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changes to histone methylation and RNA levels in dedifferentiating β cells. Notable among them was the α cell signature
gene Gc, encoding a vitamin D–binding protein. Although diabetes was associated with Gc induction, Gc-deficient islets
did not induce β cell dedifferentiation markers and maintained normal ex vivo insulin secretion in the face of metabolic
challenge. Moreover, Gc-deficient mice exhibited a more robust insulin secretory response than normal controls during
hyperglycemic clamp studies. The data are consistent with a functional role of Gc activation in β cell dysfunction and
indicate that multiparity-induced diabetes is associated with altered β cell fate.
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Introduction
Type 2 diabetes affects nearly 300,000,000 people worldwide (1) and is characterized by insulin resistance 
and pancreatic β cell failure (2). The latter can be attributed to reduced β cell function and mass and is in 
part genetically determined (3). Because treatments that restore β cell function have limited effect or dura-
bility (4), various therapeutic approaches have been proposed to increase or restore β cell mass (5). In either 
case, developing a mechanism-based intervention to redress β cell failure requires a detailed understanding 
of  the relevant pathophysiology.

We and others have proposed that β cell failure arises from β cell dedifferentiation, i.e., loss of mature β cell 
features associated with regression to a progenitor-like stage (6–10). This process accounts for the partial clinical 
reversibility of β cell dysfunction (8, 11–16) and has been found to variable extents (17) in autopsy surveys of  
diabetic patients (18, 19). In addition, it may explain the observation of mixed-features α/β cells in humans (20) 
and lineage conversion in rodents (7), which dovetail with the increased glucagon “tone” in diabetes (21).

Recently, new information has emerged from mapping histone modifications and chromatin-remod-
eling events associated with β cell development, fate commitment, proliferation, regeneration (22–25), as 
well as abnormalities linked to type 2 diabetes (26–28). However, how these modifications relate to β cell 
dedifferentiation remains unknown.

To fill this gap in knowledge, we integrated an assessment of genome-wide histone modifications with gene 
expression data to identify effectors of β cell dedifferentiation. Specifically, we developed a model of multipar-
ity-induced diabetes and isolated β cells to perform ChIP-Seq and survey histone H3 trimethylation at lysine 4 
and lysine 27, 2 modifications that herald transcriptional activation and repression, respectively. Integration of  
these data with transcriptome data led us to the identification of a restricted subset of candidate mediators of β 
cell failure. We selected a gene emerging from these analyses for functional interrogation. Vitamin D–binding 
protein, Gc, displayed elevated mRNA as well as histone 3 lysine 4 trimethylation levels in dedifferentiated β 
cells. Compared with WT, Gc-ablated mice maintained normal insulin secretion when fed a high-fat diet and 

Diabetic β cell failure is associated with β cell dedifferentiation. To identify effector genes of 
dedifferentiation, we integrated analyses of histone methylation as a surrogate of gene activation 
status and RNA expression in β cells sorted from mice with multiparity-induced diabetes. 
Interestingly, only a narrow subset of genes demonstrated concordant changes to histone 
methylation and RNA levels in dedifferentiating β cells. Notable among them was the α cell 
signature gene Gc, encoding a vitamin D–binding protein. Although diabetes was associated with Gc 
induction, Gc-deficient islets did not induce β cell dedifferentiation markers and maintained normal 
ex vivo insulin secretion in the face of metabolic challenge. Moreover, Gc-deficient mice exhibited a 
more robust insulin secretory response than normal controls during hyperglycemic clamp studies. 
The data are consistent with a functional role of Gc activation in β cell dysfunction and indicate that 
multiparity-induced diabetes is associated with altered β cell fate.
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showed an increased insulin secretory response during hyperglycemic clamps. Thus, the vitamin D–binding 
protein, Gc, appears to contribute to β cell dysfunction and to be a marker of ongoing β cell dedifferentiation.

Results
Experimental approach. FoxO1 ablation results in age- or multiparity-dependent diabetes and β cell dedifferen-
tiation (6). Therefore, we built our experimental approach on mice that developed diabetes following multi-
ple pregnancies, as a result of  the FoxO1 knockout. Consistent with prior data, 12-month-old, multiparous, 
β cell–specific FoxO1-knockout mice (I-KO) had impaired glucose tolerance, hyperglycemia, and reduced 
glucose-stimulated insulin secretion (Figure 1, A–E, and ref. 6), and are henceforth referred to as DM, while 
WT are indicated as NGT. As a control for changes induced by parity, we compared β cells isolated from age-
matched (12-month-old) nulliparous (NP) animals (12M NP WT vs. 12M NP I-KO; Figure 1, F–I), whereas 
as a control for changes induced by aging, we used 3-month-old animals (3M WT vs. 3M I-KO; Figure 1, 
J–M). As a model to integrate chromatin modifications and gene expression changes occurring during β cell 
dedifferentiation, we compared β cells sorted by FACS from WT and I-KO mice (ref. 6 and Figure 1N). We 
labeled β cells by introducing an insulin-Cre–driven Rosa26 Tomato allele. The marked increase of  fluorescence 
(Figure 1O) and the 7-fold enrichment of  Insulin1 (Ins1) and Insulin2 (Ins2) in Tomato-positive cells (Figure 1, P 
and Q) indicated that they are indeed β cells. Tomato-negative cells showed a 10-fold depletion of  Ins1 and Ins2 
and a 30-fold enrichment of  Glucagon (Gcg) compared with the input (Figure 1, P–R).

Transcriptome analysis in β cells. To investigate the mechanism of β cell dedifferentiation, we subjected 
sorted β cells from 3M WT and I-KO, 12M NP WT and I-KO, and NGT as well as DM mice to RNA-Seq. 
When we compared DM versus NGT, we found 390 genes with altered expression (156 upregulated and 234 
downregulated; Figure 2A and Supplemental Table 1; supplemental material available online with this article; 
https://doi.org/10.1172/jci.insight.128351DS1). Ingenuity pathway analysis categorized the enriched genes 
to carbohydrate metabolism, cell morphology, small molecule biochemistry, molecular transport, and lipid 
metabolism (Figure 2B), while top upstream regulators included Hnf1α, progesterone, lipopolysaccharide, 
IFN-γ, and β-estradiol (Figure 2C). In contrast with the multiparous group, key determinants of  genotypic dif-
ferences in age-matched (12M) nondiabetic NP WT versus I-KO did not include carbohydrate metabolism or 
Hnf1α. Rather, they included cell death and survival, cellular function, maintenance, movement, and develop-
ment (Figure 2, D–F, and Supplemental Table 2). Although these mice were not diabetic, there were incipient 
signs of  dedifferentiation in FoxO1-deficient β cells. They included increased expression of  Aldh1a3 (29) and 
β cell “disallowed” genes Ldha, monocarboxylate transporter family members Slc16a3/MCT4 and Slc16a12/
MCT12 (30, 31), and striking decreases in mRNAs encoding Sst, Ppy, and Pyy (Supplemental Table 2). In con-
trast, 3M NP WT and I-KO showed the fewest gene differences and no notable functional candidates among 
them (Figure 2, G–I, and Supplemental Table 3). Based on gene ontology results, absence of  FoxO1 affected 
carbohydrate and lipid metabolism in β cells in the multiparity context, likely contributing to diabetes onset. 
Top upstream regulators pinpointed Hnf1α signaling as a key contributor to the process (32).

Integration of  H3 trimethylation patterns with transcriptomes. Next, we surveyed histone methylation using 
genome-wide ChIP-Seq with H3K27me3 as a mark of  transcriptional repression and H3K4me3 as a mark 
of  transcriptional activation. In this analysis, owing to costs, we focused on 12M animals (Figure 3) because 
the 3M control group showed minimal changes in RNA profile. As shown in Figure 2, A and D, 12M mul-
tiparae and nulliparae, respectively, showed similar numbers of  altered transcripts but widely divergent 
numbers of  altered histone marks (Supplemental Tables 4–7). Interestingly, we observed greater changes in 
nondiabetic (NP) β cells, irrespective of  genotype (Figure 3).

Several genes linked to diabetes showed altered histone trimethylation. In NGT versus DM, Hhex (33), 
Adcy5 (34), and Lmo4 had decreased H3K4me3, while Rapgef5, Ehf, and Gc had increased H3K4me3 
(Figure 3 and Supplemental Table 4). In 12M NP WT versus I-KO, Rfx6, Isl1, Neurod1, and Slc30a8 had 
decreased H3K4me3, while Camk2b, Camk2g, and Jag2 had increased H3K4me3 (Figure 3 and Supple-
mental Table 5). It is again interesting to note that genes associated with β cell dedifferentiation appeared 
poised to activate in nondiabetic but FoxO1-deficient islets.

To narrow down candidate genes for β cell dysfunction, we overlaid RNA-Seq and histone 3 trimethyl-
ation data and identified genes with increased expression levels and active H3K4me3 marks or decreased 
expression levels and increased repressive H3K27me3 marks. Among the genes that met these criteria, we 
focused on the vitamin D–binding protein, Gc, because its induction was specific to the diabetic state and 
because it is an α cell signature gene (35). Thus, its activation is consistent with the notion that diabetes is 
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associated with cell fate conversion in β cells (6). Furthermore, Gc is an Hnf1α target (36, 37), consistent 
with altered Hnf1α signaling in DM β cells.

Activation of  the α cell signature gene Gc. To ascertain the robustness of  these observations, we analyzed 
Gc levels in 4 additional models of  β cell dysfunction: Gc increased in triple–FoxO-KO β cells (32), in β cells 
with elevated levels of  Aldh1a3 — a biomarker of  failing β cells (29), and in sorted β cells of  db/db mice 
(Figure 4A). Conversely, it decreased upon FoxO1 gain of  function in Ins1 cells (38). In DM β cells, we 
detected an activation peak at the transcription start site of  Gc that was absent in NGT (Figure 4B).

Figure 1. FACS isolates a highly pure β cell population from WT and I-KO mice. (A) Oral glucose tolerance test in normal glucose tolerance (NGT) (n = 11) and 
diabetes mellitus (DM) (n = 9) mice. (B) Area under the curve (AUC) in A. (C) Glucose levels of fasted and refed NGT (n ≥ 10) and DM (n ≥ 7) mice. (D) Insulin 
levels of fasted and refed NGT (n ≥ 9) and DM (n ≥ 6) mice. (E) Acute insulin secretion following glucose stimulation in NGT (n = 5) and DM (n = 6) mice. (F) Oral 
glucose tolerance test in 12M NP WT (n = 17) and I-KO (n = 14) mice. (G) AUC in F. (H) Glucose levels of fasted and refed 12M NP WT (n ≥ 10) and I-KO (n ≥ 10) 
mice. (I) Insulin levels of fasted and refed 12M NP WT (n ≥ 10) and I-KO (n ≥ 8) mice. (J) Oral glucose tolerance test in 3M WT (n = 6) and I-KO (n = 9) mice. (K) 
AUC in J. (L) Glucose levels of fasted and refed 3M WT (n ≥ 6) and I-KO (n ≥ 3) mice. (M) Insulin levels of fasted and refed 3M WT (n ≥ 7) and I-KO (n ≥ 6) mice. 
(N) Schematic of β cell collection and experimental design. (O) A representative flow cytometric plot pregated on Tomato fluorescence–positive cells, where 
SYTOX Red (x axis) distinguishes live from dead cells and PE-TR (y axis) indicates the level of Tomato fluorescence. FACS was performed more than 10 times. 
Gene expression by reverse transcription quantitative PCR for (P) Ins1, (Q) Ins2, and (R) Gcg in dispersed pancreatic islet cells as input and Tomato fluores-
cence–positive and –negative cell populations (n = 3). Error bars represent ± SEM, *P < 0.05, **P < 0.01, and ***P < 0.005 by Student’s t test and ANOVA.

https://doi.org/10.1172/jci.insight.128351
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Figure 2. Genome-
wide gene expres-
sion analysis in 
dedifferentiated 
β cells. Volcano 
plots show 2-way 
comparison 
between (A) NGT 
versus DM, (D) 
12M NP WT versus 
I-KO, and (G) 3M 
WT versus I-KO 
mice for RNA-Seq 
(n = 3 for each 
group), where 
y axis shows 
negative log10 (P 
value), and x axis 
represents log2 
function of I-KO/
WT. Ingenuity 
pathway analysis 
revealed top 5 
molecular and 
cellular functions 
categorized by 
altered genes in 
(B) NGT versus 
DM, (E) 12M NP 
WT versus I-KO, 
and (H) 3M WT 
versus I-KO mice. 
Top 5 upstream 
regulators 
computed by 
ingenuity pathway 
analysis in (C) NGT 
versus DM, (F) 
12M NP WT versus 
I-KO, and (I) 3M 
WT versus I-KO 
mice.
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We sought further evidence supporting β cell fate conversion by analyzing H3 trimethylation marks at 
signature genes: Gcg, Ins1, and Ins2. In DM β cells, we didn’t detect activation peaks in Gcg (Figure 4B) but 
found a widespread loss of  repressive marks, suggesting that the gene is poised for activation (Figure 4C 
and Supplemental Tables 6 and 7). Strikingly, Ins1 and Ins2 lost H3K4me3 in their promoters (Figure 4D), 
consistent with impaired gene activation. The breadth of  the H3K4me3 regions, a marker of  transcriptional 
consistency (39, 40), decreased at Ins1 and Ins2 of  NGT and even further in DM β cells (Figure 4D). These 
histone profiles are consistent with β cell dedifferentiation and acquisition of  α cell features.

Gc ablation improves islet function in mice fed a high-fat diet. To understand the function of  Gc, we charac-
terized islets from Gc-deficient (Gc-KO) mice. Gc is largely derived from the liver; thus, systemic changes 
in insulin production or sensitivity in these mice cannot be interpreted as directly implicating the β cell. 
Therefore, we limited our analysis to isolated islets. In basal conditions, we did not find changes in expres-
sion of  key islet genes (Supplemental Figure 1). However, because Gc induction is limited to states of  β 
cell stress or dedifferentiation, we placed 3M male mice on a diet consisting of  60% fat for 12 weeks, then 
assessed expression of  Aldh1a3 as a marker of  β cell dedifferentiation (18, 29). Consistent with prior data 
(29), we observed an induction of  Aldh1a3 expression in islets of  WT mice fed a high-fat diet (HFD). In 
contrast, Gc-KO islets did not induce Aldh1a3 (Figure 5A). Islet immunohistochemistry with insulin and 
Aldh1a3 confirmed that Aldh1a3 expression arose in β cells of  WT but not Gc-KO mice (Figure 5, B–G). 
In contrast, chromogranin A expression did not change in Gc-KO compared to WT (Supplemental Figure 
2), indicating that there was no developmental defect in Gc-KO islets.

Because Gc is expressed in α cells, we performed glucose-suppressed glucagon secretion in isolated islets of  
chow- or HFD-fed WT and Gc-KO mice. Glucagon secretion was decreased to a similar degree in Gc-KO and 
WT mice, suggesting that Gc ablation does not affect α cell function (Figure 5H). Furthermore, glucagon content 
was not altered in Gc-KO mice (Figure 5I). However, HFD impaired glucose-stimulated insulin secretion in WT 

Figure 3. Chromatin dynamics in dedifferentiated β cells. Genome-wide survey of trimethylation at histone 3 lysine 4 
(H3K4me3) and lysine 27 (H3K27me3) in NGT versus DM and 12M NP WT versus I-KO mice (n = 3 for each genotype).
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islets, whereas Gc ablation significantly augmented insulin secretion stimulated by glucose and arginine from 
islets of HFD-fed mice (Figure 5, J and K). Moreover, islet gene expression analysis revealed increased levels of  
mRNA encoding key islet genes, including Pdx1, Nkx2-2, Ins1, Sur1, Gcg, and Sst in Gc-KO mice (Figure 5L). 
These data are consistent with the possibility that Gc contributes to β cell dysfunction in response to HFD.

Gc ablation preserves insulin secretory capacity in mice fed an HFD. To investigate whether the improved insulin 
secretory capacity was due to increased β cell mass, we performed immunohistochemistry to assess the insu-
lin-positive area in the pancreas of HFD-fed mice (Supplemental Figure 3, A–D). We did not detect a significant 
difference in β cell area or pancreas weight in Gc-KO compared to WT (Supplemental Figure 3, E and F).

Next, we performed hyperglycemic clamps in chow- or HFD-fed WT and Gc-KO mice to assess insu-
lin secretory capacity in vivo and to eliminate confounders from the liver by clamping the glycemic levels 
to approximately 300 mg/dL (Figure 6, A–C). Consistent with ex vivo islet glucose-stimulated insulin 
secretion, HFD-fed Gc-KO mice showed a sizably increased rate of  glucose infusion necessary to maintain 
hyperglycemia compared with WT (Figure 6D). This effect was not present in chow-fed mice (Figure 6, E 
and F). The increased glucose infusion rate in HFD-fed Gc-KO mice was due to increased insulin secretion 
(Figure 6, G–I). These data indicate that Gc ablation preserved islet function in response to HFD and sug-
gest that activation of  Gc in diabetic islets contributes to the functional deficit of  β cells.

Discussion
In this work, we integrated gene expression and histone modification analyses of  β cells purified from a 
model of  multiparity-induced diabetes to identify effectors of  β cell dysfunction. Diabetic β cells activate 
expression and increase active histone modifications at the α cell marker, Gc. Consistent with a role of  Gc 
induction in β cell dysfunction, Gc-deficient islets showed preserved insulin response to a hyperglycemic 
challenge in animals fed an HFD. Gc-deficient β cells also failed to induce Aldh1a3, a marker of  β cell 

Figure 4. Induced Gc expression and altered histone profiles at Ins1 and Ins2 in dedifferentiated β cells. (A) Gene expression analysis of Aldh1a3 and Gc 
in pancreatic β cells sorted by FACS in female control (n ≥ 3) and db/db (n ≥ 3) mice. Error bars represent ± SEM; *P < 0.05 by Student’s t test. (B) H3K4me3 
profile at Gc and Gcg locus in NGT and DM β cells. (C) H3K27me3 profile at Gcg locus in NGT and DM β cells. (D) Histone 3 modifications in 3M and 12M NP 
WT and I-KO, NGT, and DM, where H3K4me3 profiles for Ins1 and Ins2 genes in β cells sorted by FACS are shown (n = 3 for each genotype). The red horizon-
tal lines indicate the called peaks.
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Figure 5. Gc ablation improves islet function in HFD-fed mice. (A) Gene expression of Aldh1a3 in the islets of HFD-fed WT and Gc-KO mice. (B–G) 
Immunostaining for insulin (Ins) and Aldh1a3 in (B–D) WT and (E–G) Gc-KO islets. Scale bars: 50 μm. (H) Glucose-suppressed glucagon secretion in 
islets of HFD-fed WT and Gc-KO mice. (I) Pancreatic glucagon content in HFD-fed WT and Gc-KO mice. (J) Glucose-stimulated insulin secretion in 
islets of chow- or HFD-fed WT and Gc-KO mice. (K) Insulin secretion stimulated by glucose and arginine in islets of chow- or HFD-fed WT and Gc-KO 
mice. (L) Gene expression analysis of key genes in different islet cell types of HFD-fed WT and Gc-KO mice. n ≥ 9 mice per genotype, error bars 
represent ± SEM, and *P < 0.05 by Student’s t test.

https://doi.org/10.1172/jci.insight.128351
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dedifferentiation, consistent with a healthier state of  β cells. Gc is normally expressed in α cells, but its 
ablation did not affect glucagon secretion or glucagon content. Although our data indicate that Gc is not 
simply a marker of  transition from β to α-like cells in response to metabolic challenges but plays a role in β 
cell dysfunction, the mechanism whereby it does so remains to be determined.

The present approach confirms our view that FoxO1 ablation accelerates β cell dysfunction by mim-
icking the natural course of  this process. In this regard, it is interesting to compare the effect of  the FoxO1 
KO in NP versus multiparous mice. In NP mice, the FoxO1 KO appears to predispose to the loss of  β cell 
features, as indicated by the activation of  β cell dedifferentiation marker Aldh1a3 (29), the “disallowed” 
genes (Ldha, Slc16a family members; ref. 30, 31), and the loss of  abundant mRNAs, such as Sst, Ppy, and 
Pyy. Interestingly, 2 pregnancy-induced mRNAs, growth hormone receptor (Ghr) and prolactin receptor 
(Prlr), also spontaneously increased. These changes were muted in the comparison of  WT versus I-KO 
multiparous mice, consistent with the view that, as β cell function deteriorates, it comes to resemble the 
state induced by the FoxO1 KO. Our histone methylation data are also consistent with this view because 
the largest variation was observed in NP mice, as opposed to multiparous mice.

Gc transports the lipid-soluble vitamin D to target tissues. Given the recent report showing that injec-
tion of  a synthetic vitamin D receptor ligand (calcipotriol) can preserve β cell function in db/db mice (41), 
and considering that vitamin D analogs represent only a fraction (~5%) of  total Gc binding capacity and 
that only a small, unbound fraction of  circulating vitamin D enters the cell (42), cargos other than vitamin 

Figure 6. Hyperglycemic clamp studies in chow- and HFD-fed WT and Gc-KO mice assess in vivo insulin secretory capacity. (A–C) Glucose levels during 
hyperglycemic clamp in (A) HFD-fed or (B) chow-fed WT and Gc-KO mice, where the quantification of AUC is shown in C. (D–F) Glucose infusion rates (GIRs) 
during hyperglycemic clamp in (D) HFD-fed or (E) chow-fed WT and Gc-KO mice, where AUC is graphed in F. (G–I) Plasma insulin levels during hyperglyce-
mic clamp in (G) HFD-fed or (H) chow-fed WT and Gc-KO mice, where AUC is plotted in I. n ≥ 5 mice per genotype. Data represent mean ± SEM. *P < 0.05, 
and **P < 0.01 by Student’s t test and ANOVA.

https://doi.org/10.1172/jci.insight.128351
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D are likely responsible for the effect of  Gc on β cells. Indeed, Gc also transports fatty acids and acts as 
a neutrophil cochemotactic agent for complement C5a (42). Furthermore, inflammation-primed lympho-
cytes can convert Gc to the potent macrophage-activating factor (43). Thus, it is possible that Gc secreted 
from β cells acts in an autocrine manner to initiate an inflammatory response, damaging β cell function. 
These hypotheses will require further work to be examined.

Our analysis of  histone methylation indicated that both Ins1 and Ins2 lost histone activation marks in their 
promoters after multiple pregnancies and that diabetes resulted in a further loss of  Ins2 activation. These data 
suggest that the loss of  histone activation heralds reduced expression of  insulin genes in β cells. In addition, 
we observed a loss of  suppressive markers at the Gcg gene. It is likely that the dedifferentiation process in the 
multiparity model is not advanced enough to score Gcg activation. Additional potential candidate genes par-
ticipating in the progression of  β cell dysfunction include LIM domain only 4 (Lmo4) and docking protein 5 
(Dok5). Lmo4 is a 165–amino acid transcription cofactor (44) required for Snail2-mediated epithelial-mesen-
chymal transition in neural crest cells (45) that regulates calcium-induced calcium release in the hippocampus 
(46). Dok5, also known as insulin receptor substrate 6 (IRS-6), is a susceptibility gene for obesity and type 2 
diabetes in North Indians (47). It is phosphorylated in response to insulin and IGF-1 (48), although with low-
er kinetics compared with IRS-1 (~40 minutes vs. ~5 minutes; ref. 49). Unlike IRS-1, Dok5 does not contain 
YMXM and YXXM motifs to engage the Src homology 2 (SH2) domains of  p85 (the catalytic domain of  
PI3K; ref. 48), nor does it interact with SH2 domain–containing proteins downstream of MAPK signaling, 
such RasGAP and Crk. Its expression is decreased in diabetic β cells, but its role in the β cell is unclear.

We found altered Hnf1α signaling in dedifferentiating β cells, consistent with a previous study of  β 
cell–specific triple–FoxO-KOs (FoxO1, -3a, and -4) (32). Gc is a transcriptional target of  Hnf1α in islets 
(37) but lacks a FoxO1-binding site (Kuo and Accili, unpublished observation). Based on ingenuity path-
way analysis, Hnf1α signaling was activated in the absence of  FoxO1. Moreover, Gc transcript levels were 
decreased in human embryonic stem cell–derived β-like cells with Hnf1α ablation (Supplemental Figure 4). 
These data suggest that FoxO1 antagonizes Hnf1α-induced Gc.

In conclusion, our approach demonstrates the unique power of  integrating chromatin with expression 
analysis to help identify candidate genes predisposing to β cell failure. A systematic interrogation of  addi-
tional interesting candidate genes identified in our analysis is currently underway to provide a detailed road 
map of  β cell failure in diabetes.

Methods
Mice care and use. We generated mice lacking FoxO1 in pancreatic β cells using RIP-Cre transgenics to excise 
the floxed FoxO1 gene. Gt(Rosa)26Sortm9(Cag−tdTomato)Hze mice (The Jackson Laboratory) were crossed with mice 
lacking FoxO1 in β cells to lineage trace β cells. Littermate control mice (WT) retained at least 1 WT FoxO1 
allele. Mice were maintained on a mixed 129J-C57BL/6 background. For FACS, Cre recombinase is required 
to activate the Tomato allele; therefore, both WT and KO mice possessed the Cre allele. For Gc studies, we pur-
chased the sperms from UCD Knockout Mouse Project Repository (Gctm1.1(KOMP)Vlcg) to generate Gc–total KO 
mice. All mice were fed chow diet unless otherwise noted and maintained on a 12-hour light/12-hour dark 
cycle (lights on at 7 am). Experiments were performed in female mice for the epigenetic studies and in male 
mice for Gc-KO validations. Littermate control mice for Gc-KO retained at least 1 WT Gc allele.

FACS. Collagenase-purified pancreatic islets were isolated as described and allowed to recover in RPMI 
supplemented with 15% FBS overnight (50). The next day, islets were washed with PBS twice and treated 
with 1 mL of  0.05% trypsin for dissociation. FBS (200 μL) was added to quench trypsinization. Thereafter, 
the dispersed islets were spun down at 100 g for 3 minutes, washed with PBS, and incubated with SYTOX 
Red (Invitrogen, S34859) to identify live cells and DNAse I (Sigma-Aldrich, D4513) on ice until sorting. 
Before sorting, cells were filtered through a 35-μm cell strainer (Corning 352235) to remove clusters. Toma-
to-positive and -negative cells differed by approximately 2 orders of  magnitude in Tomato fluorescence 
with excitation of  554 nm and emission of  581 nm by Influx cell sorter (BD Biosciences).

RNA-Seq and data analysis. To obtain enough RNA, β cells sorted by FACS from multiple mice of  the 
same condition were pooled as the following: 3M WT (n = 3) with a total of  10 mice, 3M I-KO (n = 3) with 
14 mice, 12M NP WT (n = 3) with 20 mice, 12M NP I-KO (n = 3) with 15 mice, NGT (n = 3) with 9 mice, 
and DM (n = 3) with 12 mice. RNA was isolated with Nucleospin RNA kit (Macherey-Nagel) with DNAse 
I treatment. Directional polyA RNA-Seq libraries were prepared and sequenced as PE42 (42-bp paired-end 
reads) on Illumina NextSeq 500. For the analysis, 34,000,000 to 73,000,000 read pairs per sample were 
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used. The reads were mapped to the mouse genome mm10 using STAR (v2.5.2b; ref. 51) algorithm with 
default settings. FeatureCounts from the Subread (v1.5.2; ref. 52) package was used to assign concordantly 
aligned read pairs to RefSeq genes. A 25-bp minimum as overlapping bases in a fragment was specified for 
read assignment. Raw read counts were used as input for DESeq2 (v1.14.1; ref. 53), which was further used 
to filter out genes with low counts, normalize the counts using library sizes, and perform statistical tests to 
find significant differential genes. For statistical analysis, a standard cutoff  of  P value less than 0.05 was 
applied. Differential calling results for RNA-Seq with NGT versus DM, 12M NP WT versus I-KO, and 
3M WT versus I-KO are presented in Supplemental Tables 1, 2, and 3, respectively. Gene ontology was 
performed using Ingenuity Pathway Analysis software (QIAGEN Inc.; www.qiagenbioinformatics.com/
products/ingenuity-pathway-analysis/).

RNA isolation and quantitative PCR. We isolated total RNA from mouse pancreatic islets or β cells sorted 
with FACS using Nucleospin RNA kit (Macherey-Nagel) and followed previously described protocol for 
reverse transcription (54). We used the resulting cDNA to perform quantitative PCR with GoTaq master 
mix (Promega) and analyzed data with the standard ΔΔCt method. Hprt gene expression was used for 
internal normalization. Primer sequences are listed in Supplemental Table 9.

ChIP. To obtain enough chromatin, β cells sorted by FACS from multiple mice of  the same condition 
were pooled as the following for each histone modification: NGT (n = 3) with a total of  14 mice, DM (n = 
3) with 12 mice, 12M NP WT (n = 3) with 17 mice, and 12M NP I-KO (n = 3) with 15 mice. Then, β cells 
were fixed with 2 mM disuccinimidyl glutarate for 20 minutes, followed by 2% formaldehyde for 10 minutes 
at room temperature. The reaction was quenched with 0.125 M glycine (final concentration). Chromatin was 
isolated with lysis buffer and disrupted with a Dounce homogenizer. The lysate samples were fragmented 
with a Covaris S220 sonicator to shear DNA into 300 to 500 bp in length, followed by preclearing with protein 
A (H3K4me3 and H3K27me3 samples) agarose beads (Santa Cruz Biotechnology). ChIP was performed 
with the following antibodies: anti-H3K4me3 (Active Motif, 39159, Research Resource Identification: 
AB_2615077) and anti-H3K27me3 (MilliporeSigma, 07-449, Research Resource Identification: AB_310624). 
The appropriate antibody was added to the samples and incubated overnight. The next day, magnetic beads 
(Active Motif) were added to samples, which were rotated for 2 hours at 4°C, followed by washes with RIPA 
buffer and protease inhibitor with NaCl or LiCl salt. Then, 10 mM Tris buffer supplemented with proteinase 
K, RNase, and 0.7% SDS was added to each sample for reverse cross-linking overnight at 65°C. Finally, ChIP 
DNA was purified with phenol/chloroform extraction and ethanol precipitation.

ChIP-Seq and data analysis. ChIP DNA libraries were prepared from ChIP DNA with the following steps: 
end repair, dA addition, adaptor ligation, and PCR amplification, as previously described (55). The result-
ing DNA libraries were quantified with Bioanalyzer (Agilent), and sequenced on Illumina NextSeq 500 
with 75-nt reads and single end. Reads were aligned to mouse genome mm10 using the Burrows-Wheeler 
Aligner algorithm with default settings (56). These reads passed Illumina’s purity filter and aligned with no 
more than 2 mismatches. Duplicate reads were removed, and only uniquely mapped reads with mapping 
quality greater than or equal to 25 were subjected to further analysis. Reads were extended to 200 bp at their 
3′ ends, and bigwig files were created for visualization using Active Motif  software (Active Motif  Inc.). For 
H3K4me3, peak locations were determined using the MACS algorithm (v1.4.2) with a cutoff  of  P value 
= 1 × 10–7 (57). H3K27me3-enriched regions were identified using the SICER algorithm with FDR of  1 
× 10–10, gap size of  200 bp (58). Peak coordinates from all 3 replicates were merged from each condition, 
and merged regions (referred to as “active regions”) were used for further analysis. DESeq2 (53) and its 
normalization method were applied for differential calling. Differential calling results for ChIP-Seq histone 
H3K4me3 in NGT versus DM, H3K4me3 in 12M NP WT versus I-KO, H3K27me3 in NGT versus DM, 
and H3K27me3 in 12M NP WT versus I-KO, are presented in Supplemental Tables 4–7, respectively. Sta-
tistics from total number of  reads to filtered peaks are listed in Supplemental Table 8. Raw and processed 
sequencing data were deposited into the MINSEQE-compliant National Center for Biotechnology Infor-
mation Gene Expression Omnibus database (GSE130998).

Immunofluorescence, immunohistochemical, and morphometric analyses. Pancreata were removed from WT 
and Gc-KO mice on an HFD for 12 weeks, were weighed, and (a) were fixed for 4 hours in 4% paraformal-
dehyde-PBS at 4°C, followed by 20 hours in 30% sucrose-PBS, and embedded in optimal cutting temperature 
(OCT) compound (Tissue-TEK) or (b) were fixed for 16 hours in 10% formalin at 4°C, followed by 20 hours 
in 70% ethanol, and embedded in paraffin. For OCT-frozen samples, 5-μm-thick sections were stained for β 
cells using guinea pig anti-insulin antibody (DAKO, A0564), for endocrine cells using mouse anti–chromogr-
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anin A antibody (Santa Cruz Biotechnology, sc-393941), and for dedifferentiating β cells using rabbit anti-Al-
dh1a3 antibody (Novus Biologicals, NBP2-15339), followed by Alexa Fluor–conjugated goat antibodies as 
secondary (Thermo Fisher Scientific; goat anti–guinea pig, A21450; goat anti-mouse, A11031; goat anti-rab-
bit, A11034) antibodies. Images were taken using a Zeiss LSM 710 confocal laser-scanning microscope. For 
paraffin samples, several sections 200 μm apart were covered systematically by accumulating images from 
nonoverlapping fields with a Leica SCN 400 slide scanner at ×40 magnification, and we measured the stained 
area using Leica Biosystems Tissue image analysis tool. Results were expressed as a percentage of  the total 
surveyed pancreatic area (pixel-converted mm2) occupied by β cells (pixel-converted mm2).

Metabolic parameters. We performed oral glucose tolerance tests by gavaging glucose (2 g/kg) after a 
16-hour fast. We measured insulin levels with an ELISA kit (Mercodia) and glucagon levels with a radioim-
munoassay kit (MilliporeSigma). For hyperglycemic clamps, we placed an indwelling intravenous catheter 
in the right jugular vein at least 1 week before the clamp. Briefly, we inserted a polyurethane catheter (PU 
10) filled with saline solution containing heparin (10 U/mL) into the target vessel. The catheter was tun-
neled through the back of  the neck and placed under the back skin. A silk suture was tied to the catheter, 
and a small opening was made at the back of  the neck. This partially exposed suture was removed on the 
day of  the clamp. We raised plasma glucose levels to approximately 300 mg/dL by continuous glucose infu-
sion and maintained them by adjusting the glucose infusion rate. Throughout the 120-minute period, we 
recorded glucose infusion rates and plasma glucose levels and collected plasma for insulin measurement.

Differentiation of  embryonic stem cells into pancreatic β-like cells. Human embryonic stem cells were grown 
to 80% to 90% confluence, followed by dissociation and suspension in mTeSR medium (STEMCELL 
Technology, 05850) with 10 μM Rho-associated kinase inhibitor Y27632 (Selleckchem, S1049), and then 
were plated in a 1:1 ratio into Matrigel-coated (Thermo Fisher Scientific, 354277) wells for differentiation. 
Differentiation was performed as previously described (59), and all differentiations were done for 25 days.

Statistics. Pearson’s correlation coefficient was implemented with the R statistical package (http://
www.r-project.org). Two-tailed Student’s t test and ANOVA were performed with Prism 8 (GraphPad) for 
quantitative PCR experiments. A P value less than 0.05 was considered significant.

Study approval. The Columbia University Institutional Animal Care and Utilization Committee approved 
all experiments. Animals were maintained according to Columbia University animal welfare guidelines.
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