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In obesity, dysregulation of adipocytokines is involved in several pathological conditions including
diabetes and certain cancers. As a member of the adipocytokines, adiponectin plays crucial roles
in whole-body energy homeostasis. Recently, it has been reported that the level of plasma adi-
ponectin is reduced in several types of cancer patients. However, it is largely unknown whether
and how adiponectin affects colon cancer cell growth. Here, we show that adiponectin suppresses
the proliferation of colon cancer cells including HCT116, HT29, and LoVo. In colon cancer cells,
adiponectin attenuated cell cycle progression at the G1/S boundary and concurrently increased
expression of cyclin-dependent kinase inhibitors such as p21 and p27. Adiponectin stimulated
AMP-activated protein kinase (AMPK) phosphorylation whereas inhibition of AMPK activity
blunted the effect of adiponectin on the proliferation of colon cancer cells. Furthermore, knock-
down of adiponectin receptors such as AdipoR1 and AdipoR2 relieved the suppressive effect of
adiponectin on the growth of colon cancer cells. In addition, adiponectin repressed the expression of
sterol regulatory element binding protein-1c, which is a key lipogenic transcription factor associated
with colon cancers. These results suggest that adiponectin could inhibit the growth of colon cancer
cells through stimulating AMPK activity. (Molecular Endocrinology 24: 1441–1452, 2010)

Colorectal cancer is one of the most prevalent malig-
nancies, ranking as the second leading cause of death

from cancer in the United States (1). Obesity, high-fat
diet, and genetic alterations have been proposed to be
critical risk factors for the occurrence and development of
colorectal cancer (2). Obesity is defined as an abnormal
increase of adipose tissue mass with increasing size and
number of adipocytes. Adipose tissue is considered as an
active endocrine organ that secretes several hormonal
proteins, known as adipocytokines, and thereby actively
contributes to affect whole-body energy homeostasis (3–
5). In obesity, increased adipose tissue mass provokes

adipocytokine dysregulation, which results in metabolic
changes.

As a member of the adipocytokines, adiponectin is ex-
clusively expressed from adipocytes (6) and acts as an
insulin sensitizer (4). The plasma level of adiponectin is
reduced in most obese animal models and human sub-
jects, particularly in those with visceral obesity (7, 8),
suggesting that reduced expression of adiponectin might
play a causative role in the development of obesity-related
metabolic complications such as type 2 diabetes. Indeed,
the supplementation of adiponectin in obese mice de-
creases body weight and ameliorates insulin resistance
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(4). As adiponectin receptors, AdipoR1 and AdipoR2
have been identified; AdipoR1 is abundantly expressed in
skeletal muscle, and AdipoR2 is predominantly expressed
in liver (9). In peripheral tissue, it is likely that AdipoR1
and AdipoR2 mediate the effects of adiponectin on glu-
cose utilization and fatty acid oxidation by stimulating
AMP-activated protein kinase (AMPK), although it is
unclear how AdipoR1 and AdipoR2 could regulate
AMPK (9 –12).

Accumulating evidence proposes that decreasing levels
of plasma adiponectin are associated with development of
certain cancers. For instance, an inverse correlation be-
tween serum adiponectin levels and the occurrence of sev-
eral cancers, including breast, prostate, endometrial, and
gastric cancers, has been reported (13–16). Additionally,
genetic variants of adiponectin, which are linked to al-
tered level of plasma adiponectin, have been shown to
closely correlate with decrease of breast cancer risk (17).
Furthermore, recent papers indicate that adiponectin has
antiproliferative and proapoptotic effects on cells derived
from several types of cancer (18–23). In accordance with
these reports, it has been reported that there is a close
correlation between low levels of plasma adiponectin and
the risk of colon cancer (24–28), and adiponectin defi-
ciency promotes the development of colorectal cancer in
combination with a high-fat diet (29, 30). However, the
effects of adiponectin on colon cancer cell growth are
largely unclear, and the mechanism by which adiponectin
might regulate the proliferation of colon cancer cells re-
mains to be elucidated.

In this work, we have investigated the effect of adiponec-
tin on the proliferation of colon cancer cells. We reveal that
adiponectin inhibits proliferation of colon cancer cells by
regulating cell cycle-regulatory molecules in an AMPK-de-
pendent manner. Moreover, the expression of lipogenic
genes and adiponectin receptors was elevated in colon can-
cer tissues compared with normal colon tissues, which
would provide a clue to the selective antiproliferative effect
of adiponectin on colon cancer cells.

Results

Adiponectin reduces colon cancer cell proliferation
To investigate whether adiponectin affects the growth

of colon cancer cells, we treated several colon cancer cell
lines including HCT116, HT29, and LoVo with adi-
ponectin and examined their growth. When HCT116
cells were incubated with adiponectin, the proliferation of
HCT116 cells was greatly decreased whereas that of hu-
man embryonic kidney (HEK)293 cells was not affected
(Fig 1, A and B). Additionally, adiponectin decreased
HCT116 cell proliferation in a dose-dependent manner

but did not inhibit the growth of HEK293 and RWPE1
(Fig. 1C and data not shown). Because HEK293 and
RWPE1 are not colon cells, these results imply that the
antiproliferative effect of adiponectin appears to be selec-
tive for colon cancer cells.

To further confirm the effects of adiponectin, we trans-
fected an adiponectin expression vector into colon cancer
cells and investigated their growth. Consistent with the
above results (Fig. 1), adiponectin overexpression clearly
reduced proliferation of colon cancer cells in a dose-de-
pendent manner (Supplemental Fig. 1, A and B, published
on The Endocrine Society’s Journals Online web site at
http://mend.endojournals.org). Because adiponectin sig-
nificantly decreased the proliferation of many colon can-
cer cells including HCT116, HT29, and LoVo (Supple-
mental Fig. 1C), it is likely that adiponectin could repress
colon cancer cell proliferation.

To confirm the inhibitory effect of adiponectin on co-
lon cancer cell growth, we explored soft agar colony for-

FIG. 1. Adiponectin inhibits proliferation of HCT116 cells. A,
Microscopic view of HCT116 and HEK293 cells. Cells were incubated
with mock or adiponectin (�25 �g/ml) for 48 h. B, Time-dependent
effect of adiponectin on the growth of HCT116 cells. Viable cells were
counted at each time point of incubation with mock or adiponectin
(�33 �g/ml). A value of 100% was assigned for the cell number
before being incubated with mock or adiponectin. C, Dose-dependent
effect of adiponectin in HCT116 and HEK293 cells. HCT116 and
HEK293 cells were incubated with different concentrations of
adiponectin for 48 h. A value of 100% was assigned to the cell
number without adiponectin. �, Approximately 8 �g/ml; ��,
approximately 16 �g/ml; ���, approximately 33 �g/ml. *, P � 0.05;
**, P � 0.01 vs. cells incubated with mock (Student’s t test).
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mation assay. When HCT116 cells were treated with adi-
ponectin, the numbers of colonies were significantly
decreased (Fig. 2, A and B). Furthermore, the sizes of colo-
nies with adiponectin-incubated HCT116 cells were smaller
than those of control cells (Fig. 2, A and C). These results
imply that adiponectin would repress not only tumor for-
mation but also growth of colon cancer cells.

Antiproliferative effect of adiponectin is
dependent on AdipoR1 and AdipoR2

To examine whether the antiproliferative effect of
adiponectin in colon cancer cells is mediated through
adiponectin receptors, we repressed the expression of
AdipoR1 or AdipoR2 via small interfering RNA (siRNA).
To prevent off-target effects of siRNA, we used two dif-
ferent siRNAs, which were targeting at different regions
of AdipoR1 or AdipoR2 mRNA. The knockdown effi-
ciencies of each AdipoR1 or AdipoR2 siRNA were deter-
mined by quantitative real-time RT-PCR (Fig. 3, A and B).
When the levels of AdipoR1 or AdipoR2 mRNA were
down-regulated via siRNA (40% and 60%, respectively),

the inhibitory effect of adiponectin on colon cancer prolif-
eration was relieved in colon cancer cells (Fig. 3C). Under
the same condition, adiponectin-dependent AMPK phos-
phorylation was disturbed by knockdown of AdipoR1 or
AdipoR2 in HCT116 cells (Supplemental Fig. 2, A and B).
However, the reduction of either AdipoR1 or AdipoR2 ex-
pression did not affect HEK293 cell growth regardless of
adiponectin (Fig. 3D). These data suggest that reduction
of AdipoR1 or AdipoR2 mRNA would alleviate the
adiponectin signaling in colon cancer cells and that adi-
ponectin would selectively suppress colon cancer prolif-
eration through adiponectin receptors.

Adiponectin induces G1 arrest and apoptosis in
colon cancer cells

The observation that adiponectin perturbed colon can-
cer cell proliferation led us to examine whether adiponec-

FIG. 2. Adiponectin suppressed colony formation. A, Microscopic
view of colony formation. Suspensory single HCT116 cells were
incubated with or without adiponectin (20 �g/ml) in agar containing
media for 14 d. B, Total colonies were counted in 11 random
microscopic fields as previously reported (62). The mean values of
three independent experiments were shown. C, The diameters of
colonies were measured 14 d after plating. Similar results were
obtained at least more than two independent experiments. **, P �
0.01 vs. cells incubated with mock (Student’s t test).

FIG. 3. AdipoR1 and AdipoR2 mediate the antiproliferative effect of
adiponectin in colon cancer cells. To minimize off-target effects of
siRNAs, we tested two different siRNAs against AdipoR1 and AdipoR2.
Each siRNA sequence information is described in Supplemental Table
1. HCT116 and HEK293 cells were transfected with 20 �M siRNAs of
green fluorescent protein (GFP), AdipoR1, or AdipoR2. A and B, The
relative amounts of each AdipoR1/R2 mRNA against GAPDH were
measured with quantitative real-time RT-PCR. C and D, The siRNA-
transfected cells were incubated with or without adiponectin (�21
�g/ml) for 48 h, and viable cells were counted. The mean values from
four separate countings are presented. Similar results were obtained
for at least more than three independent experiments. *, P � 0.05;
**, P � 0.01 (Student’s t test).
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tin might modulate cell cycle progression in colon cancer
cells. HCT116 cells were incubated with adiponectin for
12 or 24 h, and cell cycle states were analyzed using flow
cytometry. Compared with control cells, adiponectin-
treated HCT116 cells exhibited a larger portion of the
population in G1 phase and a smaller fraction of the pop-
ulation in S phase (Fig. 4, A and B), indicating that adi-
ponectin would induce cell cycle arrest at G1/S boundary
in colon cancer cells. However, adiponectin did not affect
cell cycle progression in HEK293 cells under the same
condition (data not shown).

Interestingly, we also observed that the population of
Sub-G1 phase that reflects apoptotic cells was increased
by long-term incubation (72 h) in adiponectin-treated
HCT116 cells (Fig. 5, A and B). To confirm the proapop-
totic effect of adiponectin in colon cancer cells, we stained
cells with annexin-V. As shown in Fig. 5, C and D, the
annexin-V-positive population was greatly increased by
adiponectin treatment into HCT116 cells. In accordance
with these, adiponectin stimulated the expression of Bax,
a well-known proapoptotic gene, and increased the cleav-
age of PARP-1, a target of activated caspase-3 in HCT116
cells (Supplemental Fig. 3, A and B). In contrast, long-
term incubation of adiponectin did not induce apoptosis
in HEK293 (Fig. 5, C and D). These data suggest that

adiponectin would induce not only cell cycle arrest but
also apoptosis in colon cancer cells with the induction of
proapoptotic gene expression.

Adiponectin modulates the expression of cell
cycle-regulatory genes in colon cancer cells

Because adiponectin arrested cell cycle progression at
the G1 phase in colon cancer cells, we asked the question
whether adiponectin might affect the expression of cyclin-
dependent kinase inhibitors (CKIs) to cause G1/S arrest.
As illustrated in Fig. 6A, adiponectin substantially pro-
moted the expression of p21 and p27 mRNAs and pro-
teins in HCT116 cells, but not in HEK293 and RWPE1
cells (Fig. 6, A and B, and data not shown). Moreover, the
protein level of cyclin E, which regulates transition from
G1 to S phase, was slightly decreased in adiponectin-
treated HCT116 cells, whereas such an effect was not
detected in HEK293 and RWPE1 cells (Fig. 6B and data
not shown). However, the levels of other cell cycle-regu-

FIG. 4. Adiponectin induces cell cycle arrest at G1 phase in HCT116.
Flow cytometry analysis of cell cycle regulation by adiponectin in
HCT116 cells. A, HCT116 cells were incubated with mock or
adiponectin (�33 �g/ml) for 12 or 24 h. At the end of the incubation,
BrdU was added to the cells to measure DNA synthesis. Then, the cells
were collected and stained with an FITC-conjugated BrdU antibody
and propidium iodide for flow cytometry analysis. B, The percentage of
the cell population to each cell cycle stage was calculated and
presented at each time point. Similar results were obtained for at least
more than three independent experiments.

FIG. 5. Long-term treatment of HCT116 cells with adiponectin
induces apoptosis. A, HCT116 cells were incubated with mock or
adiponectin (�33 �g/ml) for 72 h. At the end of the incubation, BrdU
was added to cells at each time point. The cells were then collected
and stained with FITC-conjugated BrdU antibody and propidium iodide
for flow cytometry analysis. B, The percentage of cell population in
each stage of cell cycle was calculated. C, HCT116 and HEK293 were
stained with phycoerythrin-conjugated annexin-V after incubation with
mock or adiponectin (�25 �g/ml) for 72 h, and flow cytometry
analysis was used. D, The percentage of the annexin-V-positive cell
population was calculated and presented. Similar results were obtained
for at least more than two (C and D) and three (A and B) independent
experiments. *, P � 0.05 vs. cells incubated with mock (Student’s t test).
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latory proteins such as p53 and cyclin D were not signif-
icantly altered in HCT116, HEK293, and RWPE1 by adi-
ponectin (Fig. 6B and data not shown). These results
imply that adiponectin might provoke cell cycle arrest in
colon cancer cells at the G1 phase by regulating expres-
sion of CKIs.

Adiponectin inhibits the proliferation of colon
cancer cells via AMPK activation

It is well established that adiponectin activates AMPK
and p38 MAPK to mediate its downstream signaling cas-
cades (9–12). To decipher the underlying signaling path-
ways of the antiproliferative activity of adiponectin in
colon cancer cells, we examined the level of phosphory-
lation of AMPK and p38 MAPK in HCT116 cells upon
adiponectin. As shown in Fig. 7A, adiponectin elevated
AMPK phosphorylation in HCT116, but not in HEK293.
However, adiponectin did not affect p38 MAPK phos-
phorylation in both HCT116 and HEK293 (data not
shown). To test whether the inhibitory effect of adiponec-
tin on cell cycle progression in colon cancer cells is depen-
dent on AMPK activation, HCT116 cells were incubated
with adiponectin in the absence or presence of Compound
C (ComC), an AMPK inhibitor. As shown in Fig. 7B and
Supplemental Fig. 4A, ComC treatment alleviated the an-
tiproliferative activity of adiponectin in HCT116, but not
in HEK293. Consistent with this observation, overex-
pression of dominant-negative (DN)-AMPK-�1 blunted
the effect of adiponectin on colon cancer cell proliferation

(Fig. 7C), clearly indicating that adiponectin suppresses
colon cancer proliferation by stimulating AMPK activity.
However, overexpression of DN-AMPK-�2 failed to nul-
lify the effect of adiponectin in HCT116 (Fig. 7C)
whereas it repressed AMPK activity (Supplemental Fig.
4B). In addition, when AMPK-�1 was suppressed with
siRNA, adiponectin-dependent cell cycle arrest at G1

phase was remarkably alleviated (Fig. 7, D and E). Fur-
thermore, the adiponectin-dependent reduction of cyclin
E and induction of CKIs (p21 and p27) were diminished
by AMPK inhibition with ComC (Fig. 7G). Together,
these data indicate that adiponectin could mediate its an-
tiproliferative effects via activation of AMPK-�1 in colon
cancer cells.

Adiponectin decreases the expression of lipogenic
genes in HCT116

It has been reported that several lipogenic genes in-
cluding sterol-regulatory element-binding protein-1c
(SREBP-1c) and fatty acid synthase (FAS) are up-regu-
lated in certain obesity-linked cancers such as breast,
prostate, endometrial, and colon cancers (31–35). Con-
sistent with these reports, the levels of lipogenic genes
such as SREBP-1c and FAS were elevated in colon cancer
tissues compared with normal tissues from the same colon
cancer patients (Fig. 8A). Further, the basal levels of
SREBP-1c and FAS mRNA were higher in HCT116 than
in HEK293 or RWPE1 (Fig. 8B). Because AMPK has been
shown to decrease lipogenic activity by repressing
SREBP-1c (36), we examined whether adiponectin is able
to suppress the expression of SREBP-1c and FAS in
HCT116 cells. In colon cancer cells, adiponectin de-
creased the expression of SREBP-1c and FAS (Fig. 8B). In
contrast, adiponectin did not alter the gene expression of
other members of SREBP family such as SREBP-1a and
SREBP-2 (Fig. 8C). Further, when DN-AMPK-�1 was
overexpressed in HCT116 cells, the expression of
SREBP-1c and FAS mRNA gene was restored in the pres-
ence of adiponectin (Fig. 8D). Consistently, suppression
of AMPK-�1 with siRNA in HCT116 cells diminished the
adiponectin-dependent down-regulation of SREBP-1c
and FAS gene expression (Fig. 8E). In addition, when
HCT116 cells were cotreated with adiponectin and
ComC, the reduction of lipogenic gene expression by adi-
ponectin was relieved (Supplemental Fig. 5). Thus, these
data suggest that adiponectin would suppress colon can-
cer cell growth, at least partly, by inhibiting lipogenic
gene expression via activation of AMPK.

Adiponectin receptors are up-regulated in
colon cancer

To understand why adiponectin appears to selectively
prevent the growth of colon cancer cells, we compared the

FIG. 6. Adiponectin promotes the expression of p21 and p27 and
decreases cyclin E in colon cancer cells. HCT116 and HEK293 cells
were incubated with mock or adiponectin (�33 �g/ml) for 48 h. A,
Quantitative real-time RT-PCR analysis to measure relative mRNA
abundance of p53, p21, and p27. Relative mRNA levels of p53, p21,
and p27 were quantified after normalization against GAPDH. B, The
protein levels of p53, p21, p27, CDK2, cyclin D, cyclin E, and GAPDH
in the presence or absence of adiponectin in HCT116 and HEK293
cells. *, P � 0.05 (Student’s t test).
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expression levels of adiponectin receptors in human colon
cancer tissues and normal colon tissues. Compared with
normal tissues, the level of AdipoR1 mRNA expression
was increased in colon cancer tissues from the same pa-
tient (Fig. 9). Although it was not statistically significant,
AdipoR2 expression showed a tendency to increase in
cancer tissues. On the other hand, the levels of calreticulin
and T-cadherin, other adiponectin-binding proteins, were
insignificantly altered in colon cancer tissues (data not
shown). Thus, it appears that adiponectin might selec-
tively inhibit colon cancer proliferation through adi-
ponectin receptors.

Discussion

In the present study, we reveal that adiponectin inhibits
colon cancer cell proliferation via AdipoR1- and Adi-
poR2-mediated AMPK activation. AMPK activation in
colon cancer cells by adiponectin reduced lipogenic gene

expression, which is required for active proliferation of
cancer cells, whereas adiponectin increased the expres-
sion of CKIs such as p21 and p27 that inhibit cell cycle
progression in colon cancer cells. Further, adiponectin
decreased the level of cyclin E, which is essential for cell
cycle transition from G1 to S phase. Thus, it is possible to
speculate that the increased p21 and p27 expression pro-
moted by adiponectin would contribute to the control of
colon cancer cell proliferation. Here, we observed that
adiponectin also provoked apoptosis when HCT116 cells
were incubated with adiponectin for a long-term period
(�72 h). However, adiponectin did not induce cell cycle
arrest or apoptosis in HEK293 or RWPE cells, implying
that long-term adiponectin treatment promotes apoptosis
selectively in colon cancer cells. Therefore, it is likely that
extended adiponectin treatment into colon cancer cells
might transit from cell cycle arrest or antiproliferation to
apoptosis, concomitantly with the induction of apoptotic
gene expression.

FIG. 7. Adiponectin suppresses proliferation of HCT116 via AMPK activation. A, Western blot analysis for AMPK phosphorylation by adiponectin.
HCT116 and HEK293 cells were incubated with mock or adiponectin (�25 �g/ml) for 30 min. B, Viable cell numbers were counted after
incubation with mock and adiponectin (�25 �g/ml) for 48 h in the presence or absence of ComC (2 �M). A value of 100% was assigned to the
cell number without adiponectin and ComC. C, HCT116 cells were transfected with a DN form of AMPK-�1 and AMPK -�2 expression vector
(�, 0.1 �g; ��, 1 �g). HCT116 cells were incubated 24 h after transfection with mock or adiponectin (�33 �g/ml) for 48 h, and then viable cells
were counted. A value of 100% was assigned for the cell number with overexpressed backbone vector and incubated without adiponectin. D–F,
HCT116 cells were transfected with 20 �M green fluorescent protein (GFP) siRNA or AMPK-�1 siRNA. After transfection, HCT116 cells were
incubated with mock or adiponectin (�20 �g/ml) for 24 h. At the end of the incubation, BrdU was added to the cells, after which the cells were
collected and stained with an FITC-conjugated BrdU antibody (panel D) and propidium iodide for flow cytometry analysis. E, The percentage of the
cell population to each cell cycle stage was calculated. F, The efficiency of AMPK-�1 siRNA was evaluated by Western blot analysis. G, HCT116
and HEK293 cells were incubated with or without adiponectin for 48 h in the presence or absence of ComC (2 �M). Western blot analysis was
performed to determine the cyclin E, p21, and p27 protein level. *, P � 0.05 (Student’s t test). N.S., Not significant.
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As a sensor of cellular energy status, AMPK is acti-
vated by various stresses such as low glucose levels, fast-
ing, and exercise (37, 38). Recently, it has been demon-
strated that AMPK could suppress cell growth and

proliferation. For example, activation of AMPK with
AICAR causes cell cycle arrest in certain cancer cell lines
such as hepatoma HepG2, prostate carcinoma PC-3, and
breast cancer MCF-7 by up-regulating tumor suppressor
genes such as p53, p21, and p27 (39–41). Similar to these
reports, we demonstrated that the suppressive effect of
adiponectin on colon cancer cell proliferation was elimi-
nated by inhibition of AMPK activity. While the present
paper was in preparation, a recent paper reported that
globular adiponectin prevents colon cancer cell growth
via AMPK and mTOR pathway (42) These results are
quite consistent with our findings that, in colon cancer
cells, adiponectin would regulate cell cycle progression in
an AMPK-dependent manner.

Many cancer cells exhibit increased lipogenic activity
for rapid cell growth and division. Because the cell growth
and division rates in cancer cells are higher than in normal
cells, lipid metabolites such as phospholipids are crucial
for maintaining membrane integrity in cancer cells (43).
Accordingly, lipogenic genes are up-regulated to supply a
lipid source in various human cancers (34, 35, 44, 45). In
this aspect, inhibitors of lipogenic genes have been pro-
posed as anticancer drugs. For instance, FAS inhibitors
such as cerulenin and C75 exhibit potent inhibition of
human cancer cell growth (44, 46–48). Both cerulenin
and C75 also inhibit DNA replication and S-phase pro-
gression in colon cancer cells (44). SREBP-1c is a key
transcription factor that coordinates most lipogenic genes
such as FAS, acetyl-coenzyme A carboxylase (ACC), and
stearoyl-coenzyme A desaturase (SCD) (49–51). Previ-
ously it has been reported that SREBP-1 regulates the
expression of FAS in HCT116 (33). Additionally, adi-
ponectin down-regulates SREBP-1c to decrease lipogen-
esis (52), and AMPK activator reduces de novo lipid syn-
thesis in prostate cancer cells (40). Therefore, it is
reasonable to propose that adiponectin would inhibit li-
pogenesis in certain cancer cells via AMPK activation,
and consequently lead to attenuation of cell growth and

FIG. 8. Adiponectin suppresses lipogenic gene expression via AMPK
activation to regulate the proliferation of colon cancer cells. A,
Quantification of SREBP-1c and FAS mRNA levels in normal and colon
cancer tissues from each colon cancer patient (n � 7). B, Quantitative real-
time RT-PCR analysis of mRNA abundance of SREBP-1c and FAS in
HCT116 and HEK293 with or without adiponectin (�33 �g/ml). C, The
relative amounts of SREBP-1a, -1c, and -2 mRNA in HCT116 were
measured with quantitative real-time RT-PCR. D and E, The relative mRNA
levels of SREBP-1c and FAS were quantified after normalization against
GAPDH. D, DN-AMPK-�1 was transfected in HCT116 cells and incubated
with or without adiponectin (�21 �g/ml) for 48 h. E, The siRNA for
AMPK-�1 was transfected in HCT116 cells and incubated with mock or
adiponectin (�21 �g/ml) for 48 h. #, P � 0.05; ##, P � 0.01 (paired t
test). *, P � 0.05; **, P � 0.01 (Student’s t test). N.S., Not significant.

FIG. 9. AdipoR1 is up-regulated in human colon cancer tissue.
Quantification of relative mRNA levels of AdipoR1 and AdipoR2 in
normal and colon cancer tissues from each colon cancer patient (n �
7). The relative amounts of each AdipoR1/R2 mRNA against GAPDH
were measured with quantitative real-time RT-PCR. #, P � 0.05 (paired
t test).
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proliferation. Indeed, we observed that adiponectin in-
hibited expression of lipogenic genes such as SREBP-1c
and FAS, which is probably associated with retardation of
colon cancer cell growth. More importantly, suppression
of lipogenic gene expression by adiponectin was elimi-
nated by AMPK inhibition. Because AMPK regulates
lipid metabolism through increase of lipid �-oxidation
and/or decrease of lipogenesis (53), it is plausible that
activation of AMPK upon adiponectin would affect colon
cancer cell proliferation via lipid homeostasis. However,
it is unclear whether the change of lipogenic gene expres-
sion upon adiponectin is directly linked with expression
of CKIs (i.e. p21 and p27) in colon cancer cells.

It is of interest to note that the antiproliferative effect
of adiponectin is preferentially restricted to colon cancer
cells but not observed in other cell lines such as HEK293
and RWPE1. As one of several plausible mechanisms, we
suggest that the different expression levels of adiponectin
receptors in colon cancer cells may mediate this selectiv-
ity. This idea has been supported by the report that the
expression of AdipoR1 and AdipoR2 was elevated in
colorectal carcinomas but not in normal tissues (54). In
addition, it has been shown that the AdipoR1-mediated
pathway is more important than AdipoR2 in the effect of
adiponectin on colorectal carcinogenesis under a high-fat
diet condition (29). Similarly, we observed that the ex-
pression of AdipoR1 was elevated in colon cancer tissues
compared with normal tissues. Furthermore, when the
expression of AdipoR1 or AdipoR2 was down-regulated
with siRNA, reduction of colon cancer proliferation by
adiponectin was abolished, providing a potential expla-
nation of how and why colon cancer cells would exhibit
selective sensitivity to adiponectin. Another potential
model to explain selective cancer cell sensitivity to adi-
ponectin is that cancer cells are more sensitive to lack of
lipid supply than normal cells, as suggested previously
(45). Related to this, we observed that SREBP-1c and
FAS mRNA were more highly expressed in colon can-
cer tissues than in normal colon tissues. Additionally,
SREBP-1c expression in the colon cancer cell line
HCT116 was relatively higher than in other cell lines that
were not responsive to adiponectin. Thus, it is likely that
reduction of lipogenesis by adiponectin in colon cancer
cells might contribute to adiponectin selectivity in colon
cancer cells. Of course, further studies would elucidate
the mechanism by which colon cancer cells are sensitized
to adiponectin and the role of adiponectin in colon cancer
cell proliferation.

There are controversies for the role of adiponectin on
colon cancer proliferation. Some studies have reported
that the level of plasma adiponectin is not associated with
risk of colon cancer and that increase of serum adiponec-

tin does not reduce colon carcinogenesis under a high-fat
diet (55, 56). On the other hand, a number of groups have
demonstrated that the level of circulating adiponectin ex-
hibits a negative correlation with the incidence and/or
development of colon cancer (24–27, 57). Furthermore,
deficiency of adiponectin promotes colon polyp forma-
tion and increases colonic epithelial cell proliferation un-
der the high-fat diet condition (29, 30). Moreover, genetic
variants of adiponectin and AdipoR1 are closely con-
nected with colon cancer risk (28, 58). Consistent with
our findings, there are several reports that adiponectin
has antiproliferative effects on colon cancer cells (42, 59).
In these reports, they reveal that adiponectin suppresses
proliferation of colon cancer cells via AMPK activation.
However, they did not provide detailed mechanisms by
which adiponectin represses colon cancer cell prolifera-
tion. In this study, we investigated the molecular mecha-
nism for the anticancer property of adiponectin in colon
cancer cells. We demonstrated that adiponectin induces
cell cycle arrest at G1 phase by stimulating expression of
CKIs and that the induction of CKIs was mediated by
AMPK activation (Fig. 10). Moreover, we discovered that
adiponectin decreased the expression of SREBP1c and
FAS, key lipogenic genes for cell proliferation, in colon
cancer cells (Fig. 10). Therefore, we believe this work
suggests more detailed mechanisms of adiponectin on co-
lon cancer cell proliferation. Because the antiproliferative
effect of adiponectin appears to be selective to colon can-
cer cells, our data provide substantial evidences that adi-
ponectin might be useful as a potential therapeutic target
of colon cancer.

Materials and Methods

Reagents
ComC was obtained from Calbiochem (La Jolla, CA).

Propodium iodide was provided by Sigma (St. Louis, MO). As
we previously reported (60), we obtained functional adiponec-
tin in the form of high molecular weight complex from mam-
malian cells. Briefly, we used conditioned media from Chinese
hamster ovary (CHO) cells overexpressing full-length adiponec-
tin. CHO cells were transfected with a plasmid vector express-
ing myc-His-tagged mouse adiponectin or backbone vector
(pcDNA3.1-myc-His) using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA). After 24 h of transfection, CHO cells were split
and incubated for an additional 24 h in MEM supplemented
with 10% fetal bovine serum (FBS). We then collected the con-
ditioned media. The concentration of adiponectin was quanti-
fied, and the formation of multimers was confirmed by Western
blotting. siRNA duplexes were designed and purchased from
Genepharma (Shanghai, China). The sequences are provided in
Supplemental Table 1.

1448 Kim et al. Adiponectin’s Effect on Colon Cancer Cell Proliferation Mol Endocrinol, July 2010, 24(7):1441–1452



Cell culture and tissue sampling
HCT116, HT29, LoVo, HEK293, and CHO cells were ob-

tained from the American Type Culture Collection (Manassas,
VA). RWPE1 cells were a kind gift from Dr. Sung Hee Baek
(Seoul National University, Seoul, Korea). Each cell line was
maintained in medium as follows: HT29, DMEM supplemented
with 10% FBS; HCT116 and LoVo, RPMI 1640 supplemented
with 10% FBS; HEK293, DMEM supplemented with 10% bo-
vine calf serum; RWPE1, keratinocyte-serum-free medium sup-
plemented with 5 ng/ml human recombinant epidermal growth
factor and 0.05 mg/ml bovine pituitary extract (Invitrogen);
and CHO cells, MEM supplemented with 10% FBS. All the
cell lines were incubated in a humidified atmosphere of 5%
CO2 at 37 C. Biopsy specimens were obtained from patients
with colorectal cancer during colonoscopic examination be-
tween August, 2003 and July, 2004. Two biopsy specimens of
representative samples of the carcinoma and macroscopically
normal mucosa, respectively, were frozen and stored at �70
C until mRNA extraction. Informed consent was obtained
from all patients.

RNA isolation and quantitative real-time PCR
Total RNA was isolated with TRIzol reagent (Invitrogen)

and subjected to cDNA synthesis using RevertAid M-MuLV
reverse transcriptase (Fermentas, Glen Burnie, MD). Relative
amounts of mRNA were measured using the MyIQ quantitative
real-time PCR detection system (Bio-Rad Laboratories, Inc.,
Hercules, CA) and calculated by normalization to the level of
glyceraldehydes-3-phosphate dehydrogenase (GAPDH) mRNA.
The primer sequences that were used for quantitative real-time
PCR analyses are provided in Supplemental Table 2.

Western blotting
Cells were lysed with TGN buffer (150 mmol/liter NaCl; 50

mmol/liter Tris, pH 7.5; 0.2% Nonidet P40; 1 mmol/liter phe-
nylmethylsulfonyl fluoride; 100 mmol/liter NaF; 1 mmol/liter
Na3VO4; 10 �g/ml aprotinin; 2 �g/ml pepstatin A; and 10
�g/ml leupeptin). Proteins were separated by electrophoresis on
sodium dodecyl sulfate-polyacrylamide gels and transferred to
polyvinylidene difluoride membranes (Millipore Corp., Bil-
lerica, MA). After transfer, the membranes were blocked with
5% nonfat milk and probed with primary antibodies. Antibod-
ies against GAPDH (AbFrontier, Anyang-si, Korea), adiponec-
tin, AMPK, p-AMPK, �-Myc, p-ACC (Cell Signaling Technol-
ogy, Beverly, MA), cyclin E, cyclin A, CDK2, PARP-1 (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA), ACC, AMPK-�1,
AMPK-�2 (Upstate Biotechnology, Inc., Lake Placid, NY), and
p27 (Abcam, Cambridge, UK) were used. The p53, p21, and
cyclin D antibodies were kindly donated by Dr. Deog Su Hwang
(Seoul National University, Seoul, Korea). The results were vi-
sualized with horseradish peroxidase-conjugated secondary
antibodies (Sigma Aldrich, St. Louis, MO) and enhanced
chemiluminescence.

Transient transfection
pcDNA3.1-myc-His-Adiponectin, pcDNA-myc-DN-AMPK-

�1, pcDNA-myc-DN-AMPK-�2, and siRNAs (20 �M) were deliv-
ered using Lipofectamine 2000 (Invitrogen) in HCT116.
HEK293 cells were transfected using the calcium phosphate
method. Cells were split 24 h after transfection and incubated
for an additional 24 h.

Cell count
Harvested cells were washed with 1� PBS and mixed with

trypan blue dye, and the number of viable cells was determined
manually using a hematocytometer.

Cell cycle analysis
HCT116 and HEK293 cells were stained with fluorescein

isothiocyanate (FITC)-conjugated BrdU antibody (BD Bio-
sciences, San Jose, CA) according to the manufacturer’s proto-
col and analyzed by flow cytometry using FACSCalibur (BD
Biosciences).

Detection of apoptosis by flow cytometry
HCT116 and HEK293 cells were stained with phyco-

erythrin-conjugated Annexin-V antibody (BD Biosciences) ac-
cording to the manufacturer’s protocol, and cells were analyzed
by FACSCanto II (BD Biosciences).

Soft agar colony formation assay
Base layers (4 ml) of RPMI containing 0.6% Difco Noble

agar (BD Biosciences) were set in 60-mm culture dishes. Then,

FIG. 10. Proposed mechanism of the antiproliferative effect of
adiponectin on colon cancer cells. In colon cancer cells, adiponectin
binds to AdipoR1 and AdipoR2 and activates AMPK. Activation of
AMPK with adiponectin results in up-regulation of p21 and p27
expression, leading to the decrease of cyclin E, which is required for
the transition from G1 to S phase. On the other hand, adiponectin
in colon cancer cells potentially stimulates AMPK activity to
promote lipid �-oxidation and to suppress lipogenic gene
expression for cell proliferation. Furthermore, adiponectin induces
apoptosis through activation of proapoptotic genes such as Bax in
colon cancer cells.
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this was overlaid with 1.5 ml of a second layer of the condi-
tioned media and agar containing a suspension of 1000 single
cells. After 14 d, we counted the numbers of colonies and mea-
sured the diameter of each colony in 11 independent fields as
described in previous reports (61, 62).
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