective controls. **, P < 0.01; ***, P < 0.001; two-tailed unpaired Student’s t test. (b) Representative
immunoblots of total islet protein lysates from control (CTR) and 20-wk-old BKS-db/db mice (pooled islet sample from three mice). (c) Representative im-
munoblots of total islet protein lysates from Chow, HFD, and HFD-Chow mice (pooled islet sample from three mice). (d) Representative immunofluorescent
images (up) and relative signal intensities of CTCF (down) in pancreas sections of indicated mouse groups. Data represent mean ± SEM (dots in left panel
represent 34–43 islets from 4 to 5 mice; at least 6 islets/mice; dots in right panel represent 4–5 mice); ***, P < 0.001; one-way ANOVA. CTCF signal intensities
were normalized to average signal intensity in Chow group. Scale bar, 10 μm (for zoomed-in view), 50 μm. (e) Relative CTCFmRNA expression in human islets
from ND and T2D donors obtained from previously published microarray datasets. Data represent mean ± SEM (n = 6–7 donors per group); *, P < 0.05; two-
tailed unpaired Student’s t test. (f) Donor information of ND and T2D donors. (g) Representative immunofluorescent images (left) and relative signal intensity
of CTCF (right) in human pancreas sections obtained from ND and T2D donors in f. Data represent mean ± SEM (dots in left panel represent 57–75 islets from 6
to 7 donors; at least 6 islets per donor; dots in right panel represent 6–7 donors); *, P < 0.05; ***, P < 0.001; two-tailed unpaired Student’s t test. CTCF signal
intensities were normalized to average signal intensity in control group. Scale bars, 10 μm (for zoomed-in view), 50 μm. (h) Immunoblots (left) of islets
transduced with control siRNA (CTR) or CTCF siRNA. Islets were pooled from four wild-type mice. (i) Perifusion analyses of dynamic glucose-stimulated insulin
secretion (left) and biphasic insulin release levels (right) of mouse islets as described in h. Islets were pooled from four wild-type mice. Data represent mean ±
SD; n = 3 technical replicates; ***, P < 0.001; two-tailed unpaired Student’s t test. (j) GSIS of Min6 cell lines transduced with lentivirus delivering Cas9 and
either control (Vec) or CTCF targeting (CTCF-gRNA#1–3) sgRNAs. Data represent mean ± SEM (n = 3); **, P < 0.01; ***, P < 0.001; two-way ANOVA. All panels
report data verified in at least two independent experiments. Source data are available for this figure: SourceData F5.
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conditions, we performed immunofluorescent staining on pan-
creas sections from the Chow, HFD, and HFD-Chowmice, which
revealed a significant decrease of CTCF signal intensity in islet β
cells from the HFD group compared to the Chow group (∼46.95%
decrease), while a 1.5-fold increase in CTCF signal intensity
could be observed in islet β cells from the HFD-Chow group
compared to the HFD group (Fig. 5 d). More importantly, sig-
nificant downregulation of CTCF mRNA expression was also
observed in islets from age-matched human T2D (hT2D) patients
compared to human nondiabetic (hND) donors (P = 0.0322,
Fig. 5 e; data extracted and analyzed from previously published
dataset [Dominguez et al., 2011]). Similar to the murine HFD
models, CTCF protein levels were markedly decreased in islets
from T2D patients compared to age-matched controls (∼35.36%;
Fig. 5, f and g). To determine the effects of the reduced CTCF
expression on islet β cell function, we knocked down CTCF ex-
pression in mouse islets using siRNA transient transfection.
Following confirmation of the successful knockdown of CTCF
expression by Western blotting (Fig. 5 h), we then performed
the islet perifusion study and revealed that CTCF knockdown
reduced both phase I (∼35.64%, P < 0.001) and phase II
(∼39.83%, P = 0.0018) insulin secretion compared to the control
group (Fig. 5 i). To further assess the effects of CTCF ablation on
β cell function, we also performed CRISPR-Cas9–mediated CTCF
knockout in Min6 cells, a murine pancreatic β cell line (Fig.
S5 b). Similar to the findings in primary islets, all CTCF
knockout cell lines generated by different single-guide RNAs
(sgRNAs) displayed a significantly reduced insulin secretion in
response to 16.8 mM glucose treatment, while their basal insulin
secretion under 2.8 mM glucose treatment remained merely
unchanged (Fig. 5 j).

CTCF overexpression mimics the beneficial effect of dietary
intervention on islet β cell function ex vivo and in vivo
The above findings indicate that dietary intervention during the
progression of T2D may preserve β cell function by preventing
the downregulation of CTCF expression and its associated dys-
regulation of chromatin remodeling and transcriptional re-
programming. In addition, we also observed the compensatory
enhancement of islet GSIS function in response to HFD feeding
for 2 mo is associated with a robust induction of CTCF protein
expression (Fig. S5 c). These results suggest that CTCF gain-of-
function may promote GSIS function in islets. To test this, two
distinct experimental systems were used. Firstly, isolated islets
from healthy wild-type mice were treated with palmitic acid
(PA) and TNFα to establish β cell dysfunction model ex vivo, and
were used to evaluate whether CTCF overexpression could re-
store β cell dysfunction elicited by PA and TNFα treatment
(Fig. 6 a). As expected, PA and TNFα treatment markedly in-
hibited phase I and phase II insulin secretion by∼50% in healthy
mouse islets (Fig. S5 d). Notably, AAV-mediated overexpression
of CTCF (AAV-CTCF), as validated by Western blotting (Fig. 6 b,
left panel), significantly protected the mouse islets from PA and
TNFα treatment-induced damage of GSIS function (Fig. 6 c). In
accordance, AAV-mediated CTCF overexpression significantly
enhanced glucose-stimulated increase in ATP/ADP ratio in
mouse islets treated with PA and TNFα (Fig. S5 e). Moreover,

similar results were also obtained in islets isolated from human
donors. While PA and TNFα treatment significantly impaired
GSIS function (GFP + PA + TNFα vs. GFP), CTCF overexpression
markedly augmented both phase I and phase II insulin secretion
in human islets treated with PA and TNFα (83.92% increase for
phase I, and 83.75% increase for phase II insulin secretion; CTCF
+ PA + TNFα vs. GFP + PA + TNFα, P < 0.0001; Fig. 6 b, right
panel, and Fig. 6 d). To further validate the protective effect of
CTCF overexpression on β cell function in vivo, we delivered
AAV expressing CTCF directly into the pancreas of BKS-db/db
mice via pancreatic ductal infusion. Islet perifusion and calcium
imaging assays were then conducted to evaluate the islet GSIS
function (Fig. 6 e). Fluorescent imaging of islets isolated from
AAV expressing GFP (AAV-GFP) injected mice showed high
transduction efficiency in the pancreatic islets (Fig. 6 f). As
shown in Fig. 6 g, the protein level of CTCF in islets isolated from
the AAV-CTCF injected mice was successfully elevated com-
pared to those isolated from the saline injected mice. Notably,
CTCF overexpression attenuated the progressive increase in
blood glucose levels as seen in BKS-db/db mice injected with
saline (Fig. 6 h). Further perifusion study of isolated islets
showed remarkable improvement of islet GSIS function by AAV-
CTCF injection (Fig. 6 i, left panel). Both phase I and phase II
insulin secretion were significantly elevated (Fig. 6 i, right
panel). In addition, calcium imaging analysis revealed robust
improvement of glucose-stimulated calcium influx in islets iso-
lated from AAV-CTCF injected mice compared to controls (Fig. 6
j). Together, these results demonstrate that restoring CTCF ex-
pression significantly improves β cell insulin secretion ex vivo
in primary mouse and human islets and in vivo in diabetic mice,
resembling the therapeutic effect of dietary intervention on β
cell dysfunction in T2D.

CTCF selectively regulates the transcription of genes involved
in β cell glucose metabolism and stress response
Seeing the importance of CTCF in regulating β cell function, we
then explored the upstream signaling and downstream targets of
CTCF in β cells. It is well known that glucose toxicity, lipid
toxicity, dysregulated hormone levels, and meta-inflammation
play important roles in the development of β cell dysfunction in
T2D (Campbell et al., 1988; Meng et al., 2009a; Meng et al.,
2009b; Meng et al., 2006; Meng et al., 2012; Zhou and Grill,
1994). To identify the upstream signals responsible for the reg-
ulation of CTCF expression by dietary intervention in obesity
and T2D, we treated Min6 cells with different concentrations of
glucose, hormones, inflammatory cytokines, or lipids, and per-
formed quantitative PCR (qPCR) analyses of CTCF expression. As
shown in Fig. 7 a, while glucose, insulin, and glucagon treat-
ments showed mild effects on the mRNA expression of CTCF,
treatments with inflammatory cytokines including TNFα, in-
terleukin 1 β (IL1β), or interleukin 6 (IL6) significantly decreased
CTCF expression compared to control (decreased by 23.44%,
34.15%, and 20.72%, P = 0.2344, P = 0.0003, and P = 0.0138,
respectively). In addition, PA, but not oleic acid (OA) was ca-
pable of downregulating CTCF expression in Min6 cells (by
29.68%, P = 0.0007). Moreover, co-treatment with both PA and
TNFα elicited a much more robust downregulation of CTCF
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expression in both mRNA (Fig. 7 a, lower right panel, by 52.64%,
P < 0.0001) and protein levels (Fig. 7 b). Indeed, it has been
reported that weight-loss treatment could effectively lower
plasma fatty acid and inflammation cytokine levels in over-
weight individuals (Lee et al., 2018; Ryan and Nicklas, 2004),
suggesting that dietary intervention may restore the expression

of CTCF in islets through alleviating the lipid toxicity and in-
flammatory signaling in obesity and T2D.

Given that mRNA and protein expression of CTCF was re-
markably downregulated in islets from obese and type 2 diabetic
mice and humans, we next went on to test whether CTCF
binding to DNA is also altered in islets in response to HFD

Figure 6. AAV-mediated restore of CTCF expression ameliorates β cell dysfunction ex vivo and in vivo. (a) Schematic representation of experimental
procedures for b–d. (b) Immunoblots of total cell lysates from mouse or human islets transduced with AAVs expressing CTCF or GFP for 5 d, followed by
treatment with TNFα (50 ng/ml) and PA (0.5 mM) for an additional 24 h. (c) Perifusion analyses of dynamic glucose-stimulated insulin secretion (left) and
biphasic insulin release levels (right) of mouse islets as described in b. Each islet sample was pooled from at least three animals. Data represent mean ± SD; n =
3 technical replicates; ***, P < 0.001; two-tailed unpaired Student’s t test. (d) Perifusion analyses of dynamic glucose-stimulated insulin secretion (left) and
biphasic insulin release levels (right) of human islets as described in b. Data represent mean ± SD; n = 3 technical replicates; ***, P < 0.001; one-way ANOVA.
(e) Schematic diagram of pancreatic ductal infusion of AAV and experimental design for f–j. (f) Representative image of pancreas and islets underwent
pancreatic ductal infusion of AAV-GFP. Scale bar, 500 μm. (g) Immunoblots of total cell lysates from mouse islets from BKS-db/db mice 5 wk following AAV
pancreatic ductal infusion. (h) Random blood glucose levels of BKS-db/dbmice injected with saline or AAV-CTCF via pancreatic ductal infusion. Data represent
mean ± SEM (n = 6 mice per group). ***, P < 0.001; two-way ANOVA. (i) Perifusion analyses of dynamic glucose-stimulated insulin secretion (left) and biphasic
insulin release levels (right) of islets isolated from BKS-db/db mice as described in g. Each islet sample was pooled from at least three animals. Data represent
mean ± SD; n = 3 technical replicates; ***, P < 0.001; two-tailed unpaired Student’s t test. (j) Glucose-stimulated Ca2+ influx in islets isolated from db/dbmice as
described in g. Each islet sample was pooled from at least three animals. Data represent mean ± SEM (n = 53–60 islets per group); ***, P < 0.001; two-way
ANOVA. All panels report data verified in at least two independent experiments. Source data are available for this figure: SourceData F6.
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Figure 7. CTCF regulates glucose metabolism and stress response related gene expression in murine islets. (a) Relative CTCFmRNA expression in Min6
cells treated with indicated reagents for 12 h. Data represent mean ± SEM; n = 3–4 biological replicates; expression levels were normalized to their respective
controls; *, P < 0.05; **, P < 0.005; ***, P < 0.001; one-way ANOVA; Veh, Vehicle. (b) Immunoblots of total cell lysates from Min6 cells treated with PA and
TNFα. (c and d) Heatmap showing scaled, normalized read-counts (as Z-Score) of significantly reversible CTCF bound peaks in islets between HFD vs. Chow
and HFD-Chow vs. HFD comparison and GO analysis of genes annotated to these peaks. Most significant and nonredundant biological processes with re-
spective gene number and P value are shown. (e) Overlapping analysis of significantly altered genes in islets isolated from BKS-db/db mice treatment with
AAV-CTCF or saline via pancreatic ductal infusion and reversible genes by dietary intervention. Heatmap representation of significantly altered genes between
AAV-CTCF and saline treatments (left, normalized read-counts were shown as Z-Score), Venn plot between two datasets (middle), and heatmap representation
of overlapped genes with similar regulatory trends (right) are shown. (f) Representative RNA-Seq and ATAC-Seq browser tracks displaying dietary intervention
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feeding and dietary intervention using CUT&Tag. We did not
observe significant global changes in the overall DNA binding
landscape by CTCF in islets among three groups (Fig. S5 f). In-
stead, highly localized changes in binding profiles were ob-
served. Among the total 30,022 peaks shared by the three
groups, 2,484 peaks were robustly reversed by the dietary in-
tervention (|log2FC| > 0.3, P < 0.05; Fig. 7 c). Interestingly, GO
analysis demonstrated that biological processes, such as lipid
metabolic process, insulin secretion, ion transmembrane trans-
port, and hormone secretion, mitochondrion organization, were
enriched in the 2,184 genes annotated by the 2,484 reversible
peaks by the dietary intervention (Fig. 7 d). These data are
consistent with the aforementioned findings in transcriptomic
and DNA accessibility levels as revealed by RNA-Seq and ATAC-
Seq analyses, respectively (Fig. 2, j and k; and Fig. 4, b and f).
These results further confirmed the key role of CTCF in medi-
ating the preservation of β cell function by dietary intervention
through direct DNA binding, chromatin remodeling, and selec-
tive transcriptional regulation of genes important for β cell
function.

To examine the effects of CTCF expression on islet tran-
scriptome in vivo, we performed RNA-Seq analysis on islets
isolated from mice treated with AAV-CTCF or saline via pan-
creatic ductal infusion. Compared to controls, we identified 1,212
genes that were either significantly upregulated or down-
regulated by CTCF overexpression (Fig. 7 e, left panel, P < 0.05,
|log2FC| > 0.3). Potential CTCF downstream target genes were
then identified by comparing these 1,212 significantly regulated
genes with the 783 reversible genes by dietary intervention
(Fig. 7 e, middle panel). Among the 121 overlapped genes, we
identified 85 genes with a similar changing pattern between
CTCF overexpression and dietary intervention (Fig. 7 e, right
panel). Interestingly, ER stress-associated genes heat shock
protein family A member 1A (Hspa1a) and 1B (Hspa1b;
Skórzyńska-Dziduszko et al., 2018) were downregulated upon
either CTCF overexpression or dietary intervention. Moreover,
Slc2a2, encoding the key glucose transporter Glut2 in β cell GSIS
pathway, was also upregulated by CTCF overexpression and
dietary intervention. Representatively, genome browser tracks
of our sequencing data on Hspa1a/Hspa1b or Slc2a2 coding re-
gions and flanking loci exhibited reduced ATAC signals on the
CTCF bound enhancer and promoter region upon HFD feeding,
accompanied by either upregulation (for Hspa1a and Hspa1b) or
downregulation (for Slc2a2) of their transcriptional levels as
revealed by RNA-Seq analysis. Remarkably, dietary interven-
tion almost completely prevented the alterations of chromatin
accessibility, and both CTCF overexpression and dietary in-
tervention largely restored the alterations on mRNA signals of
Hspa1a, Hspa1b, and Slc2a2 genes elicited by HFD feeding
(Fig. 7 f). In addition, motif analysis of genomic regions with
reversible CTCF binding upon dietary intervention revealed
significant enrichment of binding motifs for transcriptional

factors such as CCCTC-binding factor (zinc finger protein)–like
and E2F transcription factor 7 besides CTCF itself (Fig. S5 g),
suggesting that CTCF might interact with this transcriptional
factor to exert its chromatin remodeling and transcriptional
regulatory functions. Altogether, these results reveal that die-
tary intervention prevents β cell dysfunction in T2D through
CTCF-mediated enhancer and promoter chromatin remodeling
and transcriptional reprogramming of genes important for β
cell glucose uptake and stress response process (Fig. 7 g).

Discussion
Dietary intervention has long been proven as an effective
treatment to improve glycemic control, insulin sensitivity, and
liver steatosis in murine models of obesity and T2D, and T2D
patients (Al-Mrabeh et al., 2020; Eriksson and Lindgärde, 1991;
Knowler et al., 2002; Perreault et al., 2009; Taylor et al., 2018).
However, the effect and the underlying mechanisms of dietary
intervention on β cell dysfunction during the progression of T2D
are yet to be determined. In this study, we established a dietary
intervention mouse model in the context of HFD-induced obe-
sity and β cell dysfunction.We found that HFD feeding induced a
functional compensation-to-decompensation process in mouse
islets overtime, closely resembling the development of β cell
dysfunction in human T2D. This compensatory process is ac-
companied by dynamic and robust transcriptional signatures. In
addition to the well-demonstrated activation of ER stress and
oxidative stress in the development of islet dysfunction
(Kajimoto and Kaneto, 2004; Laybutt et al., 2007; Hasnain et al.,
2016), which was also observed in our transcriptomic data, it
was interesting to notice the significant alteration of genes in-
volved in oxidative phosphorylation and chromatin remodeling
at the early phase of HFD feeding (2 mo). While the correlation
between oxidative phosphorylation, mitochondrial respiration,
and β cell function has been reported elsewhere (Ling et al.,
2008; Supale et al., 2012; Yoon et al., 2003), how mitochon-
drial function is regulated and involved in the islet β cell func-
tional compensation process remains to be determined in future
studies. Intriguingly, we also noticed a significant decrease of 18
insulin release–related genes even at the compensatory stage
(Fig. 1 i, the top cluster of 359 genes), such as Stx1a, Cacna1c,
Cacna1d, Itpr3, and Slc2a2, suggesting that accumulating deteri-
oration of glucose metabolism and calcium-coupled insulin se-
cretion machinery could serve as key driver leading to the
ultimate β cell failure. Consistent with the previous published
studies showing the reduced glucose transport and calcium
signaling in β cells during T2D development (Ohtsubo et al.,
2011; Yang and Berggren, 2005), we also observed a significant
reduction in glucose uptake and ATP-induced calcium influx
machineries starting from the compensatory stage. Our studies
reveal the dynamic and temporal regulation of these important
processes during the development of obesity and T2D, and

and CTCF overexpression regulated gene loci including Hspa1a, Hspa1b, and Slc2a2. CTCF CUT&Tag tracks and ENCODE annotated CREs are also displayed.
(g) Schematic representation of the workingmodel presented in this paper. Data in a and b are representative of at least two independent experiments. Source
data are available for this figure: SourceData F7.
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suggest that these glucose metabolism and calcium-secretion
coupling related processes are affected at the early stage of
T2D, and could possibly serve as key drivers leading to the ul-
timate β cell decompensation and failure in overt T2D.

By administering dietary intervention when the islet β cells
are still within the compensatory stage, we established a murine
dietary intervention model to mimic prediabetic dietary inter-
vention in human subjects. Using functional assays and mul-
tiomics techniques, we systematically characterized the
alterations in islets isolated from animals under chow diet,
continuous HFD, and prediabetic dietary intervention. Consis-
tent with the changes in systemic glucose homeostasis, we found
that dietary intervention could prevent the HFD-induced im-
pairment of glucose-stimulated calcium response and insulin
secretion from β cells. Both whole islet and β cell specific tran-
scriptional profiling revealed reversibility in the expression of
genes involved in cellular stress response and insulin secretion
pathways. Considering the importance of oxidative stress and
ER stress responses in islet functional regulation as previously
reported (Kajimoto and Kaneto, 2004; Laybutt et al., 2007;
Hasnain et al., 2016), these results implied that relief of cellular
stress response might serve as the key player in the preservation
of β cell function by dietary intervention.

Moreover, at the chromatin accessibility levels, we identified
the enrichment of binding sites from multiple islet-function-
related transcriptional factors, e.g., Pdx1, Foxa2, Hnf1b, Pax6, and
Mafa, in the reversible peaks induced by dietary intervention.
Among these transcriptional factors, the overexpression of Pdx1,
Pax6, andMafa has also been reported to preserve β cell function
under T2D conditions (Matsuoka et al., 2015; So et al., 2021; Xiao
et al., 2018). In these top candidate transcriptional factors, we
surprisingly identified CTCF as the most significantly enriched
target, which was however consistent with the previous reports
showing enriched CTCF binding on distal regulatory elements
on T2D susceptibility regions (Parker et al., 2013; Stitzel et al.,
2010). Notably, (Fang et al 2014; Tsui et al 2012) have reported
the decreased glucagon levels, increased insulin levels, and re-
duced blood glucose levels in CTCF whole-body transgenic mice
(Fang et al., 2014; Tsui et al., 2012). Whole-body transgenic
overexpression of CTCF robustly impaired α cell development
and population in mice (Tsui et al., 2012). In addition, they also
found that CTCF inhibited glucagon-secreting function in α cells
likely through suppressing Pax6 expression. These results re-
vealed the potential important role of CTCF in regulating islet α
cell development and function. However, the roles and mecha-
nisms of CTCF in the control of β cell biology and function re-
main unclear. In the dietary intervention model, we illustrated
that the peaks with CTCF binding were found in proximity to
promoter regions and distal enhancer regions, especially in
genes important for β cell insulin secretion like Slc2a2. Consis-
tently, recent studies have shown that beyond its insulator-
binding boundary function, CTCF could also regulate long-range
chromatin interaction between promoters and distal enhancers
in certain genes in a context-dependent manner, thereby regu-
lating target gene expression and specific biological function
(Merkenschlager and Nora, 2015; Pugacheva et al., 2020;
Ren et al., 2017). Our findings suggest that CTCF likely

preserves islet β cell function underpinning dietary intervention
through governing the accessibility and activity of enhancers
and promoters on key genes important for β cell glucose me-
tabolism and stress response. Future study of genome-wide
chromatin interactions with Hi-C and computational based
chromatin 3D structure modeling might provide more new in-
sights regarding the nature and consequences of such changes.

While CTCF mRNA and protein levels were dramatically
downregulated in islet β cells from multiple murine obesity and
diabetic models and human T2D patients, dietary intervention
almost completely reversed the decreased CTCF expression eli-
cited by HFD feeding. In addition, our in vitro experiments
identified inflammatory cytokines and lipids as the potential
upstream regulators of CTCF expression during the develop-
ment of T2D. As the reduction of these signals, which have been
observed in diabetic patients underwent weight-loss treatment
(Lee et al., 2018; Ryan and Nicklas, 2004), our findings illus-
trated an axis connecting dietary intervention to β cell func-
tional preservation by the alleviation of lipid toxicity and
inflammatory signaling, and thereby the restoration of CTCF
expression and function. Interestingly, Tsui et al. (2014) also
demonstrated that CTCF might be involved in the regulation of
glucose-stimulated β cell survival. Notably, we observed that the
compensatory enhancement of islet GSIS function in mice fed
with HFD for 2 mo is accompanied by a robust induction of CTCF
expression. We are also aware that long-term overexpression of
any transcription factors may lead to deleterious effects on bio-
logical functions. This might be an important reason for the
impairment of islet function and systemic glucose homeostasis
seen in the whole body CTCF transgenic mice (Tsui et al., 2012).
Moreover, while our ex vivo and in vivo data showed that
transient CTCF overexpression during the decompensatory
stage could significantly improve β cell GSIS function, whether
CTCF overexpression affects β cell function during the com-
pensatory phase remain unclear. Together, these findings sug-
gest that fine-tuning of CTCF expression at an appropriate level
and in a specific temporal window would be critical for
achieving the beneficial effects of CTCF overexpression on β cell
function and systemic glucose homeostasis.

In conclusion, our work establishes a murine model of obe-
sity and T2D recapitulating the dynamic nature of β cell adap-
tation during disease progression in human T2D subjects,
demonstrates a comprehensive functional and transcriptional
profiling of islet and β cell adaptation in this process, provides a
systematic illustration of how dietary intervention during the
development of T2D triggers the morphological and functional
improvement of islet β cells downstream of chromatin remodeling-
mediated transcriptional reprogramming, and finally identifies
CTCF, a chromatin architecture regulator, as a key mediator of
dietary intervention–induced preservation of β cell function
through selectively transcriptional reprogramming.

Materials and methods
Animal models
Male C57BL/6J ob/ob and wild-type mice as well as BKS-db/db
mice were obtained from The Jackson Laboratory. All mice were
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bred in the specific pathogen–free animal facility at the Zhejiang
University School of Medicine, and maintained on a 12-h light/
dark cycle at an ambient temperature of 23°C. Water and food
were provided ad libitum. Age-matchedmalemicewere used for
all the animal experiments unless otherwise indicated.

To generate diet-induced obese mice, 12-wk-old C57BL/6J
male mice were fed with either a chow diet (10 kcal% fat, 70
kcal% carbohydrate, and 20 kcal% protein; 1010088; Jiangsu
Xietong Pharmaceutical Bio-engineering Co., Ltd.) or an HFD
(60 kcal% fat, 20 kcal% carbohydrate, and 20 kcal% protein;
D12492; Research Diets) for 4–28 wk. For dietary intervention,
mice were switched to chow diet feeding for a period of 6–15 wk
following HFD feeding for 10–16 wk. Pancreatic ductal infusion
of AAVs was performed on BKS-db/dbmice at the age of 4.5 wk.
The islets of ob/obmice were isolated and prepared for RNA-Seq
at the age of 12 wk.

Human islets
Primary human islets were isolated from healthy male nondia-
betic donors (27 and 53 yr old). Islets were cultured in CMRL
1066 (15-110-CVR; Corning), supplemented with 50 μg/ml
streptomycin, 50 U/ml penicillin, 10% FBS, 10 U/ml heparin
sodium, and 90 U/ml insulin.

Cell culture
Min6 cells originally obtained from Dr. Liangyou Rui’s lab at the
University of Michigan were cultured in DMEM (11995065;
Gibco) supplemented with 15% ES-FBS (SE200-ES; Vistech),
50 μM 2-β mercaptoethanol (M3148; Sigma-Aldrich), 50 μg/ml
streptomycin, and 50 U/ml penicillin in a humidified incubator
at 37°C with 5% CO2 as previously described (Meng et al., 2012).
CTCF knockout Min6 cells were generated by transducing Min6
cells with spCas9 and sgRNA expressing lentivirus followed up
by puromycin selection. For hormone, cytokine, glucose, or lipid
treatment, Min6 cells were cultured in DMEM medium sup-
plemented with 0.1% BSA overnight, and then treated with
glucose (2.8, 5.6, 11.2 or 22.4 mM), insulin (50 nM), glucagon
(50 nM), TNFα (50 ng/ml), IL1β (10 ng/ml), IL6 (10 ng/ml), PA
(0.5 mM), or OA (0.5 mM) for 12 h before subsequent analysis.

Plasmid construction
The sgRNAs targeting CTCF were annealed from oligos and in-
serted into lentiCRISPRv2 puro plasmid (#52961; Addgene). The
sgRNA targeting sites (gRNA#1: 59-CAAGTGCCCAGACTGCGA
TA-39, gRNA#2: 59-GACGATCCAAATTTGAACGC-39, gRNA#3:
59-ACTTACCAGAGACGCCGGGA-39) were designed with Bench-
ling. Shuttle vectors encoding Flag/HA tagged mouse Pdx1 and
Foxa2 (pAAV-CAG-FH-mPdx1 and pAAV-CAG-FH-mFoxa2) were
generated with the Gateway cloning followed by standard sub-
cloning into pAAV-CAG-GFP plasmid vector (28014; Addgene).
In brief, coding sequences of Pdx1 and Foxa2were amplified from
mouse islet cDNA sample using FmPDX1-attb: 59-GGGGACAACTTT
GTACAAAAAAGTTGGCTTCACCATGAACAGTGAGGAGCAGTA
CTACG-39, RmPDX1-attb: 59-GGGGACAACTTTGTACAAGAAAGT
TGGGTCACCGGGGTTCCTGCGGT-39, FmFoxa2-attb: 59-GGGGAC
AACTTTGTACAAAAAAGTTGGCTTCACCATGCTGGGAGCCGT
GAAGAT-39 and RmFoxa2-attb: 59-GGGGACAACTTTGTACAAGAA

AGTTGGGTTAGGATGAGTTCATAATAGGCCTGG-39. The ampli-
fied fragments were hence cloned into pDONR223 entry vectors
using the BP Clonase (11789020; Thermo Fisher Scientific) and
subsequently transferred into pcDNA3.0-Flag/HA destination
vector with LR Clonase. The Flag/HA tagged sequences were
subcloned into pAAV-CAG-GFP by Hind III and Kpn I digestion
afterwards.

Shuttle vector encoding mouse CTCF was generated by gene
synthesis. Mouse CTCF coding sequencewas obtained from CTCF
mRNA sequence on GenBank (NCBI reference sequence:
NM_181322.3, CCDS22606.1). CTCF coding sequence was syn-
thesized and inserted into the pAAV-CAG-GFP plasmid vector to
replace the original GFP coding sequence.

AAV preparation
AAV production and purification were performed by ChuangRui
Bio. In brief, AAV293 cells (240073; Agilent) were cultured at
37°C in a humidified incubator with 5% CO2. Cells were cultured
in DMEM (11995065; Gibco) with 10% (vol/vol) FBS (SE100-011;
Vistech). 1 d before transfection, AAV293 cells were seeded on
20 15-cm culture dishes and grown to ∼90% confluency before
transfection. For each 15-cm dish, 7 μg of AAV shuttle vector
carrying target genes, 20 μg of Δ F6 helper vector (112867;
Addgene), 7 μg of RC2/9 vector (112865; Addgene), and 250 μl of
polyethylenimine (23966-2; Polysciences) were added to 1-ml
DMEM, incubated at room temperature for 15 min and supple-
mented into cell cultures. Culture mediums were replaced with
DMEM containing 0.5% (vol/vol) FBS at 24 h after transfection.
Cells were collected at 72 h after transfection and resuspended in
5 ml cell lysis buffer (150 mM NaCl, 20 mM Tris, pH 8.0) after
washing with 20-ml PBS solution. AAVs were purified via dis-
continuous iodixanol gradient (D1556-250ML; Sigma-Aldrich).
In brief, cells in lysis buffer were freeze-thawed for three times,
followed by adding 1 M MgCl2 and 25 kU/ml Benzonase (E8263-
25k; Sigma-Aldrich) solutions to the final concentrations of
1 mM and 250 U/ml, respectively. Cell lysates were incubated at
37°C for 15 min and centrifuged at 4,000 rpm for 30 min under
4°C. Iodixanol solutions were added into the ultracentrifuge tube
(361625; Beckman) in the order of 60%, 40%, 25%, and 17%. Cell
lysates were transferred onto the top layer gently, and the re-
maining volume of the ultracentrifuge tube was filled up with
cell lysis buffer. Virus was then isolated from the 40% layer after
centrifugation at 53,000 rpm (Beckman Optima XPN-100 Ul-
tracentrifuge with Type 70Ti rotor) at 14°C for 2 h 40 min. Viral
titer was determined by qPCR assay with the standard curve
generated by serial dilutions of the AAV shuttle vector.

Metabolic measurements
Body fat and lean mass were measured by the Nuclear Magnetic
Resonance analyzer (QMR06-090H; Niumag). Fasting blood
glucose levels were determined with Bayer Contour blood
glucometer by tail-snip blood sampling after overnight fasting
(∼16 h). For plasma insulin level measurement, mice were fasted
overnight before tail-snip sampling of 150 μl blood. Blood sam-
ples were subsequently mixed with EDTA and centrifuged at
8,000 rpm for 8 min to obtain plasma samples from the super-
natant. Plasma insulin levels were measured using a commercial
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ELISA kit (90080; Crystal Chem) according to the manu-
facturer’s instruction.

Glucose tolerance test (GTT) and insulin tolerance test
(ITT) assays
GTT and ITT were performed as previously described (Meng
et al., 2017). For GTT, mice were fasted overnight (∼16 h) and
i.p. injected with glucose saline solution (1.2 g/kg body weight,
glucose concentrations were adjusted accordingly to obtain
equal injection volume for each mouse). Blood glucose levels
were measured by tail-snip blood sampling pre-injection and
15-, 30-, 60-, and 120-min after injection. For ITT, mice were
fasted for 4 h and i.p. injected with insulin saline solution
(1 U/kg body weight, concentrations were adjusted accordingly
to equalize injection volume for each mouse). Blood glucose
levels were measured by tail-snip blood sampling pre-injection
and 15-, 30-, 60-, and 120-min after injection.

Murine primary islet isolation
Mouse islets were isolated from the pancreas of 2% pentobar-
bital sodium (P3761; Sigma-Aldrich) sedated mice by intraductal
collagenase (Collagenase type V, 1 mg/ml, C9263; Sigma-Aldrich)
digestion, and purified by Histopaque 1077 (10771; Sigma-
Aldrich) density gradient centrifugation as previously described
(Meng et al., 2009a; Meng et al., 2009b). Purified islets were
then hand-picked under stereo microscope. Isolated islets were
incubated overnight in RPMI-1640 medium (11875-093; Gibco)
containing 50 μg/ml streptomycin, 50 U/ml penicillin, and 10%
FBS in the humidified incubator at 37°C with 5% CO2.

RNA-Seq of primary murine islets
Primary murine islets cultured overnight after isolation were
used for RNA extraction. 200 ng of RNA extracted by Trizol
Reagent (Invitrogen) was sent to library preparation and se-
quencing in The Beijing Genomics Institute. In brief, mRNAs
were enriched from total RNA and fragmentized, followed by
reverse transcription and second-strand cDNA synthesis. The
cDNAs were then ligated with sequencing adaptors and ampli-
fied for paired-end sequencing. Data were processed following
the standard Beijing Genomics Institute mRNA analysis pipeline.
Statistical analysis was performed with Deseq2 (v.1.20.0) pack-
age (Love et al., 2014). Statistical parameters to call differential
expressed genes in each analysis were described in the figure
legend. Unsupervised clustering and heatmap visualizationwere
performed with pheatmap (V1.0.12, https://cran.r-project.org/
web/packages/pheatmap/index.html). GO and pathway group-
ing and enrichment analysis were performed by clusterProfiler
(V3.12.0; Yu et al., 2012). If not mentioned in the figure legends,
significantly changed genes were identified by |log2FC| > 0.3, P <
0.05 (P value by Wald test).

scRNA-Seq of primary murine islets
Single-cell library preparation was conducted following the
previously reported protocol (Han et al., 2018). In brief, 200 islet
equivalents (IEQ) mouse islets were isolated and dissociated into
single cells (∼2.5 × 105 cells) by TrypLE (12604013; Thermo
Fisher Scientific). Approximately, 1 × 105/sample of resuspended

single cells were loaded onto microwell containing agarose
plates. Barcoded beads were loaded after cell doublets removal.
Cells were lysed using cold lysis buffer (0.1 M Tris-HCl, pH 7.5,
0.5 M LiCl, 1% SDS, 10 mM EDTA, and 5 mM dithiothreitol). The
beads were then collected and washed once with 1 ml of 6 × SSC,
once with 500 μl of 6 × SSC, and once with 200 μl of 50 mM
Tris-HCl, pH 8.0. Samples were then conducted reverse tran-
scription following the Smart-seq2 protocol (Picelli et al., 2013).
The obtained cDNAs were treated with exonuclease I (NEB) and
amplified using HiFi HotStart Readymix (Kapa Biosystems) with
primers used in the previous report (Han et al., 2018). Amplified
cDNA libraries were then purified with AMPure XP beads
(Beckman Coulter), fragmented, and PCR amplified following
the instruction of TruePrep DNA Library Prep Kit V2 for Illu-
mina (Vazyme) replacing the index two primers with the pri-
mers reported previously (Han et al., 2018). PCR products were
purified with AMPure XP beads (Beckman Coulter) and were
subjected to sequencing on the Illumina HiSeq systems by An-
noroad Gene Technology.

The scRNA-Seq data processing pipeline was adapted from
the previous study (Han et al., 2018). Briefly, raw reads were
filtered and extracted for barcode and unique molecular iden-
tifier with bbmap (https://sourceforge.net/projects/bbmap/).
Filtered reads were then mapped to mm10 genome with STAR
(V2.5.2a; Dobin et al., 2012) with default parameters. Unique
alignments were then used for unique molecular identifier
counting to generate the digital gene expression data matrix.
Cells with <200 genes detected were excluded. Seurat (V3.2.1;
Stuart et al., 2019) package was used for follow-up dimension
reduction and clustering. After initial clustering using principal
component analysis with top 500 highly variable genes, the
expression level of Ins1, Ins2, Gcg, Sst, and Ppy in immune cell
cluster (with H2-Ab1 as the major cluster marker) were con-
sidered as background signal to eliminate the possible contam-
ination of highly expressed hormone RNAs. Cells were then
reclustered using principal component analysis with top 500
highly variable genes. Follow-up differential gene expression
analysis was performed with Seurat and ggplot2 (V3.2.1;
Wickham, 2016) was used for plotting results.

ATAC-Seq of primary murine islets
The protocol of ATAC-Seq was adapted from a previous report
(Buenrostro et al., 2013). In brief, 50,000 cells were extracted
from isolated mouse islets by TrypLE (12604013; Thermo Fisher
Scientific). Isolated cells were lysed with lysis buffer (10 mM
Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2, and 0.1% [vol/vol]
Igepal CA-630) at 4°C for 10 min. Tagmentation and amplifica-
tion were done following the manufacture’s instruction with
TruePrep DNA library Prep Kit V2 (TD501; Vazymes). Paired end
sequencing was performed by Annoroad Gene Technology, and
clean reads with trimmed adapters were aligned to mm10 ref-
erence genome with Bowtie2 (2.3.4.1) package (Langmead and
Salzberg, 2012).

Downstream analysis pipeline was adapted from a previous
study (Liu et al., 2020). Briefly, broad peaks were called by
Macs2 (2.1.1.20160309) package (Zhang et al., 2008) using the
parameter of (—nomodel—shift−100—extsize 200 B—broad)
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and differential accessed peaks were called using Deseq2
(v.1.20.0) package (Love et al., 2014). Reversible accessed peaks
were thereby called by |log2FC| > 0.5 with reversible accessi-
bility by dietary intervention. Motif enrichment analysis and
peak-associated-gene annotation were performed by HOMER
(V4.10; Heinz et al., 2010) using peaks filtered by corresponding
criteria mentioned in the figure legends. Browser tracks were
visualized by IGV browser (V2.4.14; Robinson et al., 2011) after
normalizing the reads from each individual sample to its own
library size. To compare ATAC-Seq signal with CUT&Tag data or
ENCODE cis regulatory elements (Moore et al., 2020), metagene
analysis was performed with Deeptools2 (V3.1.2; Ramirez et al.,
2016) using ATAC peaks against the BigWig list of CUT&Tag or
ENCODE CREs peaks. For optimal visualization of the CUT&Tag
peaks around the ATAC peaks, the ATAC peaks plotted are scaled
into 800 bp length, CUT&Tag peak distribution from the −3 to +3
kb region relative to the peak start sites and peak end sites were
analyzed. For transcriptional footprint analysis, CTCF binding
motifs were scanned by fimo (V5.0.5; Grant et al., 2011)
throughout the whole mm10 genome; footprints were then
called with CENTIPEDE (V1.2; Pique-Regi et al., 2011) as de-
scribed previously (Liu et al., 2020). Ataqv (V1.0.0, https://
github.com/ParkerLab/ataqv) package developed by Parker’s
lab from the University of Michigan was used to perform the
ATAC-Seq data quality control analysis.

CUT&Tag and analysis
The library preparation for CUT&Tag was performed as previ-
ously reported (Kaya-Okur et al., 2019). In brief, ∼1 × 105 single
cells were washed twice in 1 ml PBS. Cells were incubated with
10 μl of activated concanavalin A coated magnetic beads (BP531;
Bangs Laboratories) in 500 μl Wash Buffer (20 mM Hepes, pH
7.5, 150 mM NaCl, 0.5 mM Spermidine, and protease inhibitor
cocktail; Roche) for 10 min under room temperature. Cell-bound
beads were collected and resuspended with 50 μl Dig-Wash
Buffer (20 mM Hepes, pH 7.5, 150 mM NaCl, 0.5 mM Spermi-
dine, protease inhibitor cocktail, 0.05% Digitonin) containing
2 mM EDTA, 0.1% BSA, and a 1:50 dilution of the primary an-
tibody (Rabbit anti-CTCF, Active Motif, 61311; or normal Rabbit
IgG, #2729; Cell Signaling Technology), and incubated at 4°C
overnight. Secondary antibody (Goat anti-Rabbit IgG, SAB3700883;
Sigma-Aldrich) diluted at 1:50 in 100 μl of Dig-Wash buffer was
then administered into the beads, and incubated for 60 min at
room temperature following primary antibody removal with
magnet stand (CM101; Vazyme). The preparation of pG-Tn5
adapter complex was performed according to manufacturer’s in-
struction with Hyperactive pG-Tn5 Transposase for CUT&Tag
(S602; Vazyme). Standard tagmentation and amplification were
performed as reported previously (Kaya-Okur et al., 2019). Am-
plified DNA libraries were purified with VAHTS DNA Clean Beads
(N411; Vazyme) and shipped for next-generation sequencing by
Annoroad Gene Technology.

Reads were filtered and mapped to mm10 genome, and the
pipeline before generating the peak matrix was adapted from
the workflow established by Ye Zheng in the website https://
yezhengstat.github.io/CUTTag_tutorial/. Peaks were then called
to generate peak matrix with a pipeline similar to ATAC-Seq

analysis mentioned above. The cell number used for mouse is-
let CUT&Tag was 100,000 in Chow group and that was 65,000
in HFD/HFD-Chow groups. So, we divided 0.65 into each read of
peaks in HFD/HFD-Chow groups to eliminate the difference
from cell numbers. Then the new peak matrices of Chow and
HFD/HFD-Chow were combined to perform the differential
analysis. Differential peaks were identified by |log2FC| > 0.3, P <
0.05 (P value by Wald test).

AAV-mediated gene expression in primary islets
Primary islets from wild-type mice or human donors were iso-
lated for AAV treatment. 150 IEQ islets were treated with AAV2/
9 viruses expressing CTCF or GFP control at the titer of 1012 viral
genomes per ml (vg/ml). Virus was administrated into cultured
islets at the final concentration of 20 μl/ml culture medium.
Islets were harvested at 5–7 d after transduction, enabling robust
exogenous gene expression for Western blot analysis, calcium
imaging, and perifusion assay.

siRNA-mediated gene silencing in primary islets
Primary islets were isolated from C57BL6/J wild-type mice for
CTCF gene silencing. 300 IEQ islets were transiently transfected
with 100 nM of Control siRNA or CTCF siRNA (59-GGAGGAGTC
TGAAACTTTCATTAAA-39) using Lipofectamine RNAiMAX Re-
agent (Thermo Fisher Scientific) according to the manu-
facturer’s instruction. At 48 h after transfection, islets were
harvested for protein extraction and Western blotting analysis
of CTCF protein levels or perifusion study to evaluate GSIS
function.

Pancreatic ductal infusion of AAV
Pancreatic ductal infusion of AAV was performed as previously
described (Xiao et al., 2014). In brief, animals were anesthetized
using isoflurane. Purified AAV2/9 viruses expressing CTCFwere
diluted with saline to 4 × 1012 vg/ml with saline. A total volume
of 150 μl viral solution was delivered into mouse pancreas
through intraductal infusion catheter (CMF31G; World Precision
Instruments) at the rate of 10 μl/min. Animals were kept on the
heating blanket for recovery after the procedure.

qPCR
TRIzol reagent (Life Technologies) was applied to extract total
RNA from islets and cultured cells. For each sample, a total of
1 μg of RNA was reverse-transcribed using the HiScript II Q RT
SuperMix for qPCR (R222-01; Vazyme). Gene expression anal-
yses were performed using SYBR Green reagent (S1816; Roche).
Relative gene expression levels were calculated and normalized
to mouse or human ribosomal protein 36B4 as previously de-
scribed (Meng et al., 2013; Meng et al., 2017). The following
primers were used for the qPCR analysis of CTCF: 5’-AGCCAC
ACTGATGAGAGACCAC-3’ (forward) and 5’-ATCGCAGTCTGG
GCACTTGTGA-3’ (reverse).

Western blot analysis
Primary murine islets were lysed with radioimmunoprecipita-
tion assay buffer, followed by brief sonication (Bioruptor Pico,
with 10 of 15:30 s ultrasound:cooling cycles) and centrifugation.
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Proteins were extracted from the supernatant and then sub-
jected to denaturing and SDS-PAGE electrophoresis. Afterwards,
proteins were transferred onto a polyvinylidene difluoride
membrane (Millipore), followed by immunoblotting with the
following primary antibodies: Flag (1:500–1:1,000; A8592;
Sigma-Aldrich), HSP90 (1:1,000; sc-7947; Santa Cruz), GFP (1:
10,000; homemade), CTCF (1:1,000; 61311; Active Motif), Foxa2
(1:1,000; ab108422; Abcam), Pdx1 (1:1,000; 5679; CST), β-actin
(1:1,000; A4700; Sigma-Aldrich). Secondary antibodies were
applied as followed: Anti-Mouse (dilution 1:5,000; A4416; Sigma-
Aldrich) and Anti-Rabbit (dilution 1:5,000; A6154; Sigma-
Aldrich).

Islet perifusion assay
Primary murine islets were cultured overnight after isolation
before perifusion assays. For each assay, perifusion chambers
were loaded with 150 IEQ islets. Islets were first perifused with
Kreb’s buffer (135 mM NaCl, 3.6 mM KCl, 0.5 mM NaH2PO4,
1.5 mM CaCl2, 2 mM NaHCO3, 10 mM Hepes, and 0.1% BSA, pH
7.4) containing 2.8 mM glucose for 30 min, followed by perifu-
sion with Kreb’s buffers containing 2.8 mM glucose, 16.8 mM
glucose, and 2.8mMglucose for 25, 30, and 20min, respectively,
under 1 ml/min flow rate. Fractions were collected every min-
ute. Islets were recollected from the perifusion chamber after
assay to obtain total protein content via BCA protein assay. In-
sulin secretion at each time point was quantified using HTRF
insulin assay kit (62INSPEC; Cisbio) according tomanufacturer’s
instructions and normalized to total protein content. To quantify
the biphasic insulin secretion, the phase I and phase II of insulin
secretion were manually separated based on the plateau for-
mation of the II phase and quantified by calculating the area
under curve (AUC). Insulin levels were normalized to the av-
erage baseline insulin secretion in buffer containing low glucose
(2.8 mM) and presented as fold insulin secretion.

Intracellular calcium imaging of primary islets
Primary murine islets cultured overnight after isolation were
washed twice with Kreb’s buffer containing 2 mM glucose,
loaded with Kreb’s buffer containing 5.6 µM Fluo-4 AM (F14201;
Thermo Fisher Scientific), 0.4‰ Pluronic F127 (P2443; Sigma-
Aldrich), and 2 mM glucose for 45 min. Islets were then washed
twice with Kreb’s buffer containing 2 mM glucose, seeded on
35-mm glass-bottom dish (MatTek), and cultured for another
15 min. Islets were imaged in a humidified 37°C cell culture
chamber with 5% CO2 mounted on a Zeiss LSM 800 inverted
confocal microscope. Continuous image acquirement with 10-s
interval started 2 min of glucose supplementation to reach
16.8 mM final concentration until fluorescent plateaus was
reached. Fluorescent intensity dynamics were calculated via
ImageJ (1.52q; NIH).

Measurement of ATP/ADP ratio in primary islets
Primary murine islets cultured overnight were washed twice
with Kreb’s buffer. For each sample, 20 IEQ islets were disso-
ciated into single cells (∼1.0 × 104 cells) by TrypLE (12604013;
Thermo Fisher Scientific), followed by incubation in Kreb’s
buffer containing 2.8 or 16.8 mM glucose for 30 min. ATP/ADP

ratios were measured using the ADP/ATP Ratio Assay kit
(MAK135; Sigma-Aldrich) according to the manufacturer’s
protocol.

H&E staining of murine pancreas tissue and quantification of
islet numbers
Freshly dissected murine pancreas tissues were fixed in 4%
paraformaldehyde (P6148; Sigma-Aldrich) for 16 h at 4°C, em-
bedded with paraffin and stained with H&E. H&E-stained tissue
slides were scanned using Aperio ScanScope XT scanner (Leica).
Islet number on each pancreas section was quantified by Im-
ageScope software (Leica v12.3.3.5048). A total of 24 pancreas
sections (four sections/mouse with at least 50 μm apart from
six mice/group) were included in the quantification of islet
numbers.

Immunofluorescent staining of pancreas sections
and quantification
Freshly dissected murine pancreas tissues were fixed in 4%
paraformaldehyde (P6148; Sigma-Aldrich) for 16 h at 4°C, em-
bedded in paraffin, and sliced into sections with 4-μm thickness.
Tissue sections were deparaffinized in xylene and rehydrated
through graded concentrations of ethanol (100, 95, 70%), fol-
lowed by double distlled H2O rinse. Afterwards, sections were
socked in sodium citrate (E673001; Sangon Biotech); antigen
activity retrieval was then conducted by high-pressure cooker
for 10 min. After cooling to room temperature, sections were
washed with PBS and blocked with 10% BSA (36106ES25; Yea-
sen) in PBS for 1 h at room temperature before incubating with
primary antibodies in PBS containing 5% BSA overnight at 4°C.
Next day, slides were washed with PBS for three times and then
incubated with Alexa Fluor conjugated secondary antibodies
(dilution 1:200; Invitrogen) at room temperature for 1.5 h. Nu-
clei were counterstained with DAPI (dilution 1:2,000; P3693l;
Invitrogen). Sections were then mounted with Fluoromount-G
mounting medium (36307ES08; Yeasen), and sealed with nail
polish. Images were acquired using ZEISS LSM 800 and quan-
tified by ImageJ 1.52q software (NIH).

The percentages of α, β, PP, and Ngn3+ cells in each islet were
quantified by dividing the insulin and DAPI double positive
(insulin+/DAPI+), glucagon and DAPI double-positive (gluca-
gon+/DAPI+), pancreatic polypeptide and DAPI double-positive
(PP+/DAPI+), or Neurog3 (Ngn3) and DAPI double-positive
(Ngn3+/DAPI+) cell numbers by the total DAPI numbers (total
cell number/islet). Average β cell size in each islet was calculated
by dividing the area of insulin-positive region (total β cell area/
islet) with the insulin and DAPI double-positive cell number
(total β cell number/islet). At least six islets/mouse were in-
cluded in the analysis. First antibodies applied include: Insulin
(dilution 1:10,000; homemade), Glucagon (dilution 1:2,000;
G2654; Sigma-Aldrich), Pancreatic Polypeptide (dilution 1:200;
H-054-02; Phoenixpeptide), Ngn3 (dilution 1:20; F25A1B3-c;
DSHB), and CTCF (dilution 1:200; 61311; Active Motif).

β cell mass analysis
Insulin immunohistochemistry staining was performed on
pancreas sections to determine β cell mass as previously
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described (Shrestha et al., 2020; Talchai et al., 2012; Xuan et al.,
2010). In brief, pancreata from Chow, HFD, and HFD-Chow
groups (5–7 mice/group) were dissected, cleared of fat,
weighed, fixed in 4% paraformaldehyde (P6148; Sigma-Aldrich)
overnight at 4°C. The tissues were embedded in paraffin, and
consecutively sectioned with 3-μm thickness. Five sections at
least 160 μm apart were subjected to insulin immunohisto-
chemistry staining and scanned using the Olympus-VS200
scanner for each pancreas. Total insulin positive area and total
pancreas area on each section were measured by the cellSens
software (Olympus). The β cell mass was obtained through
multiplying the pancreas weight by the ratio of insulin-positive
area/pancreas area.

GSIS assay of Min6 cells
Min6 cells were preincubated for 30 min in glucose free Kreb’s
buffer, followed by incubation in Kreb’s buffer containing 2.8
and 16.8 mM glucose for 1 h. The supernatant fractions were
obtained after the static incubation for insulin measurement.
Cells were lysed using cold lysis buffer to obtain total protein
content via BCA protein assay. Insulin secretion at each condi-
tion was quantified using HTRF insulin assay kit (62INSPEC;
Cisbio) according tomanufacturer’s instructions and normalized
to total protein content.

Statistics
Statistical analyses were carried out using GraphPad Prism 8.
Statistical differences were evaluated using two-tailed unpaired
Student’s t test for comparisons between two groups or ANOVA
and appropriate post hoc analyses for comparisons of more than
two groups. For ITT, GTT, random blood glucose, and calcium
imaging studies, two-way ANOVA with multiple comparisons
was used for statistical analysis. Furthermore, area under curve
was calculated for each mouse, and evaluated by two-tailed
unpaired Student’s t test for statistical differences between
two groups. P value of <0.05 was considered statistically sig-
nificant. Statistical parameters and corresponding P values for
data shown in each panel were included in the figure legends.
Except for the ATAC-Seq accessibility analysis, P values ob-
tained in next-generation sequencingwere adjusted by FDR. Key
differential expressed genes obtained by RNA-Seq were vali-
dated via qPCR analysis.

Study approval
Paraffin embedded pancreas tissue sections used in this study
were obtained from patients underwent pancreatectomy due to
benign tumors from the First Affiliated Hospital of Zhejiang
University (Ethical Approval: No. 2018-753-1) under the in-
formed consent of the patients. The patients’ characteristics
have been described in Fig. 5 f.

The isolation of human islets for virus infection and func-
tional analysis was performed in Tianjin First Central Hospital
(Ethical Approval: No. 2016N066KY) and the First Affiliated
Hospital of Zhejiang University (Ethical Approval: No. 2017-410-1),
under the informed consent of deceased organ donors’ families.

All procedures involving animals were performed in accor-
dance with protocols approved by the Institutional Animal Care

and Use Committee of Zhejiang University and conducted in
accordance with the policies of institutional guidelines on the
care and use of laboratory animals.

Code availability
All packages and codes used in this study are open source and
publicly available.

Online supplemental material
Fig. S1 shows the progressive weight gain and hyperglycemia in
mice under HFD feeding and provides additional data on the
dietary intervention-induced β cell function preservation and
diabetes remission. Fig. S2 illustrates the pairwise gene ex-
pression comparisons among islets from Chow, HFD, and HFD-
Chow groups. Fig. S3 includes the expression of cell-type specific
markers in each cell cluster and provides additional information
on cell composition and β cell transcriptome changes among
Chow, HFD, and HFD-Chow groups. Fig. S4 shows additional
information on ATAC-Seq of islets from Chow, HFD, and HFD-
Chow groups, and the effects of AAV-mediated CTCF, Foxa2, or
Pdx1 overexpression on islet insulin secretion. Fig. S5 includes
the validation of sgRNA-induced CTCF knockout and additional
data demonstrating that PA and TNFα treatment impairs GSIS
function in primary mouse islets. Further information of CTCF
chromatin binding landscapes in islets from Chow, HFD, and
HFD-Chow groups and enriched transcriptional binding motifs
on the differential CTCF binding peaks are also included.

Data availability
RNA-Seq, scRNA-Seq, ATAC-Seq and CUT&Tag datasets are
available for the data presented in Figs. 1, h–i, 2, j–k, 3, a–b, e–i, 4,
a–f, and 7, c–f; and Figs. S2, S3, S4 a, and S5, f–g. These data have
been deposited in the Mendeley Data (http://dx.doi.org/10.
17632/mwgxv7m927.2). All other data and image files are
available from the corresponding author upon reasonable re-
quest. All packages and codes used in this study are open source
and publicly available. Plasmids generated in this study are
available from the corresponding author upon signing material
transfer agreement due to institutional requirements.
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Skórzyńska-Dziduszko, K.E., Ż. Kimber-Trojnar, J. Patro-Małysza, A. Stenzel-
Bembenek, J. Oleszczuk, and B. Leszczyńska-Gorzelak. 2018. Heat shock
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Figure S1. Additional characterization of β cell compensation-to-decompensation model and dietary intervention model. (a) Body weight of mice fed
with HFD for 1, 3, 5, and 6 mo. Littermates fed with chow diet were used as controls. Data represent mean ± SEM (n = 4–6 mice per group); ***, P < 0.001; two-
tailed unpaired Student’s t test. (b) Overnight fasting blood glucose levels in mice as treated in a. Data represent mean ± SEM (n = 4–6 mice per group); **, P <
0.01; ***, P < 0.001; two-tailed unpaired Student’s t test. (c) Representative images of mice in Chow, HFD, and HFD-Chow groups. (d) Body composition of
mice in indicated groups. Data represent mean ± SEM (n = 4–5 mice per group); **, P < 0.01; ***, P < 0.001; one-way ANOVA. (e) AUC quantification of GTT and
ITT results shown in Fig. 2 d. Data represent mean ± SEM (n = 4–5 mice per group); ***, P < 0.001; one-way ANOVA. (f) Representative images of mouse islets
isolated from indicated groups. Scale bar, 5 mm. (g) Representative immunofluorescent images (left panel) and quantification (right panel) of Ngn3+ cells in
islets from indicated groups. Scale bar, 100 μm. Data represent mean ± SEM (n = 25–33 islets from 4 to 5 mice per group); ***, P < 0.001; one-way ANOVA.
(h) Glucose-stimulated Ca2+ influx in mouse islets isolated from Chow (n = 53 islets), HFD (n = 52 islets), and HFD-Chow (n = 63 islets) groups. Each islet sample
was pooled from at least three animals. Representative fluorescence images of calcium signal in islets treated with high glucose (16.8 mM) for 400 s (left), and
dynamic Ca2+ fluorescence intensity in response to high-glucose treatment (right). Scale bar, 100 μm. Data represent mean ± SEM two-way ANOVA with
multiple comparisons. Data are representative of at least two independent experiments for all panels.
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Figure S2. Pairwise gene expression comparison of bulk islet RNA-Seq data among Chow, HFD, and HFD-Chow groups. (a) Volcano plot showing the
gene expression difference in islets between Chow and HFD groups. Genes that are significantly upregulated (log2FC > 0.4, P < 0.05, P values by Wald test) or
downregulated (log2FC < −0.4, P < 0.05, P values byWald test) were marked in red and blue, respectively. (b) GO analysis of significantly upregulated (left) and
downregulated (right) genes by HFD compared to Chow group. (c) Volcano plot showing the gene expression difference in islets between HFD and HFD-Chow.
Genes that are significantly upregulated (log2FC > 0.4, P < 0.05, P values by Wald test) or downregulated (log2FC < −0.4, P < 0.05, P values by Wald test) were
marked in red and blue, respectively. (d) GO analysis of significantly upregulated (left) and downregulated (right) genes by HFD-Chow compared to HFD group.
(e) GO analysis of genes unaltered by dietary intervention (|log2FC (HFD-Chow vs. Chow)| > 0.4, P < 0.05 AND NOT Reversible Genes). In a–e, islet samples
were pooled from at least three animals. In b, d, and e, most significant and nonredundant biological processes with respective gene number and P value
are shown.
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Figure S3. Additional details of scRNA-Seq analysis. (a) scRNA-Seq and UMAP visualization of islet single cells from Chow, HFD, and HFD-Chow groups.
Expression levels of indicated marker genes are shown. Scale bar indicates gene expression level. (b) Representative immunofluorescent images of insulin
(marker for β cell) and glucagon (marker for α cell) staining in pancreas sections from indicated groups. Scale bar, 100 μm. (c) Relative α cell size and islet cell
number quantified from immunofluorescent images and normalized to the average α cell size, and the islet cell number, respectively, in the Chow group. Data
represent mean ± SEM (n = 4–5 mice per group, dots represent islets); **, P < 0.01; ***, P < 0.001; one-way ANOVA. (d) GO biological process analysis of
upregulated (left) and downregulated (right) genes in β cell clusters from HFD group compared to Chow group. (e) GO biological process analysis of upre-
gulated (left) and downregulated (right) genes in β cell clusters from HFD-Chow group compared to HFD group. (f) Violin plot of selected gene expression,
expression level in each cell was marked in gray dot. (g) GO biological process analysis of genes unaltered by dietary intervention in β cell clusters (P < 0.05
AND NOT Reversible Genes). In d, e, and g, most significant and nonredundant biological processes with respective gene numbers and P values are shown.
Significantly changed genes were identified by P < 0.05 with Wilcoxon Rank Sum test. Data in b and c are representative of two independent experiments.
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Figure S4. GO analysis of unaltered genes in ATAC-Seq and effects of AAV-mediated overexpression of CTCF, Foxa2, and Pdx1 on islet insulin
secretion. (a) GO Biological Process enrichment analysis of genes annotated to peaks with their chromatin accessibility unaltered by dietary intervention
(|log2FC (HFD-Chow vs. Chow)| > 0.5 AND NOT Reversible Peaks). (b) Immunoblot of total protein lysates from islets transduced with AAV expressing CTCF,
Foxa2, Pdx1, or GFP (as control) for 5 d. (c) Dynamic glucose-stimulated insulin secretion (left) and quantified phase I and phase II insulin levels (right) from islets
as treated in b. Islets were isolated frommice fed with HFD for 3 mo. Each islet sample was pooled from at least three animals. Data represent mean ± SD, n = 3
technical replicates; ***, P < 0.001; one-way ANOVA. Data in b and c are representative of two independent experiments. Source data are available for this
figure: SourceData FS4.
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Figure S5. Regulation of CTCF expression, its effect on islet function, and CUT&Tag analysis of CTCF genome-wide binding profiles. (a) Immunoblot of
total islet protein lysates frommice fed with HFD for 6 mo and their corresponding controls (n = 3 biological triplicates). (b) Immunoblot of total protein lysates
from Min6 cells transduced with spCas9 and sgRNA expressing lentivirus. Cells transduced with lentivirus expressing only spCas9 were used as the control
group (CTR). (c) Immunoblot of total islet protein lysates from mice fed with HFD for 2 mo and their corresponding controls (n = 3 biological triplicates).
(d) Dynamic glucose-stimulated insulin secretion (left panel) and biphasic glucose-stimulated insulin release levels (right panel) of mouse islets treated with
TNFα (50 ng/ml) and PA (0.5 mM) for 24 h. Each islet sample was pooled from at least three animals. Data represent mean ± SD; n = 3 technical replicates; ***,
P < 0.001; two-tailed unpaired Student’s t test. (e) ATP/ADP ratio of CTCF or GFP expressing mouse islets under low-glucose (2.8 mM) or high-glucose (16.8
mM) conditions. Islets were treated with TNFα (50 ng/ml) and PA (0.5 mM) for 24 h prior to glucose stimulation. Each sample was pooled from at least three
animals. Data represent mean ± SEM (n = 4 replicates of islet samples, each sample represents 20 IEQ islets); ***, P < 0.001; two-tailed unpaired Student’s
t test. (f)Metagene heatmap of the genome-wide CTCF CUT&Tag peaks’ occupation in the −5 to +5 kb regions flanking the TSS in islets from indicated groups.
In each treatment, CUT&Tag libraries were prepared using islets pooled from three mice, with 2–3 technical replicates. The scale bar indicates peak density.
(g) Knownmotif analysis within reversible CTCF binding peaks. Consensus non-redundant motifs (Motif), transcriptional factor names (Name), and P values are
shown. Data in a–e are representative of two independent experiments. Source data are available for this figure: SourceData FS5.
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