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Carbohydrate response element-binding protein
(ChREBP) is a basic helix-loop-helix/leucine zipper
transcription factor that binds to the carbohydrate
response element in the promoter of certain lipo-
genic and glycolytic genes. High glucose can acti-
vate ChREBP by releasing an intramolecular inhi-
bition within the glucose-sensing module (GSM)
that occurs in low glucose. We report here that the
glucose response of GSM is mediated by cooper-
ation between five conserved submodules known
as Mondo conserved regions (MCRs) I through V
within GSM. Deletion of individual MCRs leads to
complete (for MCR II, III, and IV) or partial (MCR I)
loss of glucose response of ChREBP. MCR IV is
necessary and sufficient for inhibiting the tran-
scriptional activity of ChREBP under low glucose.
The roles of MCR II and III in glucose response of
ChREBP are independent of and distinct from their

function in controlling subcellular localization. We
further demonstrate that, instead of inhibiting
ChREBP activity as would be predicted from its
cytoplasmic retentive function, 14-3-3 binding with
MCR III is essential for the glucose responsiveness
of ChREBP. The interaction between 14-3-3 and
ChREBP is constitutive, indicating a permissive
role of 14-3-3 in the glucose response of ChREBP.
We further uncovered an unconventional 14-3-3
binding motif (residues 116–135) lacking phosphor-
serine/threonine within MCR III, a predicted �-helix
highly conserved in all Mondo proteins. We con-
clude that individual subdomains in the GSM (MCR
I through V) play diverse but crucial roles in coop-
eration with essential trans-acting cofactors such
as 14-3-3 proteins to mediate the glucose re-
sponse of ChREBP. (Molecular Endocrinology 22:
1658–1672, 2008)

HIGHER MULTICELLULAR ORGANISMS have de-
veloped some sophisticated mechanisms to

cope with fluctuations in food supply. Excess dietary
carbohydrates can be converted into fat, the major
form of energy storage, from which energy can be
released in times of need. An important player involved
in this process is carbohydrate response element-
binding protein (ChREBP), a basic helix-loop-helix/
leucine zipper (bHLH/ZIP) transcription factor that is
activated by glucose and turns on the transcription of

several genes responsible for lipogenesis and glycol-
ysis, such as acetyl-coenzyme A carboxylase (ACC),
fatty acid synthase (FAS), and liver pyruvate kinase
(L-PK) (1–4). ChREBP knockout mice display reduced
glycolysis and lipogenesis and severe simple sugar
intolerance, indicating that ChREBP plays an impor-
tant role in glucose and lipid homeostasis (5).

ChREBP, also known as WBSCR14 and MondoB in
different contexts (6, 7), belongs to the Mondo family
of transcription factors, which encompasses ho-
mologs existing in species from nematodes to mam-
mals (7, 8). A paralog of ChREBP known as MondoA is
also found in vertebrates (7). Although ChREBP is
highly expressed in the liver (9), MondoA is predomi-
nantly expressed in skeletal muscle (7). The transcrip-
tional activity of most Mondo proteins can be acti-
vated by an increase in glucose concentration in the
environment (10). Activation of ChREBP by glucose
involves a two-step process: nuclear translocation and
DNA binding through dephosphorylation of ChREBP
by protein phosphatase 2A (3) and transactivation of
ChREBP by glucose through a mechanism to be clar-
ified (11). By systematic serial deletions, we found that
the latter mechanism is mediated by an evolutionarily
conserved domain located at the N terminus of Mondo
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proteins, which has been named the glucose-sensing
module (GSM). The GSM is composed of a low-glucose
inhibitory domain (LID) and a transactivation domain
called glucose-response activation conserved element
(GRACE). The glucose responsiveness of ChREBP is
mediated by a dynamic intramolecular inhibition be-
tween LID and GRACE. Under low glucose concentra-
tion, the transcriptional activity of GRACE is inhibited
by the LID, whereas high glucose releases the inhibition
and turns on the transcriptional activity of GRACE (10).
However, the exact mechanism of this intramolecular
inhibition and its release by glucose stimulation is not
known.

The GSM in Mondo proteins coincides with a region
conserved in sequence across species from Caenorhab-
ditis elegans to human. This region was called protein
amino-terminal domain of repression (PADRE) (8) or
Mondo conserved regions (MCR I through V) (7, 12) in
different contexts. The region has been suggested to be
responsible for the cytoplasmic localization of ChREBP
and MondoA through the action of a nuclear export
signal (NES) and a 14-3-3 binding site, located in MCR II
and III, respectively (12, 13). The function of the MCRs
other than conferring cytoplasmic retention to the
Mondo proteins was unknown until we associated them
with the glucose-stimulated gene transcription (10). Al-
though it has been suggested that changes in subcellular
localization may underlie the activation of Mondo pro-
teins by extracellular signals (7), we found that change of
nuclear abundance of ChREBP after glucose stimulation
does not fully account for the activation of ChREBP by
glucose, and the dynamic actions of the GSM mentioned
earlier play a major role in the glucose responsiveness of
ChREBP (10).

In this report, we have examined the structural de-
terminants of glucose response in the GSM and other
trans-acting factors required for activation of ChREBP
by glucose. We performed serial deletions in the GSM
region and evaluated the glucose response of individ-
ual deletion mutants. Here we report that MCR I
through V cooperate with one another to mediate the
glucose-stimulated transactivation of ChREBP, and all
except MCR I are essential for glucose responsive-
ness. Moreover, MCR IV is necessary and sufficient for
the inhibition of the transcriptional activity of ChREBP
under low glucose. We further showed that MCR II is
a bona fide NES; notwithstanding, its role in glucose
response seems to be separate from that of regulation
of subcellular localization, and its function cannot be
replaced with a classic NES from the Rev protein of
HIV-1. On the other hand, we found that MCR III in-
teraction with 14-3-3 proteins is essential for the glu-
cose response of ChREBP; either mutating the 14-3-3
binding site or overexpressing a 14-3-3 antagonist
abrogates the glucose response of ChREBP. We fur-
ther mapped the 14-3-3 binding motif in MCR III to a
predicted 20-residue �-helical region. However, the
function of MCR III in glucose response extends be-
yond 14-3-3 binding, because the region outside the

14-3-3 binding motif is found to be also essential for
the glucose response. Through these studies, we have
identified novel functions that can be assigned to spe-
cific regions within the GSM that mediate the glucose
responsiveness of ChREBP.

RESULTS

Systematic Structure-Function Analysis of
the GSM

We have previously established a sensitive reporter
system for glucose activation of ChREBP based on
GAL4-ChREBP fusion protein and UASGAL-driven lu-
ciferase reporter in 832/13 insulinoma cells (10). Using
this system, we uncovered at the N terminus of
ChREBP a structure called GSM, which is both nec-
essary and sufficient for executing the glucose re-
sponse of ChREBP. GSM encompasses a regulatory
domain called LID and a transactivation domain called
GRACE. The glucose response of ChREBP is medi-
ated by a reversible intramolecular inhibition of the
transactivation activity of GRACE by LID. The mech-
anism that underlies the reversible inhibition, however,
remains unclear. To further dissect the processes in-
volved in the glucose response, we performed a de-
tailed structure-function analysis of GSM.

GSM coincides in location with the evolutionarily
conserved MCRs I through V, which are separated
by nonconserved sequences (see Ref. 10 for align-
ment), making it possible to perform fine mapping of
individual MCRs without disrupting these functional
units. We showed that the transactivation domain
GRACE overlaps MCR V, whereas the regulatory
domain LID encompasses MCRs I–IV. Because we
have previously demonstrated that GRACE is a
transactivation domain essential for the glucose re-
sponse of ChREBP (10), we focused our analysis on
LID, i.e. MCRs I–IV. We made a series of GAL4-
ChREBP deletion mutants in which we truncated the
LID at different positions involving either its N- or
C-terminal region or both (Fig. 1A). After we trans-
fected these mutant constructs into 832/13 cells,
the respective mutant proteins were expressed with
the expected molecular weights at comparable lev-
els (see immunoblot, Fig. 1B). We then tested the
ability of these mutants to activate the UASGAL-
driven luciferase reporter. A normal glucose re-
sponse of wild-type ChREBP consists of an inhibi-
tion of transactivation activity under low glucose
and the release of the inhibition under high glucose.
When we examined these parameters in individual
mutants, we found that all deletion mutants with
intact MCR IV, including one missing MCR I–III in the
LID with only MCR IV remaining (�M1–3), suppress
the transactivation activity; and all mutants missing
MCR IV (�M1–4, �M2–4, �M3–4, �M4, M2–3, M2,
and M3) exhibit significantly enhanced basal activity
(Fig. 1C). These data suggested that MCR IV is
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sufficient and necessary for the inhibition of the
transcriptional activity of ChREBP under low glu-
cose and may be the key module involved in this
process. Other MCRs seem to also contribute to the
inhibition, as can be seen in the case of �M4, where
the transcriptional activity was still markedly lower
than that in �M1–4, which has the entire LID region
removed (Fig. 1C). We note that the physical loca-
tion of MCR IV immediately next to the transactiva-
tion domain (GRACE or MCR V) makes MCR IV well
suited to perform this switch-like function in re-
sponse to glucose stimulation (Fig. 1A).

On the other hand, with the exception of MCR I
deletion (�M1), which retained a meaningful glucose
response (�3-fold compared with �25-fold response
in the full-length construct), all deletion mutants lost
their response to glucose (Fig. 1C). Although some
minor variation was occasionally seen in mutants with
extremely high background, e.g. M2, the minimal re-
sponse (�0.5-fold) was likely artifactual. Even if we
assumed that such a minor response was real, given
the high basal activity, the mechanism would be very
different from that mediated by GSM, which works by
release of transactivation repression from a minimal
level under low glucose. These data suggest that all
MCRs play important roles in eliciting the glucose
response, probably by removing the inhibition medi-
ated by MCR IV in the GSM.

MCR II and III Mediate Glucose Responsiveness
of ChREBP through Mechanisms Independent of
Subcellular Translocation

Before they were found to be associated with the
glucose response of ChREBP (10), the function of
MCRs had been attributed to be the regulation of the
subcellular localization of Mondo proteins through a NES
in MCR II and a 14-3-3 binding site in MCR III (12, 13).
Both Chromosome Region Maintenance 1 (CRM1)-me-
diated nuclear export through the NES and cytoplasmic
14-3-3 binding have been thought to contribute to the
cytoplasmic localization of MondoA and ChREBP (12,
13). It was suggested that extracellular signals may ac-
tivate MondoA by inactivating the cytoplasmic retentive
function of MCRs, allowing the molecule to translocate
into the nucleus (7, 12). Therefore, deletion of MCR II or
III would be expected to lead to nuclear accumulation
and transcriptional activation of ChREBP if the sole func-
tion of these MCRs is cytoplasmic retention. On the
contrary, however, we found that deletion of MCR II
and/or III leads to complete silencing of the transactiva-
tion activity of ChREBP under both low and high glucose
concentrations (Fig. 1C). Although this observation is
contrary to previous predictions (7, 12), it is consistent
with our previous data that activation of ChREBP by
glucose is largely independent of changes in subcellular
localization (10).

A

F
L

 

M
1

M
1-

2

M
1-

3

M
1-

4

M
2

M
2-

3

M
2-

4

M
3

M
3-

4

M
4

M
2-

3

M
2

M
3

B

C

GAL4 I II III IV V

LID         GRACE  

GAL4 II III IV V

GAL4 III IV V

GAL4 IV V

GAL4 V

GAL4 I III IV V

GAL4 I IV V

GAL4 I V

GAL4 I II IV V

GAL4 I II V

GAL4 I II III V

GAL4 II III V

GAL4 II V

GAL4 III V

M1-2

M1-3

M1-4

M2-3

M2-4

M3-4

FL 

M1

M2

M3

M4

M2-3

M2

M3

0

50

100

150

200

250

G
A

L
4

F
L M
1

M
1-

2

M
1-

3

M
1-

4

M
2

M
2-

3

M
2-

4

M
3

M
3-

4

M
4

M
2-

3

M
2

M
3

F
o

ld
 A

ct
iv

at
io

n

2.5 mM

27.5 mM

Fig. 1. Structure-Function Analysis of the GSM
A, Schematic illustration of the deletion constructs (not to scale). Each MCR is labeled as I through V, and regions corre-

sponding to LID and GRACE are bracketed. B, Expression of above constructs after being transfected into 832/13 cells for 24 h
as examined by Western blot using anti-c-myc antibody. C, Luciferase assay. pG5-luc and pRL-TK were cotransfected with
indicated plasmids into 832/13 cells. Transfected cells were treated with 2.5 mM (white bar) or 27.5 mM (black bar) glucose for 24 h.
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To further understand the role of MCR II and III
in response to high glucose, we generated point
mutations in the NES (L86A/L93A) in MCR II or the
14-3-3 binding site (R128A) in MCR III, analogous to
similar mutations reported earlier in MondoA (12) and
ChREBP (13), to disable their putative individual func-
tions. To assess whether these mutations affect the sub-
cellular localization of ChREBP in 832/13 cells, we gen-
erated 832/13 cells stably expressing c-myc-tagged
ChREBP or its L86A/L93A or R128A mutants by ret-
roviral infection. Immunofluorescence indicated that,
consistent with previous results, wild-type ChREBP
was located mainly in the cytoplasm. As predicted, the
L86A/L93A double mutant was located mainly in the

nucleus in both low- and high-glucose conditions
(Fig. 2A). The R128A mutant, which completely lost its
interaction with 14-3-3� in a poly-His pull-down assay
(Fig. 2B), also displayed significantly increased nuclear
abundance under both low- and high-glucose concen-
tration, as expected (Fig. 2A).

If nuclear translocation is the major mechanism for
glucose-activated gene transcription, one would predict
an enhanced basal (constitutive) transcriptional activity
for the L86A/L93A and R128A mutants, because both
exhibited enhanced nuclear abundance under low glu-
cose. However, we found that GAL4 fusion proteins with
both L86A/L93A and R128A mutants were transcription-
ally silent, regardless of the glucose concentration
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Fig. 2. Subcellular Localization and Glucose Response of ChREBP and Its Mutants
A, Immunofluorescent staining. The 832/13 cells stably expressing c-myc-tagged wild-type or indicated mutant ChREBP were

treated with low (2.5 mM) or high (27.5 mM) glucose for 12 h before staining with anti-c-myc antibody. B, Poly-His pull-down assay.
pCHM-14-3-3� was cotransfected with plasmids expressing indicated wild-type or mutant ChREBP into 832/13 cells. Twenty-
four hours after transfection, we used Western blot with anti-c-myc antibody to examine the levels of expressed proteins in the
cell lysate (input) or in the precipitate after pull-down assay. C, Luciferase assay. pG5-luc and pRL-TK were cotransfected with
indicated plasmids into 832/13 cells that were treated with 2.5 or 27.5 mM glucose for 24 h. WT, Wild type.
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(Fig. 2C). These data suggest that subcellular localization
is not the only or major mechanism controlling the tran-
scription activity of ChREBP, and the function of MCR II
and III in the glucose response of ChREBP may be
independent of their role in regulating the subcellular
localization of ChREBP.

To further test this hypothesis, we replaced residues
88–99 in ChREBP, which overlap MCR II, with a clas-
sic NES from the HIV-1 Rev protein to generate mutant
tNES. This mutant was labeled with a c-myc tag and
stably expressed in 832/13 cells via retroviral infection,
and its subcellular localization was determined by im-
munofluorescence staining (Fig. 2A). As compared
with the substantial nuclear level of L86A/L93A and
R128A mutants, tNES replacement largely restored
the predominantly cytoplasmic localization of ChREBP.
The GAL4 fusion protein with this tNES mutant was also
transcriptionally inactive under either low or high glucose
concentration in the luciferase assay (Fig. 2C). Therefore,
even though the cytoplasmic localization of ChREBP can
be restored by a classic NES, it failed to restore the
glucose response of ChREBP. These data indicate that
the function of MCR II in glucose-induced transcription
activation is distinct from its role as a NES controlling
subcellular localization, and change in subcellular local-
ization is not the major mechanism whereby glucose
regulates transcriptional activity of ChREBP.

As we were preparing this manuscript for publica-
tion, Davies et al. (14) presented their data on muta-
tions in NES in ChREBP in the 2007 Experimental
Biology meeting. Interestingly, they produced a num-
ber of NES mutants with either abrogated or intact
response to high glucose, none of which displayed the
predicted constitutive activation of ChREBP, suggest-
ing that nucleocytoplasmic shuttling is not essential
for the glucose-responsive activation of ChREBP (14).

Interaction with 14-3-3 Proteins Is Essential for
the Glucose Responsiveness of ChREBP

Previously, we showed that the R128A mutation that
abolished interaction between 14-3-3 and ChREBP
also causes loss of transcriptional activity of ChREBP
despite the enrichment of this mutant in the nucleus
under both low and high glucose (Fig. 2). However, the
lack of glucose responsiveness is not necessarily
caused by loss of 14-3-3 interaction. To examine this
issue, we determined the effects of 14-3-3 silencing on
the glucose responsiveness of ChREBP. Given the
existence of multiple isoforms of 14-3-3 and high
abundance of 14-3-3 proteins in mammalian cells (15),
the common silencing tool such as RNA interference is
not an option. We therefore took advantage of the
availability of a 14-3-3 antagonist, difopein, which has
been shown to competitively inhibit the function of
14-3-3 proteins (16). Indeed, overexpression of difo-
pein, as a yellow fluorescent protein (YFP) fusion pro-
tein, in 832/13 cells dose-dependently decreased
interaction between 14-3-3 and ChREBP (Fig. 3A).
Interestingly, we found that overexpression of difopein

also dose-dependently inhibited the glucose respon-
siveness of GAL4-ChREBP (Fig. 3B). Importantly, the
suppression of glucose responsiveness of ChREBP
by difopein was largely rescued by overexpression of
14-3-3�, confirming that the inhibitory effect of difo-
pein indeed results from competitive binding to 14-3-3
proteins (Fig. 3C). In contrast, in the absence of difo-
pein, overexpression of 14-3-3� had only a minimal
effect on the glucose responsiveness of ChREBP,
suggesting that under normal conditions, there are
abundant 14-3-3 proteins present to support the glu-
cose response of ChREBP (Fig. 3D).

14-3-3 Proteins Are Important for Physiological
Regulation of ChREBP Target Genes by Glucose

Because the above experiments were carried out with
the artificial system of GAL4-ChREBP and a UAS-
driven reporter, we wished to confirm our findings on
the role of 14-3-3 in glucose-responsive transcription
in a relatively more physiological setting. Therefore, we
examined the effects of difopein overexpression in
832/13 insulinoma cells on the promoter activity of
L-PK in a luciferase assay; again we found that glu-
cose-activated transcription of L-PK promoter was
dose-dependently inhibited by difopein overexpres-
sion (Fig. 4A). We further measured by quantitative
RT-PCR the endogenous mRNA expression levels of
two other glucose/ChREBP target genes, ACC and
FAS, in response to glucose stimulation in the pres-
ence or absence of difopein. The results indicate that
difopein significantly blunted the high-glucose-stimu-
lated increase in the mRNA levels of these two genes
but had no effect on the basal mRNA levels under low
glucose conditions (Fig. 4, B and C). These data sug-
gest that 14-3-3 proteins play an important role in
the control of high-glucose-regulated target gene
expression.

To further examine the role of 14-3-3 proteins in the
regulation of glucose-responsive gene transcription by
ChREBP, we studied the subcellular localization of
YFP-14-3-3� fusion protein in 832/13 cells. Consistent
with a previous report (13), the distribution pattern of
14-3-3� is very similar to that of ChREBP, i.e. mainly
located in cytoplasm, and glucose has little effect on
its distribution (Fig. 4D), suggesting that 14-3-3 and
ChREBP colocalize and function in similar subcellular
compartments. The relative abundance of 14-3-3,
however, appears to be higher in nuclei compared with
that of ChREBP (Fig. 4D). It is not surprising because
14-3-3 is involved in many cellular processes in mam-
malian cells other than ChREBP regulation.

Interaction between 14-3-3 Proteins and ChREBP
Is Not Regulated by Glucose and Phosphorylation

The detailed mechanism for involvement of 14-3-3 in
the glucose responsiveness of ChREBP remains to be
determined. The 14-3-3 proteins have been involved in
a vast number of cellular processes (15). Most ligands
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for 14-3-3 proteins encompass protein motifs with
phosphoserine or -threonine, although some non-
phosphorylated motifs have also been found to bind to
14-3-3 (15). It is a plausible hypothesis that glucose
stimulation may be related to phosphorylation of
ChREBP by an unknown kinase.

To test this hypothesis, we first determined
whether in vivo interaction between ChREBP and
14-3-3 proteins is affected by glucose treatment.
We stably expressed 6�His/c-myc-tagged 14-3-3�
and c-myc-tagged wild-type ChREBP or R128A mu-
tant via retroviral infection in 832/13 cells, treated
them with low or high glucose, and used poly-His
pull-down assay to analyze the interaction between
ChREBP and 14-3-3�. Contrary to what is predicted
by the hypothesis, robust interaction occurred be-
tween 14-3-3� and ChREBP regardless of the glucose
concentration in the medium (Fig. 5A). In case the

binding between ChREBP and 14-3-3� in vivo was
changed by the lysis buffer despite the presence of a
sufficient amount of phosphatase inhibitors, we also
used a cell-permeable protein cross-linker dithiobis
succinimidylpropionate (DSP) to capture the intracel-
lular interaction between ChREBP and 14-3-3� before
cell lysis. The results again demonstrated that glucose
did not affect the in vivo interaction between 14-3-3�
and ChREBP (Fig. 5B). Therefore, it is highly likely that
the glucose response of ChREBP fails to happen at the
level of its interaction with 14-3-3 proteins, and 14-3-3
may play a permissive role by allowing glucose-regu-
lated events to occur.

The above results do not support the hypothesis
that glucose-induced phosphorylation of ChREBP is
required for interaction with 14-3-3. To further de-
lineate the interaction between 14-3-3 and ChREBP,
we took advantage of the truncation constructs gen-

A

YFP-Difo

B

YFP

DC

YFP-Difo _

14-3-3 _         

14-3-3

YFP-14-3-3

HisMyc-ChREBP

WT R128A

YFP-Difo

YFP

0

10

20

30

40

50

60

70

80

F
o

ld
 A

ct
iv

at
io

n

2.5 mM
27.5 mM

0

20

40

60

80

100

120

140

160

180

F
o

ld
 A

ct
iv

at
io

n

2.5 mM
27.5 mM

0

50

100

150

200

250

F
o

ld
 A

ct
iv

at
io

n

2.5 mM
27.5 mM

Fig. 3. 14-3-3 Proteins Are Essential for Glucose Response of ChREBP
A, Poly-His pull-down assay. pCHM-ChREBP or its R128A mutant, pYFP-14-3-3� and different doses of pYFP and pYFP-difo

as indicated, were transfected into 832/13 cells. We collected the cell lysate after 24 h and performed poly-His pull-down assay.
The amount of YFP-14-3-3� and ChREBP pulled down were measured with Western blot using anti-GFP and anti-c-myc
antibodies, respectively. B–D, Luciferase assays. B, pG5-luc, pRL-TK, and pGAMPAC-ChREBP were cotransfected with indi-
cated amounts of pYFP-Difo or pYFP into 832/13 cells that were treated with 2.5 or 27.5 mM glucose for 24 h. C, pG5-luc and
pRL-TK were cotransfected with plasmids expressing indicated proteins into 832/13 cells that were treated with 2.5 or 27.5 mM

glucose for 24 h. The total amounts of transfected DNA for each group were held the same with stuffer plasmid pcDNA3.1. D,
pG5-luc and pRL-TK were cotransfected with different amounts of pCHM-14-3-3� into 832/13 cells that were treated with 2.5
or 27.5 mM glucose for 24 h. The total amounts of transfected DNA for each group were held the same with stuffer plasmid
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erated earlier (Fig. 1A) to confirm whether MCR III is
responsible for interaction with 14-3-3 in ChREBP,
as it is in its paralog MondoA (12). In a poly-His
pull-down assay, all truncation mutants with intact
MCR III (�M1, �M2, and �M4) could be pulled down
by 14-3-3�, whereas in the case of �M3 and �M34
mutants, where the entire MCR III is missing, inter-
action was completely abrogated. Furthermore, a
construct in which all MCRs in the LID except MCR
III were deleted (M3) exhibited good interaction with
14-3-3 (Fig. 5C). These data indicate that MCR III is
sufficient and necessary for interaction with 14-3-3
proteins.

Armed with this knowledge, we tested whether the
interaction between MCR III and 14-3-3 proteins is
dependent on serine/threonine phosphorylation, be-
cause there are only two such residues located in this
region, S103 and S140, of which S140 is not con-
served in MondoA and mutation of S140 to alanine has

been shown previously not to alter its interaction with
14-3-3 proteins (13). On the other hand, S103 is con-
served in other Mondo proteins and is likely involved in
interaction with 14-3-3, although it is not predicted to
be a potential phosphorylation site by the NetPhos
program (17). To determine experimentally whether
interaction between 14-3-3 and MCR III depends on
serine/threonine phosphorylation of MCR III, we gen-
erated the S103A mutant based on the M3 trunca-
tion construct (M3-S103A) so that it could no longer
be phosphorylated at this residue. We studied the
interaction of this mutant with 14-3-3� by poly-His
pull-down assay and found that the S103A mutation
does not affect the interaction between MCR III and
14-3-3�; in contrast, the R128A mutation completely
abolished its interaction with 14-3-3� (Fig. 5C). There-
fore, we can conclude that interaction between
ChREBP and 14-3-3 is not mediated by serine/threo-
nine phosphorylation.
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An alternative hypothesis was proposed that Mondo
protein interaction with 14-3-3 could be indirectly
mediated by a bridging protein yet to be identified
(12, 13). To test this hypothesis, we used 14-3-3� and
glutathione S-transferase (GST) fusion protein with

MCR III (GST-M3), LID (GST-LID), or difopein (GST-
Difo, as a positive control) produced in and purified
from bacteria, which obviates the presence of the
hypothetical bridging protein, and performed GST
pull-down assay to study the interaction between the
two sets of recombinant proteins in vitro. The results
showed that GST alone did not interact with 14-3-3�,
whereas GST fusion proteins with MCR III, LID, and
difopein all bound strongly to 14-3-3� (Fig. 5D). These
data confirm that MCR III contains a 14-3-3-binding
motif, which directly interacts with 14-3-3 proteins.

The Discovery of a Novel 14-3-3-Interacting Motif

To understand the putative structural basis of MCR III
interaction with 14-3-3, we analyzed the secondary
structure of the MCR III using the SSpro8 program
(18), which predicts in MCR III the presence of a
stretch of �-helix spanning residues 116–136 (Fig. 6A).
Because in this region Q136 is not conserved in other
Mondo proteins (see multiple alignment in Refs. 10
and 12), we focused our attention on the conserved
part of the helix (residues 116–135, Fig. 6A). Interest-
ingly, mutations and deletion within this region have
previously been shown to lead to loss of 14-3-3 bind-
ing by MondoA (12) and ChREBP (13) (Fig. 2B), sup-
porting an essential role of the helix in 14-3-3 binding.

To further analyze the role of the �-helix (116–135) in
MCR III-14-3-3 interactions, we created additional
mutants with fine deletions in the MCR III, including
M3 (123–135) in which the LID region of ChREBP was
replaced with the C terminus of the �-helix (123–135),
M3 (116–135) where only the �-helix portion of the
LID was included, and �M3(�100–115) in which the
N-terminal portion of the MCR III up to the �-helix
(100–115) was deleted (Fig. 6B).

We tested interaction of individual mutants with
14-3-3� using a poly-His pull-down assay and found
that all constructs with an intact �-helical region [WT,
M3 (116–135) and �M3 (�100–115)] retained their ca-
pacity to bind to 14-3-3�; furthermore, the �-helical
region itself [M3 (116–135)] was sufficient for binding
to 14-3-3� (Fig. 6C). Importantly, although construct
M3 (123–135) contains the I126/W127/R128 residues
previously found to be essential for 14-3-3 binding
(12), lack of the N-terminal half of the �-helix in
this construct led to complete loss of interaction with
14-3-3� (Fig. 6C). Taken together, the data indicate
that the intact �-helical region (116–135) of MCR III is
necessary and sufficient for interaction with 14-3-3
proteins and can be defined as the 14-3-3-interacting
motif in ChREBP.

The Glucose Responsiveness of ChREBP
Involves Other Functions of MCR III in Addition to
14-3-3 Binding

We showed that 14-3-3 binding is an essential func-
tion of MCR III (Fig. 3). MCR III encompasses a highly
conserved motif of 44 residues in Mondo proteins.
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A and B, Poly-His pull-down assay. The 832/13 cells stably
expressing 6�His/c-myc-tagged 14-3-3� and c-myc-tagged
ChREBP or its R128 mutant were treated with low (L, 2.5 mM)
or high (H, 27.5 mM) glucose for 4 h and then either directly
lysed for the pull-down assay (A) or treated with DSP before
lysis for pull-down assay (B). C, Poly-His pull-down assay.
pCHM-14-3-3� was cotransfected with plasmids expressing
indicated wild-type or mutant ChREBP into 832/13 cells.
Cells were lysed after 24 h for poly-His pull-down assay. D,
GST pull-down assay. Glutathione-Sepharose beads coated
with the indicated recombinant protein were incubated with
recombinant c-myc-tagged 14-3-3�. The amount of 14-3-3�
retained on these beads was examined by Western blot with
anti-c-myc antibody. WT, Wild type.
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Mutations or deletions in residues outside the 14-3-3
interacting motif in MCR III had been shown earlier not
to affect binding of 14-3-3 with ChREBP or MondoA
(12, 13), implying that these residues may serve func-
tions other than 14-3-3 binding, and the function of
MCR III in glucose responsiveness of ChREBP is likely
not limited to interaction with 14-3-3.

After defining the 14-3-3-binding motif in MCR III,
we were in a position to test whether 14-3-3 binding is
the sole function of MCR III in glucose response of
ChREBP. The mutant �M3(�100–115) has the N ter-
minus of MCR III deleted but retains the 14-3-3-inter-
acting �-helix and therefore remains competent to
bind to 14-3-3 (Fig. 6C). We used a luciferase reporter
assay to determine the glucose responsiveness of this
mutant in 832/13 cells and observed only slight and
negligible response to glucose in this mutant ChREBP
despite unperturbed 14-3-3 binding (Fig. 7A). These
data indicate that sequences outside the �-helix, al-
though not essential for binding to 14-3-3 proteins, are
nonetheless required for the glucose responsiveness
of ChREBP, suggesting that the function of MCR III
extends beyond 14-3-3 binding.

To further examine this thesis, we tested the effects
of overexpression of YFP fusion proteins with MCR III
(YFP-M3) or its R128A mutant (YFP-M3R128A) on the
glucose response of GAL4-ChREBP, under the
premise that overexpression of these proteins can se-
quester essential proteins to which ChREBP may bind
additionally according to our hypothesis. In this exper-
iment, the overall structure of ChREBP remains intact;
therefore, we can avoid disruption of ChREBP struc-

ture that may have resulted from deletions of key
residues. Like difopein, overexpression of MCR III
dose-dependently suppressed the glucose response
of GAL4-ChREBP, which may at least partially be
caused by sequestration of 14-3-3 proteins in a similar
fashion as addition of difopein (Fig. 7B). Significantly,
the R128A mutant of MCR III (M3R128A), which does
not interact with 14-3-3 at all (Figs. 2B and 5, A–C),
also suppressed the glucose response of GAL4-
ChREBP with comparable efficiency as wild-type
MCR III (Fig. 7C). These data strongly suggest that the
role of MCR III is not limited to binding to 14-3-3
proteins but involves also trans-acting factors other
than 14-3-3 in the glucose response of ChREBP.

DISCUSSION

ChREBP is a key transcription factor for the regulation
of glucose and lipid metabolism and their cross talk.
ChREBP is a typical thrift gene in that it facilitates
the conversion of extra carbohydrate into a storage
form of energy such as triglyceride by up-regulation
of genes involved in lipogenesis. These actions of
ChREBP are physiologically important, particularly in
times when the organism lives in basic subsistence
and food resources are scarce. However, these same
actions of ChREBP may also lead to deleterious ef-
fects in times of abundance and may be responsible
for disorders related to overnutrition. The important
role of ChREBP is clearly illustrated in the phenotype
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of ChREBP knockout mice, which display impaired
glycolytic and lipogenic activity (5), whereas in the
ob/ob obesity mouse model, ChREBP ablation results

in improvement in plasma glucose control and preven-
tion of obesity (19). ChREBP has also been implicated
in the development of glucotoxicity in pancreatic
islet �-cells (20) and hepatosteatosis (21). Therefore,
modulation of ChREBP activity is a promising strat-
egy for treating these disorders, whose importance
is underscored by the global epidemic of obe-
sity, diabetes, and other nutrition-related health
problems.

To realize ChREBP as a drug target, we must thor-
oughly understand its mechanism of action and its acti-
vation by glucose. Unfortunately, although we have ap-
preciated the importance of ChREBP in the regulation of
lipogenesis and glycolysis through experiments on gene
knockout mice, we have only a limited knowledge of how
glucose activates the transcription activity of ChREBP.
The activation of ChREBP occurs via two separate steps
(11): first, dephosphorylation at S196 and T666 in rat
ChREBP, mediated by glucose-activated protein phos-
phatase 2A, is responsible for translocation of ChREBP
into the nucleus and the binding of ChREBP to DNA
(3, 22), whereas another mechanism independent of
phosphorylation/dephosphorylation is responsible for
transactivation of ChREBP after glucose stimulation (11).
We previously presented evidence that this latter mech-
anism is mediated by a conserved GSM domain at the
N-terminal region of ChREBP through the release of a
LID (the regulatory domain)-mediated intramolecular in-
hibition on the transactivation activity of GRACE (the
transactivation domain) (10). However, the molecular de-
tails of this intramolecular inhibition remain to be clarified.

Molecular Dissection of the GSM Domain

The glucose response of ChREBP is composed of the
inhibition of the transactivation activity under low glu-
cose concentration as well as the release of the inhi-
bition under high glucose. To define the functional
entities responsible for each of these activities, we
created serial GSM deletion mutants to conduct a
detailed structure-function analysis of the GSM. Our
results suggest that different MCRs may be responsi-
ble for different aspects of the glucose response: the
major function of MCR IV seems to be inhibition of the
transactivation activity, whereas the other MCRs are
responsible for removal of the inhibition when stimu-
lated by glucose (Fig. 1). It is worth pointing out that,
being located immediately adjacent to the transacti-
vation domain GRACE, MCR IV is well suited to per-
form this switch-like function in controlling the trans-
activation activity of ChREBP. We also documented
that all individual MCRs with the exception of MCR I,
which greatly diminishes the glucose response but
falls short of complete abolition, are needed for the
glucose response of ChREBP. We caution, however,
that a better knowledge of the structure of GSM and its
associated proteins is required for a more complete
picture of the glucose-regulated ChREBP activation.
Nonetheless, the information we provided will be use-
ful in guiding the direction of further research, because
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it has led to our discovery of 14-3-3 proteins as an
essential player in glucose response of ChREBP.

The Relationship between Subcellular
Localization and Transcriptional Activity of
ChREBP

One interesting finding in the mapping experiment is
that deletions of MCR II or MCR III lead to complete
silencing of the transactivation activity of ChREBP.
These two regions were previously suggested to be
responsible for cytoplasmic retention of Mondo pro-
teins through the NES in MCR II and the 14-3-3 bind-
ing site in MCR III. If the transcriptional activity of
ChREBP were solely dependent on its nuclear abun-
dance, we would expect these two mutants to be
constitutively active, instead of being totally inactive
as we observed in our experiment. These findings
were bolstered by our analysis of the NES and 14-3-3
binding site mutants (L86A/L93A and R128A, respec-
tively). Although the latter two mutants (especially the
L86A/L93A mutant) were enriched in the nucleus com-
pared with wild-type ChREBP, they both were tran-
scriptionally inactive in low- or high-glucose medium.
These data contradict the original hypothesis of the
all-important function of nucleus/cytoplasmic distribu-
tion in the action of Mondo proteins (7, 12, 13); they
are, however, consistent with our previous results (10)
and those of the Towle laboratory (11, 14) that trans-
activation activity of ChREBP is not solely determined
by its nuclear abundance but also subject to other
glucose concentration-dependent regulatory effects
on ChREBP. Our data also provide important clues as
to how the glucose response of ChREBP is effected.
The functions of MCR II and III are not only involved
in regulation of subcellular localization, as was be-
lieved previously (12), but are also essential for tran-
scriptional activation of ChREBP, and as such need
to be further studied for their respective roles in this
process.

MCR II: a Multipurpose NES

MCR II is a short fragment of 13 amino acids (residues
85–97) in the LID that fits the consensus NES se-
quence L-x(2,3)-[LIVFM]-x(2,3)-L-x-[LI] (13, 23). Like
other NES with similar sequences, MCR II reportedly
mediates cytoplasmic localization of MondoA through
the action of CRM1 and is subject to regulation by
leptomycin, a fungicide that inhibits CRM1 (12). It was
proposed that MCR II functions as an NES, i.e. it
excludes the protein from the nucleus. However, our
observation that both deletion of MCR II and the L86A/
L93A mutation lead to complete loss of transactivation
activity instead of constitutive activation suggests that
MCR II is also involved in the transcriptional activation
of ChREBP by glucose. This came as a surprise, be-
cause MCR II conforms completely to the NES con-
sensus sequence. In a domain-swap experiment, we
further showed that MCR II is indeed more than an

NES because it cannot be replaced by a classic NES
from an unrelated protein (Fig. 2). This interpretation is
further supported by the Davies et al. (14) report that
one of their NES mutants actually retained glucose
response, again proving that nuclear export and glu-
cose response are two separate events in regulation of
ChREBP activity.

The 14-3-3 Proteins Are Essential for Glucose
Response of ChREBP

Interaction between MCR III and 14-3-3 proteins has
been suggested to contribute to the cytoplasmic
retention of ChREBP (12). The fact that R128A mu-
tant enhances its nuclear abundance (Fig. 2A) sup-
ports this notion. However, the increase in nuclear
abundance does not translate into higher transacti-
vation activity of ChREBP, as would be predicted
whether the sole function of 14-3-3 binding is to
regulate subcellular localization. This finding sug-
gests to us that, similar to MCR II, MCR III also
carries other functions related to the glucose re-
sponse of ChREBP. With a length of 44 amino acids
(residues 100–143), MCR III is a more complex do-
main than MCR II (13 amino acid residues), which
perhaps would allow it to perform more complex
functions in ChREBP. What was unexpected was
that 14-3-3 binding seems to play a permissive and
positive role in the transactivation of ChREBP rather
than inhibitory, despite its confirmed function in
helping exclude ChREBP from the nucleus (12, 13),
because both the mutation to the 14-3-3 binding site
(R128A) and the overexpression of a 14-3-3 antag-
onist in trans can shut down glucose- induced trans-
activation of ChREBP (Figs. 2C and 3). Counterintui-
tive as it may seem, there are precedents that 14-3-3
proteins up-regulate the activity of transcription fac-
tors through enhanced transactivation, as in the case
of the glucocorticoid receptor (24), or increased DNA
binding activity, as for p53 (25). However, in the case
of ChREBP, the role of 14-3-3 binding appears not to
fit into either category, because the 14-3-3 binding
motif (in MCR III) is located outside both the DNA-
binding domain and the transactivation domain
(GRACE or MCR V). Rather, it is most likely involved in
removing the inhibitory effects of the LID, possibly
mediated by MCR IV. The exact mechanism for the
inhibition and its release, however, remains to be elu-
cidated. To date, 14-3-3 proteins are the only trans-
acting regulatory factor that has been found to be
required for the glucose responsiveness of ChREBP.
Our data showing that an antagonist for 14-3-3 pro-
teins can efficiently shut down the activity of ChREBP
(Fig. 3), down-regulate glucose-stimulated L-PK pro-
moter activity, and inhibit glucose-stimulated synthe-
sis of ACC and FAS (Fig. 4) provide a proof-of-princi-
ple that 14-3-3 is a possible therapeutic target for
modulation of ChREBP activity.
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The 14-3-3 Proteins Play a Supportive Role in the
Glucose Response of ChREBP by Interacting with
a Novel Binding Motif in ChREBP

In the two examples of the positive regulation of tran-
scription factors by 14-3-3 proteins cited earlier, i.e.
glucocorticoid receptor and p53 (24, 25), the environ-
mental stimuli that activate these transcription factors
(glucocorticoid binding and irradiation, respectively)
enhance the binding between the transcription factors
and 14-3-3 proteins. It is interesting that the binding
between ChREBP and 14-3-3 is not affected by glu-
cose (Fig. 5, A and B), which supports the interpreta-
tion that 14-3-3 proteins are not a direct activator of
ChREBP; instead, they most likely play a permissive
role by providing a platform on which glucose-regu-
lated events can take place to activate transcription.
This premise is consistent with the fact that interaction
between 14-3-3 and ChREBP is independent of
serine/threonine phosphorylation (Fig. 5, C and D).
This mode of action by 14-3-3 is unique compared
with other known examples of 14-3-3 ligands whose
interaction with 14-3-3 is modulated by environmental
stimuli. We also showed that MCR III directly binds to
14-3-3 without any bridging molecules (Fig. 5D), even
though the classic 14-3-3 binding motif could not be
found in this region. Instead, a previously uncharac-
terized 14-3-3 binding motif in ChREBP is located
within a 20-residue �-helix (residues 116–135) (Fig. 6).
This motif differs fundamentally from other previously
identified consensus sequences in that its interaction
with 14-3-3 does not involve phosphorylation of serine
or threonine. In fact, this motif does not contain any
serine or threonine residues at all and, instead, is
highly enriched with hydrophobic and basic amino
acids (Fig. 6A). The fact that difopein can competitively
inhibit the interaction between ChREBP and 14-3-3
suggests, however, that the binding site of ChREBP in
14-3-3 is similar to that of classic 14-3-3 ligands. It
remains to be determined whether binding of this motif
to 14-3-3 induces similar biological changes to those
induced by classic 14-3-3 ligands and whether their
interaction is subject to any modifications other than
phosphorylation. Acquisition of such knowledge in
the future will add to our understanding of 14-3-3, a
seemingly all-purpose adaptor protein, and pave the
way to the discovery of compounds to modify their
interaction.

Function of MCR III

Essential as 14-3-3 is to the glucose response of
ChREBP, the 14-3-3-interacting motif in ChREBP cov-
ers only half of the MCR III. It is therefore not surprising
that the highly conserved MCR III is playing additional
role(s) in the glucose response of ChREBP, as re-
flected by the finding that deletion of the non-14-3-3-
binding region of MCR III leads to almost complete
loss of ChREBP action (Fig. 7A), and overexpression
of the R128A mutant of MCR III dose-dependently

shuts down the glucose responsiveness of ChREBP
(Fig. 7C). This observation further underscores the
highly complex nature of the activation of ChREBP by
glucose. The process requires cooperation of the cis-
acting structural motifs, such as MCR I through V, and
the trans-acting cofactors such as 14-3-3 proteins
among other unknown ones. Missing any of these
components of the glucose-sensing machinery would
lead to loss of its ability to respond to glucose. The
elucidation of how these motifs and cofactors interact
would be essential for further advancing our under-
standing of the mechanism of glucose-responsive
gene transcription mediated by ChREBP.

In conclusion, we have performed a detailed struc-
ture-function analysis on the GSM of ChREBP and
have localized the inhibitory function of LID to the
MCR IV while demonstrating that the rest of LID helps
with the removal of this inhibitory effect under high
glucose stimulation. This study has also shed new light
on the function of the MCR II and III in the transacti-
vation of ChREBP; these are subdomains whose sole
function had previously been thought to enable
Mondo proteins to stay in the cytoplasm. Not only did
we characterize and confirm their function in nuclear
export, but we also found that both MCR II and III are
essential for the glucose-induced transactivation of
ChREBP. The role of MCR II in the glucose response of
ChREBP is independent of its function as an NES,
whereas the function of MCR III in glucose response is
at least partially mediated by interaction with 14-3-3,
which is essential for glucose-induced transactivation
of ChREBP. Moreover, we defined in MCR III a novel
type of 14-3-3-binding motif, which directly interacts
with 14-3-3 in a manner that is independent of glucose
regulation or serine/threonine phosphorylation. Thus,
14-3-3 may play a permissive role in the process of
glucose response by allowing other glucose-regulated
events to occur. This knowledge would help us further
understand the mechanism of the glucose response of
ChREBP and may enable the development of novel
therapeutic strategies, e.g. by antagonizing 14-3-3
binding, for modulating ChREBP activity and its down-
stream effects on glucose and lipid homeostasis.

MATERIALS AND METHODS

Plasmid Construction

The GSM serial deletion mutants of ChREBP (Fig. 1A) were
made on the basis of the pGAMPAC-ChREBP plasmid de-
scribed earlier (10), which encodes a GAL4-ChREBP fusion
protein with a c-myc/protein-A double tag fused to its C
terminus. We synthesized the cDNAs for serial deletions in
the LID region by PCR and cloned them into the appropriate
regions in pGAMPAC-ChREBP. The amino acid residues de-
leted for each construct in Fig. 1A are as follows: �M1,
residues 1–71; �M1–2, 1–99; �M1–3, 1–143; �M1–4, 1–196;
�M2, 72–99; �M2–3, 72–143; �M2–4, 72–196; �M3, 100–
143; �M3–4, 100–196; �M4, 144–196; M2–3, 1–71 and 144–
196; M2, 1–71 and 100–196; and M3, 1–99 and 144–196.
Adaptor containing NES sequence from HIV-1 Rev protein
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was synthesized by annealing two oligonucleotides NES5
and NES3 (Table 1). The annealed NES adaptor was used to
replace the residues 88–99 in ChREBP to generate the tNES
mutant. Point mutations of ChREBP including L86A, L93A,
R128A, and S103A were generated by PCR-based DNA mu-
tagenesis. We cloned the cDNA for enhanced YFP into mam-
malian expression vector pCMX (26) to generate plasmid
pYFP. The cDNA for difopein was synthesized by annealing
four pairs of oligonucleotides (Difo51/31, 52/32, 53/33, and
54/34) (Table 1) that were treated with T4 polynucleotide
kinase (Invitrogen, Carlsbad, CA) according to the manufac-
turer’s instruction and cloned in-frame to 3� of enhanced YFP
cDNA in pYFP to generate plasmid pYFP-Difo. We also
cloned the cDNAs for MCR III and its R128A mutant in the
same fashion to pYFP to generate plasmids pYFP-M3 and
pYFP-M3R128A. We subcloned the cDNA of mouse 14-3-3�
(GenBank accession no. AF058797) by RT-PCR from mouse
liver in a modified pCMX plasmid (pCHM) whose multiple
cloning site is flanked by a 6�His/c-myc double tag at the N
terminus, to generate pCHM-14-3-3� for transient expres-
sion of 14-3-3�. Similarly, we also generated pCHM-ChREBP
plasmid to transiently express 6�His/c-myc double-tagged
ChREBP for poly-His pull-down experiments. The 14-3-3�
cDNA was also cloned into pYFP plasmid to generate pYFP-
14-3-3� to express fusion protein YFP-14-3-3�. For retroviral
infection and stable expression, cDNAs of c-myc/protein-A
double-labeled ChREBP and its mutants (tNES, L86A/L93A,
and R128A) were cloned into pMSCVpuro (Clontech, Moun-
tain View, CA), whereas the 6�His/c-myc double-tagged 14-
3-3� was cloned into pMSCVhygro (Clontech). We also sub-
cloned the cDNA of tetracycline transactivator (tTA) into
pMSCVhygro to generate plasmid pMSCVhygro-tTA. For sta-
ble overexpression of YFP-difopein fusion protein or YFP via
retroviral infection, corresponding cDNAs were subcloned
into retroviral vector pSRQT (Li, M.V., and L. Chan, unpub-
lished data), which supports tTA-driven overexpression in the
presence of tTA to generate plasmids pSRQT-YFP and
pSRQT-YFP-Difo. Detailed cloning procedures are available
upon request.

Cell Culture and Transfection

The 832/13 cells (gift of Dr. C. Newgard, Duke University,
Durham, NC) were cultured as described (27). Lipofectamine
2000 (Invitrogen) was used for transfection according to the
manufacturer’s instructions.

Retrovirus Production and Infection

We cotransfected indicated retroviral plasmids with packag-
ing vector pCL-eco (Imgenex, Sorrento Valley, CA) into pack-
aging cells BOSC23 (American Type Culture Collection, Ma-
nassas, VA). Twenty-four hours after transfection, we

collected the culture medium containing viral particles and
mixed it 1:1 with INS-1 cell culture medium. Polybrene was
added at a final concentration of 6 �g/ml to the mixture,
which was then applied to target 832/13 cells for infection.
Twenty-four hours after infection, infected cells were se-
lected with antibiotics (1 �g/ml puromycin or 200 �g/ml
hygromycin), depending on vector selection.

Luciferase Assay

We cotransfected UASGAL-driven firefly luciferase reporter
pG5-luc (Promega, Madsion, WI) or L-PK promoter-driven
firefly luciferase reporter (pLPK-Luc) (10) with internal control
pRL-TK (Promega) and specified plasmids into 832/13 cells
and treated them with the indicated concentration of glucose
for 24 h. Dual-luciferase kit (Promega) was used for luciferase
assay. All results were shown as fold activation over reporter
activity at the basal condition (the first column in each figure).

Immunofluorescence Staining and Fluorescence
Imaging

We stably expressed c-myc-tagged ChREBP and its deriva-
tives by retroviral infection in 832/13 cells, which were
seeded on glass coverslips. After treating infected cells with
low (2.5 mM) or high (27.5 mM) glucose, we fixed the cells on
glass coverslips and permeabilized and sequentially incu-
bated them with primary (9B11 anti-c-myc monoclonal anti-
body; Cell signaling, Danvers, MA) and secondary (fluorescein
isothiocyanate-conjugated goat anti-mouse Ig; Invitrogen) anti-
bodies, before mounting them with 4�,6-diamidino-2-phenylin-
dole-containing mounting medium (Vector Labs, Burlingame,
CA) for nuclear counter stain. Alternatively, for imaging of YFP
fusion proteins, cells infected with virus expressing YFP-14-3-3
fusion protein were treated with low or high glucose. After
fixation, the coverslips were directly mounted for imaging. Flu-
orescent images were captured with Zeiss Axioplan 2 fluores-
cent microscope (Zeiss, Göttingen, Germany).

Poly-His Pull-Down Assay

We expressed both 6�His/c-myc tagged 14-3-3� and c-
myc-labeled ChREBP or its mutants in 832/13 cells
through transient transfection or retroviral infection as in-
dicated. We then isolated 6�His/c-myc-tagged 14-3-3�
and its associated proteins with Ni-NTA agarose beads
(QIAGEN, Valencia, CA) according to manufacturer’s in-
structions and examined their levels in the lysates (input) or
the precipitates (pull down) by Western blot with anti-
c-myc antibody 9B11 (Cell Signaling). For in vivo cross-
linking, cells were treated with DSP (Pierce, Rockford, IL)
according to the manufacturer’s description before cell

Table 1. Oligonucleotide Sequences for Adaptors

Oligonucleotide Sequence (5�–3�)

NES5 tcgacgtgcctctgcagctaccaccgcttgagagacttactcttgattgtaacgaga
NES3 cgcgtctcgttacaatcaagagtaagtctctcaagcggtggtagctgcagaggcacg
Difo51 aattcagcgccgacggcgctccccactgcgtgcctagagacctgtcctg
Difo31 cagccaggacaggtctctaggcacgcagtggggagcgccgtcggcgctg
Difo52 gctggacctggaggccaacatgtgtctgcctggcgccgccggcctggaca
Difo32 gcgctgtccaggccggcggcgccaggcagacacatgttggcctccaggtc
Difo53 gcgccgacggcgccccccactgcgtgcctagggatctgtcctggctggac
Difo33 ccaggtccagccaggacagatccctaggcacgcagtggggggcgccgtcg
Difo54 ctggaggccaacatgtgtctgcctggcgccgccggcctggagg
Difo34 tcgacctccaggccggcggcgccaggcagacacatgttggcct

Sequences for cut restriction sites are underlined (SalI and MluI for NES and EcoRI and SalI for difopein adaptors).
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lysis and pull-down assay. Alternatively, 6�His/c-myc-
tagged ChREBP (or R128A mutant) was also used to pull
down YFP-14-3-3� fusion protein, and Living Colors A.v.
monoclonal antibody (JL-8; CLONTECH, Mountain View,
CA) was used for Western blot of YFP fusion proteins.

Generation of Recombinant c-myc-Tagged 14-3-3�

We subcloned the cDNA for 14-3-3�, which is tagged at the
C terminus by a c-myc epitope tag, into pGEX-4T1 vector
(Amersham, Piscataway, NJ). The resulting plasmid, pGEX-
14-3-3�, was transformed into DH5� Escherichia coli cells
(Invitrogen) to generate a recombinant GST fusion protein
with c-myc-labeled 14-3-3�, which was further purified with
glutathione-Sepharose beads (Amersham) according to the
manufacturer’s instructions. We then released the c-myc-
tagged 14-3-3� from the beads and GST by digestion with
thrombin (Amersham) and removed the thrombin from the
elution with p-aminobenzamidine agarose (Sigma Chemical
Co., St. Louis, MO). The purified protein was stored in 50%
glycerol at �20 C.

GST Pull-Down Assay

We subcloned the cDNAs for difopein, MCR III, and the LID
into pGEX-4T1 vector. We then transformed the resulting
plasmids or the vector pGEX-4T1 into DH5� cells for gener-
ation of recombinant GST protein or GST fusion proteins with
difopein, MCR III, or LID, respectively, which were in turn
immobilized on glutathione-Sepharose beads (Amersham)
according to the manufacturer’s instruction. After washing
with PBS, these beads were incubated with recombinant
c-myc-tagged 14-3-3� protein at 4 C for 1 h. The amount of
14-3-3� retained on these beads after washing with PBS was
then examined by Western blot with anti-c-myc antibody
9B11 (Cell Signaling).

Quantitative RT-PCR

We overexpressed YFP or YFP-difopein in 832/13 cells by
coinfecting retroviruses produced from pSRQT-YFP or
pSRQT-YFP-Difo with those produced from pMSCVhygro-
tTA. After selection with both puromycin and hygromycin,
positive cells were treated with 2.5 or 27.5 mM glucose for
48 h. We then extracted mRNA from these cells with RNeasy
RNA miniprep kit (QIAGEN) and synthesized cDNA with Om-
niscript RT kit (QIAGEN). The levels of FAS (GenBank acces-
sion no. X62888) and ACC (NM_022193) in these samples
were determined by real-time PCR with cDNA from these
samples as templates. The primer sequences for ACC and
internal control eEF-1G (XM_215165) has been reported
earlier (10), and the primer sequences for FAS is as
follows: sense, 5�-acattcccctctggagaag-3�, and antisense,
5-ggatttggtggagccaattaa-3�.

Statistical Analysis

Student’s t test was used to evaluate statistical significance
in two groups of data with Microsoft Excel software.
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