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The glucose-responsive transcription factor carbohydrate
response element– binding protein (ChREBP) critically pro-
motes aerobic glycolysis and cell proliferation in colorectal can-
cer cells. It has been reported that ubiquitination may be impor-
tant in the regulation of ChREBP protein levels and activities.
However, the ChREBP-specific E3 ligase and molecular mecha-
nism of ChREBP ubiquitination remains unclear. Using data-
base exploration and expression analysis, we found here that
levels of the E3 ligase SMURF2 (Smad-ubiquitination regulatory
factor 2) negatively correlate with those of ChREBP in cancer
tissues and cell lines. We observed that SMURF2 interacts with
ChREBP and promotes ChREBP ubiquitination and de-
gradation via the proteasome pathway. Interestingly, ectopic
SMURF2 expression not only decreased ChREBP levels but also
reduced aerobic glycolysis, increased oxygen consumption, and
decreased cell proliferation in colorectal cancer cells. Moreover,
SMURF2 knockdown increased aerobic glycolysis, decreased
oxygen consumption, and enhanced cell proliferation in these
cells, mostly because of increased ChREBP accumulation. Fur-
thermore, we identified Ser/Thr kinase AKT as an upstream

suppressor of SMURF2 that protects ChREBP from ubiquitin-
mediated degradation. Taken together, our results indicate that
SMURF2 reduces aerobic glycolysis and cell proliferation by
promoting ChREBP ubiquitination and degradation via the pro-
teasome pathway in colorectal cancer cells. We conclude that
the SMURF2–ChREBP interaction might represent a potential
target for managing colorectal cancer.

The transcription factor carbohydrate response element–
binding protein (ChREBP)4 is one of the members of the basic
helix–loop– helix leucine zipper transcription factor family. It
has emerged as a major player in regulating the expression of
critical genes involved in glycolysis, gluconeogenesis, and lipo-
genesis in metabolic tissues (1–6). Our previous study showed
that ChREBP may serve as a metabolic switch between aerobic
glycolysis and oxidative phosphorylation, as well as influence
proliferative and tumorigenic potential of colorectal cancer
cells (7). Thus regulating the level and activity of ChREBP can
reprogram glucose metabolism. Recent study has suggested
that post-translational modifications play important roles in
regulating ChREBP level and activity in different types of cells.
Glucose-activated p300 acetylates ChREBP on Lys-672 and
increases its transcriptional activity in hepatocytes (8). Glucose
regulates ChREBP phosphorylation and its subcellular localiza-
tion (9). Both O-glycosylation and ubiquitination can regulate
ChREBP protein level and activity in hepatocytes (10 –12).
However, it remains unclear how the ChREBP protein level is
regulated by ubiquitination in cancer cells.

SMURF2 (Smad ubiquitination regulatory factor 2) is a
member of the HECT E3 ubiquitin ligase family and regulates
ubiquitination-mediated protein degradation (13). SMURF2
exerts negative functions in transforming growth factor-�
(TGF-�) and Bone Morphogenetic Proteins (BMP) signaling
pathways (14). SMURF2-deficient mice are prone to a variety of
cancers because histone modification and the extent of chro-
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matin compaction is altered in these mice, suggesting that
SMURF2 might function as a tumor suppressor (15). So far
studies have broadened the repertoire of SMURF2 substrates
and extended its function to controlling the cell cycle, prolifer-
ation, differentiation, metastasis, and senescence (16 –21).
However, there is limited evidence to indicate any mechanistic
link between SMURF2 and cell metabolism.

In our study, we found that SMURF2 played an important
role in the ubiquitination and proteasomal degradation of
ChREBP. Thus SMURF2 functioned as an E3 ligase of ChREBP.
Moreover, altering SMURF2 expression could regulate aerobic
glycolysis, oxidative phosphorylation, and cell proliferation of
colorectal cancer cells by altering ChREBP protein levels. AKT
decreased SMURF2 levels and protected ChREBP from degra-
dation. Our results indicate that SMURF2 exerts a critical role
in the Warburg effect by regulating ChREBP stability in colo-
rectal cancer cells, and the SMURF2–ChREBP axis might be a
novel target in the treatment of colorectal cancer.

Results

The E3 ligase SMURF2 decreased ChREBP protein level in
colorectal cancer cells

ChREBP plays a critical role in promoting glycolysis and cell
proliferation in colorectal cancer cells (7). It has been reported
that ubiquitination may be important for regulating ChREBP
protein level and activity (10 –12). To search for the E3 ligase of
ChREBP, analysis of negative correlation of gene expression
was performed using the Genevestigator database. Genevesti-
gator showed that SMURF2 ranked first among several E3 ubiq-
uitin ligases that displayed negative expression correlation with
ChREBP in cancer. Utilizing a mouse model of colitis-related
colorectal carcinoma induced by the carcinogen azoxymeth-
ane, followed by the inflammatory agent dextran sodium sul-
fate, we found that the SMURF2 protein level decreased grad-
ually, whereas ChREBP expression increased gradually in the
progression of mouse colorectal cancer (Fig. 1A). By examining
ChREBP and SMURF2 expression in different human colorec-
tal cancer cell lines, including CaCO-2, HCT116, SW1116, and
SW620, we found a negative correlation between ChREBP and
SMURF2 levels (Fig. 1B). These results indicated that the
ChREBP protein level was negatively correlated with that of
SMURF2 in the progression of mouse colorectal cancer and in
human colorectal cancer cells.

According to the negative correlation between ChREBP and
SMURF2 expression, we hypothesized that the E3 ubiquitin
ligase SMURF2 might decrease ChREBP protein levels by promot-
ing its ubiquitination and degradation. To test the hypothesis, we
examined whether ectopic expression of Myc-tagged SMURF2
(Myc-SMURF2) decreased the HA-tagged ChREBP (HA-
ChREBP) level in 293T cells. As shown in Fig. 1C, WT SMURF2,
but not the E3 ligase-inactive mutant SMURF2C716A, decreased
ChREBP levels in 293T cells. Moreover, SMURF2 decreased
ChREBP levels in a dose-dependent manner (Fig. 1C). We ectop-
ically expressed Myc-SMURF2 in 293T cells and found that the
mRNA level of ChREBP had no significant change in the
SMURF2-overexpressed cells, suggesting that SMURF2-depen-
dent down-regulation of ChREBP occurred at post-transcriptional

levels (Fig. 1D). The 4� ACC ChoRE-Luciferase reporter con-
struct containing four ChoRE elements in the promoter of ACC
driving luciferase gene has been applied to detect the activity of
ChREBP-mediated transcription as described previously (22).
The luciferase assay showed that WT SMURF2, but not
SMURF2C716A, decreased the activity of ChREBP (Fig. 1E).
These results suggest that SMURF2 decreases ChREBP protein
level and activity.

SMURF2 co-immunoprecipitated and co-localized with
ChREBP

To explore whether SMURF2 interacted with ChREBP, we
performed co-immunoprecipitation experiments. After co-ex-
pressing FLAG-ChREBP and Myc-SMURF2 in 293T cells, we
found that Myc-SMURF2 could readily co-immunoprecipi-
tated with FLAG-ChREBP (Fig. 2A). We then found that
endogenous ChREBP and SMURF2 protein co-immunopre-
cipitated in HCT116 cells (Fig. 2B). To determine whether
SMURF2 and ChREBP co-localized, we ectopically expressed
Myc-SMURF2 and HA-ChREBP in HeLa cells and analyzed
subcellular localization using immunofluorescent staining. We
found that Myc-SMURF2 and HA-ChREBP co-localized in
both cytosol and nucleus (Fig. 2C). We also found endogenous
SMURF2 co-localized with exogenous HA-ChREBP in both
cytosol and nucleus in HCT116 and HeLa cells (Fig. S1, A
and B).

To further analyze which domains of SMURF2 were respon-
sible for interacting with ChREBP, we generated Myc-tagged
N-terminal C2 domain of SMURF2 (Myc-SMURF2 1–148),
Myc-tagged WW domain of SMURF2 (Myc-SMURF2 149 –
348), and Myc-tagged C-terminal HECT domain of SMURF2
(Myc-SMURF2 349 –748), according to the functional domains
of human SMURF2 protein. We found that both Myc-SMURF2
1–148 and Myc-SMURF2 149 –348 co-immunoprecipitated
with FLAG-ChREBP (Fig. 2D). This finding suggested that both
C2 and WW domains of SMURF2 interacted with ChREBP. We
also constructed the three ChREBP truncates FLAG-ChREBP
1–251, FLAG-ChREBP 252– 625, and FLAG-ChREBP 626 –
852 according to the functional domains of human ChREBP
protein. We found that all three ChREBP truncates co-immu-
noprecipitated with Myc-SMURF2, suggesting that multiple
regions of ChREBP interacted with SMURF2 (Fig. 2E).

SMURF2 promoted ChREBP degradation through ubiquitin
proteasome pathway

We performed the cycloheximide (CHX) chase experiment
and found that endogenous ChREBP protein in HepG2 cells
was unstable (Fig. 3A). Furthermore, we performed the CHX
chase experiment and found that the half-life of exogenous HA-
ChREBP protein expressed in 293T cells was significantly
reduced in SMURF2-overexpressing 293T cells (Fig. 3C). We
then explored whether SMURF2 functioned as an E3 ligase to
promote ChREBP ubiquitination for degradation. We co-ex-
pressed HA-ChREBP and Myc-SMURF2 in 293T cells and
found that Myc-SMURF2 decreased HA-ChREBP protein level
as expected. Addition of the lysosome inhibitor chloroquine
had no effect on the protein level of HA-ChREBP (Fig. 3B),
whereas the proteasome inhibitor MG132 prevented HA-
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ChREBP degradation from Myc-SMURF2 (Fig. 3D), suggesting
that Myc-SMURF2 promoted ChREBP degradation via the
ubiquitination proteasome pathway. We next examined the
effect of SMURF2 on ChREBP ubiquitination. HA-ChREBP
was co-transfected with FLAG-ubiquitin and Myc-SMURF2
into 293T cells in the presence of MG132, and the ubiquitinated
proteins were immunoprecipitated with the anti-HA antibody
and immunoblotted with the anti-FLAG antibody to detect
ubiquitinated ChREBP. Increased accumulation of ubiquiti-
nated HA-ChREBP was detected, and Myc-SMURF2 promoted
ubiquitination of HA-ChREBP (Fig. 3E). Moreover, we trans-
fected HA-ChREBP, His-ubiquitin, and Myc-SMURF2 or Myc-
SMURF2C716A into HCT116 cells in the presence of MG132,
followed by His-tag pulldown of ubiquitinated proteins. The
HA blot showed that SMURF2 greatly increased ubiquitination
of HA-ChREBP, whereas SMURF2C716A had a mild effect
(Fig. 3F). Our results indicate that SMURF2 functions as an

E3 ligase of ChREBP for ubiquitination and proteasomal
degradation.

SMURF2 promoted ChREBP degradation, reduced aerobic
glycolysis and cell proliferation, and increased oxygen
consumption in colorectal cancer cells

ChREBP has been shown to enhance aerobic glycolysis,
decrease oxygen consumption, and increase proliferation in
colorectal cancer cells (7). Considering our findings that
SMURF2 promoted ChREBP protein degradation, we next
investigated whether SMURF2 regulated metabolic and prolif-
erative activity of colorectal cancer cells. We established
Caco-2 cells stably transfected with Myc-tagged GFP cDNA
(Myc-GFP), Myc-tagged SMURF2 cDNA (Myc-SMURF2), or
Myc-tagged SMURF2C716A cDNA (Myc-SMURF2C716A)
and compared their metabolic and proliferative activity. To
investigate the effect of SMURF2 on colorectal cancer cell pro-

Figure 1. SMURF2 decreased ChREBP protein level without affecting its transcription. A, SMURF2 protein level was negatively correlated with ChREBP
expression in progression of mice colorectal cancer. B, SMURF2 and ChREBP protein levels were negatively correlated in human colorectal cancer cell lines. C,
SMURF2 decreased ChREBP protein level, whereas the E3 ligase-inactive mutant SMURF2C716A failed to decrease ChREBP protein level in 293T cells. SMURF2
decreased ChREBP protein level in a dose-dependent manner. D, SMURF2 did not change the ChREBP mRNA level. E, luciferase activity assay showed that
SMURF2 but not SMURF2C716A decreased the transcriptional activity of ChREBP. The data in A and C are quantified as the mean � S.D., and the bar indicates
the mean. Statistical significance was calculated using Prism 5 (GraphPad Software). *, p � 0.05. AOM, azoxymethane; Ctrl, control; ACC, Acetyl CoA carboxylase.
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liferation, cell numbers were counted at days 1– 4 after plating.
The result showed that overexpression of SMURF2 promoted
ChREBP degradation (Fig. 4A) and decreased cell growth rate
compared with the control (Fig. 4B). We next compared the
glycolytic activity of Caco-2 cells stably transfected with Myc-
GFP or Myc-SMURF2 by analyzing glucose uptake and lactate
production at 48 h after plating. We found that overexpression
of SMURF2 reduced glucose uptake and lactate production
(Fig. 4, C and D).

We also compared oxygen consumption rates between Myc-
GFP and Myc-SMURF2 and found that Caco-2 cells stably
expressing Myc-SMURF2 displayed higher oxygen consump-
tion rates (Fig. 4E). Moreover, Myc-SMURF2C716A overex-
pression had minimal effect on metabolic and proliferation
activity. Consistently, overexpression of SMURF2 in SW1116,

another human colorectal cancer cell line, had similar effect on
ChREBP expression, aerobic glycolysis, oxygen consumption,
and cell proliferation (Fig. S2, A–E). Taken together, our find-
ings suggest that ectopic expression of SMURF2 reduce aerobic
glycolysis and cell proliferation as well as increase oxygen con-
sumption rates in colorectal cancer cells.

SMURF2 knockdown promoted ChREBP accumulation,
increased aerobic glycolysis and cell proliferation, and
decreased oxygen consumption in colorectal cancer cells

To further investigate the effect of SMURF2 suppression on
metabolic and proliferative activity, we established HCT116
cells stably transfected with control shRNA or SMURF2
shRNAs (SMURF2 shRNA-1 and SMURF2 shRNA-2). Stable
expression of SMURF2 shRNAs decreased SMURF2 levels and

Figure 2. SMURF2 co-immunoprecipitated with ChREBP. A, co-immunoprecipitation analysis for Myc-SMURF2 and FLAG-ChREBP when being co-expressed
in 293T cells. B, endogenous SMURF2 co-immunoprecipitated with ChREBP in HCT116 cells. C, ectopically expressed Myc-SMURF2 and HA-ChREBP co-localized
in HeLa cells. The scale bar is 20 �m. Red, Myc-SMURF2; green, HA-ChREBP; blue, 4�,6�-diamino-2-phenylindole (DAPI). D, the schematic diagram shows the
domain structure of SMURF2. Myc-SMURF2 1–148, and Myc-SMURF2 149 –348 but not Myc-SMURF2 349 –748 co-immunoprecipitated with FLAG-ChREBP
when they are co-expressed in 293T cells. E, the schematic diagram shows the domain structure of ChREBP. FLAG-ChREBP 1–251, FLAG-ChREBP 252– 625, and
FLAG-ChREBP 626 – 852 co-immunoprecipitated with Myc-SMURF2 when they are co-expressed in 293T cells. bHLH, basic helix–loop– helix; IB, immunoblot-
ting; IP, immunoprecipitation.
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promoted ChREBP accumulation (Fig. 5A). In contrast to what
was observed in SMURF2 overexpressing colorectal cancer
cells, cell proliferation increased in HCT116 cells stably
expressing SMURF2 shRNAs compared with control cells (Fig.
5B). ShRNA-mediated suppression of SMURF2 increased glu-
cose uptake and lactate production, accompanied by decreased
oxygen consumption (Fig. 5, C–E).

To assess whether these changes in metabolism and prolifer-
ation were indeed due to suppression of SMURF2, we con-
structed HCT116 cells stably transfected with either the control
or nonsuppressible SMURF2 mutant cDNA in the presence of
the control shRNA or SMURF2 shRNA-2. The nonsuppressible
SMURF2 mutant cDNA contained several mutations that did

not alter amino acid sequence in the region targeted by
SMURF2 shRNA-2. The nonsuppressible SMURF2 cDNA
could rescue the observed phenotypes in metabolism and pro-
liferation of SMURF2 shRNA-transfected HCT116 cells (Fig.
S3, A–E). Therefore, our results suggested that the observed
phenotypes of SMURF2 knockdown HCT116 cells were due to
suppression of SMURF2 instead of a nonspecific effect of RNAi.

Furthermore, knockdown of SMURF2 in LoVo, another
colorectal cancer cell line, also increased ChREBP expression,
aerobic glycolysis and cell proliferation while decreasing oxy-
gen consumption (Fig. S4, A–E). These results showed that sup-
pression of SMURF2 led to ChREBP accumulation, accompa-
nied by increased aerobic glycolysis and cell proliferation, as

Figure 3. SMURF2 promoted ChREBP ubiquitination and proteasomal degradation. A, levels of endogenous ChREBP after CHX treatment for indicated
time in HepG2 cells. B, addition of lysosome inhibitor chloroquine has no effect on Myc-SMURF2–stimulated HA-ChREBP degradation. C, effect of SMURF2 on
the half-life of ChREBP. Myc-SMURF2 was transfected with HA-ChREBP, and cells were treated with CHX at 3 �g/ml for the indicated times. D, addition of
proteasome inhibitor MG132 prevents Myc-SMURF2–induced HA-ChREBP degradation. E, SMURF2 promoted ubiquitination (Ub) of ChREBP. F, SMURF2
promoted ubiquitination of ChREBP, whereas SMURF2C716A showed a mild effect. The data in A–E are quantified as the mean � S.D., and the bar indicates the
mean. Statistical significance was calculated using Prism 5 (GraphPad Software). *, p � 0.05. IB, immunoblotting; IP, immunoprecipitation.
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well as decreased oxygen consumption in colorectal cancer
cells.

ChREBP played an important role in SMURF2-dependent
alterations in metabolism and proliferation in colorectal
cancer cells

To investigate whether ChREBP was responsible for
SMURF2-dependent alterations in metabolism and prolifera-
tion, we used ChREBP siRNAs to suppress the expression of
ChREBP in HCT116 cells stably expressing either control
shRNAs or SMURF2 shRNAs. ChREBP protein level was higher
in SMURF2 shRNAs-transfected HCT116 cells compared with
control shRNAs-transfected HCT116 cells (Fig. 6A). Transient
transfection of ChREBP siRNAs resulted in reduced ChREBP
protein level in both control and SMURF2 shRNAs-transfected
HCT116 cells (Fig. 6A). Cell proliferation, glycolytic activity,

and oxygen consumption analyses were performed to examine
whether ChREBP contributed to the SMURF2-dependent met-
abolic and growth phenotype. Cell proliferation increased in
HCT116 cells stably expressing SMURF2 shRNAs compared
with control cells. However, the growth rate increase was
blocked in ChREBP siRNAs-transfected HCT116 cells stably
expressing SMURF2 shRNA1 or shRNA2 (Fig. 6, B and B�).
Glucose uptake decreased in ChREBP siRNAs-transfected cells
compared with control cells (Fig. 6C), which was consistent with
our previous study (7). Glucose uptake increased in SMURF2
shRNAs-transfected cells compared with control shRNAs-trans-
fected cells (Fig. 6C). Furthermore, glucose uptake induction was
abolished in ChREBP siRNAs-transfected HCT116 cells stably
expressing SMURF2 shRNAs (Fig. 6C). Similarly, lactate produc-
tion induction and oxygen consumption reduction were blocked
in ChREBP siRNAs-transfected HCT116 stably expressing
SMURF2 shRNAs (Fig. 6, D and E). These observations indicate
that ChREBP play an important role in SMURF2-dependent alter-
ations in metabolism and proliferation in colorectal cancer cells.

Figure 4. Ectopic expression of SMURF2 in colorectal cancer cells pro-
moted ChREBP degradation, decreased aerobic glycolysis and cell pro-
liferation, and increased oxygen consumption in colorectal cancer cells.
A, ectopic expression of SMURF2 in Caco-2 cells promoted endogenous
ChREBP degradation. B, cell proliferation of Caco-2 cells stably expressing
either Myc-GFP, Myc-SMURF2 or Myc-SMURF2C716A. C–E, glucose uptake (C),
lactate production (D), and oxygen consumption (E) of Caco-2 cells stably
expressing Myc-GFP, Myc-SMURF2, or Myc-SMURF2C716A. The data in A are
quantified as the mean � S.D., and the bar indicates the mean. Statistical
significance was calculated using Prism 5 (GraphPad Software). *, p � 0.05.

Figure 5. SMURF2 knockdown promoted ChREBP accumulation,
increased aerobic glycolysis and cell proliferation, and decreased oxy-
gen consumption in HCT116 cells. A, SMURF2 knockdown promoted
endogenous ChREBP accumulation in HCT116 cells. B, cell proliferation of
HCT116 cells stably expressing either control (Ctrl) or SMURF2 shRNAs. C–E,
glucose uptake (C), lactate production (D), and oxygen consumption (E) of
HCT116 stably expressing either control or SMURF2 shRNAs. The data in A are
summarized as the means � S.D., and the bar indicates the mean. Statistical
significance was calculated using Prism 5 (GraphPad Software). *, p � 0.05.
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AKT enhanced ChREBP protein stability by decreasing
endogenous SMURF2 in colorectal cancer cells and during
progression of mouse colorectal cancer

TGF-� and AKT have been reported to regulate the expres-
sion of SMURF2 (23, 24). We have tested the possibility of
TGF-� or AKT regulating SMURF2-dependent degradation of
ChREBP. The TGF-� signal decreased ChREBP mRNA level in
colorectal cancer cells (data not shown), which made it difficult
to determine whether TGF-� altered SMURF2-dependent
ubiquitination and degradation of ChREBP. On the other hand,
the phosphatidylinositol 3-kinase signaling pathway is often
activated in human cancers (25, 26). Phosphorylation of AKT,
induced in the progress of colorectal carcinogenesis, has been
found to promote cell proliferation and inhibit apoptosis in
human colorectal cancer cells (27, 28). Utilizing a mouse model

as described in Fig. 1A, we found that total AKT expression was
similar in progression of mouse colorectal cancer, but the level
of Ser-473 phosphorylated AKT increased in the progression of
mouse colorectal cancer (Fig. 7A). Interestingly, levels of
SMURF2 gradually reduced in the progression of mouse colo-
rectal cancer (Fig. 1A). Recent study suggested that AKT inter-
acted with and phosphorylated SMURF2 and then induced
SMURF2 degradation by increasing its ubiquitination (29). We
found that transient transfection of AKT reduced endogenous
SMURF2 protein level and increased endogenous ChREBP pro-
tein level in HCT116 cells (Fig. 7B). We also found that AKT did
not change the mRNA levels of ChREBP and SMURF2 (Fig. 7C).
Similarly, in another human colorectal cancer LoVo cell line,
AKT overexpression reduced and increased endogenous
SMURF2 and ChREBP protein levels, respectively (Fig. 7D). To

Figure 6. ChREBP played an important role in mediating SMURF2-dependent growth and metabolic alterations. A, Western blotting analysis of HCT116
cells stably expressing either control (Ctrl) or SMURF2 shRNAs transfected with either control or ChREBP siRNA using the indicated antibodies. B–E, cell
proliferations (B and B�), glucose uptake (C), lactate production (D), and oxygen consumption (E) of HCT116 cells stably expressing either control or SMURF2
shRNAs transfected with siRNA for control and ChREBP.
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further investigate whether AKT was an upstream regulator
of SMURF2-dependent ChREBP degradation, we treated
HCT116 and SW1116 cells with the AKT phosphorylation
inhibitor MK2206 (35). We observed that MK2206 decreased
AKT phosphorylation, accompanied by SMURF2 accumula-
tion and ChREBP reduction (Fig. 7, E and F). Our findings sug-
gest that AKT might regulate SMURF2-dependent ChREBP
degradation in colorectal cancer cells (Fig. 8). However, the
upstream signal regulating the activity of the AKT–SMURF2–
ChREBP axis requires further study.

Discussion

Previously, we found that ChREBP played pivotal roles in
regulating metabolism and proliferation in colorectal cancer
cells (7). This study identified SMURF2, a HECT type ubiquitin
ligase, as an E3 ligase of ChREBP which reduced ChREBP pro-
tein levels through proteasomal degradation. ChREBP medi-
ated SMURF2-dependent alterations in metabolism and prolif-
eration in colorectal cancer cells. Therefore, we have revealed a
novel metabolic role of SMURF2 by acting as an E3 ligase for
ChREBP in colorectal cancer cells.

Post-translational modifications play an important role in
regulating ChREBP function. Glucose regulates ChREBP phos-
phorylation, subcellular localization, and DNA-binding activity
(9). Glucose-induced ChREBP acetylation increases its tran-
scriptional activity (8). ChREBP O-glycosylation enhances its
DNA-binding activity and protein stability (10 –12). Interest-
ingly, O-glycosylation could decrease ubiquitin-mediated deg-
radation of ChREBP (11, 12). Although much study has been
carried out in investigating post-translational modifications of
ChREBP, the mechanism by which the protein stability of
ChREBP is regulated is still unknown.

SMURF2 has been reported to play a dual role in cancer by
functioning as both tumor promoter and suppressor by regu-
lating the stability of proteins in tumorigenesis (15, 19, 30–33).
However, the role of SMURF2 in regulating proliferation in
colorectal cancer cells is unclear. SMURF2 gene is not fre-
quently mutated in colorectal cancer (http://www.cbioportal.
org/) (36, 37).5 Interestingly, changes in SMURF2 expression

5 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.

Figure 7. AKT modulated SMURF2 and ChREBP protein levels. A, Western blotting analysis of p-AKT, AKT, and actin protein levels during progression of
mouse colorectal cancer. B, Western blotting analysis of HCT116 cells transfected with either HA-GFP or HA-AKT using the indicated antibodies. C, real-time PCR
analysis for mRNA levels of ChREBP and SMURF2 after HA-GFP or HA-AKT was transfected in HCT116 cells. D, Western blotting analysis of LoVo cells transfected
with either HA-GFP or HA-AKT. E, Western blotting analysis of HCT116 cells treated with 1 �M MK2206 for 48 h. F, Western blotting analysis of SW1116 cells
treated with 1 �M MK2206 for 48 h. The data in A, B, and D–F are quantified as the mean � S.D., and the bar indicates the mean. Statistical significance was
calculated using Prism 5 (GraphPad Software). *, p � 0.05.

The SMURF2–ChREBP axis regulates cancer cell metabolism

14752 J. Biol. Chem. (2019) 294(40) 14745–14756

http://www.cbioportal.org/
http://www.cbioportal.org/


correlated with poor prognosis in colon cancer (https://www.
proteinatlas.org/) (38).5 Our findings suggest that SMURF2
decreases aerobic glycolysis and cell proliferation in colorectal
cancer cells.

SMURF2 was originally identified as a regulator for the
TGF-� signaling pathway (14). TGF-� is reported to regulate
the expression of SMURF2 (23, 24). However, we did not
observe TGF-�–induced SMURF2-mediated ChREBP degra-
dation in colorectal cancer cells. Here we found that transient
transfection of AKT reduced SMURF2 protein level and
increased ChREBP protein level in HCT116 cells. AKT has been
reported to promote aerobic glycolysis in human colorectal
cancer cells (34). Suppression of ChREBP decreased aerobic
glycolysis in colorectal cancer cells (7). However, it remains
unclear whether AKT regulates ChREBP level or activity in can-
cer cells. Our findings suggest a possible mechanistic link
between AKT and ChREBP by showing that AKT may promote
ChREBP stabilization through decreasing SMURF2 levels. The
upstream signal regulating the activity of the AKT–SMURF2–
ChREBP axis requires further study.

In summary, we have uncovered a novel role of SMURF2 in
promoting ChREBP degradation. SMURF2 regulates the meta-
bolic and proliferative activity in colorectal cancer cells by pro-
moting ChREBP ubiquitination and degradation. AKT might
promote the function of ChREBP by decreasing the level of
SMURF2. The newly identified AKT–SMURF2–ChREBP axis
plays an important role in regulating the metabolic and prolif-
erative activity of colorectal cancer cells.

Materials and methods

Cell culture and treatment

HCT116, CaCO-2, SW1116, LoVo human colorectal cancer
cells, 293T human embryonic kidney cells, and HeLa human

cervical cancer cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% FBS, 1 mmol/liter
sodium pyruvate, 2 mmol/liter L-glutamine, 100-unit/ml peni-
cillin, and 100 �g/ml streptomycin under the standard culture
condition (at 37 °C in a 5% CO2 humidified atmosphere). For
the MK2206 treatment, HCT116 cells were treated with 1 �M

MK2206, an AKT phosphorylation inhibitor (Cell Signaling
Technology) for 48 h before further analysis.

Mice

Female C57BL/6 mice were obtained from Shanghai Jiao
Tong University School of Medicine Animal Centre and
housed in controlled temperature rooms and had free access to
food and water, with a 12-h light/dark cycle. Our animal
research has been approved by the Shanghai Jiao Tong Univer-
sity School of Medicine Animal Care and Use Committee.

Western blotting analysis

Total protein extraction was disintegrated using Triton
X-100 lysis buffer (1 mM EDTA, 40 mM Tris-HCl, pH 8, 100 mM

NaCl, and 0.5% Nonidet P-40, 1% Triton X-100). The protein
content was quantified using the BCA protein assay kit (Pierce).

Equal samples were electrophoresed on 7.5% SDS-PAGE gel.
ProteinsweretransferredtoImmuno-Blotpolyvinylidenedifluo-
ride membrane (Millipore) and then blocked in 5% fat-free milk
in Tris-buffered saline with 0.1% Tween 20, followed by incu-
bation with primary antibodies overnight at 4 °C. Secondary
peroxidase-labeled anti-rabbit or anti-mouse IgG antibodies
(Santa Cruz) was applied, respectively. The signals were
detected with an enhanced chemiluminescent solution (Milli-
pore). Protein was visualized using Amersham Biosciences
Imager 600 (GE Healthcare). The following primary antibodies
were used: ChREBP (Novus), SMURF2, AKT, and p-AKT (Ser-

Figure 8. A mechanistic model showing that SMURF2 regulates aerobic glycolysis and cell proliferation in colorectal cancer cell by enhancing ChREBP
ubiquitination.
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473) (Cell Signaling Technology); FLAG and tubulin (Sigma);
and HA and Myc (Santa Cruz).

Cell proliferation

A total of 3000, 5000, 8000, or 10,000 cells were plated in
6-well plates in triplicate. The plates were incubated at 37 °C
with 5% CO2. The cell numbers were counted at days 1– 4 after
plating.

Co-immunoprecipitation

The cells were lysed in Triton X-100 buffer, followed by incu-
bation with appropriate primary antibodies overnight at 4 °C
and an additional 2-h incubation with protein G Plus/protein
A-agarose beads (Santa Cruz) at 4 °C. The beads were then
washed three times with lysis buffer and boiled in 2� sample
loading buffer for 10 min. Cell lysates and immunoprecipitates
were performed by Western blotting analysis.

His tag pulldown assay

HA-ChREBP, His-ubiquitin, and Myc-SMURF2 or Myc-
SMURF2C716A constructs were co-transfected into HCT116
cells. After 48 h, the cells were washed with PBS and lysed with
buffer 1 (8 M urea, 100 mM Na2HPO4, 10 mM Tris-HCl, pH 8.0,
0.2% Triton X-100, and 10 mM imidazole) at room temperature
for 30 min. The lysates were incubated with nickel–
nitrilotriacetic acid beads (Qiagen) for 3 h at room temperature.
After incubation, the beads were washed twice with buffer 1,
twice with buffer 2 (8 M urea, 100 mM Na2HPO4, 10 mM Tris-
HCl, pH 6.3, 0.2% Triton X-100, and 10 mM imidazole), and
finally once with buffer 3 (100 mM NaCl, 20% glycerol, 20 mM

Tris-HCl, pH 8.0, 1 mM DTT, and 10 mM imidazole). The pro-
teins were eluted with 2� sample loading buffer for 10 min and
subjected to Western blotting analysis.

shRNA and cDNA transfection

The SMURF2 shRNAs were purchased from GIPZ human
ubiquitin conjugation subset 1 library with the following
shRNA-1 sequence (sense): 5�-CAGTTAATCCGGAACA-
TTT-3� and shRNA-2 sequence (sense): 5�-AGCGAGACCTG-
GTTCAGAA-3�. The cDNA encoding human SMURF2 was
gifted from Professor Bin Li at Shanghai Jiao Tong University
School of Medicine and verified by sequencing. The SMURF2
cDNA was then subcloned into the lentiviral vector pLVX-
IRES-puro (Clontech). The nonsuppressible SMURF2 cDNA to
SMURF2 shRNA-2 contained several mutations identified by
the letters in bold, 5�-AAG GGA TCT CGT CCA GAA ACT
AA-3�. These mutations did not alter the amino acid sequence.
The nonsuppressible SMURF2 cDNA was then subcloned into
the lentiviral vector pLenti6.3-IRES-mCherry-Blasticidin,
which was provided by Dr. Jiong Deng at Shanghai Jiao Tong
University School of Medicine. The SMURF2 shRNAs and
SMURF2 cDNA were transfected into 293T cells with the pack-
aging plasmids PMD2G and psPAX2 using Lipofectamine 2000
(Invitrogen Life Technologies) according to the manufacturer’s
instructions. Viral supernatant was collected after 48 h. 5 ml of
viral supernatant and 5 ml of fresh medium were then added to
HCT116 and Caco-2 cells/10-cm dish, and 24 h later, the
medium was replaced by fresh medium. Then HCT116 cells

stably transfected with different shRNAs and Caco-2 cells sta-
bly transfected with SMURF2 cDNA were selected using 2 and
5 �g/ml puromycin, respectively.

siRNA transfection

Predesigned siRNAs against human ChREBP and control
scrambled siRNA were synthesized by Jima pharmaceutical
company (Shanghai, China). The ChREBP siRNA sequences
are 5�-GCACCCUUGGCAAACCUUUUU-3� and 5�-AAAG-
GUUUGCCAAGGGUGCUU-3�. siRNA transfections were
performed using Lipofectamine RNAiMAX (Invitrogen Life
Technologies) according to the manufacturer’s instructions.

RNA extraction and real-time PCR analysis

Total RNA was extracted from treated cells using TRIzol
(Invitrogen Life Technologies) according to the manufacturer’s
instructions. Total RNA was reverse transcribed into cDNA
using the PrimeScript RT reagent kit (Takara Bio Inc., Japan).
Real-time PCR analysis was performed by using a StepOnePlus
real-time PCR System (Applied Biosystems). Absolute quanti-
fication of mRNA abundance was performed according to
user’s guide of Applied Biosystems. The forward and reverse
primers set for ChREBP were 5�-AACTGGAAGTTCTGGGT-
GTTC-3� and 5�-AGGGAGTTCAGGACAGTTGG-3�, re-
spectively. The forward and reverse primers set for SMURF2
were 5�-AGGCTCAATTCTTGGCTCTG-3� and 5�-AATCT-
TGCTCGTCGCTCTTC-3�, respectively. The forward and
reverse primers set for 18S rRNA were 5�-GTAACCCGTTG-
AACCCCATT-3� and 5�-CCATCCAATCGGTAGTAGCG-
3�. 18S rRNA was used as the endogenous control.

Luciferase reporter assay

293T cells were transiently transfected with HA-ChREBP,
Myc-SMURF2, Myc-SMURF2C716A, FLAG-MLX, 4� ACC
ChoRE-Luc reporter, and �-galactosidase using Lipofectamine
2000 (Invitrogen). The total amount of transfected DNA was
kept constant by using pcDNA3. �-Galactosidase was served as
internal control to normalize transfection efficiency. The cells
were lysed 48 h post-transfection with luciferase lysis buffer and
assayed using the luciferase reporter assay system (Promega)
and �-galactosidase assay kit (Clontech) according to the man-
ufacturer’s instructions.

Metabolic assays

Oxygen consumption was measured using an Oxytherm sys-
tem (Hansatech, Kings Lynn, UK). 80% confluent cells in 10-cm
dishes were trypsinized and resuspended in 3 ml of medium.
Glucose uptake and lactate production were measured using
the glucose assay kit (Shanghai Rongsheng Biotech, Shanghai,
China) and lactate assay kit (Sigma), respectively, according to
manufacturers’ instructions at 48 h after cells were plated in
6-well plates.

Immunofluorescent staining

The cells grown on coverslips were cultured in medium. The
cells were washed twice with PBS, fixed in 4% paraformalde-
hyde for 10 min, permeabilized with 0.1% Triton X-100 for 5
min at room temperature, blocked in 1% BSA for 30 min at
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room temperature, and incubated with primary antibodies
overnight at 4 °C. Alexa 488 – and 546 – conjugated secondary
antibodies were added to the cells and incubated for 30 min at
room temperature. After two washes in PBS, the coverslips
were mounted with ProLong Gold with 4�,6�-diamino-2-phe-
nylindole (Invitrogen) and photographed using an LSM 710
laser scanning confocal microscope (Zeiss).

Statistical analysis

The experiments were performed at least three times inde-
pendently, and one representative experiment is shown. The
data are summarized as the means � S.D. using Prism 5
(GraphPad Software).
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review and editing; X. T. conceptualization; X. T. funding acquisi-
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