L))

Check for
Updates

Research

© 2017 by The American Society for Biochemistry and Molecular Biology, Inc.
This paper is available on line at http://www.mcponline.org

Validation, ldentification, and Biological
Consequences of the Site-specific
O-GilcNAcylation Dynamics of Carbohydrate-
responsive Element-binding Protein

(ChREBP)*=

An-Qi Yangt, Daoyuan Li§, Lianli Chi§, and Xin-Shan Ye1q|

O-GlcNAcylation of carbohydrate-responsive element-
binding protein (ChREBP) is believed as an important
modulator of ChREBP activities, however little direct evi-
dence of O-GicNAcylation on ChREBP and no exact O-
GlcNAcylation sites have been reported so far. Here, we
validate O-GilcNAcylation on ChREBP in cell-free coupled
transcription/translation system and in cells by chemoen-
zymatic and metabolic labeling, respectively. Moreover,
for the first time, we identify O-GlcNAcylation on Ser614
in the C-terminus of ChREBP by mass spectrometry and
validate two important sites, Thr517 and Ser839 for O-
GlcNAcylation and their function via molecular and chem-
ical biological method. Under high glucose conditions,
Ser514 phosphorylation enhances ChREBP O-GilcNAcyla-
tion, maintaining the transcriptional activity of ChREBP;
Ser839 O-GlIcNAcylation is essential for Mix-hetero-
dimerization and DNA-binding activity enhancement,
consequently inducing transcriptional activity. Ser839
O-GlcNAcylation is also crucial for ChREBP nuclear ex-
port partially by strengthening interactions with CRM1
and 14-3-3. This work is a detailed study of ChREBP
O-GlcNAcylation and highlights the biological conse-
quences of the site-specific O-GlcNAcylation dynamics
of ChREBP. Molecular & Cellular Proteomics 16:
10.1074/mcp.M116.061416, 1233-1243, 2017.

Metabolic syndrome is a collection of abnormalities includ-
ing obesity, type 2 diabetes mellitus, dyslipidemia, fatty liver,
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and proinflammatory state (1). Understanding the control of
metabolism at the molecular level is of importance.

Glucose is not only an energy source but also a signaling
molecule participating in physiological and pathological
regulation via glucose signaling pathway (2, 3). Transcrip-
tion factor carbohydrate-responsive element-binding protein
(ChREBP)! has recently emerged as a major mediator of
glucose action and a central transcriptional regulator of gly-
colysis and de novo fatty acid synthesis in liver (3, 4) and
adipose tissue (5) as well as a broader and crucial player in
various processes ranging from glucolipotoxicity to apoptosis
and/or proliferation in specific cell types (6-9), indicating an
important role in developing metabolic syndrome. ChREBP is
a basic helix-loop-helix leucine zipper transcription factor that
contains several potential functional domains including a nu-
clear localization signal (NLS), a proline-rich stretch (PRO), a
bHLH/ZIP, and a ZIP-like domain (Fig. 1). ChREBP and Max-
like protein X (MIx) form heterodimers (10, 11) and bind to the
carbohydrate response element (ChoRE), which is composed
of two E-boxes separated by five base pairs (CABGTG-
NNCnG-nGnSTG) (12-14). As the glucose level rises, ChREBP
undergoes a series of transactivation, allowing ChREBP to
translocate into the nucleus and ChREBP/MIx heterodimer to
bind on the ChoRE of its target genes, which are particularly
associated with glycolysis (L-type puruvate kinase, L-PK) (4,
15) and lipogenesis (acetyl-CoA carboxylase, ACC; fatty acid
synthase, FAS; and stearyl-CoA desaturase 1, SCD1) (11, 13,
15). Because liver-specific inhibition of ChREBP improves
hepatic steatosis and insulin resistance in obese ob/ob mice
(16, 17), ChREBP could be a potential therapeutic target.
Thus, an accurate knowledge of the regulatory mechanisms
of ChREBP activity is crucial for the development of phar-

" The abbreviations used are: ChREBP, carbohydrate-responsive
element-binding protein; MIx, Max-like protein X; NLS, nuclear lo-
calization signal; bHLH/ZIP, basic-helix-loop-helix-leucine zipper;
ChoRE, carbohydrate response element; L-PK, L-type puruvate ki-
nase; ACC, acetyl-CoA carboxylase; FAS, fatty acid synthase; SCD1,
stearyl-CoA desaturase 1; OGT, O-GIcNAc transferase; OGA, O-
GlcNAcase; HBP, hexosamine biosynthesis pathway.
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Fic. 1. Domain structure of ChREBP and Mix. The C-termini of ChREBP and Mix are similar and contain a dimerization and cytoplasmic
localization domain (DCD) and a basic helix-loop-helix leucine zipper region (bHLH/ZIP). The N terminus of ChREBP contains a glucose-
sensing module that is functionally divided into a low-glucose inhibitory domain (LID) and a glucose-response activation conserved element
(GRACE), latter of which also harbors the transactivation domain (TAD). The N-terminal region is also called Mondo conserved region (MCR).
MCR is further divided into 5 subdomains MCR |-V (marked in aqua). NES: Nuclear export sequences; NLS: Nuclear localization signal. The
new ChREBP O-GlcNAcylation site identified by MS in this article is marked with red dot and all sites studied in this work are also marked with

yellow dots.

macological approaches for the treatment of metabolic
syndrome.

Today, it is well-accepted that specific post-translational
modifications on ChREBP such as phosphorylation (18-20)
and acetylation (21) contribute to the regulation of glucose
and lipid metabolism, the molecular mechanisms enhancing
its transcriptional activity in metabolic syndromes, such as
obesity and type 2 diabetes, remain largely unknown. O-
GlIcNAcylation is a dynamic and reversible modification de-
pendent on the activity of O-GIcNAc transferase (OGT) which
transfers the monosaccharide N-acetylglucosamine (GIcNAc)
to serine/threonine residues on target proteins (22), whereas
O-GlcNAcase (OGA) which removes GlcNAc from target pro-
teins (23). Emerging data indicate that O-GIlcNAcylation may
play an important role in the glucose response, protein sta-
bility and transactivation of ChREBP, as well as glucose uti-
lization and lipid synthesis (24-27) in the liver, pancreas, and
kidney. The regulation of ChREBP turnover is an area that has
not yet been extensively investigated, and the identification of
the exact serine and/or threonine residues modified by O-
GlIcNAcylation within the ChREBP protein will help to unravel
the underlying mechanism(s).

Herein we present the direct evidence of O-GIcNAcylation
on ChREBP and investigate the biological consequences of
site-specific O-GlcNAcylation dynamics of ChREBP.

EXPERIMENTAL PROCEDURES

Metabolic Labeling of ChREBP Protein—Hepal-6 cells were
seeded at a density of 3 X 10° cells/100-mm culture dish. To cells at
90% confluency, Hepa1-6 cells were transiently cotransfected with
expression constructs of pDEST26-HA-OGT and pCMVTNT-His-
ChREBP-WT using Lipofectamine™ 2000 reagent (Invitrogen, Carls-
bad, CA) according to the manufacturer’s protocol. Transfection me-
dia was replaced with DMEM low-glucose media (with 10% FBS, 100
U/ml penicillin/streptomycin) containing 200 um Ac36AzGIcNAc
(1,000 stock in DMSO) or DMSO vehicle, and cells were incubated
for an additional 24 h. Cells were treated with 10 um Thiamet G 12 h
before harvested for further analysis. All treatment did not affect cell
viability, as determined by trypan blue exclusion.

In Vitro Cell-free Validation of ChREBP O-GIcNAcylation—In vitro
coupled cell-free transcription and translation was performed on ex-
pression constructs of Hisg-tag mouse ChREBP and human OGT
using TNT® T7 Quick Coupled Transcription/Translation Systems

(Promega, Madison, WI) according to the manufacturer’s instructions.
In brief, 1 ng of expression construct of mouse ChREBP and 1 ug of
that of human OGT were added into two individual transcription/
translation reactions, with Halt™ Protease and Phosphatase Inhibitor
Mixture (EDTA-free), at 30 °C for 90 min. To the end, two reactions
were combined, followed by UDP-GIcNAc (final conc. 100 um) and
PUGNACc (final conc. 10 um) being added to the mixture. The com-
bined reaction was incubated at 37 °C for 4 h, followed by being
treated with 10 units calf intestine phosphatase (New England Bio-
labs, lpswich, MA) for an additional 2 h at 37 °C. Proteins were
precipitated as described in the supplemental Information. Then,
O-GlcNAcylated proteins were chemoenzymatically labeled with Gal-
NAz and biotinylated using copper free click chemistry before West-
ern blot analysis.

Chemoenzymatic Labeling of O-GIcNAcylated Proteins—Che-
moenzymatic Labeling was carried out as described previously (28)
using Click-iT™ O-GIcNAc Enzymatic Labeling System (Invitrogen)
and control experiments were carried out in parallel in the absence of
the labeling enzyme GalT Y289L or UDP-GalNAz. Biotinylation was
performed using copper-free click chemistry and biotinylated proteins
were pull down or analyzed by Western blot as described in the
supplemental Information.

Site-Mapping of ChREBP O-GIcNAcylation: Experimental Design
and Statistical Rationale—O-GlcNAcylated ChREBP was expressed
and purified as described in the Supplemental Information. Thirty
micrograms of each obtained protein sample were incubated with
freshly made dithiothreitol (DTT, final conc. 100 mm) at 70 °C for 1 h
to reduce cysteines, followed by alkylation with freshly prepared
iodoacetamide (IA, final conc. 200 mm) for 1 h at room temperature
in the dark. The buffer was subsequently exchanged to 25 mm
NH,HCO; using Amicon Ultra Centrifugal Filters (3 kDa molecular
weight cutoff, Millipore). Proteolysis was performed using trypsin
(Thermo Scientific) at 37 °C overnight with a 25:1 (w/w) protein/trypsin
ratio. Samples were boiled and centrifuged, followed by 20 ul of each
sample packed into the sample vials.

For each sample, the digest was analyzed using an Orbitrap Fusion
Tribrid (Thermo Scientific) mass spectrometer coupled to a Proxeon
Easy-nLC 1000 nanoLC system (Thermo Scientific). The peptides (~1
ng) were desalted on a 100 um X 3 cm C,g4 trap column which
packed with 5 um, 120 A ReproSil-Pur C,5-AQ beads (Dr. Maisch,
Germany) for 4 min and then separated on a 75 um X 25 cm nanoLC
analytical column packed with 3 um, 120 A ReproSil-Pur C,4-AQ
resin. Mobile phase A was 0.1% formic acid in 2% aqueous aceto-
nitrile, and mobile phase B was 0.1% formic acid in 98% aqueous
acetonitrile. A step gradient of 2-7% B, 0-10 min; 7 to 22% B, 10-92
min; 22 to 35% B, 92-105 min; 35 to 90% B, 105-110 min and 90%
B, 110-120 min was used. The flow rate was 300 nL/min. The mass
spectrometer was operated in the positive ion mode with the follow-
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ing parameter settings: spray voltage, 2.4 kV; capillary temperature,
275 °C; and S-lens level, 60%. The mass acquisition range was set at
350-1550, and the resolution of the orbitrap analyzer for MS analysis
was set at 120,000 (m/z = 200) with a 4 X 10° automatic gain control
(AGC) target. Top speed mode with a 3 s-cycle was selected for MS?
analysis using orbitrap as the mass analyzer, the resolution was set at
30,000 (m/z = 200) with a 5 X 10* AGC target, and the maximum
injection time was set at 150 ms. The parent ions were fragmented by
higher-energy collisional dissociation (HCD) with normalized collision
energy (NCE) set at 40%. We did three experiments for digest of
proteins expressed under the HG (25 nm glucose, H), MG (15 nm
glucose, M), or LG (5 nm glucose, L) condition respectively, to get a
better identification. There were no extra controls and technical or
biological replicates in this LC-MS/MS analysis.

Proteome discoverer (version 1.4) was used for the data process-
ing. The raw data was searched against a Mus musculus UniProt
protein database (16,785 proteins, accessed on 2016-05-07) using
Sequest HT search engine. Trypsin was selected as the proteolytic
enzyme. Parameters for peptide identification were set as follows:
precursor mass tolerance, 10 ppm; fragment mass tolerance, 0.02
Da; maximum missed cleavage sites, 2; static modifications, carbam-
idomethyl modification (+57.021464 Da) of Cys residues; dynamic
modifications, oxidation modification (+15.994915 Da) of Met resi-
dues, HexNAc modification (+203.079373 Da) of Ser and Thr resi-
dues. The search results were validated at 0.1% false discovery rate
(FDR) with Percolator. The sites of modification on reported peptides
were manually confirmed by comparing experimental sequence ions
to theoretical fragment ions generated by Protein Prospector v 5.17.0.
The data has been deposited to the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via the PRIDE partner
repository (29) with the data set identifier PXD004286.

Statistical Analysis— Protein levels were measured by analyzing the
bands density using Quantity One then normalized to the density of
B-Actin or a-Tubulin. All experiments were repeated more than three
times as biological and technical replicates, and average relative fold
changes were calculated. p values were calculated from Student’s
paired t test when comparing within groups and from Student’s
unpaired t test when comparing between groups. Two-way analysis
of variance (ANOVA) and Bonferroni comparison post-test were per-
formed in the indicated figures when more than two groups were
compared.

Others—Detailed methods for isolation and culture of mouse pri-
mary hepatocytes, molecular biology, cell culture and transfections,
transcriptional reporter gene assays, cell extracts and protein prep-
aration, modulation of cellular O-GIcNAc levels, chemical synthesis
and labeling using copper-free click chemistry, protein precipitation
using chloroform (CHCIz)/methanol (MeOH) precipitation method, bi-
otin pull-down assay, immunoprecipitation, Western blot, and expres-
sion and purification of O-GlcNAcylated ChREBP were described in
the supplemental Information.

RESULTS

O-GlcNAcylation of ChREBP Is Dynamically Induced in
Hepatocytes— Previous reports have indicated that ChREBP,
which acts as a glucose sensor, is regulated by O-GlcNAcy-
lation (24-27), but there is no confirmed evidence for the
existence and site-specific function of its O-GlcNAcylation.
We sought to begin with confirming the O-GIcNAcylation of
ChREBP in hepatocytes. UDP-GIcNAc is biosynthesized from
several key metabolites, including glucose via the de novo
hexosamine biosynthesis pathway (HBP) and 1,3,4,6-tetra-
O-acetyl-2-acetamido-2-deoxy-p-glucopyranose  (Ac,GIcNAC)

via the GIcNAc salvage HBP (supplemental Scheme S1). Con-
sequently, O-GlcNAcylation can be rapidly induced and is
dynamically sensitive to changes in cellular UDP-GIcNAc con-
centrations (30). We first assessed the increased O-GIcNAcy-
lated protein pools and ChREBP O-GIcNAcylation upon glu-
cose and Ac,GIcNAc treatment in hepatocytes. Blotting with
O-GlcNAc antibody, CTD110.6, and ChREBP antibody dem-
onstrated that the global abundance of O-GlcNAcylation and
ChREBP levels were slightly increased upon the addition of
glucose in both mouse primary hepatocytes and mouse hepa-
tocarcinoma cells, Hepa1-6 (Fig. 2A). We then confirmed the
interaction between ChREBP and OGT, as well as the dy-
namic O-GlcNAcylation on ChREBP in Hepal-6 cells. The
ChREBP-overexpressed Hepal-6 cells with or without OGT
cotransfection were incubated in indicated glucose and
Ac,GIcNAc concentrations with or without pharmacological
inhibition of OGA using a specific inhibitor Thiamet-G (TMG)
(81). The OGT was copurified in ChREBP immunoprecipitates.
The results showed an increase of the global O-GIlcNAcylation
levels upon the addition of glucose and Ac,GIcNAc, whereas
OGT overexpression and TMG treatment further enhanced
the O-GIcNAc modification (Fig. 2B). Moreover, the O-
GIcNAcylated ChREBP was detected using the anti-O-
GIcNAc antibody (CTD110.6) on the immunoprecipitated
ChREBP. An interaction between ChREBP and OGT was
observed and the O-GlcNAcylation on ChREBP was en-
hanced by OGT overexpression and TMG treatment (Fig. 2B).

In vitro Cell-free and Cell-based Validation of ChREBP O-
GlcNAcylation—All the previous studies on O-GlcNAcylation
of ChREBP used O-GIcNAc antibody CTD110.6 to prove
the existence of O-GlcNAc motifs on immunoprecipitated
ChREBP from cells or tissues. Considering that the CTD110.6
antibody has been shown to bind to other O- and N-linked
glycans (32), further validation of ChREBP O-GlcNAcylation is
needed. To further confirm the O-GlcNAcylation modified by
OGT on ChREBP, we combined our newly modified cell-free
coupled transcription/translation system (TNT® T7) with a
well-established chemoenzymatic labeling approach (28) to
express ChREBP and OGT, modify proteins with O-GIcNAc,
and label O-GlcNAcylated proteins with biotin (Fig. 3A). Im-
munoblotting of the biotin-labeled proteins with anti-ChREBP
antibody showed that only the addition of UDP-GIcNAc
caused O-GlcNAc modification of ChREBP, and the OGT
administration strongly enhanced this modification (Fig. 3C).
The data demonstrated that O-GlcNAcylation of ChREBP was
a result of the interaction between ChREBP and OGT.

We next examined the dynamic O-GlIcNAcylation of
ChREBP in cells. This was done via cell-based metabolic
labeling of ChREBP with 1,3,4-tris-O-acetyl-6-azido-6-deoxy-
N-acetyl-glucosamine (Ac;6AzGIcNAc), a synthetic specific
metabolic chemical reporter for O-GlcNAcylation (33). Trans-
fected Hepa1-6 cells were cultured in conditioned media with
5 mm glucose and 200 um Ac;6AzGIcNAc, treated with TMG
if needed, and the cell lysates were subjected to copper-free
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Fic. 2. O-GlcNAc modification of ChREBP in hepatocytes. A, Primary hepatocytes (left) and Hepal-6 cells (right) were exposed to
indicated glucose concentration. The increase of the O-GIcNAcylated protein pools and ChREBP levels were assessed by Western blot (WB).
B, ChREBP with (lane 3, 4, 7, 8) or without (lane 1, 2, 5, 6) OGT cotransfected Hepa1-6 cells were incubated in 5 mm (LG, left) or 25 mm (HG,
right) glucose condition with or without 200 um Ac,GIcNAc and treated with 10 um Thiamet if needed. Coimmunoprecipitation (Co-IP) was
performed using anti-ChREBP antibody. The O-GIcNAc-modified protein pools, the levels of ChREBP and OGT were determined by WB,
respectively. All data are representative of 3 independent experiments.
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Fic. 3. In vitro cell-free validation of ChREBP O-GlcNAcylation. A, Schematic diagram of the method. B, Structures of tool molecules. C,
Detection of O-GlcNAcylated ChREBP. Reaction mixture prior to pull down (Input) and the captured proteins (Elution) were immunoblotted with
antibodies toward ChREBP and OGT. UDP-GIcNAc addition and OGT administration strongly enhanced the modification (lane 2, 5). Control
experiments in absence of Y289L GalT1 (lane 3) or biotin derivate (lane 4) demonstrated selective labeling. All data are representative of 3
independent experiments.

click reaction for biotinylation (supplemental Scheme S2).
Western blot of biotin-labeled proteins using streptavidin-
HRP against biotin revealed labeling of a wide-range of pro-
teins in cells, and OGT overexpression and TMG treatment

could largely enhance the efficiency of 6-azido-6-deoxy-
N-acetyl-glucosamine (6AzGIcNAc) metabolic incorporation
(Fig. 4A). To determine if 6AzGIcNAc could report on O-
GlIcNAcylation of a certain protein, the eluates were immuno-
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Fic. 4. Cell-based validation of ChREBP O-GlcNAcylation. A, OGT overexpressed Hepal1-6 cells were exposed to indicated conditions
with 200 uM Ac36AzGIcNAc for 24 h. Lysates were assessed for OGT, a-Tubulin, and Eluates for the biotin-modified protein pools by WB. B,
Hepa1-6 cells were cotransfected with OGT and ChREBP and exposed to indicated conditions with 200 um Ac;6AzGIcNAc. Eluates from the

biotin pull-down assay were assessed for ChREBP, p300, OGA, OGT,

Mix and SP1by WB. All these proteins and a-Tubulin from cell lysates

were immunoblotted as references. C, Metabolic labeled cell lysates were reacted with PEG mass-tag and assessed for ChREBP (up) and SP1
(down) respectively by WB. All data are representative of 3 independent experiments.

blotted with antibodies against ChREBP and its interactors.
As shown in Fig. 4B, both ChREBP and its interactors includ-
ing p300, OGT, OGA, and Mix, were captured, indicating that
O-GlcNAcylation might occur on these proteins. Specificity
protein 1 (SP1)—a known O-GIcNAc modified protein (34)—
was detected as a reference and Western blot of input before
biotinylation and enrichment exhibited equal protein levels
in all samples (Fig. 4B). To validate these findings, we also
immunoprecipitated ChREBP and these interactors from the
modified and biotinylated lysates respectively using corre-
sponding antibodies, and then immunoblotted biotinylation.
Strong biotinylation signals indirectly reflected the direct O-
GlIcNAcylation on these proteins (supplemental Fig. S1A).
ChREBP and these interactors were immunoprecipitated from
the natural unlabeled cell lysates as well, and O-GIcNAcyla-
tion signals were also detected using anti-O-GIcNAc antibody
CTD110.6 (supplemental Fig. S1B). Based on all these data,
we claimed that O-GIcNAcylation directly occurred on
ChREBP, as well as its interactors, p300, OGT, OGA, and Mix.
Simultaneously, to quantify the stoichiometry of ChREBP
O-GlcNAcylation, we selectively labeled O-6AzGIcNAc-mod-
ified proteins with a 5-kDa polyethylene glycol (PEG) mass tag
to shift their molecular mass through copper-free click chem-
istry. This method we used was modified based on the pre-
vious report (35). Immunoblotting with ChREBP antibody en-
abled the direct visualization of both the non-glycosylated and
glycosylated ChREBP. Omission of the PEG mass tag pre-
vented the mass shift and confirmed the specificity of the
reaction (Fig. 4C). SP1 was also detected as a reference.
All these data confirmed that ChREBP can be directly O-
GlcNAcylated by OGT both in vitro and in cells.

O-GIcNAcylation Sites on ChREBP Are Identified by Tan-
dem Mass Spectrometry—To map the sites of O-GIcNAcyla-
tion on ChREBP, high-resolution tandem mass spectrometric
(MS/MS) analysis was performed. To facilitate mass spec-
trometry, His-tagged ChREBP was expressed in HEK293T
cells in high O-GIcNAcylation conditions and purified using
Ni-NTA agarose. After trypsin digestion, the generated pep-
tides were subjected to nanoLC-MS/MS using higher-energy
collisional dissociation (HCD) with normalized collision energy
(NCE) set at 40%. Database search of the LC-MS/MS data led
to the identification of several peptides derived from ChREBP
with a sequence coverage of 56% (depicted in supplemental
Fig. S8A, shaded gray). We observed four peptides containing
a single O-GIcNAcylation site and two peptides containing
multiple O-GIcNAcylation sites. Notably, almost all O-
GlcNAcylated peptides of ChREBP were detected from digest
of proteins expressed under the HG condition and no modi-
fication was identified when under the LG condition. The
MS/MS for ions of all the O-GlcNAcylated peptides were
provided in the supplemental information (supplemental Figs.
S2~S7). All of the O-GlcNAcylated peptides observed exhib-
ited the expected neutral loss of the GIcNAc monosaccharide
from precursor peptide and fragment ions upon HCD, as well
as generation of three or more diagnostic HexNAc fragment
ions at m/z 126, 138, 144, 168, 186, or 204 (36, 37). Interest-
ingly, multiple O-GIcNAcylation sites were found close in
ChREBP protein primary sequence, and the peptide >'3ASP-
PTLASATASPTATATAR®®*? was identified with different O-
GlIcNAcylation patterns at the same time. Then, we validated
these O-GIcNAcylation sites by molecular biological and
chemical biological methods.
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FiG. 5. Interference between Ser514 phosphorylation and Thr517 O-GlcNAcylation. Either wild type (WT) ChREBP or one of the
site-mutated ChREBP mutants overexpressed HEK293T cells were cotransfected with OGT and MIx under the indicated conditions.
Immunoprecipitation was performed using anti-ChREBP antibody. The levels of ChREBP and O-GlcNAcylated ChREBP were determined by
WB. a-Tubulin and ChREBP from cell lysates were immunoblotted as references. Each site-specific-mutated ChREBP mutants gave a product
with the appropriate size and was expressed at comparable levels relative to WT ChREBP under HG conditions. Left lane shows a
representative WB result of 7 independent experiments. Right lane shows WB result in statistical result. Error bars denote the mean = S.E.,

n=7.*p <0.05 *p < 0.01; ** p < 0.001; NS: no significance.

To confirm our newly found O-GlcNAcylation sites, site-
mutation analysis was performed in combination with che-
moenzymatic labeling and biotin-pull down assay. Each indi-
vidual O-GlIcNAcylated residue identified in the MS/MS
analysis was mutated to an alanine (A) or valine (V) residue to
block O-GlcNAcylation. A noteworthy reduction of ChREBP
O-GlcNAcylation level was observed corresponding to T517V
and S839A mutants. O-GIcNAcylation deficiency at S514,
S520, S614, S618, S631, and S639 of ChREBP also caused a
certain reduction of protein O-GlcNAcylation (supplemental
Fig. S9). All the results gave us much prospect of O-GIcNAcy-
lation sites confirmation by further analysis.

Site-Specific O-GIcNAcylation Deficiency on ChREBP Af-
fects Its Transcriptional Activity—Because all information of
the ChREBP O-GicNAcylation sites in this study was new, we
next focused on the biological consequences of the site-
specific O-GlcNAcylation dynamics. Previous studies have
reported phosphorylations on S514 (38) and S614 (20), which
directly competed with O-GIcNAcylation for the target sites,
therefore two more mutants with O-GIcNAcylated residue
mutated to an aspartate (D) to potentially mimic phosphory-
lation were constructed. All the ChREBP mutants were then
tested for their relative transcriptional activity under HG con-
ditions. Each ChREBP construct was expressed in Hepal-6
cells as described in supplementary method to ensure that it
gave a product with the appropriate size and was expressed
at comparable levels. Of all the single-site mutants con-
structed, transcriptional activities of majority of ChREBP mu-
tants were comparable with that of WT ChREBP (supplemen-
tal Fig. S10). Only two mutants, S514D and S614A, showed a
more robust activity compared with WT ChREBP. However,
the S514A and S614D mutants behaved similarly to WT
ChREBP, indicating that O-GlcNAcylation and phosphoryla-
tion of these sites alone were not decisive for glucose activa-

tion. Two other single mutants, T517V and S839A, displayed
a significant decrease in its transcriptional activity (like vector
transfection) relative to the WT ChREBP, suggesting that O-
GlIcNAcylation status at these sites might modulate ChREBP
activity more essentially. Given the modest effect of other
mutations on ChREBP transcriptional activity, they were not
pursued further in this work. Overall, we concluded that the
O-GlcNAcylation status of T517 and S839 was critical for the
glucose activation of ChREBP under HG conditions, and
probably O-GlcNAcylation on S514 and S614 was important
for competition with phosphorylation and optimal activation,
but not indispensable.

Ser514 Phosphorylation Enhances ChREBP O-GlcNAcyla-
tion—In our MS/MS data, two O-GlcNAcylation patterns were
found for the peptide >'>ASPPTLASATASPTATATAR®®? at the
same time (supplemental Figs. S2 and S6), indicating a reg-
ulation mechanism for O-GlcNAcylation site selection. A pre-
vious study has provided information on phosphorylation of
S514 by the mammalian target of rapamycin complex 1
(mTORC1), which is up-regulated in response to rapamycin
(38), we want to investigate the interference between Ser514
phosphorylation and Thr517 O-GIcNAcylation. Immunopre-
cipitated ChREBP or its mutants from transfected HEK293T
cells were immunoblotted for the O-GlcNAcylation level. Un-
der the HG conditions, the S514D mutant maintained, but the
T517V one significantly decreased, ChREBP O-GIcNAcylation
levels when compared with that of the wild type ChREBP (Fig.
5). It was suggested that phosphorylation at S514 of ChREBP
could enhance the O-GlcNAcylation of the full-length protein,
and T517 was an important site for ChREBP O-GlcNAcylation
levels. To know whether S514 phosphorylation directly en-
hanced O-GIcNAcylation at T517, a two-site mutant S514D/
T517V was employed to remedy a lack of T517 O-GIcNAcy-
lation antibody for the detection of ChREBP O-GlcNAcylation
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level variations. The S514D/T517V mutant had lower O-
GlIcNAcylation level compared with both that of the S514D
one and that of WT ChREBP, but still higher than that of the
T517V one (Fig. 5). It was indicated that S514 phosphorylation
could enhance ChREBP O-GicNAcylation at many sites other
than T517, and T517 of ChREBP was an important site for
ChREBP O-GIcNAcylation.

O-GlcNAcylation at C-Terminus of ChREBP Is Important for
Its Function—The result that transcriptional activity of S839A
ChREBP significantly decreased versus WT ChREBP shown
in supplemental Fig. S10, suggested a latent mechanism for
O-GlcNAcylation-dependent regulation of ChREBP activity to
a certain extent. Because the C-terminal region of ChREBP
has been implicated in DNA-binding and Mix-heterodimeriza-
tion, we first analyzed the effect of deficient O-GIcNAcylation
at S839 of ChREBP on interaction between ChREBP and Mix.
HEK293T cells were cotransfected with expression con-
structs of ChREBP (WT or S839A), OGT and Mix, and incu-
bated in the LG or HG conditions with TMG treatment for 12 h
before harvest. Coimmunoprecipitation was performed in cell
lysates using ChREBP antibody and the eluates were as-
sessed for ChREBP and Mix using corresponding antibodies.
Fig. 6A showed less copurified MIx with S839A mutant versus
the wild type, indicating a weaken interaction between
ChREBP and Mix under HG condition without O-GIcNAcyla-
tion at S839 of ChREBP.

We next designed a biotinylated DNA probe (Fig. 6B) to pull
down ChREBP from HG-incubated, ChREBP (WT or S839A),
OGT and Mix cooverexpressed HEK293T cell lysates. As shown
in Fig. 6C, only the 2E DNA probe containing two tandem
E-boxes could pull down wild type ChREBP, whereas E-box
substitutions (1E and OE) were totally deficient in binding to
ChREBP (Fig. 6C, left). When using the 2E DNA probe to pull
down WT ChREBP and S839A ChREBP, there was a significant
reduction of eluted S839A ChREBP compared with WT ChREBP
(Fig. 6C, right). These results demonstrated that deficient O-
GlcNAcylation at S839 of ChREBP impaired its DNA binding
activity, maybe because of attenuate Mix-heterodimerization.

Although S839 lies in the C-terminal region of ChREBP, our
coimmunoprecipitation experiment in Fig. 6A showed that
O-GlcNAcylation deficiency at this site did reduce the inter-
actions of ChREBP with CRM1 and 14-3-3, which were re-
ported to bind to the N-terminal region of ChREBP and assist
translocation of ChREBP from nucleus to cytoplasm (39-41).
To see whether S839A mutation alters ChREBP nucleocyto-
plasmic shuttling, immunofluorescence studies were performed
to track the ChREBP proteins in Hepa1-6 cells transfected with
His-tagged WT ChREBP or the S839A mutant (supplemental
Fig. S11). The confocal microscopy images showed a marked
increase in nuclear accumulation of S839A ChREBP under the
HG condition compared with that of WT ChREBP, potentially
owing to the weakened assistant from CRM1 and 14-3-3. These
observations indicated that O-GIcNAcylation at S839 of
ChREBP was important for its function performing.

DISCUSSION

ChREBP has emerged as a major player in the development
of metabolic syndrome, but the molecular mechanisms re-
gulating glucose-dependent activation of ChREBP remain
largely unknown. Because of the lack of specific detection
and identification methods for O-GlcNAcylation sites on
ChREBP, the question how O-GIcNAcylation regulates ChREBP
activity has troubled researchers for years. This is the first
work to more specifically modulate and validate O-GIcNAcyla-
tion on ChREBP using chemical biology methods besides the
antibody-based method.

Ac,GlIcNAc treatment provides a complementary method
for modulating ChREBP O-GlIcNAcylation in cells via the
GlIcNAc salvage HBP, which might have the less disturbance
on the cell metabolism compared with glucose. Using our
modified in vitro transcription/translation method, we de-
tected strong O-GIcNAcylation signal on ChREBP and its
interactors. Although the other groups reported using in vitro
transcription/translation method to get O-GlcNAcylated pro-
teins before (42, 43), our method is more rapid and potent for
studying protein-protein interactions and protein modifica-
tions without the additional administration of purified OGT
protein. Application of the specific metabolic reporter for
O-GlcNAcylation-Ac,6AzGIcNAc (33) in Hepal-6 cells en-
ables the O-GIcNAc-selective labeling of ChREBP as well as
the subsequent detection and enrichment of O-GlcNAcylated
ChREBP, which provides a more specific and efficient way
compared with the well-accepted antibody-based method.

Moreover, mass spectrometry provides the most straight-
forward and detailed insight into the O-GlcNAcylation on pro-
teins despite of the difficulty to get enough modified target
proteins and the lability of O-GlcNAcylation during sample
preparation and detection. Fortunately, we detected 6 O-
GlIcNAcylated peptides of ChREBP from the coverage of pep-
tides for all ChREBP MS/MS (shaded yellow in supplemental
Fig. S8A). Additional regions of ChREBP that contain serine
and threonine residues are not represented in our analysis
(unshaded in supplemental Fig. S8A), and any modifications
present on these peptides would have been missed. Our work
is the study basis for the mechanism by which O-GlcNAcyla-
tion regulates ChREBP signaling. For example, previous stud-
ies have shown that S514 and S614 of ChREBP could be
phosphorylated by mTORC1 (38) and glycogen synthase ki-
nase 3 (GSK3) (20) respectively, O-GIlcNAcylations at these
two sites could directly compete with phosphorylation and
consequently alter ChREBP activity. To offset our failure to
get site information using ETD, we combined site-mutation
analysis with chemoenzymatic labeling and biotin-pull down
assay to validate our newly found O-GIcNAcylation sites.
Because ChREBP O-GlIcNAcylation was studied using mass
spectrometry combined with molecular and chemical biolog-
ical methods for the first time, we focused on the biological
consequences of the site-specific O-GIcNAcylation dynam-
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Fic. 6. O-GlcNAcylation at Ser839 of ChREBP is important for its function. A, Either WT ChREBP or S839A ChREBP mutant was
coexpressed in HEK293T with OGT and MIx, and incubated under the indicated conditions for 12 h with TMG treatment. Coimmunoprecipi-
tation was performed using anti-ChREBP antibody and the eluates were assessed for ChREBP and its interactors, MIx, CRM1, and 14-3-3 by
WB. Cell lysates were also immunoblotted as references. Left lane shows a representative WB result of 6 independent experiments. Right lane
shows WB result in statistical result. Error bars denote the mean = S.E., n = 6. * p < 0.05; ** p < 0.01; ** p < 0.001; NS: no significance. B,
Designed DNA-binding probes for ChREBP, whose E-boxes of the glucose-responsive binding element—ChoRE—were underlined. C, Cells
were transfected like A and incubated under the HG condition. Cell lysates were pulled down using biotinylated DNA probes and streptavidin-
beads. Eluates and cell lysates were assessed for ChREBP by WB. a-Tubulin from cell lysates was immunoblotted as a reference. Left lane
shows only 2E DNA probe could pull down ChREBP, right lane shows DNA-binding differences between WT ChREBP and S839A mutant. All
data are representative of 3 independent experiments.

O-GlcNAcylation sites in this region may be important for
ChREBP transcriptional activity. Therefore, we employed a

ics. The location of each O-GIcNAcylation site with respect to
functional domains of ChREBP was shown in Fig. 1. All sites

were found cluster in the C-terminal region of ChREBP out-
side the bHLH/ZIP domain and DCD, which mediates DNA-
binding and MiIx-heterodimerization. The C-terminal region
of ChREBP was a region remarkably conserved between
ChREBP from a wide variety of species and between ChREBP
and its paralogue, MondoA (44, 45) (supplemental Fig. S8B).

L-PK gene reporter assay to investigate effects of site-specific
O-GlcNAcylation dynamics on ChREBP transcriptional activ-
ity. According to the reference, retreatment of cells with the
HG condition caused a rapid increase in L-PK mRNA, with a
maximal level reached after 24 h, and the abundance of L-PK
mRNA returned rapidly to low levels after the HG condition
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removed (3). Our analysis was conducted at 24 h after treat-
ment with HG, at which time transcription was strongly in-
duced. Our results highlight the regulatory role of site-specific
O-GlcNAcylation at Thr517 and Ser839 of ChREBP in cells.
Clearly, further analysis will be necessary to distinguish be-
tween these possibilities. Expression rates stimulated by glu-
cose of several genes belonging to the glycolytic/lipogenic
pathways are various in different cells, so that there may be
disputable activity tendency using different gene reporters or
even the same reporter at different time point. A consensus is
clear that further analysis will be necessary to distinguish the
mechanisms by which ChREBP differ from one gene to an-
other when stimulated by glucose.

Although the previous work has shown the enhancement
of ChREBP transcriptional activity for target genes by O-
GIcNAcylation (25), the regulatory molecular mechanism is
unknown till now. Our current data shows that the deficient
O-GlcNAcylation at Ser839 nearly abolish ChREBP transcrip-
tional activity (supplemental Fig. S10). The attenuated inter-
action between ChREBP and its partner, Mix (Fig. 6A), as well
as the disrupted DNA binding activity (Fig. 6B), are all direct
explanations for the decreased target gene expression. Like
many transcription factors, ChREBP is modulated by various
post-translational modifications (PTMs). Regarding the C-ter-
minal region of ChREBP, several PKA modification sites, such
as S626/T666, negatively regulate ChREBP nuclear import
and DNA-binding activity, respectively (19). In addition to
phosphorylation regulation, HAT activity-containing transcrip-
tional coactivator p300 associates with ChREBP and acety-
lates Lys672 in the bHLHZ domain and promotes ChREBP
DNA binding (21). In current study, we found Ser839 O-
GlIcNAcylation as an additional site-specific regulatory PTM,
which is necessary for ChREBP function by enhancing Mix-
heterodimerization and DNA binding activity, consequently
potentiating the induction of target genes.

Moreover, we found O-GlcNAcylation deficiency at S839
of ChREBP also affects its nuclear export relative to WT
ChREBP under the HG condition (supplemental Fig. S11). It
should be noted that the putative nuclear export sequence
(NES) or nuclear localization signal (NLS) lies in the N terminus
of ChREBP, known as a glucose-sensing module (GSM),
and Ser839 is far away from these regions. The basis of its
increased nuclear accumulation is investigated via coimmu-
noprecipitation experiment, and weakened interactions of
ChREBP with CRM1 and 14-3-3 account for this increased
nuclear retention to some extent (Fig. 6A). The C-terminus of
ChREBP, MondoA and Mix are similar and contain a dimeriza-
tion and cytoplasmic localization domain (DCD). Because
conserved domains at the C-terminus of MondoA and Mix
control their subcellular localization (46), conserved domains
of ChREBP and MIx may also contribute to their localization
(supplemental Fig. S12). The relative rates of nuclear import
and export of a given protein contribute to its subcellular
localization at steady state. Our data demonstrate that O-

GlcNAcylation at S839 of ChREBP is necessary for its nuclear
export, but the molecular mechanism for the enhancement of
its interactions with CRM1 and 14-3-3 is still confusing.

In this study, we also found phosphorylation at Ser514 can
enhance O-GlcNAcylation of ChREBP and T517 is an impor-
tant site for ChREBP O-GlIcNAcylation. Because phosphoryla-
tion at Ser514 by mTORC1 can be up-regulated by Rapamycin
(38), a well-known inducer of cell autophagy though mTOR
pathway, our finding proposes the new question for us: what’s
the role of ChREBP and its O-GlcNAcylation in autophagy?
Further studies will be in need to address this question.

This work sheds light on the regulatory molecular mecha-
nism of ChREBP O-GIcNAcylation, elucidating the importance
of site-specific O-GlcNAcylation for maintaining protein struc-
ture, aiding for DNA-binding, responding to HG-dependent
transcriptional activation, and thus potentially triggering its
target protein signaling, which may render cells susceptible to
hyperglycemia. These findings could help us to understand
the role of glucose metabolism in metabolic syndrome and
suggest potential targets to prevent the development of glu-
cotoxicity and lipotoxicity.
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