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The post-translational protein modification O-linked �-N-
acetylglucosamine (O-GlcNAc) is a proposed nutrient sensor
that has been shown to regulate multiple biological pathways.
This dynamic and inducible enzymatic modification to intracel-
lular proteins utilizes the end product of the nutrient sens-
ing hexosamine biosynthetic pathway, UDP-GlcNAc, as its
substrate donor. Type II diabetic patients have elevated
O-GlcNAc-modified proteins within pancreatic beta cells due to
chronic hyperglycemia-induced glucose overload, but a molec-
ular role for O-GlcNAc within beta cells remains unclear. Using
directed pharmacological approaches in the mouse insuli-
noma-6 (Min6) cell line, we demonstrate that elevating nuclear
O-GlcNAc increases intracellular insulin levels and preserves
glucose-stimulated insulin secretion during chronic hypergly-
cemia. The molecular mechanism for these observed changes
appears to be, at least in part, due to elevated O-GlcNAc-
dependent increases in Ins1 and Ins2 mRNA levels via elevations
in histone H3 transcriptional activation marks. Furthermore,
RNA deep sequencing reveals that this mechanism of altered
gene transcription is restricted and that the majority of genes
regulated by elevated O-GlcNAc levels are similarly regulated by
a shift from euglycemic to hyperglycemic conditions. These
findings implicate the O-GlcNAc modification as a potential
mechanism for hyperglycemic-regulated gene expression in the
beta cell.

Type II diabetes-related complications continue to be a lead-
ing cause of death in the United States (1). In the diabetic con-
dition, hyperglycemia results in insulin resistance in muscle,
liver, and adipose tissues that are responsible for glucose clear-
ance. The inability of peripheral tissues to absorb glucose leads
to hyperinsulinemia and glucose toxicity, serving as the pro-
posed main contributors toward disease progression (2). In

attempts to cope with the elevated glucose levels, pancreatic
�-cells respond by increasing insulin hormone production and
secretion. However, continual stimulation via elevated glucose
levels eventually leads to �-cell fatigue and decreased insulin
release (3).

Numerous environmental factors act in combination to
influence insulin regulation both at the transcriptional and
translational levels (4 –7). Post-translational protein modifica-
tions have emerged as key regulatory avenues dictating diverse
cellular activities. Terminal hydroxyls of serine and threonine
residues can be modified by O-linked �-N-acetylglucosamine
(O-GlcNAc)3 to influence intracellular processes (8 –12). This
dynamic and inducible post-translational modification more
closely mimics phosphorylation in that it is a single molecule
addition cycling on and off intracellular proteins in response
to the cellular environment (13–15). The donor substrate for
O-GlcNAc is the sugar nucleotide UDP-GlcNAc, which is
the end product of the HBP (16, 17). In mammals only a
single gene encodes for each enzyme responsible for the
addition and removal of O-GlcNAc, O-GlcNAc transferase,
and O-GlcNAcase (OGA) (18 –20). Due to the involvement
of UDP-GlcNAc in multiple metabolic pathways and the
diversity of proteins modified by O-GlcNAc within these
systems, O-GlcNAc has been implicated in the etiology of
several metabolic diseases, including diabetes, and been
hypothesized to be a nutrient sensor (21–24).

High glucose stimulation in cultured mouse insulinoma 6
(Min6) cells is known to elevate O-GlcNAc levels (25), whereas
direct modulation of either the HBP or O-GlcNAc regulatory
enzymes appears to influence various pancreatic �-cell func-
tions (25–28). Despite this link, the molecular mechanism
through which this modification works remains elusive. Here
we use pharmacological approaches to show that O-GlcNAc
enables Min6 cells to secrete higher levels of insulin in response
to chronic glucose stimulation. Increased O-GlcNAc levels also
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We also show that O-GlcNAc increases insulin 1 (Ins1) and
insulin 2 (Ins2) mRNA levels in Min6 cells above physiological
conditions in a glucose-independent manner. The observed
elevation in insulin mRNA is caused at least in part by histone
H3 regulation as demonstrated by elevations in epigenetic
marks promoting transcriptional activation at the Ins2 pro-
moter. O-GlcNAc also appears to modulate the expression of
an abundance of genes in a parallel manner to high glucose.
Together these results suggest that the O-GlcNAc modification
serves as a glucose sensor in Min6 cells, regulating glucose-
mediated gene expression in the pancreatic � cell.

Experimental Procedures

Tissue Culture—Min6 cells were a generous gift from Gerald
Hart (Johns Hopkins University). Cells were cultured in Dul-
becco’s modified Eagle’s medium containing 25 mM glucose,
15% (v/v) fetal bovine serum, 2 mM glutamine, and 100 �M

�-mercaptoethanol. Upon reaching 70% confluency, cells were
harvested using 0.25% trypsin, PBS solution (1:1) and split at a
1:3 ratio. All experiments were performed using cells between
passages 20 and 30.

Pharmacological Incubation Conditions—Min6 cells were
introduced to either low (2 mM) or high (25 mM) glucose media
and pretreated with 25 �M O-(2-acetamido-2-deoxy-D-gluco-
pyranosylidene)-amido N-phenylcarbamate (PUGNAc (PUG);
Toronto Research Chemicals, Inc.) and 500 pM GlcNAcstatin
(Dr. Daan Van Aalten, University of Dundee). Cells were incu-
bated in these conditions for 6 h before a 1� PBS wash and 1-h
starvation (0.5 mM glucose) period with the above-mentioned
inhibitors. Afterward, cells were again washed with 1� PBS and
returned to pharmacological conditions as outlined above for a
1-h acute treatment before harvesting media and/or cells for
experimental procedures. Experiments requiring chronic 3-h
pharmacological exposure were washed with 1� PBS and fed
fresh conditioned media at 1-h increments until conclusion.

Western Blotting—Min6 cells from pharmacological condi-
tions were separated into cytoplasmic and nuclear fractions as
outlined previously (29). Proteins were resolved on SDS-PAGE
gel by electrophoresis and transferred to PVDF membrane
(Bio-Rad). Membranes were blocked for 1 h at room tempera-
ture in 1� TBST, 0.1% Tween 20 supplemented with BSA.
After blocking, membranes were incubated overnight at 4 °C
using the O-GlcNAc-specific monoclonal 10 (Mab10), anti-hi-
stone H3 tri-methyl K4 (Abcam, ab8580), acetyl-histone H3
Lys-9/Lys-14 (Cell Signaling, 9677L), or anti-histone H3
(Abcam, ab1791) antibody. Membranes were washed 3 times
with 1� TBST, 0.1% Tween 20 and incubated at room temper-
ature for 1 h with a secondary horseradish peroxidase-conju-
gated antibody. Afterward, membranes were washed 4 times
with 1� TBST, 0.1% Tween 20 and subjected to ECL chemi-
luminescence (Thermo Scientific) via autoradiography for
detection.

Quantification of Insulin Secretion—Media samples har-
vested from pharmacologically manipulated Min6 cells were
diluted 1:100 in 1� PBS the same day. Insulin levels in diluted
samples were determined using the rat insulin RIA kit (Milli-
pore) following directions outlined in the manufacturer’s pro-
tocol. Radioisotope quantification was performed using a Pack-

ard Cobra Quantum E5002 Gamma Counter (PerkinElmer Life
Sciences).

Quantification of Intracellular Insulin Levels—Harvested
Min6 cell samples were resuspended in lysis buffer (50 mM Tris-
HCl, pH 7.5, 26.5 mM NaCl, 1% Nonidet P-40, 1% SDS, 50 mM

EDTA, 0.1% protease inhibitor mixture (Calbiochem) and 0.1%
phosphatase inhibitor mixture (Calbiochem)) and syringe-rup-
tured with a 23-gauge needle. Samples were centrifuged at
14,000 rpm for 30 min at 4 °C. Whole cell extracts were then
diluted 1:1200 in 1� PBS and used for insulin determination
with the rat insulin RIA kit as described above. Radioisotope
quantification was performed using a Packard Cobra Quantum
E5002 Gamma Counter. Results were normalized by protein
concentrations between conditions.

Immunofluorescence and Confocal Microscopy—Pharmaco-
logically treated Min6 were fixed using 3.7% paraformaldehyde
at room temperature for 20 min. After fixation, cells were
washed 3 times with 1� PBS and incubated in anti-insulin
(Dako, A0564) primary antibody supplemented with 1 mg/ml
BSA and 0.2% Triton X-100 for 1 h. Primary antibody was
removed, and cells were washed 3 times in 1� PBS and incu-
bated in Alexa-fluor 488 fluorophore-conjugated secondary
antibody and TO-PRO 3 nuclear stain (Invitrogen) supple-
mented with 1 mg/ml BSA and 0.2% Triton X-100 for 45 min.
Cells were washed 3 times with 1� PBS, mounted onto glass
coverslips using Prolong Gold Antifade Reagent (Invitrogen),
and allowed to dry overnight at 4 °C. Samples were imaged with
a 60� oil immersion objective (N.A. 1.4) on an Olympus
FV1000 laser scanning confocal microscope. Multiple images
were acquired through a z-series, with a z-step of 0.45 �m. The
resulting images were analyzed and compressed with Image J
software. In most cases the presented images are a maximum
intensity projection that includes the entire z-stack.

RNA Isolation and Quantitative RT-PCR—Total RNA was
isolated from Min6 cells using the RNeasy Plus Minikit (Qia-
gen, 170-8840) as described in manufacturer’s protocol. Tem-
plate mRNA was diluted 1:1000 in 1� PBS for Ins1 and Ins2
analysis and undiluted for GalnT7 and Fbxo43. First-strand
cDNA synthesis was performed using the iScript Reverse
Transcription Supermix kit (Bio-Rad) according to the manufa-
cturer’s instructions. The resulting cDNA was used as a tem-
plate for PCR amplification of the mouse Ins1 (Qiagen,
QT01660855), mouse Ins2 (Qiagen, QT00114289), mouse
Galnt7 (Qiagen, QT00125034), mouse Fbxo43 (Qiagen,
QT01037862), and mouse Tbp1 (Qiagen, QT00198443) genes.
Insulin gene mRNA levels were quantified using MyIQ Single
Color Real-time PCR detection instrument (Bio-Rad) and nor-
malized to Tbp1 expression levels.

Chromatin Immunoprecipitation (ChIP)—ChIP was per-
formed as previously described (30). Briefly, DNA and protein
were cross-linked using 2% formaldehyde. Sonicated DNA
extract was precleared using protein A/G-agarose beads and
the corresponding agarose conjugate linked IgG. Chromatin
from 3 � 106 cells were used for each immunoprecipitation.
Lysates were incubated with previously mentioned anti-histone
H3 tri-methyl K4, acetyl-histone H3 Lys-9/Lys-14, anti-histone
H3, or anti-O-GlcNAc Mab10 antibody at 2 �g per reaction
overnight at 4 °C with rotation. Protein-DNA complexes were
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incubated with protein-agarose A/G beads for 2 h and washed 3
times using buffers containing 0.1% SDS, 1& Triton X-100, 2
mM EDTA, 20 mM Tris, 150 –500 mM NaCl, and protease inhib-
itors. DNA was eluted from beads using elution buffer contain-
ing 0.1% SDS and 100 mM NaHCO3. Cross-linking was reversed
by the addition of NaCl to a final concentration of 325 mM, and
DNA was incubated overnight at 65 °C. DNA was extracted
using phenol-chloroform after RNase and proteinase K treat-
ment and analyzed by quantitative real-time PCR (RT-PCR)
against the mouse insulin 2 promoter region (Ins2 forward, 5�-
TGACCTACCCCACCTGGAGC-3�; Ins2 reverse, 5�-CTG-
GTGGTTACTGGGTCCCC-3�).

RNA Sequencing Analysis and Bioinformatics—RNA extrac-
tion was performed using the RNeasy Plus Minikit (Qiagen,
170-8840) from LG, HG and LG � GlcNAcstatin (GNS) sam-
ples after the previously described 1-h incubation. Samples
were sent to HudsonAlpha Genomic Services Laboratory
(Huntsville, AL) for RNA-Seq library prep and sequencing.
Briefly, the concentration and integrity of the extracted total
RNA was estimated by Qubit� 2.0 Fluorometer (Invitrogen)
and Agilent 2100 Bioanalyzer (Applied Biosystems, Carlsbad,
CA), respectively. RNA-Seq library prep was performed with
500 ng of total RNA from each sample followed by enrichment
for polyadenylated RNA sequences using the poly(A) selection
technique. Each sample was individually barcoded with unique
in-house Genomic Services Laboratory primers and amplified
through eight cycles of PCR using KAPA HiFi HotStart Ready
Mix (Kapa Biosystems, Inc., Woburn, MA). The quality of the
libraries was assessed by a Qubit� 2.0 fluorometer, and the con-
centration of the libraries was estimated by utilizing a DNA
1000 chip on an Agilent 2100 Bioanalyzer.

Accurate quantification for sequencing applications was
determined using the qPCR-based KAPA Biosystems Library
Quantification kit (Kapa Biosystems, Inc., Woburn, MA). Each
library was then diluted to a final concentration of 12.5 nM and
pooled equimolar before clustering. Paired End sequencing was
performed to generate approximately twenty-five million reads
per sample using a 200-cycle TruSeq SBS HS v3 kit on an Illu-
mina HiSeq2000 running HiSeq Control Software (HCS)
v1.5.15.1 (Illumina, Inc., San Diego, CA). Image Raw reads were
demultiplexed using bcl2fastq conversion software v1.8.3 (Illu-
mina) with default settings. After RNA-Seq, raw reads were
mapped to reference mouse genome mm9 using TopHat v2.0
(Trapnell 2009). Aligned reads were imported onto the Avadis
NGS data analysis platform (Strand Life Sciences, San Fran-
cisco, CA). Reads were first filtered on their quality metrics,
then duplicate reads were removed. Normalized gene expres-
sion was quantified using the TMM (trimmed mean of M val-
ues) algorithm (31). The transcriptional profile from each sam-
ple group (LG, HG, and LG�GNS) was compared by principle
component analysis and hierarchal clustering analysis to deter-
mine the layout and spread of the expression data. Differential
expression of genes was calculated on the basis of -fold change
(using default cut-off � �2.0) observed between defined con-
ditions, and the p value of the differentially expressed gene list
was estimated by z-score calculations using a default cutoff
of 0.05 as determined by Benjamini Hochberg FDR (32)
correction.

Gene Ontology (GO) analysis was performed on the list of
differentially expressed mRNAs between sample groups. Data-
base for Annotation, Visualization, and Integrated Discovery
(DAVID) v6.7 was used for this analysis. Prediction of affected
protein classes from up and down-regulated genes sets were
made on Panther gene list analysis (33).

Statistical Analysis—Data are expressed as the mean � S.E.
Statistical significance was determined using an ordinary one-
way ANOVA comparing the means between each group (p �
0.05). A two-way ANOVA was used to determine significance
in the extended insulin secretion experiment (Fig. 1D). All sta-
tistically significant values are included in the figures and figure
legends. Analysis was performed using GraphPad software.

Results

Elevated O-GlcNAc Levels Maintain Insulin Secretion in
Min6 Cells under Chronic Glucose Exposure—Increased glu-
cose flux through the HBP increases O-GlcNAc protein modi-
fication in the nucleus of Min6 cells (25). To examine the effects
of elevating O-GlcNAc levels in Min6 cells, we elevated HBP
flux using high glucose stimulation and through two different
pharmacological inhibitors. PUG and GNS are OGA inhibitors
used to elevate intracellular O-GlcNAc. These inhibitors work
by preventing the enzymatic removal of O-GlcNAc by OGA.
Previous studies have shown that although PUG is a global
hexosaminidase inhibitor, GNS is much more specific for OGA
(34, 35). O-GlcNAc levels in Min6 cells after treatments were
not statistically different from one another in whole cell
extracts (data not shown). However, LG media supplemented
with PUG or GNS increased nuclear O-GlcNAc compared with
LG alone (2.7-fold � 0.3 and 2.7-fold � 0.2, respectively), as did
cells exposed to HG (1.7-fold � 0.4, not significant) to a lesser
extent (Fig. 1, A and B). Due to the lack of specificity of PUG and
the fact that GNS elevated nuclear O-GlcNAc levels in a similar
manner, LG�PUG treatment was not investigated in down-
stream experiments.

Insulin secretion within the mammalian system follows a
pulsatory pattern. The first phase consists of the immediate
release of preloaded insulin from membrane-docked granules
followed by an environmentally stimulated second phase de-
pendent on gene transcription and new protein synthesis (36,
37). To address whether increasing O-GlcNAc influenced � cell
secretion, media from pharmacologically treated Min6 cells
were harvested and tested for secreted mature insulin levels.
Using the standard insulin radioimmunoassay in the field, acute
insulin secretion from Min6 cells was not altered by elevations
in O-GlcNAc alone but was altered by HG treatment (Fig. 1C),
suggesting that the O-GlcNAc modification is likely not
involved in the depolarization process of Min6 cells. The com-
bination of HG�GNS trended toward increased release com-
pared with HG at 1 h (GNS � 1.3-fold � 0.2) but failed to reach
statistical significance (Fig. 1C).

It has been reported that hyperglycemia-induced insulin
secretion from pancreatic � cells diminishes over time (38, 39),
so we examined whether O-GlcNAc affects more prolonged
secretory events. Min6 cells exposed to HG�GNS for extended
periods of time appear to maintain glucose-responsive insulin
secretion compared with HG alone, as observed 3 h post- stim-
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ulation (1.3-fold � 0.1, Fig. 1D). Together these data suggest
that elevating O-GlcNAc levels enables Min6 cells to maintain
a higher glucose-stimulated insulin secretion response over
time.

Intracellular Insulin Content Is Higher in Min6 Cells upon
Elevating O-GlcNAc—To explain this prolonged secretion of
insulin over time and investigate whether increased O-GlcNAc
affects insulin protein levels, Min6 cells were pharmacologi-
cally stimulated for 1 h, harvested, and lysed for intracellular
mature insulin quantification via radioimmunoassay. As
expected, the amount of intracellular insulin was higher in cells
treated with HG compared with LG (1.9-fold � 0.6, Fig. 2A).
OGA inhibition using GNS raised intracellular insulin levels
significantly above LG alone (2.6-fold � 0.5) and was 1.4-fold �
0.4 higher in comparison to HG treatment alone (Fig. 2A).
These results were confirmed by immunohistochemical stain-
ing for intracellular insulin. After treatments, cells were fixed,
stained, and subsequently analyzed by confocal microscopy
(Fig. 2B). In contrast to cells treated with LG, cells incubated in
either HG or in LG�GNS showed increases in the number of
insulin-positive puncta. These results suggest that increasing
O-GlcNAc in Min6 cells elevates intracellular insulin content.

To further determine whether elevating O-GlcNAc levels
impacts glucose responsiveness, Min6 cells were treated for 1 or
3 h in LG, HG, or HG�GNS. After treatment cells were fixed,
stained, and subsequently analyzed by confocal microscopy.
After 1 h, no differences in the content of intracellular insulin
were detected between HG and HG�GNS (Fig. 2C). However,
after 3 h of chronic treatment with HG�GNS, Min6 cells main-
tained increased intracellular insulin levels compared with HG
alone (Fig. 2C). This pattern of staining likely represents both
the ready releasable and reserve insulin granule pools, although
specific localization was not confirmed. These findings suggest
that elevations in O-GlcNAc levels help maintain glucose-stim-
ulated insulin protein levels in Min6 cells under chronic
hyperglycemia.

Elevating O-GlcNAc Increases Mouse Ins1 and Ins2 Steady
State mRNA—Because O-GlcNAc elevations correlated with
increased insulin hormone levels in Min6 cells, we next asked
whether this was due to insulin gene regulation. RNA was
extracted from Min6 cells after 1 h of treatment and used for
steady state mouse Ins1 and Ins2 quantitative mRNA measure-
ments. Incubating Min6 cells in HG elevates both Ins1 (2.0-
fold � 0.2, not significant) and Ins2 (1.5-fold � 0.1) mRNA

FIGURE 1. O-GlcNAc maintained glucose-responsive insulin secretion in Min6 cells. A and B, nuclear enrichment from 1-h pharmacologically treated Min6
cells was immunoblotted with the O-GlcNAc monoclonal antibody Mab10. �-Tubulin served as the loading control (n � 6.). C, insulin secretion levels after 1 h
of pharmacological stimulation from Min6 cells, quantified using RIA. Values are presented as insulin secretion (pg/ml) over time (n � 6). D, 1-h and 3-h insulin
secretion in response to LG, HG, and HG�GNS treatments in the media from Min6 cells quantified using RIA. Values are presented as insulin secretion (pg/ml)
over time (n � 3). All data are shown as the mean � S.E. Significance was determined using an ordinary one-way ANOVA (B and C) or an ordinary two-way
ANOVA (D). *, p � 0.05; **, p � 0.01; ***, p � 0.001; ****, p � 0.0001 versus LG; ##, p � 0.01 versus HG. NS, not significant.

O-GlcNAc Imparts Epigenetic Control in Pancreatic Beta Cells

2110 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 5 • JANUARY 29, 2016



levels compared with LG-treated cells (Fig. 3, A and B, respec-
tively). Interestingly, elevating O-GlcNAc levels using GNS
under LG conditions significantly raised mouse Ins1 (6.3-fold �
1.8, Fig. 3A) and Ins2 (2.2-fold � 0.2, Fig. 3B) mRNA levels
compared with LG alone. Although LG�GNS significantly ele-
vated Ins1 mRNA compared with HG (3.2-fold � 0.5, Fig. 3A),
a similar increase was not observed for Ins2 expression (Fig.
3B). This varying gene responsiveness may be due to the fact
that Ins1 originated from a reverse-transcribed partially pro-
cessed mRNA of Ins2 (40, 41). Although both genes contain the
regulatory region required for preproinsulin mRNA synthesis
(40), the majority of insulin in the rodent system is produced
through Ins2 gene activation, making it more homologous
to the human insulin gene (42). This agrees with our insulin
synthesis and secretion data where we saw a modest
O-GlcNAc-correlated increase in both experiments that is
more representative of the Ins2 mRNA results versus Ins1.

Chronic elevations in O-GlcNAc levels show similar trends
observed during 1 h of incubation. Min6 cells incubated in
LG�GNS for 3 h contain significantly higher Ins2 mRNA levels
than LG and HG treatments alone (3.1-fold � 0.4 and 1.9-
fold � 0.1 respectively, Fig. 3C). However, supplementing GNS
with HG stimulation does not appear to increase Ins2 mRNA
compared with HG treatment alone (Fig. 3C). These results
suggest that the elevation of intracellular insulin levels during
LG�GNS treatment is at least partially caused by an
O-GlcNAc-mediated insulin gene regulatory mechanism. They
also imply that the increased insulin secretion and intracellular
accumulation observed after 3 h of HG�GNS stimulation can-
not be explained by increased steady state Ins2 transcription.

Increasing O-GlcNAc Directly Correlates to Elevated Histone
H3 Epigenetic Marks Promoting Transcriptional Activation—
Recent studies demonstrate that O-GlcNAc can directly mod-
ify histone proteins and several other components of the

FIGURE 2. O-GlcNAc increased Min6 intracellular insulin levels. A, cells treated in pharmacological conditions for 1 h were harvested and lysed for intracel-
lular insulin measurements using RIA. Values are presented as intracellular insulin levels (pg/ml) over time, and data show the mean � S.E. Significance was
determined using an ordinary one-way ANOVA (n � 6; *, p � 0.05; ***, p � 0.001 versus LG; #, p � 0.05 versus HG). B, Min6 were incubated in LG, HG, and LG�GNS
for 1 h and fixed for immunohistochemical and confocal microscopy analysis. Preproinsulin-, proinsulin, and mature insulin are stained green, and the nucleus
is stained blue (n � 3). C, Min6 cells treated in LG, HG, and HG�GNS were fixed for immunohistochemical and confocal microscopy analysis after 1 h incubation
(top panel). Min6 cells treated for 3 h in HG or HG�GNS were prepared and analyzed as described (bottom panel). Preproinsulin, proinsulin, and mature insulin
are again stained green (n � 3).
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nucleosome complex (43). To investigate whether the increases
in steady state Ins2 mRNA were due to epigenetic events, we
performed ChIP experiments in combination with quantitative
PCR toward the mouse Ins2 promoter sequence. Histone H3
acetylation and trimethylation are epigenetic modifications

serving as global marks to indicate active areas of gene tran-
scription (44, 45). We used antibodies designed against his-
tone H3 trimethylated lysine 4 (H3K4me3) and histone H3
bi-acetylated lysine 9 and 14 (H3K9,14Ac) to probe for
O-GlcNAc-associated chromatin changes at the mouse Ins2
promoter.

GNS treatment significantly increased the amount of
O-GlcNAc levels at the Ins2 promoter region (3.4-fold � 0.4),
whereas HG only showed a modest increase (1.6-fold � 0.2, Fig.
4A). When investigating H3K4me3 at the Ins2 promoter, HG
samples always seemed to contain more marks than LG (1.5-
fold � 0.3) but never reached statistical significance (Fig. 4B).
This was previously observed when investigating genome-wide
histone modifications in human pancreatic islets and may
be true for the more homologous mouse Ins2 gene (46).
Conversely, GNS-treated cells displayed abundantly more
H3K4me3 marks (2.8-fold � 0.3) at the Ins2 promoter versus
LG (Fig. 4B).

Min6 cells incubated in HG and GNS conditions also dis-
played more H3K9,14Ac marks (1.9-fold � 0.7 and 1.9-fold �
0.2, respectively) at the mouse Ins2 promoter compared with
LG-treated cells (Fig. 4C). Histone H3 data revealed there was
no significant change in the amount of H3 at the Ins2 promoter
between our conditions, ensuring the O-GlcNAc-directed
increases in H3 activation marks was not due to nucleosome
degradation (Fig. 4D).

We also wanted to investigate the degree to which increasing
O-GlcNAc levels contributed to global histone modification.
Western blot analysis investigating global H3K4me3,
H3K9,14Ac, and histone H3 levels showed no significant differ-
ences between pharmacological conditions in acid-extracted
histone samples (Fig. 4, E–G, respectively). Together, these
results showed that O-GlcNAc accumulation at the Ins2 gene
promoter directly correlates with elevations in H3K9,14Ac and
H3K4me3 chromatin-associated transcriptional activating
marks but did not appear to affect these H3 marks on a whole
genome scale.

O-GlcNAc Regulates a Subset of Genes in Min6 Cells—Con-
sidering global histone activating marks were unaffected
between our conditions, we next investigated the degree to
which O-GlcNAc levels regulated gene expression in Min6
cells. Illumina Hiseq 2000 RNA sequencing confirmed numer-
ous genes exhibited altered expression patterns in response to
hyperglycemia and/or OGA inhibition (Fig. 5, supplemental
Datasets 1–3). Comprehensive bioinformatics showed that
2657 genes (16%) were affected (altered by 2-fold or more) in at
least one of our conditions of a total of 16,638 expressed. Based
on these data, 84% of the genes in Min6 were unchanged by our
pharmacological conditions, which is likely the reason we were
unable to see changes in total H3 activating marks (Fig. 4, E–G).
HG treatment altered the expression of 1987 (11.9%) of the total
genes expressed and LG�GNS influenced 1369 (8.4%). If the
two conditions (hyperglycemia and O-GlcNAcase inhibition)
were completely independent, one would expect an �1% over-
lap in gene expression changes based on these two datasets.
However, bioinformatics analysis revealed that 726 genes were
similarly affected (changed in the same direction by at least
2-fold) in both HG- and LG�GNS-treated samples, represent-

FIGURE 3. Elevations in O-GlcNAc increased Ins1 and Ins2 steady state
mRNA levels in Min6 cells. A, extracted RNA from Min6 cells following 1 h
treatment was used for mouse Ins1 mRNA quantification. Values are pre-
sented as -fold change to LG. B, RNA extraction was performed from Min6
cells as described above but used for mouse Ins2 mRNA quantification. Values
are presented as -fold change to LG. C, extracted RNA from Min6 cells after 3 h
of treatment was used for mouse Ins2 mRNA quantification. Values are pre-
sented as -fold change to LG (n � 3). All data are shown as the mean � S.E.
Significance was determined using an ordinary one-way ANOVA. *, p � 0.05;
**, p � 0.01; ***, p � 0.001 versus LG; #, p � 0.05 versus HG; �, p � 0.05 LG�GNS
versus HG�GNS. NS, not significant.
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ing 27.3% of the total altered subset of genes (Fig. 5A, supple-
mental Datasets 2 and 3). Over half of all gene expression
profiles altered by OGA inhibition overlapped with hypergly-
cemia-induced changes, and more than one-third of all hyper-
glycemia-induced changes overlapped with OGA inhibition
(Fig. 5A), providing evidence in support of the O-GlcNAc mod-
ification being a glucose sensor in Min6 cells.

We next wanted to validate several genes of interest identi-
fied in the RNA-seq data by qPCR (Fig. 5, B and C). UDP-N-
acetyl-�-D-galactosamine:polypeptide N-acetylgalactosami-
nyltransferase 7 (GalNT7) is a glycosyl transferase that was
shown to be drastically up-regulated by HG (9.4-fold) and GNS
(5.8-fold) in the RNA-seq data (Table 1). qPCR analysis con-
firms these results under HG (2.2-fold � 0.4)- and GNS (2.1-
fold � 0.4)-treated cells (Fig. 5B) although to a lesser extent of
up-regulation. F-box protein 43 (Fbxo43) is part of the forkhead
box transcription factor family of which several members have
been shown to be functionally O-GlcNAc-modified in other
cell types and influence the diabetic phenotype (47, 48). Both
the RNA-seq (2.2-fold each) and qPCR (HG � 2.6-fold � 0.5;
GNS � 2.5-fold � 0.6) data displayed very similar gene expres-
sion changes (Fig. 5C), validating the 2-fold expression param-
eters used to determine gene changes. Together, our sequenc-
ing results demonstrate that the impact of OGA inhibition on
gene expression correlates significantly with hyperglycemia-
stimulated gene expression.

Discussion

Using pharmacological strategies manipulating intracellular
O-GlcNAc levels, we propose that this post-translational mod-
ification serves as a glucose sensor in the pancreatic � cell and
influences gene expression in Min6 cells. Nuclear enrichment
clearly displays elevated O-GlcNAc levels during OGA enzyme
inhibition, whereas hyperglycemia slightly elevated modifica-
tion levels (Fig. 1, A and B). This difference could be attributed
to the relatively small amount of intracellular glucose entering
the HBP (3–5%) compared with other metabolic pathways (16).
GNS treatment on the other hand is highly specific for OGA,
directly influencing the O-GlcNAc status within the cell. Ele-
vating O-GlcNAc in the absence of glucose stimulation did not
appear to mediate insulin secretory events after 1 h of stimula-
tion (Fig. 1C). This suggests that although proteins within the
exocytosis pathway are known to be O-GlcNAc-modified (49,
50), it does not alone affect depolarization and acute insulin
hormone release in Min6 cells. However, we were able to show
that when inhibiting OGA and chronically stimulating insulin
release, Min6 cells trended toward secreting more insulin com-
pared with HG alone (Fig. 1D).

It was clear by our prolonged secretion experiments that
O-GlcNAc levels influenced insulin within Min6 cells but not
through direct secretory pathway modulation. We were able to
demonstrate that increasing levels of O-GlcNAc in Min6 cells
drastically elevates the intracellular insulin content in a
glucose-independent manner (Fig. 2, A and B). We hypothesize
that the increased insulin hormone localizes predominantly in
the perinuclear region of the cells, representative of the reserve
vesicle pool. Although we did not confirm this experimentally,
recent work shows that O-GlcNAc may play an important role

FIGURE 4. Histone H3 activation marked and O-GlcNAc levels increases
at the Ins2 promoter. After 1 h of treatment, Min6 cells were fixed and
prepared to analyze binding occupancy of several marks within a 300-
base pair region of the Ins2 promoter. ChIP was performed using Mab10
(A), and the values were determined using sample qPCR-fold change over
IgG control (n � 4). ChIP was also performed for H3K4me3 (B), H3K9,14Ac
(C), and histone H3 (D) levels. These values were determined using qPCR
relative to the % input (n � 3). Corresponding H3K4me3 (E), H3K9,14Ac (F),
and histone H3 (G) immunoblot analysis on global histone extracts is dis-
played next to ChIP data. H3K4me3 and H3K9,14Ac were normalized to
total histone H3 levels, and histone H3 was normalized to � tubulin (n � 3).
All data are shown as the mean � S.E. Significance was determined using
an ordinary one-way ANOVA. *, p � 0.05; **, p � 0.01 versus LG. NS, not
significant.
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in regulating synapsin I interaction with synaptic vesicles to
establish the reserve pool of synaptic vesicles (51) and may sim-
ilarly affect the reserve insulin pool in � cells. Furthermore,
inhibiting OGA under prolonged glucose stimulation
enabled Min6 cells to maintain high levels of evenly dis-
persed intracellular insulin levels compared with HG treat-
ment alone (Fig. 2C). These results indicate that elevating
O-GlcNAc levels in Min6 cells increases insulin hormone
levels and preserves glucose-induced insulin release under
chronic hyperglycemic conditions.

Insulin production is governed by gene transcription in
response to environmental stimuli (52), and because
O-GlcNAcylated proteins are heavily involved in nuclear
events (8), it was logical to think that the intracellular insulin
elevation was due to transcriptional control. Our data clearly
display increasing O-GlcNAc in Min6 cells directly correlates
with elevations in mouse Ins1 and Ins2 steady state mRNA lev-
els (Fig. 3, A and B). We also show that elevating O-GlcNAc
levels during LG treatment enable Min6 cells to maintain
higher levels of Ins2 transcripts compared with HG treatment

alone (Fig. 3C). Several glucose-responsive transcription fac-
tors that bind the insulin promoter are O-GlcNAc-modified
(25–27). But we found that O-GlcNAc did not impact Ins1 pro-
moter activity in luciferase-reporter assays (data not shown),
prompting investigation of alternative molecular mechanisms.

Surprisingly, Ins2 mRNA levels were not increased in
response to 3 h of stimulation with HG�GNS compared with
HG alone (Fig. 3C), suggesting the observed increase in secre-
tion and intracellular protein accumulation is not caused by
an O-GlcNAc-mediated transcriptional mechanism. Insulin
mRNA synthesis and translation can be regulated through a
variety of mechanisms (3, 53, 54). Previous work has demon-
strated that O-GlcNAc is capable of regulating protein and
mRNA stability (55, 56). However, this mechanism is unlikely
to be at work here, as the half-life of Ins2 mRNA in Min6 cells is
greater than 24 h (57). Considering the time frame of our exper-
iment (8 h) and the -fold increases observed, transcript stabili-
zation is unlikely to account for the observed changes. Other
O-GlcNAc-mediated processes that may account for our
observation include ribosomal protein activity (58), attenuation

FIGURE 5. HG stimulation and O-GlcNAc elevation regulated overlapping gene expression profiles in Min6 cells. A, in all, the expressions of 2657 genes
were altered in either HG or LG�GNS treatment. HG alone affected 1261 genes in Min6 cells, whereas LG�GNS influenced 670. Combined, HG and LG�GNS
changed the expression of 726 common genes that represent �27.3% of total genes affected (n � 1). RNA-sequencing expression changes were validated and
compared using qPCR for Galnt7 (B; n � 5) and Fbxo43 (C; n � 5). All data are shown as the mean � S.E. Significance was determined using an ordinary one-way
ANOVA. *, p � 0.05 versus LG.
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of the unfolded protein response, and endoplasmic reticulum
stress (59), decreased proteasomal degradation (60), or blunted
cellular autophagy (61, 62). Although mechanistically reasona-
ble, further studies are needed to determine the process by
which HG�GNS increases chronic insulin secretion and pro-
tein levels.

Recently, groups have shown that O-GlcNAc plays a role in
epigenetics either by directly modifying histone tails (63) or
through O-GlcNAc transferase and OGA incorporation into
chromatin complexes (64 – 66). We used several histone H3
transcriptional activation marks to demonstrate that the
O-GlcNAc-mediated increase in insulin mRNA is likely
through a chromatin mechanism. OGA inhibition dramatically
increases the amount of H3K4me3 and H3K9,14 bi-acetyl
marks at the Ins2 promoter compared with LG (Fig. 4, B and C),
whereas hyperglycemia only trended toward elevating these
activation marks (Fig. 4, B and C). An O-GlcNAc-specific anti-
body indicated that there is more O-GlcNAc modification at
the Ins2 promoter when OGA is inhibited but only slightly
higher upon elevated glucose exposure (Fig. 4A). These results
suggest that a modest increase in O-GlcNAc levels (hypergly-
cemia) slightly elevates H3 activation marks, whereas a more
pronounced increase in the post-translational modification
results in a significant increase on H3 activation marks. Impor-
tantly, we also demonstrate that the observed elevation in
H3 transcriptional activating marks is not simply due to
O-GlcNAc-directed nucleosome degradation, as all three con-
ditions contain similar histone H3 levels at the Ins2 promoter
(Fig. 4D). Of interest, immunoblot experiments demonstrate
that O-GlcNAc levels do not influence H3K4me3 and H3K9,14
bi-acetyl marks at a global level (Fig. 4, E–G), leading us to
investigate the gene specificity of hyperglycemia and
O-GlcNAcase inhibition.

Deep sequencing revealed numerous genes that were modu-
lated by O-GlcNAc, many of which greatly overlap with HG

stimulation (Fig. 5A, supplemental Datasets S1-S3). The 25
most influenced genes (Table 1) belong to several protein-cod-
ing gene families, including: immune cell function (Slfn3 (67)
and Ifit3 (68)), cardiac function (Itgb1bp2 (69) and Grem2 (70)),
development (Tal2; Ref. 71) and markers of cellular stress
(Saa3; Ref. 72). Interestingly, all of these families are regulated
by O-GlcNAc to varying degrees (73–76).

At first glance the fact that there are no changes in either Ins1
or Ins2 between our conditions using RNA sequencing was
concerning. However, our qPCR results depict mRNA changes
after diluting the total RNA input 1000-fold as these are two of
the more highly expressed transcripts at the basal LG condition
(Dataset 1). The samples used to generate the RNA-sequencing
results were undiluted to prevent masking potential changes in
lower abundance genes. Unfortunately, this also means we may
have missed changes in more highly expressed genes between
our conditions, i.e. insulin, which will need to be addressed in
further work.

Considering changes in cellular glycosylation (77) and
O-GlcNAc modification of F-box transcription factor members
(47, 78) proposed to contribute to the diabetes phenotype, the
observed Galnt7 and Fbxo43 changes are extremely interesting
(Fig. 5, B and C). HBP flux and increased O-GlcNAcylation may
impact glycosyltransferase gene activity in � cells, such as
Galnt7, to influence glycosylation, stability, and activity of cell
surface receptors and transporters. Additionally, our data pro-
vide further evidence to suggest that elevating glucose and the
O-GlcNAc modification levels similarly affect expression of
F-box transcription factor-mediated genes. In all, the overlap-
ping genes between HG stimulation and OGA inhibition
suggest O-GlcNAc greatly contributes to the hyperglycemic-
induced gene expression changes in pancreatic � cells and pro-
vides a substantial dataset for further targeted investigation.

Our results support the hypothesis that glucose-stimulated
insulin gene activation in the Min6 cell line utilizes the

TABLE 1
Most up regulated and down regulated genes by HG and O-GlcNAcase inhibition (GNS) in Min6 cells presented as -fold change to LG

Gene

Up-regulated genes Down-regulated genes
Average -fold

changeHG/LG GNS/LG
Average -fold

change Gene LG/HG LG/GNS

Bfsp1 25.9 26.0 25.9 Myo1h 236.1 94.1 165.1
Slfn3 14.1 15.0 14.5 Tcte3 14.2 14.2 14.2
Gpr21 17.6 7.5 12.5 Cyp4f40 23.7 3.1 13.4
Ngef 14.6 8.6 11.6 Ip6k3 11.1 11.1 11.1
Abcc9 14.1 7.5 10.8 Krt25 9.6 12.2 10.9
Adamts5 10.1 11.3 10.7 Csf2rb2 10.1 10.1 10.1
Grin3a 4.0 16.9 10.5 Creg2 2.7 17.2 9.9
Trp73 13.1 7.5 10.3 Saa3 6.1 11.9 9.0
Srpk3 10.1 10.3 10.2 Cntnap3 13.1 3.5 8.3
Micall2 10.9 7.4 9.2 Pla2g4a 8.1 8.1 8.1
Wnt16 12.1 5.6 8.9 Col10a1 8.1 8.1 8.1
Zfp459 8.6 8.4 8.5 Fscn3 8.0 8.0 8.0
Ccbe1 8.5 8.4 8.5 Zmynd10 7.7 8.4 8.0
Foxg1 5.0 11.1 8.0 Odf312 13.2 2.0 7.6
Gm 10335 2.8 12.8 7.8 Lif 5.0 10.1 7.6
Gm 16485 9.9 5.6 7.8 Slamf9 9.7 5.2 7.5
Ptgds 6.0 9.4 7.7 Trh 3.7 10.8 7.3
Cdh15 10.1 5.3 7.7 Gbgt1 4.5 9.1 6.8
C1rl 5.9 9.4 7.7 Ifit3 8.8 4.7 6.8
Smtnl1 8.0 7.4 7.7 Gm14085 10.8 2.7 6.8
Galnt7 9.4 5.8 7.6 Nphs1 8.8 4.7 6.7
Zfp114 8.6 6.5 7.5 Tekt5 4.5 9.0 6.7
Gp9 4.0 10.7 7.3 Colec11 10.9 2.3 6.6
Tal2 6.0 7.9 7.0 Mmrn2 8.7 3.8 6.3
Higd1a 10.0 3.8 6.9 Gdf10 8.1 4.3 6.2
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O-GlcNAc protein modification in an epigenetic mechanism to
mediate transcription. Future experiments will be aimed at
determining the precise mechanism through which O-GlcNAc
epigenetically regulates insulin gene activity and to investigate
if the results in our cell culture model are recapitulated in vivo.
We also plan to address how chronic exposure to HG�GNS
increases insulin secretion and intracellular accumulation. Of
significant future interest and study is the large overlap in reg-
ulated genes by both hyperglycemia and O-GlcNAcase inhibi-
tion. Our current working model to be further tested is that the
O-GlcNAc modification is a major effector of hyperglycemia-
induced transcriptome regulation in pancreatic � cells.
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