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The Effects of Adiponectin and Metformin on Prostate and Colon
Neoplasia Involve Activation of AMP-Activated Protein Kinase
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Abstract

Population studies provide evidence that obesity and insulin resistance are associated not
only with elevated serum insulin levels and reduced serum adiponectin levels but also with
increased risk of aggressive prostate and colon cancer. We show here that adiponectin ac-
tivates AMP-activated protein kinase (AMPK) in colon (HT-29) and prostate (PC-3) cancer
cells. These results are consistent with prior observations in myocytes, but we show that
in epithelial cancer cells AMPK activation is associated with reduction in mammalian target
of rapamycin activation as estimated by Ser?**® phosphorylation, with reduction in p70S6
kinase activation as estimated by Thr®®° phosphorylation, with ribosomal protein S6 activa-
tion as estimated by Ser?®®2%¢ phosphorylation, with reduction in protein translation as
estimated by [>®*S]methionine incorporation, and with growth inhibition. Adiponectin-induced
growth inhibition is significantly attenuated when AMPK level is reduced using small inter-
fering RNA, indicating that AMPK is involved in mediating the antiproliferative action of this
adipokine. Thus, adiponectin has the characteristics of a AMPK-dependent growth inhibitor
that is deficient in obesity, and this may contribute to the adverse effects of obesity on neo-
plastic disease. Furthermore, metformin was observed to activate AMPK and to have growth
inhibitory actions on prostate and colon cancer cells, suggesting that this compound may be

of particular value in attenuating the adverse effects of obesity on neoplasia.

AMP-activated protein kinase (AMPK) is a heterotrimeric
complex consisting of a catalytic subunit and two regulatory
subunits encoded by three genes, each of which has at least
two isoforms (1). AMPK is a key regulator of the cellular
response to energy stress (2, 3). AMPK activation requires
phosphorylation by an activating protein kinase (4). Recently,
LKBI1 serine/threonine kinase (a tumor suppressor whose
inactivation leads to Peutz-Jeghers syndrome) has been iden-
tified as a kinase that activates AMPK (5). AMPK activation
inhibits mammalian target of rapamycin (mTOR) and its
downstream effector kinases (6). AMPK activation stimulates
downstream signaling pathways that lead to decreased energy
utilization (3, 4).

AMPK is activated in muscle via a poorly understood
mechanism by the adipokine adiponectin (7, 8). Although adi-
ponectin is produced by adipocytes, circulating levels of this
adipokine, paradoxically, are inversely correlated with body
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mass index (9). The role of AMPK in meditating the metabolic
effect of adiponectin on fatty acid oxidation in liver has been
documented (8).

There is clear evidence that obesity is associated with
increased cancer mortality (10), and there is interest in the
metabolic mediators of this association. Candidate mediators
include the elevated level of insulin and reduced level of adi-
ponectin found in obese as compared with normal-weight
individuals. A recent study provides early evidence that high
adiponectin levels are associated with reduced prostate cancer
risk (11).

Metformin, a biguanide used in the treatment of type II
diabetes, inhibits gluconeogenesis by a mechanism involving
activation of AMPK in liver. This reduces hepatic glucose out-
put and circulating glucose levels, which leads to a decline in
circulating insulin levels (12). We recently showed (13) that in
breast cancer cells, metformin also activates AMPK in a man-
ner that results in inhibition of S6 kinase (S6K) activation and
n growth inhibition. Thus, there are at least two possible me-
chanisms underlying the antiproliferative effect of metformin
on neoplastic cells in vivo: reduction of systemic insulin levels,
which may reduce insulin-stimulated cancer cell growth
(14, 15), and a direct action involving AMPK activation within
neoplastic cells (13). However, recent evidence for possible
further mechanisms involving p53 (16) on cyclin D1 (17) has
also been presented.

The potential chemical relevance of the antiproliferative
actions of metformin is shown by recent pilot studies carried
out using population registries. These provide early evidence
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that metformin use may reduce cancer risk and/or improve
cancer prognosis (18, 19).

Here, we report that both metformin and adiponectin act
as growth inhibitors of colon and prostate cancer cells by a
mechanism involving AMPK activation.

Materials and Methods

Chemicals

Cell culture materials were obtained from Invitrogen. Anti-phospho-
specific (Thr'”?) AMPKa, anti-AMPKa, anti-phospho-p70S6K (S6K1;
Thr*®), anti-phospho-mTOR (Ser****), anti-mTOR, anti-phospho-
specific ribosomal protein S6 (S6K2; Ser?®/ 236), and anti—p-actin were
purchased from Cell Signaling Technology. Horseradish peroxidase—
conjugated antirabbit IgG, antimouse IgG, and enhanced chemilumi-
nescence reagents were from Pharmacia-Amersham. Metformin
(1,1-dimethylbiguanide hydrochloride) was obtained from Sigma-
Aldrich. Adiponectin (globular protein) was purchased from Phoenix
Pharmaceuticals, Inc. Small interfering RNA (siRNA)-AMPKa1 and
negative control siRNA (Alexa Fluor 488) were purchased from Qiagen.

Cell lines and culture conditions

Cell lines were purchased from American Type Culture Collection.
Cells were cultured in RPM1 1640 (PC-3 and HT-29) or DMEM

(HeLa), supplemented with 10% fetal bovine serum (FBS) and
100 units/mL genetamycin, at 37°C and 5% CO,. Cells were passaged
with 0.25% trypsin-EDTA when they reached ~80% confluence.

Cell proliferation assay

The effect of adiponectin and metformin on the cell lines was eval-
uated with the indicator dye Alamar Blue (Biosource International).
Cells were plated at 3 x 10° to 5 x 10° per well in triplicate in 96-well
plates and incubated in medium containing 10% FBS. After 24 h, the
complete medium was replaced with test medium containing vehicle
control or various doses of metformin and adiponectin for 72 h at
37°C. Alamar Blue was then added and all plates were incubated at
37°C, and a colorimetric change was measured according to the meth-
ods provided by the supplier.

Protein extraction and Western blot analysis

Cells were washed thrice with ice-cold PBS and lysed in 100 to
400 pL of lysis buffer (20 mmol/L Tris-HCI, pH 7.5), 150 mmol/L
NaCl, 2.5 mmol/L sodium pyrophosphate, 1 mmol/L p-glycerol
phosphate, 1 mmol/L NazVO,, 1 mmol/L EGTA, 1% Triton, and com-
plete protease inhibitor mixture inhibitors from Roche Diagnostic.
Cells debris was removed by centrifugation at 14,000 x g for 20 min
at 4°C. Following assay for total protein (Bio-Rad), clarified protein
lysates from each experimental condition (40-50 pg) were boiled for
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Fig. 1. Effects of adiponectin (A) and
metformin (B) on the proliferation of
cancer cells. Growth inhibition of PC-3
(prostate) and HT-29 (colon) cancer cells
by adiponectin and metformin was
observed. Hela cells, which have no
functional LKB1 allele (5), were not
inhibited. Cells (5,000 per well) were
seeded into 96-well plates in the presence
of 1% FBS and, after 24 h, exposed to the
indicated concentrations of adiponectin.
Cell proliferation in each well was
measured by Alamar Blue dye reduction.
Columns, mean from three independent
experiments done in triplicate; bars, SE.
*, P < 0.001, significantly different result
from that obtained in the absence of
adiponectin or metformin (ANOVA).
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5 min and subjected to electrophoresis in denaturing 8% SDS-
polyacrylamide gel for mTOR or 10% SDS-PAGE for other proteins.
Separated proteins were transferred onto a nitrocellulose membrane
and, after blocking, the membranes were probed with antibodies of
interest. Horseradish peroxidase—conjugated antirabbit IgG and
antimouse IgG were used as secondary antibodies. The position of
proteins was visualized with enhanced chemiluminescence reagent.

Cell transfection

HT-29 and PC-3 cells were transfected with siRNA targeting AMP-
Kal or a negative control siRNA using a pipette-type electroporator
(MicroPorator MP-100, Digital Bio Technology Co., Ltd.) according to
the manufacturer's instructions. Cells cultures were incubated for 24 h
with various concentrations of siRNA before metformin treatment.

[3°*S]Methionine metabolic labeling

For experiments with adiponectin, PC3, HT-29, and HeLa S3 cells
were seeded in 24-well plates (30,000 per well) and incubated with
increasing doses of adiponectin (0-2,000 ng/mL) for 72 h in RPMI
(DMEM for HeLa S3) supplemented with 1% FBS. After 72 h, cells
were washed once with PBS and incubated with methionine-free
DMEM containing 35S—protein labeling mix (20 pCi/mL). After
30 min, the cells were washed with cold PBS; lysed in buffer contain-
ing 1% Triton, 150 mmol/L NaCl, 20 mmol/L Tris-HCl (pH 7.5), and
1 mmol/L EGTA; and radioactivity incorporated into trichloroacetic
acid (5%)-precipitable material was measured.

For experiments with metformin, PC3 and HT-29 cells were
seeded in 24-well plates (80,000 per well) and incubated with 0
or 10 mmol/L metformin for 24 h in serum-free RPMI. HeLa S3
cells were incubated with 0 or 10 mmol/L metformin for 24 h in
DMEM supplemented with 10% FBS. After 24 h, cells were washed
once with PBS and incubated with methionine-free DMEM contain-
ing 35S-prote'm labeling mix (20 pCi/mL) and 10% dialyzed FBS.
HeLa S3 cells were labeled in methionine-free medium without
FBS. After 30 min, cells were washed with cold PBS and lysates
were prepared and measured for incorporation of [**SJmethionine
as described above.

Statistical analysis

Before statistical analysis, data were square-root transformed to
satisfy the assumptions of analysis. Statistical significance was evalu-
ated using a general linear model procedure, and least-squares means
post hoc for multiple non-pairwise comparisons of means (LSMEANS
statement with Bonferroni correction) was applied. All statistical ana-
lyses were done using Statistical Analysis System software, version
9.1.3 (SAS Institute). P < 0.05 was considered significant.

Results

Adiponectin and metformin are growth inhibitors for

PC-3 and HT-29 cells

Dose-response studies with adiponectin showed dose-
dependent growth inhibition of both PC-3 prostate cancer cells
and HT-29 colon cancer cells (Fig. 1). Metformin was also
growth inhibitory for these cell lines, consistent with our prior
observation for breast cancer cells (13). Interestingly, HeLa
cells, which are LKB1~/~ (5), were not growth inhibited by
either adiponectin or metformin (Fig. 1).

Adiponectin and metformin increase phospho-AMPKa

(Thr'”?) levels and decrease phospho-S6K (Ser?3>/%36)

levels in both PC-3 and HT-29 cells

The metabolic action of adiponectin on its classic targets
(skeletal muscle and adipose tissue) has been described (7, 9),
but the consequences of adiponectin interaction with trans-
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Fig. 2. Adiponectin and metformin up-regulate AMPK activity in HT-29 (colon
cancer) and PC-3 (prostate cancer) cells. Cells were exposed to the indicated
concentrations of adiponectin (A) or metformin (B) for 72 h. After harvesting,
cells were lysed and prepared for immunoblot analyses with antibodies against
phospho-AMPK (Thr'"2), phosphorylated p70S6K (Thr*®9), or phosphorylated
S6K (Ser’®2%¢) B-Actin is shown as a loading control. Relative levels of
phosphorylated AMPK, p70S6K, and S6K were quantified by scanning
densitometry and normalized by B-actin. In each case, the level at the highest
concentration of adiponectin or metformin was significantly different from the
level under control conditions (P < 0.0001, ANOVA).

formed epithelial cells are less well characterized. Data
in Fig. 2 show that adiponectin exposure increases phospho-
AMPKa (Thr'”?) levels in both PC-3 prostate cancer cells and
HT-29 colon cancer cells. As expected, the increase in AMPK
activation is associated with a suppression of S6K activation
at Ser®®/%° Metformin also activates AMPK and reduces le-
vels of phospho-S6K (Ser”*/%*) in prostate and colon cancer
cells, consistent with our prior report of metformin action in
breast cancer cells (13).

siRNA against AMPK (a1 subunit) rescues cells from

the inhibitory effects of adiponectin and metformin

To determine if AMPK is functionally involved in media-
ting the growth inhibitory action of adiponectin and
metformin in PC-3 and HT-29 cancer cells, we used
siRNA targeting AMPKal to attenuate AMPK expression
and reduce the elevation in phospho-AMPK levels
associated with these compounds. As shown in Figs. 3
and 4, siRNA treatment substantially rescued cells from
the growth inhibitory influences of adiponectin and metfor-
min. These data support the hypothesis that AMPK activa-
tion plays a role in the observed growth inhibition, but it
remains possible that additional signaling pathways are also
involved.
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Effect of adiponectin and metformin on mRNA

translation

In view of the effect of adiponectin and metformin on
mTOR and S6K activation, we hypothesized that general
protein synthesis would be decreased by both compounds
in epithelial cells. Data in Fig. 5 support this hypothesis by
showing a general decline in protein synthesis on exposure
to growth inhibitory concentrations of adiponectin and met-
formin in HT-29 and PC-3 cells but not in LKB1™/~ HelLa
cells.

Discussion

There is evidence that the metabolic profile associated with
obesity, which includes increased insulin levels (20) and de-
creased adiponectin levels (21), as well as other derangements,
is associated with increased cancer risk and/or worsened can-
cer prognosis (10, 22).

Whereas hyperinsulinemia is a candidate mediator of this
association (23), the results reported here are consistent with
the hypothesis that the low level of adiponectin in obese sub-
jects may also play a role. Whereas the actions of adiponectin
in muscle and adipose tissue have received attention, we show
here that adiponectin at physiologically relevant concentra-
tions (adiponectin concentration in human plasma ranges
from 0.1 to 30 ng/mL; ref. 8, 24) acts as a growth inhibitor

for prostate and colon cancer cells through a mechanism invol-
ving AMPK activation and inhibition of signaling at S6K,
which is associated with reduced protein synthesis as esti-
mated by [*®SImethionine metabolic labeling. Thus, the low
levels of adiponectin associated with obesity may lead to a
reduction of inhibitory influence and to more aggressive neo-
plastic proliferation. If in certain cancer cells normal adiponec-
tin levels contribute to baseline AMPK activation and thus
constrain mTOR activation, the low adiponectin levels asso-
ciated with obesity may be associated with higher levels of
mTOR signaling and downstream events that contribute to
the malignant phenotype (25).

It has been shown (12) that the stimulatory effect of metfor-
min on AMPK in the liver is dependent on LKB1, and we pre-
viously noted that the direct growth inhibitory effect of
metformin on cancer cells is not seen in HeLa cells, which
are LKB1 negative (13). Our observation that HeLa cells are
also resistant to adiponectin-induced growth inhibition is
consistent with the possibility that, like metformin, growth
inhibition by adiponectin requires both LKB1 and AMPK to
be functional.

In contrast to our observations, a recent study reported
unexpected activation of mTOR and S6K in prostate cancer
cells exposed to adiponectin (26). The difference in results
may be related to important differences in experimental con-
ditions: We used adiponectin at physiologic concentrations,
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Fig. 3. AMPKa1 siRNA reduces
phospho-AMPK levels and rescues cells
from the inhibitory effect of adiponectin.
Cell proliferation: HT-29 (A) and PC-3

(B) cells were transfected with 50 nmol/L
AMPKa1-siRNA or with control siRNA
(using MicroPorator MP-100).
Twenty-four hours after transfection, cells
were treated with adiponectin (500 ng/mL)
for 72 h. Cell proliferation in each well was
measured by Alamar Blue dye reduction.
Columns, mean of two independent
experiments carried out in triplicate

(n = 6); bars, SE. *, significant difference
between control and control plus
adiponectin for both HT-29 (P = 0.0017)
and PC-3 (P = 0.0077) cells. **, significant
difference between siRNA-AMPK and
siRNA-AMPK plus adiponectin for both
HT-29 (P = 0.0006) and PC-3 (P = 0.0058)
cells. Results are shown as the
percentage of cell proliferation relative to
control. Immunoblotting: HT-29 (C) and
PC-3 (D) cells were transfected with

50 nmol/L AMPKa1-siRNA or with
control siRNA; 24 h after transfection,
adiponectin (500 ng/mL) was added and
cells were incubated for 72 h. Cells were
lysed and prepared for immunoblot
analysis with antibodies against
phospho-AMPK (Thr'"?). B-Actin is shown
as a loading control.
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Our data are, in part, consistent with a recent report (17)
that also showed growth inhibitory actions of metformin for
prostate cancer cells. Whereas the authors of that report
concluded that AMPK activation is not required for metformin
action, that interference was based on the interpretation that
siRNA against AMPKal completely abolished its expression,
which is uncertain. Our evidence from the present and prior
studies (13, 27) is consistent with a role for AMPK activation
in metformin action in vitro.

Metformin is commonly used in the treatment of type II
diabetes and lowers both the hyperglycemia and hyperinsu-
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linism associated with this disease (28). There is evidence for
multiple molecular mechanisms of metformin action, but
recent data suggest that metformin exposure leads to LKB1-
dependent AMPK pathway activation in hepatocytes, which
suppresses glucogenesis (12). This, in turn, reduces both he-
patic glucose output and hyperglycemia and is associated
with a secondary decline in insulin levels. We recently
showed that in breast cancer cells, metformin acts as a
growth inhibitor by a mechanism involving AMPK activa-
tion, and here we extend these results to colon and prostate
cancer cell lines. It is interesting that metformin acts in
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several ways that may reduce the effect of obesity-asso-
ciated metabolic changes on neoplasia. First, metformin low-
ers insulin levels, an action that may be relevant in view of
evidence that insulin can stimulate the proliferation of neo-
plastic cells (15, 14). Second, the drug may act to increase
AMPK activation in cancer cells, resulting in direct growth
inhibition, an action that may be particularly relevant in ob-
ese patients who have low levels of adiponectin, which we
show here can act as an endogenous AMPK activator and
growth inhibitor. We speculate that metformin (or other
AMPK activators; ref. 29) may be clinically useful as an ad-
juvant cancer treatment or prevention strategy in metaboli-
cally defined subsets of patients, as illustrated in Fig. 6.

These subsets may be better identified by the use of serum
analytes such as fasting insulin, C-peptide, insulin-like
growth factor binding protein 1, or adiponectin than by
the use of body mass index or other anthropomorphic mea-
surements because the “normal-weight, metabolically obese”
phenotype is common in developed countries (30).
Although early reports suggest the possibility of clinical re-
levance (18, 19, 31), further translational research in this
area is needed.
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