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Carbohydrate response element-binding protein (ChREBP) is
a glucose-responsive transcription factor that activates genes
involved in de novo lipogenesis inmammals. The current model
for glucose activation of ChREBP proposes that increased glu-
cosemetabolism triggers a cytoplasmic to nuclear translocation
of ChREBP that is critical for activation. However, we find that
ChREBP actively shuttles between the cytoplasm and nucleus in
both lowandhigh glucose in the glucose-sensitive� cell-derived
line, 832/13. Glucose stimulates a 3-fold increase in the rate of
ChREBP nuclear entry, but trapping ChREBP in the nucleus by
mutagenesis or with a nuclear export inhibitor does not lead to
constitutive activation. In fact, mutational studies targeting the
nuclear export signal of ChREBP also identified a distinct func-
tion essential for glucose-dependent transcriptional activation.
From this, we conclude that an additional event independent of
nuclear translocation is required for activation. The N-terminal
segment of ChREBP (amino acids 1–298) has previously been
shown to repress activity under basal conditions. This segment
has five highly conserved regions,Mondo conserved regions 1–5
(MCR1 to -5). Based on activating mutations in MCR2 and
MCR5, we propose that these two regions act coordinately to
repress ChREBP in low glucose. In addition, other mutations in
MCR2 and mutations in MCR3 were found to prevent glucose
activation.Hence,we conclude that both relief of repression and
adoption of an activating form are required for ChREBP
activation.

The mammalian liver plays a critical role in maintaining
energy homeostasis of an organism in response to its dietary
state. When food is abundant, excess dietary carbohydrates are
converted to triglycerides in the liver through the pathway of de
novo lipogenesis for long term energy storage. Lipogenic
enzymes, such as L-type pyruvate kinase (1), acetyl-CoA car-
boxylase (2), fatty acid synthase (3), and stearoyl-CoA desatu-
rase (4), involved in the conversion of glucose to triglycerides
are induced upon feeding of a high carbohydrate diet. Tran-

scriptional induction of these genes requires signals from insu-
lin, acting through sterol response element-binding protein-1c
(5–8), and a second signaling pathway initiated in response to
increased metabolism of simple carbohydrates, such as glucose
(9–12). Lipogenic genes responsive to glucose contain a DNA
element called the carbohydrate response element (ChoRE)2
(13–17). The ChoRE consists of two E box sequences
(CACGTG) separated by 5 base pairs and serves as the recog-
nition site for two heterodimeric transcription factors: carbo-
hydrate response element-binding protein (ChREBP) andMax-
like protein X (Mlx) (18–22). Both ChREBP and Mlx are
required for binding to the ChoRE, but recent evidence estab-
lishesChREBP as the direct target of glucose signaling. ChREBP
is highly expressed in glucose-responsive tissues, such as the
liver, adipose, and pancreas, whereas Mlx expression is ubiqui-
tous (23–25). High carbohydrate-fed ChREBP�/� mice do not
induce de novo lipogenesis or lipogenic enzyme gene expres-
sion (25). Similarly, cultured mouse hepatocytes in which
ChREBP expression has been inhibited by small interfering
RNA do not induce lipogenic gene expression in response to
glucose (26). Finally, a fusion protein of the Gal4 DNA binding
domain and ChREBP can activate an appropriate reporter gene
in response to glucose, evenwhen theMlx-interacting region of
ChREBP is deleted (27–29). Hence, ChREBP is themajor target
of the glucose signaling pathway, whereas Mlx serves to help
recruit ChREBP to appropriate target genes (30).
The originally proposed and widely accepted model for

ChREBP activation suggests that its activity is regulated by
reversible phosphorylation (20, 31). In this model, protein
kinase A phosphorylates residues Ser-196, Ser-626, and Thr-
666 of ChREBP in low glucose conditions, restricting it to the
cytoplasm and inhibiting its DNA binding (19). An increase in
glucosemetabolism stimulates protein phosphatase 2A activity
via direct binding to the glucose metabolite xyulose-5-phos-
phate (32). Dephosphorylation of ChREBP at these critical pro-
tein kinase A sites allows ChREBP to translocate to the nucleus
and bind to the ChoRE, which is sufficient for activation of
lipogenic gene expression.
Subsequent studies performed by our laboratory and others

have questioned the current model for glucose regulation of
ChREBP. The level of phosphorylation of ChREBP did not
decrease in response to high glucose, as predicted by the cur-
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rent model (33). Mutating residues Ser-196, Ser-626, and Thr-
666 to alanines did not lead to constitutive activation, suggest-
ing that dephosphorylation of these residues is not sufficient for
activation (27, 28, 33). Finally, inhibition of protein phospha-
tase 2A in 832/13 cells by the addition of cantharidic acid did
not interfere with the activation of ChREBP by glucose (28).
Thus, we conclude that although protein kinase A-mediated
phosphorylation may repress ChREBP activity under fasting
conditions, reversal of this phosphorylation is not sufficient for
glucose activation.
To address themechanism of ChREBP activation, we further

evaluated the connection between ChREBP localization and
glucose-stimulated activity. We present evidence that ChREBP
shuttles between the nucleus and cytoplasm in both low and
high glucose conditions, but accumulation in the nucleus
occurs more rapidly in high glucose conditions than in low.
However, nuclear localization is not sufficient for ChREBP acti-
vation. Thus, we suggest that there are additional events, inde-
pendent of nuclear localization, required for glucose activation
of ChREBP.

EXPERIMENTAL PROCEDURES

Construction ofMutantChREBPPlasmids—Site-specificmuta-
tions of ChREBP were constructed with the QuikChangeTM site-
directed mutagenesis kit (Stratagene) using mouse FLAG-
tagged ChREBP in the expression plasmid CMVS4 as a
template (21). All mutations and coding sequences were
confirmed by DNA sequencing. Immunoblotting of ChREBP
from transfected HEK293 cells was performed using FLAG
monoclonal antibody (Sigma) to ensure that each construct
was expressed. Only mutants with comparable expression to
wild-type (WT) ChREBP were used for subsequent analysis.
Transcriptional ReporterGeneAssays forMeasuringChREBP

Activity—832/13 cells (a gift from Dr. C. Newgard, Duke Uni-
versity) were cultured in RPMI media containing 11 mM glu-
cose in 24-well plates, as previously described (34). Cells were
transduced with adenovirus expressing dominant negative
ChREBP (29). The amount of virus usedwas determined empir-
ically to give�90% inhibition of the glucose response. After 2 h
of transduction, 832/13 cells were transfected using Lipo-
fectamine 2000 reagent (Invitrogen) with a mixture of firefly
luciferase reporter (700 ng) driven by theACCChoRE-contain-
ing promoter region (33) and a Renilla luciferase control plas-
mid (pRL-CMV; 15 ng; Promega). In addition, where indicated,
cells were also co-transfected with 60 ng of each ChREBP
expression plasmid and 30 ng of Mlx expression plasmid. After
18 h, cells were cultured in RPMI medium containing low (2.5
mM) or high (25mM) glucose for 24 h and lysates were prepared
in Passive Lysis Buffer (Promega). Dual luciferase assays were
performed following the manufacturer’s instructions. Values
represent the ratio of firefly/Renilla luciferase from triplicate
samples and are expressed as mean � S.D.
Immunolocalization of ChREBP—832/13 cells were cultured

in RPMI medium containing 11 mM glucose on glass slides and
grown to 70% confluence (29). Cells were co-transfected with
0.15�g each of FLAG-taggedWTormutantChREBP andhem-
agglutinin-tagged Mlx using Lipofectamine 2000 (Invitrogen)
and 1.1�l ofVirofect (Targeting Systems, SanDiego,CA).After

overnight transfection, cells were refed RPMImedium contain-
ing 2.5 mM glucose for 4 h. Cells were then incubated in RPMI
medium containing 2.5 or 25 mM glucose for 2 h. Where indi-
cated, leptomycin B was added at 3.6 �M. After treatment, cells
were fixed in a 1.6% formaldehyde solution containing phos-
phate-buffered saline and 0.2% Triton. Cells were subsequently
washed in phosphate-buffered saline, 0.2% Triton and incu-
bated overnight in a humidity chamber at 4 °C. The slides were
washed two additional times and then blocked with 10 mg/ml
bovine serum albumin in phosphate-buffered saline, 0.2% Tri-
ton, and 5�l/ml donkey serum (Jackson ImmunoResearch Lab-
oratories). Following the block, fixed cells were incubated with
0.25 �g of FLAG monoclonal antibody for 1 h at 37 °C and
washed five more times, followed by incubation with a second-
ary FITC-conjugated anti-mouse IgG antibody (Jackson
ImmunoResearch Laboratories) for an additional 1 h. Nuclei
were stained with TO-PRO3 (Molecular Probes) during the
final wash steps. Cells were imaged using a multiphoton confo-
cal microscope (Fluoview 1000; Olympus).
Co-immunoprecipitation—832/13 cells were co-transfected

with FLAG-tagged ChREBP and Mlx in RMPI medium con-
taining 11mMglucose, as described above. After 36 h, cells were
collected in 50 mM Tris-HCl, pH 8.0, 10% glycerol, 150 mM
NaCl, 0.5% Triton X-100 with protease inhibitors (Roche
Applied Science) and then lysed in a glass-Teflon homogenizer.
Anti-FLAG-agarose beads (Sigma) were added, and samples
were processed according to the manufacturer’s instructions.
Immunoadsorbed proteins were separated on a 10% polyacryl-
amide gel and immunoblotted with horseradish peroxidase-
conjugated 14-3-3� antibody (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA).
Measurement of mRNA by Quantitative Reverse Tran-

scription-PCR—Total cellular RNA was isolated from 832/
13 cells using Trizol reagent (Invitrogen), and selected
ChREBP target gene products were measured by quantita-
tive reverse transcription-PCR performed by a two-step pro-
cedure described previously (35). Primers were designed
using MacVector (Accelrys Software, Inc.). Reverse tran-
scription-PCR results are expressed as -fold induction by
normalizing themean of theCt values from the high glucose-
treated cells relative to the mean of Ct values from low glu-
cose cells. All samples were analyzed in triplicate and
expressed as mean � S.E.

RESULTS

ChREBP Shuttles between the Nucleus and Cytoplasm under
Low and High Glucose Conditions—The human homolog of
ChREBP, Wbscr14 (36), and the ChREBP paralog, MondoA
(37), have been shown to shuttle between the cytoplasm and
nucleus in several cell lines, such asmouse 3T3, monkey COS7,
and human 293 cells (38, 39). However, these cell lines are not
known to respond transcriptionally to changes in glucose
metabolism. Thus, we decided to examine ChREBP nucleocy-
toplasmic shuttling and the effect of glucose on this process in a
glucose-sensitive cell line. Immunofluorescencewas performed
in 832/13 cells, an INS-1-derived cell line with robust glucose-
stimulated insulin secretion (34). These cells express ChREBP
and support a transcriptional activation of ChREBP in response
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to elevated glucose (24, 27, 28). 832/13 cells were co-transfected
with plasmids expressing FLAG-tagged ChREBP andMlx. Mlx
was incorporated in these studies because of its known interac-
tion with ChREBP (21, 30), its requirement for ChREBP-de-
pendent gene transcription (22, 35), and its requirement for
ChREBP nuclear entry (see Fig. S1). Transfected cells were
incubated in low glucose medium for 4 h and then treated with

either low or high glucose medium
for 2 h. At this time, optimal induc-
tion of several ChREBP target genes
is observed (28, 35). Immunofluo-
rescence was performed with anti-
FLAG primary and FITC-conju-
gated secondary antibodies and
visualized by confocal microscopy.
As expected, ChREBP was pre-
dominantly localized to the cyto-
plasm under low glucose conditions
(Fig. 1a). However, as previously
reported (29), treatment of cells
with high glucose to induce
ChREBP activity did not result in a
major accumulation of ChREBP in
the nucleus. Themajority of fluores-
cent signal in these cells was still
found within the cytoplasm. Quan-
tification of signals from a large
number of cells revealed that 94%
displayed cytoplasmic localization
and 6% had signals from both cyto-
plasm and nucleus in low glucose
(Fig. 2a). In high glucose, ChREBP
was cytoplasmic in 78%, both cyto-
plasmic and nuclear in 18%, and
nuclear in 2% of cells. Hence,
although there was a shift to a more
nuclear pattern in high glucose, this
trend was only observed in a small
fraction of the total cells. Similar
resultswere reported for a green flu-
orescent protein-tagged fusion of
ChREBP in 832/13 cells at 6 h of glu-
cose treatment (28).
Since ChREBP was located in

the cytoplasm under high glucose
conditions in the majority of cells,
shuttling between the cytoplasm
and the nucleus must occur to
support its transcriptional func-
tion. The domains ofWbscr14 and
MondoA found to contain the
nuclear export signal (NES) are
highly conserved in ChREBP, sug-
gesting that it may be subject to
Crm-1-dependent export. To con-
firm this, localization of ChREBP
was observed in 832/13 cells
treated with low or high glucose

conditions for 2 h with the addition of leptomycin B, a Crm-1
nuclear export inhibitor (Fig. 1b). ChREBP accumulated in
the nucleus in high glucose conditions with leptomycin B
treatment, as expected. However, ChREBP was found pre-
dominantly in the nucleus in low glucose as well. The obser-
vation that ChREBP actively shuttles under low glucose con-
ditions in which it is not transcriptionally active suggests

FITC FITC + Nuclei

WT ChREBP
Low Glucose

WT ChREBP
High Glucose

WT ChREBP
Low Glucose
+ Leptomycin

WT ChREBP
High Glucose
+ Leptomycin

a

b

FIGURE 1. ChREBP shuttles between the cytoplasm and nucleus under both low and high glucose condi-
tions. a, 832/13 cells were co-transfected with expression plasmids for FLAG-tagged ChREBP and Mlx over-
night in 11 mM glucose and subsequently incubated in RPMI medium containing 2.5 mM (low) glucose for 4 h.
Cells were then continued in the same medium or switched to RPMI medium containing 25 mM (high) glucose
for 2 h. Immunofluorescence was performed using an anti-FLAG primary antibody and a FITC-conjugated
secondary antibody, and images were obtained by confocal microscopy. FITC immunofluorescence represents
ChREBP localization and is shown in green. Nuclei were stained with TO-PRO3 and are shown in blue. The panels
labeled FITC represent ChREBP localization, whereas the panels labeled FITC � Nuclei show both ChREBP local-
ization and nuclear staining. b, cells were treated as described above, except that leptomycin B was added
simultaneously with the glucose treatment for 2 h.
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that an additional event is required for its transcriptional
activation.
The Rate of ChREBP Nuclear Entry Is Increased under High

Glucose Conditions—The fact that ChREBP is predominantly
cytoplasmic under stimulating conditions indicates that only a
fraction of total cellular ChREBP needs to be in the nucleus for
gene activation. Therefore, it seemed plausible that glucose
might act by transiently increasing the rate of ChREBP entry to
the nucleus without a dramatic shift in the cellular pool of
ChREBP to the nuclear compartment. To measure its rate of
nuclear accumulation, 832/13 cells were co-transfected with
ChREBP and Mlx. Subsequently, cells were treated with lepto-
mycin B, and the time course of ChREBP nuclear accumulation
in low or high glucose conditions was compared. ChREBP
localizationwas classified as cytoplasmic, both cytoplasmic and

nuclear, or nuclear. Cells that displayed either nuclear or both
nuclear and cytoplasmic localization were combined to repre-
sent cells that had initiated nuclear accumulation. An increased
nuclear accumulation was observed in high glucose conditions
at the 15 and 30 min time points relative to cells maintained in
low glucose (Fig. 2). At 45 min, the difference in ChREBP accu-
mulation between treatments was less evident, and at 1 h,
ChREBP was predominantly nuclear in both low and high glu-
cose conditions. From the time required to achieve 50% nuclear
accumulation, we estimate that the rate of nuclear entry was
3-fold greater in high glucose compared with low glucose.
Thus,we conclude that glucose regulatesChREBP at the level of
nuclear entry.
The L86A/L93A ChREBP Mutant Is Deficient in Nuclear

Export and Is Not Transcriptionally Active—The observation
that ChREBP enters the nucleus more rapidly in high glucose
raises the question of whether this event is sufficient to account
for the elevatedChREBP activity in these conditions. To further
examine this question, a mutant ChREBP deficient in nuclear
export was constructed and tested for functional activity. This
ChREBP mutant was prepared by mutating two conserved
leucine residues (Leu-86 and Leu-93) in the NES to alanines.
The comparable mutations in Wbscr14 and MondoA have
been shown to accumulate in the nucleus (38, 39). To test
whether the L86A/L93AChREBPmutant is deficient in nuclear
export, we performed immunofluorescence in 832/13 cells (Fig.
3a). The L86A/L93A ChREBP mutant localizes to the nucleus
under both low and high glucose conditions without the addi-
tion of leptomycin B, indicating that this mutant was indeed
deficient in nuclear export. We then tested the activity of the
L86A/L93A mutant using a functional rescue assay that our
laboratory has previously established (33). To accomplish this,
832/13 cells were transduced with an adenoviral construct
expressing a dominant negative form of ChREBP. This form of
ChREBP is able to dimerize with Mlx, but the resultant dimer
cannot bind to DNA. Hence, this mutant ChREBP competes
with endogenous ChREBP for Mlx heterodimerization. Subse-
quently, 832/13 cells were transfected with a plasmid express-
ingWTormutant ChREBP, together with a ChoRE-containing
reporter construct. The activity of the reporter gene reflects the
ability of the overexpressed ChREBP to support a glucose
response.
As shown in Fig. 3b, overexpressingWTChREBP rescues the

glucose response, although not to the level of endogenous
ChREBP. The extent of rescue in different experiments varied
from 30 to 80%, depending on the effectiveness of the viral
transduction of dominant negative ChREBP. However, the
L86A/L93A ChREBP mutant did not rescue the glucose
response, indicating that it is not functional for transcriptional
activation. Western blotting showed that L86A/L93A ChREBP
is expressed equivalently to WT ChREBP (see Fig. S2) and
bound to a ChoRE-containing oligonucleotide in an electro-
phoretic mobility shift assay.3 Thus, trapping ChREBP within
the nucleus did not result in constitutive transcriptional activa-
tion, as might have been expected, but rather a loss of function.

3 M. N., Davies, and H. C., Towle, unpublished results.
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FIGURE 2. The rate of ChREBP nuclear entry is increased in high glucose
conditions. a, 832/13 cells were co-transfected with FLAG-tagged ChREBP
and Mlx overnight in RPMI medium containing 11 mM glucose and were then
incubated in low glucose medium for 4 h. Cells were then treated with either
low or high glucose for 2 h, and immunofluorescence was performed as
described under “Experimental Procedures.” Over 100 cells in each treatment
were scored as predominantly cytoplasmic, both cytoplasmic and nuclear, or
predominantly nuclear by two observers. Results represent the means � S.E.
for three experiments. b, cells were treated with low (open triangles) or high
glucose (closed squares) medium with the addition of leptomycin B at various
time points as indicated. Immunofluorescence and quantification was per-
formed as described above. Cells displaying either predominantly nuclear or
both nuclear and cytoplasmic localization were combined and expressed as a
percentage of the total cells.
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Preventing Nucleocytoplasmic Shuttling of ChREBP Does Not
Inhibit Glucose Activation—Weconsidered two possible expla-
nations for why the L86A/L93A mutant is inactive despite its
nuclear localization: (a) ChREBPmayneed to be activated by an
event in the cytoplasm and nucleocytoplasmic shuttlingmay be
required to maintain this active state, or (b) a separate event,
independent of nuclear localization and shuttling, may be

required to activate ChREBP and
stimulate gene transcription. In the
latter circumstance, the L86A/L93A
mutant would have altered both
NES function and the distinct event
required for activation. To test
whether nucleocytoplasmic shut-
tling is required tomaintain activity,
mRNA levels of ChREBP target
genes weremeasured in 832/13 cells
pretreated with leptomycin B for 90
min in low glucose to trap ChREBP
in the nucleus. Cells were subse-
quently maintained in low glucose
or shifted to high glucose for 4 h. A
short time point was selected to
avoid potential secondary effects of
inhibiting Crm-1-dependent export.
If nucleocytoplasmic shuttling were
essential, then leptomycin B treat-
ment should inhibit ChREBP activa-
tion in high glucose conditions.
mRNA from two ChREBP-respon-
sive genes, thioredoxin-interacting
protein and aldolase B, were meas-
ured. Expression of both gene
products was higher in control
cells treated with high glucose
compared with low glucose at 4 h
(Fig. 4). In cells treated with lepto-
mycin B, the ability of high glucose
to induce the ChREBP target
mRNAs was not diminished.
Therefore, preventing cytoplas-
mic shuttling did not inhibit
ChREBP activity. It is also note-
worthy that mRNA expression lev-
els in low glucose plus leptomycin
B were not different from those
observed in the low glucose alone.
These observations are consistent
with the earlier conclusion that
localizing ChREBP to the nucleus
is not sufficient for activation.
Glucose-stimulated ChREBP Acti-

vationRequires anEvent Independent
of Nuclear Localization—The inabil-
ity of the L86A/L93A mutant of
ChREBP to support a glucose
response suggested that this region
is involved in two separate func-

tions, nuclear export and glucose-activation, both of which
were inactivated in the mutant. If this is the case, then it should
be possible to find othermutations in this region that effect only
one or the other of these two functions. Consequently, con-
served residues within the NES region were individually
mutated, and these mutants were tested for nuclear export and
transcriptional activation.
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FIGURE 3. The L86A/L93A mutant of ChREBP is trapped in the nucleus but is transcriptionally inactive.
a, immunofluorescence images of 832/13 cells co-transfected with FLAG-tagged L86A/L93A ChREBP mutant
and Mlx in low and high glucose conditions are shown. See the legend to Fig. 1 for details. b, a functional assay
for ChREBP activity was performed in 832/13 cells. 832/13 cells were transduced with an adenoviral vector
expressing dominant negative ChREBP. Cells were then co-transfected with a luciferase reporter plasmid
containing two copies of the ACC ChoRE, a Renilla luciferase reporter, and expression plasmids for either WT
ChREBP or the L86A/L93A ChREBP mutant and WT Mlx. After 18 h, cells were treated with low or high glucose
for 24 h, and extracts were prepared. Values are in relative light units (firefly/Renilla) and represent the means �
S.D. for triplicate samples.
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Of the ChREBP mutants in this region, several yielded
informative results. For example, ChREBP mutants at Thr-85
and Leu-95 localized predominantly to the cytoplasm in both
low and high glucose-treated 832/13 cells, similar to wild-type
ChREBP (Fig. 5a).3 To ensure that these mutations did not
interfere with normal nuclear accumulation, their localization
in the presence of leptomycin B was analyzed. Both T85A and
L95A ChREBP mutants accumulated in the nucleus by 60 min
in low and high glucose conditions (see Fig. S3). When the
function of T85A and L95A ChREBPmutants was tested, how-
ever, they did not successfully rescue ChREBP activity (Fig. 5b).
Thus, the T85A and L95A ChREBP mutants shuttle between
the nucleus and cytoplasm but are transcriptionally inactive,
separating nuclear export function from activation. In contrast,
mutations at residues Leu-89 and Phe-90 resulted in nuclear
accumulation of ChREBP regardless of glucose treatment (Fig.
5a). Both L89A and F90AChREBPmutants were able to rescue
ChREBP activity in high glucose conditions (Fig. 5b). It is note-
worthy that the F90A ChREBPmutant consistently displayed a
2–3-fold higher increase in high glucose conditions than WT
ChREBP. This increased activity of the F90A mutant was also
observed when tested in the context of rat primary hepatocytes
(see Fig. S4). Thus, L89A and F90A ChREBP mutants are
nuclear export-deficient but maintain transcriptional activity,
again separating the two functions. Together, these data sup-
port the conclusion that the NES region of ChREBP plays dis-
tinct roles in both nuclear export and activation.
Roles of Conserved MCR Domains in Repression and Activa-

tion of ChREBP—Previouswork fromLi et al. (28) used deletion
mutagenesis to distinguish two separable functions in the
N-terminal segment (amino acids 1–298) of ChREBP. Amino
acids 37–196 were found to be responsible for repression of
ChREBP activity in low glucose, since deletion of these residues
resulted in constitutive activation of ChREBP. This region was
termed the LID (for low glucose inhibitory domain). Amino
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FIGURE 4. Leptomycin B does not inhibit the induction of ChREBP target
genes in 832/13 cells. 832/13 cells were pretreated in low glucose RPMI
medium for 4 h with or without leptomycin B (Lep) for the last 90 min. Cells
from both experimental groups were then incubated with low or high glu-
cose for 4 h. RNA was isolated and converted into cDNA using reverse tran-
scriptase. mRNA levels of ChREBP target genes, thioredoxin-binding protein
(Txnip) and aldolase B (AldoB), were measured by quantitative reverse tran-
scription-PCR. mRNA levels in low glucose without the addition of leptomycin
B were set to 1, and all values are normalized to this group. Values represent
the mean � S.E. of triplicate samples.

FITC FITC + Nuclei

L89A 
Low Glucose

L89A 
High Glucose

F90A 
Low Glucose

F90A 
High Glucose

L95A 
Low Glucose

L95A 
High Glucose

a

WT L89A F90A L95A
ChREBP

dnChREBP Adeno

Endogenous
ChREBP

0.5

2.0

R
el

at
iv

e 
Lu

ci
fe

ra
se

 A
ct

iv
ity

b Low Glucose
High Glucose

- T85A

1.5

1.0

FIGURE 5. NES region mutants of ChREBP separate NES function from tran-
scriptional activation. a, immunofluorescence images of 832/13 cells trans-
fected with FLAG-tagged L89A, F90A, and L95A ChREBP mutants and Mlx in low
and high glucose conditions are shown. See the legend to Fig. 1 for details.
b, functional activities of ChREBP mutants were tested using the reporter assay as
described in the legend to Fig. 3b. Values are shown as relative light units (firefly/
Renilla) and represent the means � S.D. for triplicate samples.
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acids 197–298 were found to contain transcriptional activation
function that is repressed by the LID in low glucose and was
designated GRACE (for glucose response activation conserved
element). The N-terminal segment of ChREBP contains five
highly conserved domains designated MondoA conserved
regions 1–5 (MCR1 to -5) based on their striking homology
(�90% identity) with the ChREBP paralog, MondoA (Fig. 6a).
These conserved domains range in size from 14 to 31 amino
acids. MCR1 to -4 are located in the LID of ChREBP, whereas
MCR5 is found in the GRACE. We were interested in further
exploring the role of each of these highly conserved domains.
We have previously shown that deletion of MCR1 alone

results in a form of ChREBP that cannot be activated, suggest-
ing that this domain is critical for receiving the glucose signal-
ing event (29). The MCR4 domain contains the nuclear local-
ization signal of ChREBP, and a mutation introduced into this
region blocked nuclear import and correspondingly gave an
inactive form of ChREBP.3 The NES function of ChREBP is
found in MCR2. However, the mutations in MCR2 described
above indicated that this domain is also involved in glucose-de-
pendent transcriptional activation. To evaluate the roles of
MCR3 and MCR5 domains, several additional mutants of
ChREBP were constructed.
Two mutants in the MCR5 domain gave a particularly inter-

esting phenotype. Residues Tyr-275/Val-276/Gly-277 (275–
277) or Leu-289/Gln-290/Pro-291 (289–291) were mutated to
alanines, resulting in two separate ChREBP triple mutants.
When functionally tested in 832/13 cells, these mutants dis-
played increased activity in both low and high glucose (Fig. 6b).
These mutants are found in the nucleus in a greater percentage
of cells than wild type ChREBP (Fig. S5). This result indicates
that the MCR5 domain is not an essential part of the trans-
activation function of the GRACE region but instead may be
involved in repression of transcriptional activity. The increased
activity of the two MCR5 mutants was, in fact, similar to that
observed with the F90A mutation of the MCR2 domain. These
results suggested that these two domainsmay be involved in the
same event to repressChREBP activity. If these twodomains act
together in a repressive manner, then mutating both regions
simultaneously should result in a further increase in activity. To
address this possibility, the F90Amutation was combined with
either the ChREBP mutations at 275–277 or 289–291 and
tested functionally. Both combinedmutant forms showed a fur-
ther increase in activity in low and high glucose conditions
when compared with the F90A, 275–277, and 289–291
ChREBP mutant counterparts (Fig. 6b). The increased activity
observed with both combinedmutants in the low glucose treat-
ment was particularly striking and was synergistic compared
with the effects of the individual mutants (Fig. 6c). These data
suggest that MCR2 and MCR5 act in a coordinate manner to
repress ChREBP activity.
In addition to themutationsmade inMCR5, we also targeted

the MCR3 domain using site-directed mutagenesis. Mutations
were made at residues Asn-123, Ile-126, and Trp-130. When
thesemutants were tested using the rescue assay, all three failed
to support a glucose response (Fig. 7a). Hence, this domain
appears to play an important role in activation of ChREBP.
However, this domain has previously been shown to interact
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with 14-3-3 proteins in Wbscr14 and MondoA (38, 39). It was
suggested that the interactionwith 14-3-3might be responsible
for the predominantly cytoplasmic localization of ChREBP.We
therefore asked whether the MCR3 mutations disrupted the
ability of ChREBP to interact with 14-3-3. In co-immuno-
precipitation experiments, WT ChREBP did interact with
14-3-3� (Fig. 7b). TheW130Amutation disrupted the interac-
tion betweenChREBP and 14-3-3�, confirming the importance
of this region for interaction. This disruption corresponded to a
greater localization of N130A to the nucleus in both low and
high glucose, suggesting that the 14-3-3 interaction may be
important for cytoplasmic retention of WT ChREBP (Fig. S5).
However, neither of the other two ChREBP mutants (N123F
and I126Q) altered the binding of ChREBP to 14-3-3. Hence,
the inactivity of these twoMCR3mutants cannot be attributed
to their inability to bind to 14-3-3. These data suggest that the
MCR3 domain plays an essential role in supporting glucose
activation that is independent of its interaction with 14-3-3
proteins.

DISCUSSION

ChREBP, a glucose-responsive transcription factor, plays
a critical role in converting excess carbohydrates to triglyc-
erides through de novo lipogenesis. Although the impor-
tance of ChREBP in de novo lipogenesis and hepatic energy
utilization is strongly supported (25, 40–43), the mecha-
nism driving its activation remains controversial and not
fully understood. To address the mechanism of ChREBP
activation, we focused on the importance of cellular localiza-
tion. Under both low and high glucose conditions, ChREBP
localized to the cytoplasm in the majority of 832/13 cells. Li
et al. (28) also found that a green fluorescent protein-fused
form of ChREBP was primarily cytoplasmic in these cells.
However, leptomycin B treatment trapped ChREBP in the
nucleus under either basal or stimulating conditions. These
results demonstrate that ChREBP continuously shuttles
between the cytoplasmic and nuclear compartments. The
ability of ChREBP to transit through the nucleus in low glu-
cose conditions, in which lipogenic gene expression is min-
imal, suggests that nuclear localization is not solely respon-
sible for its activation. However, one potential explanation
for activation of ChREBP could be that glucose stimulates a
transient increase in the rate of nuclear entry. Indeed,
ChREBP nuclear entry was 3-fold greater in high glucose
conditions than in low glucose, consistent with a modest
increase in nuclear localization observed at 2 h (Fig. 2a).
Previous studies using cell fractionation also reported
increased levels of ChREBP in the nucleus acutely after glu-
cose stimulation (27, 40, 44). Thus, we conclude that glucose
regulates the rate of nuclear entry.
Glucose control of ChREBP trafficking could be due to an

altered association with a cytoplasmic anchor protein, such as
14-3-3. Increased glucose metabolism could reduce the
strength of this interaction, perhaps in response to post-trans-
lational modifications of ChREBP (29). Both the human hom-
olog of ChREBP, Wbscr14, and the paralog, MondoA, have
been shown to interact with multiple 14-3-3 isoforms (36, 38).
Disruption of this interaction by mutating the 14-3-3 binding
site of these proteins led to increased nuclear localization, as we
have also observed for the W130A ChREBP mutant. Alterna-
tively, glucose could regulate nuclear entry by promoting the
interaction of ChREBP with its nuclear import receptor. Char-
acterization of the pathway of nuclear translocation will clearly
be required to further elucidate this mechanism and its impor-
tance to the overall regulation of ChREBP.
Although glucose regulates the nuclear entry of ChREBP, we

cannot conclude that this step is sufficient for its activation. In
fact, mutation of two residues within the NES not only trapped
ChREBP in the nucleus; it also prevented glucose activation.
This result indicates that nuclear localization is not sufficient
for activation and that the NES region plays a critical role dis-
tinct from its nuclear export function. In addition, trapping
ChREBP in the nucleus with leptomycin B did not interfere
with the induction of target genes. Hence, active shuttling is not
required for glucose stimulation. Together, these data indicate
that an additional event independent of ChREBP trafficking is
required for activation.

1 2 3 4 5 6

14-3-3

W
T

N12
3F

I1
26

Q
W

13
0A

In
pu

t

b

*
-

WT
ChREBP

dnChREBP Adeno

0.8

1.6

R
el

at
iv

e 
Lu

ci
fe

ra
se

 A
ct

iv
ity

W130AN123F I126QEndogenous 
ChREBP

Low Glucose
High Glucose

-

FIGURE 7. MCR3 mutants of ChREBP inhibit glucose activation. a, func-
tional activity of ChREBP was tested using the reporter assay described in the
legend to Fig. 3b. WT ChREBP or ChREBP mutants N123F, I126Q, and W130A
were introduced and tested for activity. Values are shown as relative light
units (firefly/Renilla) and represent the means � S.D. for triplicate samples.
b, 832/13 cells were co-transfected with FLAG-tagged WT or mutant ChREBP
and Mlx and incubated overnight in RPMI medium with 11 mM glucose. Cell
extracts were prepared, and co-immunoprecipitations were performed with
anti-FLAG immunobeads as described under “Experimental Procedures.”
Immunoblotting was carried out with a 14-3-3� antibody. Lane 1, extracts
from untransfected 832/13 cells. Lanes 2–5, cells transfected with WT ChREBP
and MCR3 mutations N123F, I126Q, and W130A, respectively. Lane 6, an ali-
quot of the cell extract without co-immunoprecipitation. The arrow indicates
the position of 14-3-3� protein, and the asterisk indicates a background band
that cross-reacts with the 14-3-3� antibody.

Nucleocytoplasmic Shuttling and Glucose Activation of ChREBP

24036 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 35 • AUGUST 29, 2008

http://www.jbc.org/cgi/content/full/M801539200/DC1


If subcellular localization is not the key event in regulating
ChREBP activity, then what is the purpose of nucleocytoplas-
mic shuttling? In fact, many transcription factors actively shut-
tle under both basal and stimulating conditions. For example,
despite nuclear localization being the primary means of con-
trolling their activity, STAT and SMAD transcription factors
shuttle in the absence of ligand binding to their activating
receptors (45, 46). In the case of SMADs, this shuttling has been
suggested to increase the dynamic regulation affecting the
duration andmagnitude of signaling (47). For STATs, shuttling
has been suggested to be important for cytokine sensitivity (48).
In the case of ChREBP, it is yet unknown whether the critical
cell signal that triggers activation in response to glucosemetab-
olism occurs in the cytoplasm, nucleus, or both. However, all of
our studies have been carried out under conditions where glu-
cose levels were saturating with respect to activation. Under
conditions of intermediate and changing glucose levels that
normally occur, nuclear-cytoplasmic shuttling may be impor-
tant for sensitization of ChREBP to the metabolic status of the
cell.
The N-terminal segment of ChREBP (amino acids 1–298)

contains five highly conserved domains (MCR1 to -5) and is
critical for its ability to respond to glucose (28, 29). Deletion of
MCR1 to -3 or MCR1 to -4 yields constitutively active forms of
ChREBP, indicating that regulation involves repression in basal
conditions mediated through this region. In the present study,
the behavior of certain mutations in MCR2 and MCR5 sug-
gested a possiblemechanism for the repressive event.Mutation
of residue Phe-90 in theNES region (MCR2) increasedChREBP
activity while also blocking nuclear export. A similar mutation
of residue Leu-89 blocked nuclear export but had normal activ-
ity, suggesting that the behavior of the F90A mutant was not
simply due to its nuclear accumulation. Interestingly, two inde-
pendent mutations made in MCR5 (residues 275–277 and
289–291) gave a similar phenotype to the F90A mutation.
Thus, we speculate that MCR2 and MCR5 function coordi-
nately to repress ChREBP activation. Repression could result
from an intramolecular interaction of MCR2 and MCR5 or
from a simultaneous interaction of these domains with an inde-
pendent repressor. In either case, we would predict that a com-
bined mutation would further disrupt the repressive interac-
tions of MCR2 and MCR5 and amplify activity. In fact, both
combined mutations yielded superactive forms of ChREBP.
This result was particularly dramatic in low glucose conditions
in which a synergistic effect of combining mutations was
observed. Thus, MCR2 and MCR5 play a role in the repressive
mechanism of ChREBP under basal conditions. It is worth not-
ing that deletion of MCR1 to -5 results in an inactive form of
ChREBP,whereas deletion ofMCR1 to -4 yields a constitutively
active protein, as previously mentioned. Hence, we also con-
clude thatMCR5must have a dual role in promoting both inac-
tivating and activating conformations.
Although several MCR mutations resulted in increased

ChREBP activity, others yielded forms that could not be acti-
vated by glucose. These mutations were found in both MCR2
and MCR3. Since deletion of the N-terminal segment that
includes MCR2 and MCR3 yielded a constitutively active pro-
tein, these observations seem paradoxical. If the only function

of the N-terminal region were in repression, then one would
expect most point mutations would yield active forms of
ChREBP. These data suggest that the relief of repression is not
sufficient for activation, and a second step involving recruit-
ment of co-activating factors is required. Inactivating muta-
tions in MCR2 and MCR3 could directly or indirectly prevent
recruitment of these co-activating factors.
These studies were carried out in 832/13 cells, a � cell-de-

rived line. An important question is whether the mechanism of
regulation in 832/13 cells is the same as that in hepatocytes or
adipocytes, two major target organs for glucose control. Previ-
ous studies have reported increased accumulation of green flu-
orescent protein-tagged ChREBP in the nucleus of cultured
hepatocytes treated with high glucose (19, 32). This accumula-
tion, however, occurs with relatively slow kinetics (lag of 3 h,
half-maximal at 5 h) compared with the rapid activation of
ChREBP-targeted genes following the addition of high glucose.
Thus, the importance of increased nuclear accumulation of
ChREBP in hepatocytes to activation is uncertain. Because of
the high autofluorescence of cultured hepatocytes, we have
been unable to examine the effects of glucose on nuclear entry
and shuttling in these cells. However, mutating Ser-196 of
ChREBP does not result in increased activity in low glucose
conditions despite its proposed role in controlling localization
(28, 33, 49). We have also tested the functional activity of each
of the ChREBP mutants used in the present study in primary
hepatocytes and found that all behave identically in the two cell
types. Based on these observations, we surmise that control of
ChREBP activity in response to glucose in the two cells is likely
to be similar.
While this work was in revision, a paper from the laboratory

of L. Chan (50) appeared that reached several similar conclu-
sions regarding the regulation of ChREBP. This work, which
was also performed in 832/13 cells, showed that MCR2 and -3
were involved in critical functions for activation independent of
their role in controlling subcellular localization.
In conclusion, glucose regulation of ChREBP involves at least

two distinct processes. One event is to accelerate the rate of
nuclear entry. This may contribute to rapid effects of ChREBP
in stimulating transcription of many metabolic enzyme genes
but is not sufficient for ChREBP activation. In addition, high
glucose triggers a second process involving both relief of
repression and adoption of an activating form. The MCR2
domain plays a particularly important role in both supporting
NES function and in the transition from the repressive to the
active state.
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