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Recently, we identified Txnip (thioredoxin-interacting pro-
tein) as a mediator of glucotoxic beta cell death and discovered
that lack ofTxnip protects against streptozotocin- and obesity-
induced diabetes by preventing beta cell apoptosis and pre-
serving endogenous beta cell mass. Txnip has therefore
become an attractive target for diabetes therapy, but
although we have found that txnip transcription is highly
induced by glucose through a unique carbohydrate response
element, the factors controlling this effect have remained
unknown. Using transient transfection experiments, we now
show that overexpression of the carbohydrate response ele-
ment-binding protein (ChREBP) transactivates the txnip pro-
moter, whereas ChREBP knockdown by small interfering RNA
completely blunts glucose-induced txnip transcription. More-
over, chromatin immunoprecipitation demonstrated that glu-
cose leads to a dose- and time-dependent recruitment of
ChREBP to the txnip promoter in vivo in INS-1 beta cells as well
as human islets. Furthermore, we found that the co-activator
andhistone acetyltransferase p300 co-immunoprecipitateswith
ChREBP and also binds to the txnip promoter in response to
glucose. Interestingly, this is associatedwith specific acetylation
of histone H4 and recruitment of RNA polymerase II as meas-
ured by chromatin immunoprecipitation. Thus, with this study
we have identified ChREBP as the transcription factor that
mediates glucose-induced txnip expression in human islets and
INS-1 beta cells and have characterized the chromatin modifi-
cation associated with glucose-induced txnip transcription. In
addition, the results reveal for the first time that ChREBP inter-
acts with p300. This may explain how ChREBP induces H4
acetylation and sheds new light on glucose-mediated regulation
of chromatin structure and transcription.

Txnip (thioredoxin-interacting protein) is a ubiquitously
expressed protein involved in cellular redox control and apo-

ptosis (1–3). In particular, we have previously demonstrated
that Txnip levels are significantly up-regulated in pancreatic
islets of different mouse models of type 1 and type 2 diabetes
and that increased Txnip expression induces pancreatic beta
cell apoptosis (4). Loss of pancreatic beta cell mass by apoptosis
is a key factor in the pathogenesis of both type 1 and type 2
diabetes (5–8), raising the possibility that Txnip may play an
important role in this process.
In fact, using Txnip-deficient mice harboring a naturally

occurring nonsense mutation in their txnip gene (HcB-19) as
well as our beta cell-specific txnip knock-out mice (bTKO), we
discovered that lack of txnip protects against diabetes induced
by multiple low dose injections of streptozotocin (a classical
model of type 1 diabetes) (9). In addition, Txnip deficiency was
also able to rescue severely obese and insulin-resistant
BTBRob/obmice lacking leptin fromdiabetes, as demonstrated
by our double-mutant congenic BTBRlepob/obtxniphcb/hcb
(BTBR.ob/hcb) mice (9). BTBRob/ob mice are considered one
of the most stringent models of type 2 diabetes, since, unlike
B6ob/ob BTBRob/ob mice typically develop severe diabetes
already at 6 weeks of age and completely decompensate at
around 10 weeks (10). In contrast, Txnip-deficient BTBR.ob/
hcb mice remained normoglycemic for over 6 months. Inter-
estingly, themainmechanism responsible for this Txnip-medi-
ated protection against streptozotocin- and obesity-induced
diabetes was a dramatic�50-fold reduction in beta cell apopto-
sis and preservation of endogenous beta cell mass (9). In addi-
tion,we foundthatTxniprepresentsacritical linkbetweenglucose
toxicityandbetacelldeath (11).Basedonthesecombined findings,
Txnip has become an attractive novel target for diabetes therapy,
but still very little is known about its regulation.
Txnip expression is highly induced by glucose in different

tissues, and we originally identified it as the top glucose-in-
duced gene in our human islet oligonucleotide microarray
study (12). Quantitative RT2-PCR and immunoblotting further
confirmed these findings in INS-1 beta cells as well as in iso-
lated mouse islets (4, 11). We further established that this reg-
ulation occurs at the transcriptional level, and a detailed pro-
moter deletion analysis revealed that a short proximal
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promoter region was necessary and sufficient for glucose-in-
duced transactivation (4). More specifically, a unique nonpal-
indromic 17-bp E-box repeat was found to be highly conserved
between species and function as the cis-acting carbohydrate
response element (ChoRE) for glucose-induced txnip tran-
scription (4), but the trans-acting factors remained unknown.
The present study was therefore aimed at identifying the

transcription factor(s) as well as potentially associated co-acti-
vators and chromatin modifications that mediate glucose-in-
duced txnip expression.

EXPERIMENTAL PROCEDURES

Cell Culture—INS-1 and HIT-T15 cells were maintained as
described previously (4). INS-1 cells were incubated at 5 mM
glucose for 30 h prior to being used for any experiments.
Human islets were obtained through the Islet Cell Resources

Basic Science Islet Distribution Program and incubated overnight
in RPMImediumcontaining 5mMglucose prior to a 24-h incuba-
tion at low (1.67 mM) or high (16.7 mM) glucose. (We used these
conditions to reproduce the experimental design of our original
human islet oligonucleotide microarray and quantitative RT-PCR
studies that identifiedTXNIP as a highly glucose-induced gene (12).)
Transient Transfection Assays and RNA Interference—Carbo-

hydrate response element-binding protein (ChREBP) was cloned
from mouse liver, and NeuroD was cloned from human islets
using the Elongase amplification system (Invitrogen) and primers
13 and 14 and primers 17 and 18, respectively (Table S1). Ampli-
cons where then subcloned into the pcDNA3.1/V5-His TOPO
vector (Invitrogen) under the control of the CMV promoter. All
other plasmids have been described previously (4). HIT-T15 cells
were grown in 12-well plates and transfectedwithCMV-ChREBP,
CMV-NeuroD, or CMV-LacZ together with the D4 or mut D4
txnip reporter constructs at a 3:1 ratio (0.5�g of DNA/well) using
Fugene 6 (Roche Applied Science) in serum-free RPMI (Invitro-
gen) containing 2.5mM glucose. 72 h after transfection, cells were
harvested, and luciferaseactivitiesweredeterminedbyadual lucif-
erase assay (Promega). The pRL-TK control plasmid (Promega),
co-transfected at 5 ng/well, was used to correct for transfection
efficiency.
INS-1 cells were grown in 6-well plates and transfected with

a txnip promoter-driven luciferase reporter plasmid (FL-TX-
NIP) or an SV40-driven pGL3 control plasmid (1 �g/ml) and
ChREBP-specific small interfering RNA oligonucleotide
(siChREBP) (0.1�M) (RSS301430; Invitrogen) or scrambled oli-
gonucleotides (0.1 �M) (D-001810-01-20; Dharmacon) using
DharmaFECT Duo transfection reagent (Dharmacon/Thermo
Scientific, Chicago, IL) (5 �l/well) and incubated at low (5 mM)
or high (25 mM) glucose prior to analysis by the dual luciferase
assay. To confirm ChREBP knockdown, cells transfected with
siChREBP or scrambled oligonucleotide and grown at 25 mM
glucose were harvested for RNA extraction with the RNeasy
minikit (Qiagen, Valencia, CA) and for protein extraction using
150 �l of whole cell extract lysis buffer (11).
Chromatin Immunoprecipitation (ChIP)—ChIP assays were

performed as described previously (13). 500 �g of protein (by
BCA protein assay kit) were incubated overnight at 4 °C with 4
�g of ChREBP (sc-21189), Mlx (sc-14705), USF2 (sc-862X),
RNA polymerase II (Pol II) (sc-899X) (Santa Cruz Biotechnol-

ogy, Inc., Santa Cruz, CA) antibodies or specific antibodies
against acetylated histone H3 (06-599), acetylated histone H4
(06-866) (Upstate/Millipore, Billerica, MA), lysine 4-trimethy-
lated histoneH3 (ab8580; Abcam,Cambridge,MA), or an affin-
ity-purified polyclonal antibody as a negative control (�-galac-
tosidase) (Abcam). Human islets were cross-linked by adding
formaldehyde directly to the cell media to a final concentration
of 1%. Sonication was performed with aMisonix cup horn son-
icator for 10 30-s pulses at output 4. Immunoprecipitation was
performed with anti-human ChREBP (sc-21189) or p300 anti-
bodies (sc-584X) (Santa Cruz Biotechnology). Immune com-
plexes were captured with 50 �l of 50% protein A-Sepharose or
protein G-agarose slurry. DNA fragments were purified using a

FIGURE 1. ChREBP effects on txnip promoter activity. A, conserved ChREBP
binding site (gray) in the txnip promoter of mouse, rat, and human. The core
sequence of the four highest conserved consecutive positions is shown in
capital letters (MatInspector), and E-boxes are shown in boldface type. B, muta-
tion of the core sequence and first E-box. Shown are the effects of ChREBP (C)
and NeuroD (D) overexpression on txnip promoter activity, as measured by
luciferase activity. Bars, means � S.E. of three independent experiments per-
formed in duplicates.
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Qiagen PCR purification kit and quantified by real time PCR
with primers listed in Table S1. Although histone acetylation
occurs at the promoter and 5�-coding region, methylation is
enriched in the coding region (14–16). Since we only sawmod-
est changes in acetylation in the txnip promoter region (data
not shown), we used the 5�-coding region primers 7 and 8
(Table S1) for modified histone ChIP analysis.
Co-immunoprecipitation Studies—Human islet nuclear

extracts were prepared as described previously (17). Nuclear pro-
teins (250 �g) were incubated with 2 �g of polyclonal rabbit p300
(sc-584) or goatChREBP (sc-21189) antibodies in200�l of immu-

noprecipitation buffer (20mMHEPES, pH 7.9, 0.15 MNaCl, 1mM
EDTA, 1mM EGTA, 1mM dithiothreitol, 1 mM phenylmethylsul-
fonyl fluoride, and 1� protease inhibitor mixture) for 4 h at 4 °C
followed by precipitationwith proteinA- or proteinG-Sepharose.
Pelletswere resuspended inNuPAGELDSelectrophoresis sample
buffer (Invitrogen) and boiled for 5 min at 95 °C. Samples were
analyzed by SDS-PAGE and immunoblotting with polyclonal
mouse anti-p300 (1:300; 05-257; Upstate/Millipore), horseradish
peroxidase-conjugated rabbit anti-ChREBP (1:500; NB400–
135H;Novus Biologicals) or goat anti-Mlx (1:300; sc-14705; Santa
Cruz Biotechnology) followed by secondary anti-mouse or anti-
goat antibodies (1:5000; Santa Cruz Biotechnology). Bands were
visualized by ECL Plus detection reagent (GEHealthcare).
Statistical Analysis—p values were calculated by Student’s t

test or by one-way analysis of variance for data sets ofmore than
two groups.

RESULTS

The txnipPromoterContains aPutativeChREBPBinding Site—
Glucose-induced txnip transcription depends on a short prox-
imal region of the txnip promoter and especially on a well con-
served ChoRE consisting of two E-boxes (4). Analysis of this

FIGURE 2. In vivo binding of ChREBP to txnip promoter in INS-1 beta cells
by ChIP. INS-1 beta cells were incubated at 5 or 25 mM glucose for 6 h, and
ChIP assays were performed using ChREBP (A), Pol II (B), and �-galactosidase
(as IgG control) (C) antibodies. The ChoRE regions of rat txnip and LPK as well
as the GAPDH coding region were amplified by quantitative real time RT-PCR,
and the percentage of bound promoter was calculated. Bars, means � S.E. of
at least three independent ChIP assays.

FIGURE 3. Dose response and time course of glucose-induced recruit-
ment of ChREBP to txnip promoter. A and B, dose response. INS-1 cells were
treated with increasing glucose concentrations (0, 5, 11, and 25 mM) for 6 h
prior to analysis by ChIP. C–E, time course. INS-1 cells were incubated at 25 mM

glucose for 0, 1.5, 6, and 24 h prior to ChIP. Bars, means � S.E. of at least three
independent ChIP assays.
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critical 17-bp ChoRE sequence of the human, rat, and mouse
txnip promoter using MatInspector (Genomatix) predicted
ChREBP as the only conserved putative trans-acting factor
binding to this region (Fig. 1A). In fact, ChREBP has been rec-
ognized as the key transcription factor mediating glucose-in-
duced gene expression especially in liver (18). However,
although ChREBP belongs to the B group of basic helix-loop-
helix transcription factors that recognize E-boxes containing
CACGTG or CATGTG sequences, the E-boxes in the txnip
promoter are nonpalindromic and consist of a repeat of CAC-
GAG sequences (also referred to as N-boxes (19)).
ChREBP Overexpression Activates txnip Transcription in

Beta Cells—To test experimentally if ChREBP might induce
txnip transcription, we performed transfection experiments
using luciferase reporter constructs driven by the proximal
txnip promoter region containing the intact ChoRE (D4) or a

mutation of the first E-box (mut
D4) (Fig. 1B) and overexpressing
ChREBP or LacZ. As a negative con-
trol, we also performed parallel
experiments overexpressing Neu-
roD, which is involved in glucose-
induced transcription of the insulin
gene. Indeed, our results demon-
strated that ChREBP overexpres-
sion stimulates transcription from
the txnip promoter (Fig. 1C),
whereas NeuroD overexpression
had no effect (Fig. 1D). Moreover,
mutation of the core sequence of the
txnip-ChoRE in the mut D4 com-
pletely abolished ChREBP-medi-
ated transactivation, indicating that
this cis-acting element is critical for
the ChREBP effect.
Glucose Induces ChREBP Binding

to the txnip-ChoRE Promoter
Sequence in Vivo—To examine
whether ChREBP binds the txnip
promoter in vivo, we performed
ChIP assays using INS-1 beta cells
incubated at low (5 mM) or high (25
mM) glucose for 6 h and utilized
PCR primers flanking the txnip-
ChoRE. A moderate level of
ChREBP binding to the txnip pro-
moter was observed even at low glu-
cose, whereas upon high glucose,
ChREBP recruitment to the txnip
promoter increased �3-fold (Fig.
2A). Very similar effects were also
observed with another primer pair
(data not shown). ChREBP is known
to mediate glucose-induced trans-
activation of liver-type pyruvate
kinase (LPK) in the liver as well as in
beta cells (18, 20) and was therefore
used as a positive control. Indeed,

glucose led to a similar induction of ChREBP binding to the
LPK promoter, although the level of ChREBP binding to the
txnip promoter was higher overall (Fig. 2A). Moreover, the glu-
cose-induced increase in ChREBP binding to the txnip-ChoRE
was also associated with a 2-fold increase in Pol II recruitment
to the txnip promoter (Fig. 2B), consistent with the role of
ChREBP as a transcriptional activator. In contrast, the IgG/�-
galactosidase control showed no enrichment of txnip-ChoRE
(Fig. 2C), and binding to the GAPDH internal control was neg-
ligible, confirming the specificity of these ChIP assays. In addi-
tion, we also studied the role of USF2, another B group basic
helix-loop-helix transcription factor that recognizes E-boxes.
Although overexpression of USF2 increased txnip promoter
activity in transfection experiments and ChIP assays demon-
strated someUSF2 binding to the txnip promoter in INS-1 beta
cells, no increase in USF2 binding was observed in response to

FIGURE 4. Effects of ChREBP knockdown on glucose-induced txnip promoter activity. INS-1 cells were
transfected with siChREBP or scrambled oligonucleotide, and successful ChREBP knockdown was confirmed at
the mRNA (A) and at the protein level (B) by quantitative RT-PCR and immunoblotting, respectively. INS-1 cells
were co-transfected with the txnip promoter-driven luciferase reporter plasmid (C) (or the SV40-driven pGL3
control plasmid (D)) and with scrambled oligonucleotide or siChREBP and incubated at low (5 mM) or high (25
mM) glucose for 24 h. Bars, -fold changes in luciferase activity; means � S.E. of three independent experiments
performed in triplicates.
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glucose (data not shown), suggesting that USF2 is not mediat-
ing the observed glucose-induced activation of txnip
transcription.
Glucose-inducedChREBPBindingtothetxnip-ChoREIsDose-

dependent and Follows a Time Course—We also performed
dose response and time course experiments using INS-1 beta
cells treated with increasing concentrations of glucose (0–25
mM) for 6 h or treatedwith 25mM glucose for various periods of
time (0–24 h). ChREBP binding to txnip-ChoRE increased in a
dose-dependent manner, showing the biggest effect at 25 mM
glucose (Fig. 3A). Interestingly, we found that ChREBP binding
occurs as early as 15 min in response to glucose (Fig. S1) and
persists for at least 24 h (Fig. 3C). Since active ChREBP forms
heterodimers withMlx in the nucleus, we again employedChIP
analysis to examine whether there is also Mlx binding to the
txnip-ChoRE in vivo. Indeed, Mlx not only bound to the txnip-
ChoRE, but its DNA binding increased in a time-dependent
manner in response to high glucose (Fig. 3D), further support-
ing the role of ChREBP/Mlx in glucose-induced txnip
transcription.
ChREBP Knockdown Blunts Glucose-induced txnip Tran-

scription in Beta Cells—To further confirm that ChREBP is the
main regulator of glucose-induced txnip gene expression, we
knocked down ChREBP by RNA interference (Fig. 4, A and B).
While transfection of INS-1 beta cells with scrambled oligonu-
cleotide did not affect glucose-induced txnip promoter activity,
siChREBP completely blunted the glucose effect (Fig. 4C), indi-
cating that ChREBP is critical for glucose-induced txnip tran-
scription. In contrast, siChREBP had no effect on the SV40
promoter activity run as a negative control (Fig. 4D).
Beta Cell txnip Gene Expression Is Induced by Histone

Deacetylase (HDAC) Inhibition—Chromatin modification and,
in particular, histone deacetylation by HDACs has been shown
to be associated with inhibition of gene transcription. To inves-
tigate whether histone deacetylationmay play a role in the inhi-
bition of txnip gene expression at low glucose, INS-1 cells incu-
bated at low (5 mM) glucose were treated with the HDAC
inhibitor trichostatin A (TSA) (60 nM) (Sigma) or with high (25
mM) glucose with or without TSA for 6 h, and txnip mRNA
levels were measured by quantitative RT-PCR. Interestingly,
TSA induced txnip gene expression significantly in the pres-
ence of low or high glucose (Fig. 5A), suggesting that histone
acetylation/deacetylation plays an important role in the control
of txnip transcription. Furthermore, this TSA-mediated txnip
induction was as potent as the one conferred by high glucose,
and together they resulted in an additive effect. To further
define the specific histone modifications conferred by TSA, we
performed ChIP assays using specific antibodies detecting
acetylated H3 and H4 representing common activation marks.
The results revealed that TSA induces both H3 and H4 acety-
lation of the txnip gene (Fig. 5, B and C).
Glucose Specifically Induces Histone H4 Acetylation of the

txnip Gene—To examine the possible role of histone acetyla-
tion in glucose-induced txnip gene expression, we performed
modified histone ChIP assays using INS-1 beta cells incubated
again at lowor high glucose for various periods of time, focusing
specifically on H4 and H3, which are frequently hyperacety-
lated in actively transcribed genes. In addition, we investigated

H3 lysine 4 trimethylation as another classical chromatin acti-
vation mark. Interestingly, glucose led to a significant increase
in H4 acetylation of the txnip gene (Fig. 6A), whereas H3 acety-
lation (Fig. 6B) and H3 lysine 4 trimethylation (Fig. 6C) or di-
methylation (data not shown) were not affected by glucose.
Glucose Induces ChREBP and p300 Recruitment to the

TXNIP Gene Promoter in Human Islets—To further confirm
our findings in human islets, ChIP analysis was performed
using isolated human islets incubated again at low or high glu-
cose. Similar to our findings in INS-1 beta cells, we observed a
significant 3-fold increase in ChREBP binding to the human
TXNIP promoter in response to high glucose (Fig. 7A).

To further study potential cofactors involved in this glucose-
induced activation of TXNIP transcription, we also examined
the possible role of p300. The transcriptional co-activator and
histone acetyltransferase (HAT) p300 has been shown to regu-
late the expression of other glucose-responsive genes, such as
insulin and fibronectin (21–23), and to physically interact with
other E-box-binding basic helix-loop-helix proteins, such as
NeuroD (21), USF2 (24),MyoD (25), SREBP (26), andMyc (27).
Moreover, p300 is one of themajorHATs (in addition toHAT1
and TIP 60) that acetylate H4. As a co-activator, p300 directly
associates with Pol II (28–31), suggesting that it could confer
the Pol II recruitment observed in our studies. Taken together
with our observation that glucose induces txnipH4 acetylation,
p300 seemed to represent an attractive candidate. Indeed, ChIP
analysis again using isolated human islets revealed that p300
was recruited to the txnip promoter at high glucose (Fig. 7B).

FIGURE 5. TSA effects on txnip mRNA expression and histone H3/H4
acetylation. A, INS-1 cells were incubated at 5 mM glucose (gray), 5 mM glu-
cose with 60 nM HDAC inhibitor TSA (black), 25 mM glucose (white), or 25 mM

glucose with 60 nM of TSA (shaded) for 6 h, and RNA was isolated and analyzed
for txnip expression by quantitative RT-PCR. Bars, mean -fold changes � S.E. of
three independent experiments. INS-1 cells were again incubated at 5 mM

glucose in the presence or absence of TSA (60 nM) for 6 h, and ChIP assays
were performed using antibodies directed against acetylated histone H3 (Ac-
H3) (B) and H4 (Ac-H4) (C). Bars, means � S.E. of at least three independent
ChIP experiments.

ChREBP/p300/AcH4 Mediate Glucose-induced txnip Transcription

16902 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 25 • JUNE 19, 2009

http://www.jbc.org/cgi/content/full/M109.010504/DC1


Furthermore, using nuclear extracts of human islets incu-
bated at high glucose and co-immunoprecipitation experi-
ments, we were able to demonstrate that p300 physically inter-
acts with ChREBP/Mlx (Fig. 7C). Together, these findings
suggest that glucose exposure of beta cells leads within min-
utes to binding of a complex containing ChREBP/Mlx and
p300 to the txnip promoter, which results in H4 acetylation,
opening of the chromatin structure, recruitment of Pol II,
and activation of transcription (Fig. 8).

DISCUSSION

Increased beta cell Txnip expression, especially induced by
high glucose, plays a major role in the pathogenesis of pancre-

atic beta cell loss and diabetes. In
this study, we have now identified
ChREBP as the critical transcrip-
tion factor, p300 as the co-activa-
tor/HAT, and H4 acetylation
as the specific chromatin modifi-
cation mediating this glucose-in-
duced transcription of beta cell
txnip.
Glucose-regulated transcription

has been shown to be often medi-
ated by ChoREs consisting of a pal-
indromic E-box repeat, such as
CACGTG, present in the LPK-
ChoRE (18, 32). However, in
the case of txnip, the ChoRE is not
composed of a canonical E-box
sequence but rather of two non-
palindromic (CACGAG) E-boxes
or N-boxes. Nevertheless, this
txnip-ChoRE was able to confer
strong transactivation induced by
ChREBP, as shown in our transfec-
tion experiments (Fig. 1), and
appears to have a high affinity for
ChREBP, as demonstrated by in vivo
ChREBP binding in our ChIP exper-
iments using INS-1 beta cells as well
as human islets (Figs. 2, 3, and 7).
Some ChREBP binding to the txnip
promoter was even observed at low
glucose, but upon stimulation with
high glucose, ChREBP binding
increased 3-fold, which was also
associated with a 2-fold increase in
Pol II occupancy. These results are
consistent with the finding that
ChREBP shuttling from the cyto-
plasm to the nucleus occurs at both
low and high glucose in beta cells
but that high glucose leads to a
3-fold increase in the rate of its
nuclear entry (33) and results in the
required dephosphorylation steps
(34). Glucose-induced ChREBP

recruitment displayed a dose- and time-dependent pattern, and
the very rapid increase of ChREBP binding to the txnip pro-
moter observed within 15min of exposure to high glucose (Fig.
S1) further suggests a direct effect and is consistent with the
known role of txnip as an early response gene and its rapid
changes in expression (35).
Other E-box-binding proteins, such as NeuroD, were not

able tomimic the ChREBP effects (Fig. 1D), and althoughUSF2
may be involved in general modulation of txnip transcription
(data not shown), ChIP analysis failed to reveal any increase in
USF2 recruitment to the txnip promoter in response to glucose,
suggesting that USF2 is not mediating the glucose effects. This
is consistent with previous finding in regard to the regulation of

FIGURE 6. Glucose-induced histone modification of the txnip gene. INS-1 cells were treated with 25 mM

glucose for different times, as indicated in the figure. ChIP assays were performed using antibodies directed
against acetylated histone H4 (Ac-H4) (A), H3 (Ac-H3) (B), and lysine 4-trimethylated H3 (H3-K4me3) (C). Bars,
means � S.E. of at least three independent ChIP experiments.
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LPK in beta cells (20). In contrast, Mlx, the heterodimeric
ChREBP partner, also bound to the txnip promoter, and its
binding activity was increased in response to high glucose (Fig.

3D). Mlx appears to be required for glucose-activated tran-
scription, since overexpression of a dominant-negative form of
Mlx in hepatocytes abolished glucose-induced txnip mRNA
expression (36). However, since Mlx is known to lack intrinsic
transcriptional activity (37, 38), it might exert its function via
stabilizing the binding of twoChREBP/Mlx heterodimers to the
ChoRE (39).
In HA1ER cells, a cell line derived from normal human renal

epithelium, MondoA, a paralog of ChREBP, has recently been
reported to regulate glucose-stimulated txnip gene expression
(40). However, as mentioned by the authors, this role of Mon-
doA/Mlx seems to be tissue-specific and restricted to skeletal
muscle and the particular cell lines used. In this regard, it is also
surprising that the subcellular localization of MondoA was not
regulated by glucose in either primary human skeletal muscle
cells or in C2C12 myoblasts (41). On the other hand, even
important components of the core transcription machinery
were recently found to be different in skeletal muscle as com-
pared with other tissues (42, 43), which may help to explain
some of these tissue-specific differences in the mechanisms
mediating glucose-induced txnip expression. Indeed, overex-
pression of ChREBP, but not MondoA, rescued LPK luciferase
reporter expression when a dominant-negative form of Mlx
was expressed in primary hepatocytes, suggesting that ChREBP
is the critical transcription factor in liver (36). Furthermore, a
very recent study using transient reporter gene transfection
also demonstrated that ChREBP regulates glucose-induced
txnip transcription in human prostate carcinoma cells. In
regard to pancreatic beta cells, our knockdown experiments
using ChREBP small interfering RNA demonstrated that glu-
cose-induced txnip transcription was completely abolished
(Fig. 4), proving that ChREBP is essential for glucose-activated
txnip transcription in beta cells. Together with our ChIP find-
ings in INS-1 beta cells as well as human islets demonstrating
for the first time in vivo binding of ChREBP to the txnip pro-
moter, these results provide strong evidence for ChREBP/Mlx
being the key regulatory complex of glucose-stimulated txnip
gene expression in pancreatic beta cells.
Although ChREBP has been studied extensively as a media-

tor of glucose-induced transcription of glycolytic and lipogenic
genes, especially in the liver (18), our current results suggest
that the effects of ChREBP may reach far beyond regulation of
hepatic enzymes and also include control of prodiabetic Txnip
and pancreatic beta cells as a major site of action.
In this regard, our observation of ChREBP-p300 interaction

is of particular interest (Fig. 7). The transcriptional co-activator
p300 also functions as aHAT forH3/H4 and has been shown to
interact with other E-box-binding proteins (21, 24–27) and to
be involved in the regulation of glucose-regulated genes (21–
23). Its interaction with ChREBP may therefore not only
explain how ChREBP induces H4 acetylation and recruitment
of Pol II to the txnip promoter but may also be key for the
molecular understanding of the regulation of other ChREBP
target genes and their potential chromatin modification and
transactivation.
The importance of chromatin modification as a powerful

mechanism of transcriptional control has gained more recog-
nition over recent years, and especially histone acetylation of

FIGURE 7. ChREBP and p300 interaction and recruitment to the txnip pro-
moter in human islets. Human islets were incubated at low or high glucose
for 24 h, and ChIP assays were performed using antibodies directed against
ChREBP (A) and p300 (B). Bars, means � S.E. of at least three independent ChIP
assays using islets of different donors, whereby each donor served as its own
control. Co-immunoprecipitation experiments were performed using nuclear
extracts of human islets incubated for 24 h at high glucose and immunopre-
cipitating with ChREBP (C) or p300 (D) and immunoblotting for p300, ChREBP,
and Mlx. One representative of at least three independent experiments is
shown.

FIGURE 8. Schematic of glucose-induced transactivating complex forma-
tion on the txnip promoter. Glucose induces the binding of ChREBP/Mlx
heterodimers to the ChoRE, which in turn recruits p300 to the promoter via
direct (or indirect) physical interaction between ChREBP and p300. The
recruited p300 stimulates acetylation of histone H4 through its HAT activity
and promotes Pol II promoter occupancy, resulting in increased txnip
transcription.
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H3 and/orH4 has been found to effectively open the chromatin
structure, thereby enabling Pol II binding and transcriptional
activation (44). The balance of histone acetylation/deacetyla-
tion is tightly regulated by a variety ofHATs andHDACs. Inter-
estingly, although glucose-induced LPK expression has been
found to be associated with H4 as well as H3 acetylation (45)
and the samewas true forTSA-induced txnip expression (Fig. 5,
B and C), our data indicate that glucose specifically induces H4
but not H3 acetylation of the txnip gene (Fig. 6). These findings
suggests that glucose and HDAC inhibitors mediate their
effects on txnip transcription at least in part by independent
molecular pathways, which is consistent with their additive
effects that we observed on txnip mRNA expression (Fig. 5A).
Although TSA is obviously only an experimental stimulus, our
findings of increased txnip expression in response to this
HDAC inhibitor suggest that histone deacetylation by HDACs
might play an important physiological role in the inhibition of
txnip gene expression at low glucose.
In summary, the results of the present study provide new

insight into the molecular mechanisms governing pancreatic
beta cell txnip expression in particular and glucose-regulated
gene transcription and chromatin modification in general.
Since Txnip has emerged as a novel target for diabetes therapy,
these findings are of special relevance and reveal new
approaches to specifically inhibit glucose-induced txnip tran-
scription. Thismay help to interrupt the vicious cycle of glucose
inducing beta cell Txnip expression, resulting in beta cell apo-
ptosis, worsening of the hyperglycemia, and diabetes
progression.
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