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occurs by an LXR-independent mechanism. We used fluorescence resonance energy transfer analysis to demonstrate
that glucose failed to promote the interaction of LXRo/ with specific cofactors. Finally, siRNA silencing of ChREBP in
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The transcription factor carbohydrate-responsive element-binding protein (ChREBP) has emerged as a cen-
tral regulator of lipid synthesis in liver because it is required for glucose-induced expression of the glycolytic
enzyme liver-pyruvate kinase (L-PK) and acts in synergy with SREBP to induce lipogenic genes such as acetyl-
CoA carboxylase (ACC) and fatty acid synthase (FAS). Liver X receptors (LXRs) are also important regulators
of the lipogenic pathway, and the recent finding that ChREBP is a direct target of LXRs and that glucose itself
can bind and activate LXRs prompted us to study the role of LXRs in the induction of glucose-regulated genes
in liver. Using an LXR agonist in wild-type mice, we found that LXR stimulation did not promote ChREBP
phosphorylation or nuclear localization in the absence of an increased intrahepatic glucose flux. Further-
more, the induction of ChREBP, L-PK, and ACC by glucose or high-carbohydrate diet was similar in LXRa/f
knockout compared with wild-type mice, suggesting that the activation of these genes by glucose occurs by
an LXR-independent mechanism. We used fluorescence resonance energy transfer analysis to demonstrate
that glucose failed to promote the interaction of LXRa/3 with specific cofactors. Finally, siRNA silencing of
ChREBP in LXRo./f knockout hepatocytes abrogated glucose-induced expression of L-PK and ACC, further
demonstrating the central role of ChREBP in glucose signaling. Taken together, our results demonstrate that
glucose is required for ChREBP functional activity and that LXRs are not necessary for the induction of glu-

cose-regulated genes in liver.

Introduction

In mammals, the liver is responsible for the conversion of excess
dietary carbohydrates into triglycerides (TGs) through de novo
lipogenesis. The transcription factor carbohydrate-responsive ele-
ment-binding protein (ChREBP) has recently emerged as a major
mediator of glucose action in the control of both glycolysis and
lipogenesis in liver. ChREBP is particularly important for the
induction of liver-pyruvate kinase (L-PK), one of the rate-limiting
enzymes of glycolysis, which is exclusively dependent on glucose
(1). Induction of lipogenic genes (acetyl-CoA carboxylase [ACC]
and fatty acid synthase [FAS]) is under the concerted action of
ChREBP and of the transcription factor SREBP-1c in response
to glucose and insulin, respectively (2). We have recently demon-
strated that the liver-specific inhibition of ChREBP decreased the
rate of hepatic lipogenesis and improved hepatic steatosis and
insulin resistance in obese ob/ob mice (3). These results suggest
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that ChREBP is a potential therapeutic target, and therefore an
accurate knowledge of the mechanisms involved in regulating its
expression and activation is crucial for the development of phar-
macological approaches for the treatment of metabolic diseases.

The mechanism responsible for ChREBP activation at the post-
translational level is thought to involve an increase in intracellular
glucose metabolism (4). At low glucose concentrations, ChREBP
is an inactive phosphorylated cytosolic protein, while at high glu-
cose concentrations, ChREBP undergoes dephosphorylation (on
Ser196) and is translocated into the nucleus to activate its target
genes (5). Because this mechanism was not demonstrated with the
endogenous protein, the regulation of ChREBP by phosphoryla-
tion/dephosphorylation remains controversial (6, 7). ChREBP is
regulated by glucose at the transcriptional level (8) and was recently
identified as a direct target of liver X receptors (LXRs) (9). Cha and
Repa suggested that the LXR-mediated activation of ChREBP may
override the posttranslational regulatory mechanisms mediated by
glucose metabolism (9). However, in these studies only ChREBP
mRNA levels were reported.

LXRs are ligand-activated transcription factors that belong to
the nuclear hormone receptor superfamily (10). LXRs play a key
role in cholesterol and bile acid metabolism but are also important
regulators of the lipogenic pathway, since LXRs are central for the
transcriptional control of SREBP-1c by insulin (11-13), and direct
targets of LXR include other lipogenic genes such as FAS and stear-
oyl-CoA desaturase 1 (SCD1) (11, 14, 15). Interestingly, glucose was
also recently shown to bind and activate LXRs leading to the acti-
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vation of their target genes, including ChREBP as well as genes of
cholesterol metabolism such as ATP-binding cassette transporter
Al (ABCA1) and ABCG1 (16). While this study placed LXRs as mas-
ter regulators of the glucose signaling pathway in liver, several con-
cerns were raised (17), including the fact that the experiments were
performed in HepG2 cells, a hepatoma cell line that responds poor-
ly to glucose, and that phosphorylated sugars (glucose 6-phosphate
[G6P]), which cannot be transported inside the cell, were reported
to induce LXR promoter activity with a similar affinity as glucose
when directly added to the culture medium (16).

Therefore, the recent report that glucose binds and activates
LXRs prompted us to study the implication of LXRs in the regu-
lation and/or activation of ChREBP and of glucose-regulated
genes in a physiological context in liver. Our study, by dissociat-
ing the glucose and insulin/LXR pathways, demonstrated that
although LXRs were able to stimulate ChREBP expression in
mouse liver, an increase in intracellular glucose flux was required
for the posttranslational modifications of the ChREBP protein.
By studying the effect of glucose in LXRa/B knockout mice, we
determined that the glucose-mediated activation of ChREBP and
of its target genes occurred by a LXR-independent mechanism.
Finally, using fluorescence resonance energy transfer (FRET)
technology, we showed that glucose failed to promote the inter-
action of LXRa/B with specific cofactors. Taken together, our
results demonstrate that glucose, but not LXRs, is required for
ChREBP activity and that LXRs are not required for the induc-
tion of glucose-regulated genes in liver.

Results

Modulation of Ser196 phosphorylation of the
ChREBP endogenous protein. While never dem-
onstrated with the endogenous protein,
ChREBP activity is thought to be depen-
dant on its cellular localization as well as
on posttranslational modifications. To pro-
vide direct evidence that phosphorylation
of ChREBP on Ser196 (a target of PKA) is
involved in ChREBP translocation, we devel-
oped a phosphospecific antibody to study
the phosphorylation status of the ChREBP
endogenous protein (Figure 1). Validation of
the antibody was first performed in primary
cultures of murine hepatocytes after trans-
fection of a ChREBP expression plasmid (wt-
ChREBP) and a dephosphorylated mutant

Table 1

Liver

G6P (nmol/mg liver)
TGs (mg/qg liver)
Plasma

TGs (mmol/l)

FFAs (mmol/l)
Insulin (ng/ml)
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Figure 1

Glucagon injection in vivo promotes ChREBP nuclear delocaliza-
tion and its phosphorylation on Ser196. C57BL/6J mice were fasted
overnight and refed on a HCHO diet for 18h. (A) Total, Ser196
phosphorylated, and nuclear ChREBP protein in liver extracts from
HCHO-refed mice treated with either NaCl or glucagon (0.5 U/kg)
for 30 min. Lamin A/C antibody was used as a loading control. (B)
ChREBP immunofluorescence analysis in liver sections from HCHO
refed mice treated with either NaCl or glucagon (0.5 U/kg) for 30 min.
Original magnification, x400. n = 6 per group. No signal was obtained
when liver sections were incubated with the secondary antibody only
(data not shown).

form in which amino acids Ser196 and Thr666 were mutated to
alanine (dm-ChREBP) (ref. 18 and Supplemental Figure 1A; sup-
plemental material available online with this article; doi:10.1172/
JCI34314DS1). Modulation of Ser196 phosphorylation of the
transfected wt-ChREBP was observed under specific culture con-
ditions. An increase in Ser196 phosphorylation was observed in
response to cAMP, while a significant decrease was detected in the
presence of high glucose and insulin concentrations. As expected,
no detection was obtained when the dm-ChREBP was transfected
(Supplemental Figure 1A).

When overnight-fasted mice were refed a high-carbohydrate
(HCHO) diet for 18 h, ChREBP phosphorylation on Ser196 was low
and ChREBP protein was predominantly located in the nucleus (Fig-
ure 1A). Thirty minutes after the injection of glucagon (0.5 U/kg)
into the portal vein of refed mice, ChREBP phosphorylation on
Ser196 was increased and ChREBP protein was exported from the
nucleus (Figure 1A). The translocation of the endogenous ChREBP
protein to the cytoplasm was revealed by immunofluorescence
on liver sections (Figure 1B). Our results revealed the correla-
tion between the modulation of Ser196 phosphorylation of the
ChREBP endogenous protein and its intracellular localization.

LXRs stimulate ChREBP expression but do not allow for its dephosphory-
lation and nuclear translocation. To clarify the respective roles of LXR
and glucose in ChREBP function, C57BL/6] mice were treated for
3 days with either vehicle or 50 mg/kg body weight of the synthetic
LXR agonist T0-901317 (19). After treatment, mice were fasted
overnight or maintained in the fed state. As expected, ABCGI,

Metabolic parameters in vehicle- and T0-901317—treated mice

Fasted Fed

Vehicle T0-901317 Vehicle T0-901317
0.08+0.03 0.07+0.01 0.28+0.01A4  0.24 +0.03*
46.7 £ 4.7 44.0£3.7 3.1+05 26.0+7.38

52+0.2 5202 9.2+0.3% 8.7+02°
055+0.04 0.62+0.07 0.59+£0.04 3.27 + 0.64¢8
089+0.07 0.87+0.08 0.03 £0.02 1.32+£0.118
0.06 +0.02  0.07 +0.01 06+028" 0.69+0.3°

C57BL/6J mice were treated for 3 days with either vehicle or 50 mg/kg body wt of the synthetic
LXR agonist T0-901317. After treatment, mice were fasted overnight or maintained in the fed
state. Results are mean + SEM. n = 6 per group. AP < 0.005 vs. fasted. BP < 0.005 vs. vehicle.
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Differential regulation of ChREBP by LXRs and glucose. (A) Quantitative real-time RT-PCR (qRT-PCR) analysis of GK, ChREBP, L-PK, ACC,
SREBP-1c, FAS, SCD1, LXRa, and ABCG1 in livers of C57BL/6J mice treated for 3 days with either vehicle or 50 mg/kg body weight of the
synthetic LXR agonist T0-901317. After treatment, mice were fasted overnight or maintained in the fed state. Results are mean + SEM (n = 6 per
group). ¥P < 0.005 vs. fasted; *P < 0.05, **P < 0.001 vs. vehicle. (B) Total, cytosolic, and nuclear ChREBP protein in liver extracts from vehicle-
and T0-901317—treated fasted and fed mice. Lamin A/C and p-actin antibodies were used as loading controls. A representative Western blot is
shown (n = 6 per group). (C) Ser196 phosphorylation level of the endogenous ChREBP protein. A representative Western blot is shown (n = 6
per group). Quantification of the ratio of Ser196 ChREBP phosphorylation to total ChREBP protein content is shown. *P < 0.05 vs. fasted TO-
901317-treated. ChREBP immunofluorescence analysis in liver sections from T0-901317—treated fasted and vehicle-treated fed mice. Original
magnification, x400. n = 6 per group. (D) gRT-PCR analysis of ChREBP and L-PK in mouse hepatocytes incubated in the presence of low glu-
cose (5 mM; G5) plus DMSO (white bars) or 10 uM T0-901317 (black bars) or in the presence of high glucose concentrations (25 mM) plus 100
nM insulin (gray bars) for 24 h. Error bars represent SD (n = 4 independent cultures). *P < 0.005 vs. 5 mM glucose plus DMSO.

a direct target of LXRs, was induced upon T0-901317 treatment
but was not affected by the nutritional status of the mice (Figure
2A). Known lipogenic targets of LXR SREBP-1¢, FAS, ACC (14), and
SCD1 (15) were significantly induced (2- to 8-fold increase) upon
T0-901317 treatment in the livers of fasted mice (Figure 2A). Treat-
ment of fasted mice with T0-901317 also led to a significant induc-
tion of ChREBP expression (both mRNA and total protein content)
to a level similar to that measured in the livers of vehicle-treated fed
mice (Figure 2, A and B). This induction occurred independently of

958 The Journal of Clinical Investigation

http://www.jci.org

an increase in glucose metabolism, as shown by the lack of change
in expression of glucokinase (GK), the rate-limiting enzyme of the
glycolytic pathway, and of its end product G6P (Table 1). Interest-
ingly, the expression of ChREBP target gene L-PK remained low
(Figure 2A), and TG concentrations were not increased in the fasted
state (Table 1), suggesting that ChREBP was not functional. The
T0-901317-mediated induction of ChREBP was liver specific: no
increase in ChREBP expression was detected in white adipose tissue
from T0-901317-treated mice (Supplemental Figure 2).

Volume 118

Number3  March 2008



24 21 219 ACC

*%

L-PK
*k

GK

*%

A 21 ChREBP

* *% *k

*%

*%

Relative mMRNA expression
o -
E r
< < iy
*

0+
2=

SREBP-1c SCD1 27 FAS 27 GPAT

*%

1 1

LXRa 1 Lxrp

o -
1 2
>
g >
o
=
o -
1 2

n.d.
0 < ’ 0 ’
O T R S R S
o < _\gp ) _\gp
%, \ \ \

Cytosolic and nuclear extracts
LXRa/p -

WT

research article

Figure 3

Adequate response to glucose
occurs in the absence of LXR. (A)
gRT-PCR analysis of GK, ChREBP,
L-PK, ACC, SREBP-1c, FAS, SCD1,
GPAT, LXRa, LXRB, ABCG1, and
ABCA1 in livers from wild-type
and LXRa/p knockout mice either
fasted overnight or challenged with
a HCHO diet for 18 h. Error bars
represent SD. n = 5-8 per group.
(B) Blood glucose concentrations
and liver G6P and glycogen content
in wild-type and LXRa/p knockout
mice either fasted or HCHO refed.
*P < 0.05, **P < 0.001 versus fasted.
n.d., not detectable. (C) Cytosolic
and nuclear ChREBP protein in liver
extracts from fasted and HCHO-
refed wild-type and LXRa/p knock-
out mice. Lamin A/C and B-actin
antibodies were used as loading
controls. A representative Western
blot is shown (n = 5—8 per group).
Lanes were run on the same gel but
were noncontiguous. (D) Precursor
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To explain the lack of induction in L-PK gene expression in
fasted T0-901317-treated mice, we measured ChREBP subcellular
localization and phosphorylation status (Figure 2, B and C). Under
fasted conditions (with or without T0-901317 treatment), ChREBP
was not located in the nucleus (Figure 2B), in contrast to fed mice,
in which G6P concentrations were elevated (Table 1). Treatment of
fasted mice with T0-901317 induced a 5-fold increase in ChREBP
Ser196 phosphorylation compared with vehicle-fasted conditions
(Supplemental Figure 1B). This increase directly correlated to the
4- to 5-fold increase in total ChREBP protein content observed in
fasted mice treated with T0-901317 versus vehicle (Figure 2B). In
terms of phosphorylation status, we were able to compare fasted
TO0-901317-treated mice to fed vehicle-treated mice because equiv-
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alent ChREBP protein content was measured (Figure 2C). In fasted
mice treated with T0-901317, ChREBP Ser196 phosphorylation
was high and ChREBP remained cytosolic (Figure 2C). Under fed
conditions, Ser196 phosphorylation was reduced by 40%, leading
to the translocation of ChREBP to the nucleus (Figure 2C). As
a consequence, the expression of ChREBP target gene L-PK was
increased (Figure 2A). Other nutritionally regulated genes, such
as ACC and SREBP-1c, were also significantly increased under fed
compared with fasted conditions, while statistical significance was
not reached for either FAS or SCD1 gene induction (Figure 2A).
When LXR was activated by T0-901317 in the livers of fed mice,
the combined stimulatory effects of LXR and glucose metabo-
lism led to increased mRNA levels (Figure 2A) and nuclear pro-
Number 3 959
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tein content (Figure 2B) of ChREBP. As a result, known targets of
ChREBP (L-PK, FAS, and ACC; ref. 8) were further induced (Fig-
ure 2A). The expression of genes controlled by insulin, namely GK
and SREBP-1c, was also potentiated, because a 10-fold increase
in insulin concentrations was measured between the fasted and
fed states (Table 1). It should be noted that for the FAS and ACC
genes, an enhanced stimulatory effect was observed, likely caused
by combined action of ChREBP, SREBP-1c, and LXR. Under fed
conditions, liver and plasma TG levels were increased in response
to T0-901317 treatment (Table 1).

Consistent with the in vivo effects observed, T0-901317 treat-
ment under low glucose concentrations (5 mM) led to a 2-fold
induction in ChREBP expression in primary murine hepatocytes
but did not modify the expression of ChREBP target gene L-PK,
which was only induced by 25 mM glucose (Figure 2D). In parallel,
T0-901317 treatment induced SREBP-1c by 3- to 4-fold (data not
shown). Together, these data demonstrate that LXR activation was
not able to overcome the posttranslational modifications medi-
ated by glucose metabolism and that in the absence of an increased
intracellular glucose flux, ChREBP is not transcriptionally active.

LXRs are not required for the effect of glucose on ChREBP and its target
genes. To determine to what extent LXRs contribute to glucose-reg-
ulated gene expression in liver, nutritional studies were performed
in wild-type and LXRo,/f knockout mice. Mice of both genotypes
were either fasted for 24 h or refed a HCHO diet for 18 h (Figure 3);
the latter is known to stimulate both glucose and insulin signaling
pathways (8). As expected, the expression of GK, ChREBP, L-PK,
ACC, SREBP-1c¢, SCD1, FAS, and glyceraldehyde 3-phosphate acyl-
transferase (GPAT) was markedly increased in livers of wild-type
mice upon refeeding a HCHO diet (Figure 3A). In contrast, neither
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Figure 4

ChREBP, but not LXR, is required for glucose-regulated gene expres-
sion. (A) ChREBP protein in nuclear extracts from wild-type and
LXRo/p knockout hepatocytes. A representative Western blot is shown
(n = 4 per group). (B) gRT-PCR analysis of L-PK, ACC, LXRa, and
ABCA1 in isolated hepatocytes from wild-type and LXRo/f knockout
mice. Hepatocytes from both genotypes were incubated under low glu-
cose (5 mM) plus 100 nM insulin in the presence of a scramble siRNA
or under high glucose concentrations (25 mM) plus 100 nM insulin in
the presence of either scramble or ChREBP siRNA (8) for 24 h. Error
bars represent SD (n = 4 independent cultures). *P < 0.005 vs. 5 mM
glucose plus scramble siRNA and 25 mM glucose plus ChREBP siRNA
groups. n.d., not detectable. (C) Total ChREBP protein in lysates from
wild-type and LXRa/p knockout murine hepatocytes transfected with
either scramble or ChREBP siRNA. A representative Western blot is
shown. n = 4 independent cultures.

ABCA1 nor ABCG1 expression was induced after refeeding (Figure
3A). Interestingly, a gene-specific effect was observed in response
to the HCHO diet in LXRa/p knockout mice. In agreement with a
central role for LXR in the transcriptional control of SREBP-1c by
insulin (12), SREBP-1c was not induced in response to HCHO diet
refeeding in the absence of LXR (Figure 3A). At the protein level,
while both precursor and mature SREBP1 isoforms were induced
upon refeeding in wild-type mice, they were not detected in liver
lysates from LXRo/B knockout mice (Figure 3D). Similarly, a total
lack of induction was observed for both SCD1 and GPAT in liv-
ers of LXRa/f knockout mice (Figure 3A). In contrast, the HCHO
diet-mediated induction of ChREBP expression (Figure 3A) and
translocation (Figure 3C) was similar in livers of LXRa/B knock-
out and control mice (Figure 3A), suggesting that the stimulation
of ChREBP by glucose occurred by a LXR-independent manner but
was dependent on increased glucose metabolism. Consistent with
this hypothesis, both GK expression and G6P concentration were
similar to wild-type in the livers of LXR0./f knockout mice (Figure
3,Aand B). As a consequence, the expression of the ChREBP target
gene L-PK was increased to the same extent in response to HCHO
diet in livers of LXRa/P knockout compared with wild-type mice
(Figure 3A). Interestingly, the absence of LXR had different conse-
quences on the HCHO diet-mediated induction of FAS and ACC.
While these 2 lipogenic genes are thought to be regulated by the
combined action of LXR, SREBP-1c, and ChREBP, the induction
of ACC was unaltered in livers of LXRa/f knockout mice, whereas
that of FAS was markedly attenuated (Figure 3A). These results
suggest that ACC is mainly regulated by glucose via ChREBP while
FAS expression is controlled by all 3 transcription factors, namely
ChREBP, LXR, and SREBP-1c. In addition, although SREBP-1c is
thought to be implicated in the transcriptional control of GK by
insulin, GK expression was maintained in livers of LXRa/ knock-
out mice (Figure 3A) despite the total lack of mature SREBP-1
protein (Figure 3D). These data suggest that hepatic GK can be
induced by insulin via a SREBP-1c-independent pathway. Finally,
and similar to its regulation in liver, ChREBP expression (at both
mRNA and protein level) was unaffected by the absence of LXR in
white adipose tissue (Supplemental Figure 2B).

ChREBP knockdown in LXRo./B knockout hepatocytes abolishes glucose-
regulated gene induction. To confirm the lack of involvement of LXR
in the induction of glucose-regulated genes, the effect of glucose
was studied in vitro in isolated hepatocytes from wild-type and
LXRa/B knockout mice (Figure 4). Incubation of wild-type and
LXRo/p knockout hepatocytes for 24 h with high glucose con-
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Respective roles of LXR, ChREBP, and SREBP-1c in the transcriptional
control of TG synthesis in liver. The glucose-mediated activation (Ser196
dephosphorylation and nuclear translocation) of ChREBP is required
for the transcriptional induction of L-PK and ACC. FAS gene expres-
sion is synergistically regulated by ChREBP, LXR, and SREBP-1c.
SCD1 and GPAT are under the transcriptional control of SREBP-1c
and/or LXRs. While LXRs play a central role in insulin signaling through
the transcriptional control of SREBP-1c, we could not find any evi-
dence for direct involvement of LXRs in the glucose signaling pathway
through ChREBP activation.

centrations (25 mM) resulted in a similar increase in ChREBP
nuclear content (Figure 4A). As a result, and despite the absence
of LXR expression, gene expression of both L-PK and ACC was
adequately induced in response to high glucose concentrations
(Figure 4B). Interestingly, when ChREBP was silenced by siRNA
(Figure 4C), L-PK and ACC gene expression was no longer induced
in response to high glucose concentrations in LXRo,/f knockout
hepatocytes, while the expression of ABCA1 was not affected (Fig-
ure 4B). Together these data confirm the importance of ChREBP
as a glucose sensor and demonstrate the lack of involvement of
LXR in regulating glucose-sensitive genes in liver.

Glucose fails to promote the interaction of LXRs with cofactors. Finally,
because it was previously shown that glucose and glucose metab-
olites are able to directly modulate the activity of LXRs (16), we
tested the ability of glucose and G6P to bind LXRs in a cell-free
coactivator recruitment assay. In these experiments, the specific
interaction between the LXR ligand-binding domain and coactiva-
tor peptides (SRC1 L2, SRC1 L1-L2, and DRIP205) as well as the
release of a corepressor peptide (NCoR) was measured by FRET
under increasing glucose and G6P concentrations (Supplemen-
tal Figure 3). The experiments were performed in parallel in the
presence of 1 uM T0-901317. Neither glucose nor G6P influenced
the interaction of cofactor peptides with either LXRa or LXRf. In
contrast, and as expected, T0-901317 induced the recruitment of
the coactivator peptides SRC1 L2, SRC1 L1-L2, and DRIP20S and
induced the release of the corepressor peptide NCoR from both
LXRo and LXRP (Supplemental Figure 3). To confirm the lack of
activation of LXRs by glucose, cotransfection experiments with a
Gal4-responsive luciferase reporter and expression plasmids encod-
ing Gal4 DNA-binding domain-LXRa/p ligand-binding domain
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chimeric proteins were performed in HepG2 cells. While T0-901317
induced a significant induction over control conditions, this effect
was not potentiated in the presence of increasing glucose concen-
trations (Supplemental Figure 4).

Discussion

The transcription factor ChREBP has recently emerged as a cen-
tral regulator of lipid synthesis in liver through the transcrip-
tional control of glycolytic (L-PK) and lipogenic (ACC and FAS)
gene expression in response to glucose (20, 21). The fact that liver-
specific inhibition of ChREBP improves hepatic steatosis and
insulin resistance in obese 0b/0b mice by significantly decreasing
the rate of lipogenesis suggests that ChREBP may represent an
interesting modulator of fatty acid content in liver (3). Therefore,
accurate knowledge of the regulation of ChREBP expression and
function is crucial for the potential development of therapeutic
approaches. However, so far, the relative importance of ChREBP
regulation at the transcriptional or at the posttranslational level
remains unclear (6, 7). According to the model initially proposed
by Uyeda and coworkers (5, 22), the mechanism responsible for
ChREBP nuclear translocation was thought to involve the dephos-
phorylation of Ser196, target of cAMP-dependant protein kinase
(PKA) and located near the nuclear localization signal. However,
using an in-gel phosphoprotein assay, it was reported that while
global phosphorylation of ChREBP increased under cAMP condi-
tions, it did not change when hepatocytes were switched from low
to high glucose concentrations (6). These results challenged the
importance of dephosphorylation in the transcriptional activa-
tion of ChREBP, and an alternative mechanism involving a glu-
cose-sensing module rather than regulation by phosphorylation/
dephosphorylation was even proposed (7). Using a phosphospe-
cific antibody that we developed, we provide here, for the first time
to our knowledge, a direct correlation between the modulation of
Ser196 phosphorylation and the intracellular localization of the
endogenous ChREBP protein in liver.

At the transcriptional level, ChREBP is regulated by glucose (8)
and by LXRs (9). LXRs are key regulators of the lipogenic path-
way, and several studies have previously reported that the primary
mechanism by which LXRs control lipogenesis is via the insulin-
mediated activation of SREBP-1c and through the direct regula-
tion of the FAS gene. The recent observations that ChREBP is also
a direct target of LXRs (9) and that glucose itself can bind and
activate LXRs (16) not only emphasized the importance of LXRs
in the control of the lipogenesis but also placed LXRs as part of the
glucose-signaling pathway. The availability of LXRa/p knockout
mice (23, 24) allowed us to clearly determine the implication of
LXRs in the regulation of glucose-regulated genes both in vitro
and in vivo. We have shown that adequate regulation of gene
expression by glucose (L-PK and ACC) occurred in the absence of
LXR in liver but was markedly affected when ChREBP was missing
(Figure 4 and refs. 3, 8). More importantly, ChREBP induction and
nuclear translocation in response to glucose and HCHO diet feed-
ing was maintained in the absence of LXRs, indicating that LXRs
are not the molecular links between glucose and ChREBP function
(Figure 5). In fact, our study further underlines the importance of
glucose metabolism via GK in ChREBP activation independently
of LXR (4, 8). First, G6P concentrations were unaltered in liver of
LXRa/p knockout mice, and both ChREBP nuclear content and
gene expression responses to glucose were maintained despite the
lack of LXRs. Secondly, when LXRs were activated by T0-901317
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in livers of fasted mice (in which GK expression and G6P concen-
trations are low), total ChREBP protein content was increased but
ChREBP remained phosphorylated on Ser196 and did not trans-
locate to the nucleus (Figure 2C). Our results emphasize the fact
that ChREBP transcriptional activity is highly dependent on its
phosphorylation status and its cellular localization in liver and
therefore contrasts with the hypothesis that the transcriptional
control of ChREBP by LXRs may be of primary importance (9).
The discrepancy between our study and that of Cha and Repa (9)
is likely due to the fact that T0-901317 activation of LXRs was
performed in fed mice in the previous study, whereas we dissoci-
ated the glucose and LXR pathways by activating LXR in fasted
mice. The results of our present study demonstrated that LXRs
were unable, in the absence of an increased glucose flux, to stimu-
late ChREBP dephosphorylation or nuclear translocation nor the
activation of its target genes.

By demonstrating the lack of involvement of LXRs in regulat-
ing glucose-sensitive genes in liver and by confirming the key role
of ChREBP as a glucose sensor, our results strongly challenge the
findings of Mitro et al. (16). First of all, the present study ruled
out the ability of glucose (and glucose metabolites such as G6P)
to influence the interaction of cofactor peptides with either LXRa
or LXRf (Supplemental Figure 3). Therefore, we conclude that
the hypothesis that glucose binds and activates LXRs is highly
questionable, in line with several concerns that were previously
raised (17). These concerns include the fact that the effect of glu-
cose was tested in HepG2 cells, a hepatoma cell line that expresses
low levels of GK (25) and thus poorly increases glucose metabo-
lism in response to high glucose concentrations. Another issue
was the ability of G6P, directly added to the culture medium, to
stimulate LXR transcriptional activity in transfected HepG2 cells.
This observation is puzzling since phosphorylated sugars such
as G6P cannot be transported inside the cell. In addition, while a
LXRa siRNA strategy was used to identify LXR-dependent genes
in HepG2 cells (16) none of the known glucose-sensitive genes
such as ChREBP, L-PK, or ACC were measured. In contrast, both
ABCAL1 and ABCG1 genes, known targets of LXR, were identified
as glucose-dependent genes (16). In our present study, we could
not find any evidence for a potential regulation of the ABCA1
and ABCG1 genes by the nutritional status (glucose and insulin).
Indeed, ABCAL1 expression was not affected by ChREBP silencing
in vitro, while glucose-regulated genes such as L-PK and ACC were
clearly downregulated.

Finally, by dissociating the respective pathways of glucose, insu-
lin, and LXR, our study helps to clarify the relative importance of
ChREBP, SREBP1-c, and LXR in the nutritional control of hepatic
genes. For example, it is clear that LXRs play a determining role in
insulin signaling through the transcriptional control of SREBP-1c¢
(12, 13), but also of SCD1. Because LXRs directly (15) and indi-
rectly control SCD1 via SREBP-1c (14), the blunted response of
the SCD1 gene to HCHO diet feeding in LXRa/f knockout mice
is logical. Interestingly, while a carbohydrate-responsive element
was identified in the promoter region of the GPAT gene (26),
GPAT gene expression was clearly more dependent on SREBP-1c
than previously suggested. The differential response of the FAS
and ACC genes to HCHO diet in the livers of LXRa/f knockout
mice was more surprising. The FAS gene has been demonstrated
to be a direct transcriptional target of SREBP-1c¢ (27), LXR (28),
and ChREBP (29). Interestingly, in absence of LXR/SREBP-Ic,
FAS gene expression was still significantly induced in response to
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HCHO diet, but the fold induction was lower in LXRo/f knockout
compared with wild-type mice (10-fold vs. 30-fold in wild type).
This difference, while demonstrating the importance of the tran-
scriptional control of FAS by LXR and/or SREBP-1c, emphasized
the ability of ChREBP, by itself, to induce lipogenic gene expres-
sion. In fact, the ACC gene behaved like a LXR/SREBP-1c-indepen-
dent gene because its response to glucose was similar in LXRa/f
knockout mice compared with controls. ACC is also a direct tar-
get of SREBP-1c (30). However, since the discovery of ChREBP
(20), it is now well accepted that SREBP-1c activity alone does not
fully account for the stimulation of lipogenic gene expression in
response to glucose (8, 14). Our results clearly demonstrate that
ChREBP activity, despite the combined absence of SREBP1c and
LXR expression, was sufficient to maintain ACC expression. In
agreement with our findings, a recent study reports that increased
metabolism via GK is able to rescue ChREBP and lipogenic gene
expression (including FAS and ACC) in the livers of streptozoto-
cin-treated rats independently of insulin action via SREBP-1c¢ (31).
Furthermore, we observed that GK expression was maintained
upon refeeding in liver of LXRa/B knockout mice despite the total
absence of mature SREBP-1 protein in the nucleus. SREBP-1c,
whose transcription (32, 33) and maturation (34) is dependent on
insulin, has emerged over the years as a central mediator of the
insulin effect on hepatic GK gene expression. However, the molec-
ular mechanisms by which insulin stimulates GK gene transcrip-
tion are not fully elucidated since the cis-acting elements mediat-
ing the effect of insulin remain unidentified. In addition, the fact
that some studies failed to confirm the exclusive control of GK
gene expression by SREBP-1c¢ (35, 36) suggests that SREBP-1c may
act in synergy with 1 or more other transcription factors to fully
induce hepatic GK expression in response to insulin.

Our study revealed that the contribution of LXR to ChREBP
function and regulation and, more importantly, glucose signaling
was minor both in liver and in white adipose tissue. Moreover, the
lack of direct activation of LXRs by glucose further suggests that
the integration of glucose sensing is likely not mediated by LXRs.
While we confirmed that ChREBP is a direct target of LXR (9), we
observed that the ChREBP gene was far less sensitive than SREBP-1c
to T0-901317-mediated activation of LXR (2-fold induction for
ChREBP vs. 6- to 8-fold induction for SREBP-1c in vivo). In our
opinion and from a therapeutic point of view, ChREBP remains a
interesting target, and our results help to clarify the mechanisms
involved in regulating its expression, nucleocytoplasmic shut-
tling, and posttranslational modifications. These studies will be
helpful for the development of therapeutic approaches for the
treatment of diseases characterized by dysregulation of glucose
and/or lipid metabolism.

Methods
Animals. C57BL/6] mice were purchased from Elevage Janvier and adapted
to the environment for 1 week prior to study. All mice were housed in
colony cages with a 12-h light/12-h dark cycle in a temperature-controlled
environment. All procedures were carried out according to the French
guidelines for the care and use of experimental animals. All animal studies
were approved by the Direction départementale des services vétérinaires
de Paris. Mice had free access to water and regular diet (65% carbohydrate,
11% fat, 24% protein) unless otherwise specified.

For LXR agonist gavage experiments, 10- to 12-week old male mice were
maintained on regular chow diet and force-fed daily with T0-901317 (50
mg/kg/d) or vehicle (0.5% carboxymethylcellulose) for 3 days. Mice were
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sacrificed during the dark cycle either after a 12-h fasting period or dur-
ing the postprandial phase. For the fasting and refeeding studies, 20- to
22-week-old male wild-type and LXRa/B knockout mice (23, 24) were
divided into 2 groups. One group was fasted for 24 h, and the refed group
was fasted for 24 h and then refed for 18 h with a HCHO diet (72.2% car-
bohydrate, 1% fat, 26.8% protein). For glucagon experiments, 10-week-old
male mice were fasted for 24 h and then refed for 18 h with a HCHO diet.
At 30 minutes before sacrifice, mice were injected with glucagon (0.5 U/kg)
or NaCl (0.9%) via the portal vein. For all the described studies, mice were
sacrificed after an intraperitoneal anesthesia (a mix of ketamine and
xylazine), and livers were immediately flash-frozen and stored at -80°C.

Primary cultures of hepatocytes. Hepatocytes were isolated and cultured as pre-
viously described (8). For experiments using the agonist of LXR, the medium
was changed to serum-free basal medium (M199; Invitrogen) containing
10 uM T0-901317 or DMSO for 24 h. For experiments testing the effects of
glucose, isolated hepatocytes from wild-type and LXRa/f mice were incu-
bated for 24 h in M199 medium supplemented with 100 mM dexamethasone
and 100 nM insulin. Then, fresh M199 medium was added for 24 h in the
presence of 25 mM glucose, 100 nM dexamethasone, and 100 nM insulin.
ChREBP siRNA experiments were performed as previously described (8).

Analytical procedures. Blood glucose values were determined using an
ACCU-Check glucose monitor (Roche Diagnostic Inc.). Serum TG and
FFA concentrations were determined using an automated Monarch device
(Laboratoire de Biochimie, Faculté de Médecine Bichat, France). G6P and
glycogen concentrations were determined in liver extracts as previously
described (8). Hepatic TGs were extracted with acetone, and TG content
was measured with a colorimetric diagnostic kit according to the manufac-
turer’s instructions (Triglycerides FS; Diasys). Insulin concentrations were
determined using a rat insulin ELISA assay kit (Crystal Chem Inc.) using
a mouse insulin standard. The binding reaction was modified to perform
the assay on 10 ul of plasma.

RNA analysis. Total cellular RNAs were extracted using the RNeasy Kit
(Qiagen), and 500 ng were reverse transcribed as previously described
(8). Primers used for ChREBP, SREBP-1, GK, L-PK, ACC, FAS, SCD1,
GPAT, ABCG1, and LXRf were previously described (8, 24). Primers
used for LXRa were 5'-ATCGCCTTGCTGAAGACCTCTG-3' (sense) and
5'-GATGGGGTTGATGAACTCCACC-3' (antisense) and for ABCA1 were
5'-CGCAGTGACCAGAAAACAATGTG-3' (sense) and 5'-TATCAAGTAG-
GCAAGGGTGTGG-3' (antisense). The relative quantification for a given
gene was corrected to the cyclophilin mRNA values.

Preparation of nuclear extracts and immunoblot analysis. Nuclear and cyto-
plasmic extracts were prepared using the NE-PER nuclear and cytoplasmic
extraction reagent kit (Pierce Biotechnology Inc.) as previously described
(8). Tortal liver homogenates were prepared as previously described (8).
Proteins (80 ug) were subjected to SDS-PAGE analysis on a 10% gel as pre-
viously described. ChREBP protein was detected with a rabbit polyclonal
antibody (Novus Biologicals). The phosphorylation of the ChREBP pro-
tein on Ser196 was detected using a specific phosphoantibody (Eurogen-

research article

tec) made against a synthetic peptide. SREBP-1 was detected with a mouse
monoclonal antibody (SREBP-1 Ab-1, NeoMarkers; Interchim Inc.) raised
against amino acids 301-407 of human SREBP-1. Monoclonal mouse
B-actin (clone AC.74; Sigma-Aldrich) and lamin A (Cell Signaling Inc.) anti-
bodies were used as loading controls. ChREBP immunohistochemistry was
performed on liver sections using a rabbit polyclonal antibody (Novus Bio-
logicals) at a dilution of 1:300.

Cofactor recruitment profiling: FRET. Peptides for the relevant cofactors
were synthesized and bound to biotin. GST-LXRa and GST-LXRf were
labeled with allophycocyanin coupled to anti-GST antibody, and cofactor
peptides were labeled with R-phycoerythrin (RPE) coupled to streptavidin.
Increasing amounts of test compounds were incubated in the assay buffer
with 35 nmol/l GST-LXRa or GST-LXRf, 26.3 nmol/1 allophycocyanin-
labeled anti-GST antibody, 1.25 nmol/l RPE streptavidin, and 30 nmol/l
of biotinylated cofactor peptide at 4°C for 16 h in 384-well plates. At the
end of the incubation period, RPE was excited at 495 nm, and emission
was measured at 635 nm (nonspecific emission) and at 670 nm (allophy-
cocyanin emission). Fluorescence intensities were measured with a Genesis
Freedom 200 (Tecan), and FRET values were expressed as the ratio of fluo-
rescence intensity at 670 nm to that at 635 nm.

Statistics. Results are expressed as mean = SEM. Statistical significance
was assessed using the ANOVA test (StatView). Differences were considered
statistically significant at P < 0.05.
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