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Abstract

Most squamous cell carcinomas of the head andneck (HNSCC)
exhibit a persistent activation of the PI3K–mTOR signaling path-
way.We have recently shown thatmetformin, an oral antidiabetic
drug that is also used to treat lipodystrophy in HIV-infected
(HIVþ) individuals, diminishes mTOR activity and prevents the
progression of chemically induced experimental HNSCC prema-
lignant lesions. Here, we explored the preclinical activity of
metformin in HNSCCs harboring PIK3CA mutations and HPV
oncogenes, both representing frequentHNSCCalterations, aimed
at developing effective targeted preventive strategies. The bio-
chemical and biologic effects of metformin were evaluated in
representative HNSCC cells expressing mutated PIK3CA or HPV
oncogenes (HPVþ). Theoral delivery ofmetforminwasoptimized
to achieve clinical relevant blood levels. Molecular determinants
of metformin sensitivity were also investigated, and their expres-

sion levels were examined in a large collection of HNSCC cases.
We found that metformin inhibits mTOR signaling and tumor
growth in HNSCC cells expressing mutated PIK3CA and HPV
oncogenes, and that these activities require the expression of
organic cation transporter 3 (OCT3/SLC22A3), a metformin
uptake transporter. Coexpression of OCT3 and the mTOR path-
way activation marker pS6 were observed in most HNSCC cases,
including those arising in HIVþ patients. Activation of the PI3K–
mTORpathway is a widespread event inHNSCC, includingHPV�

and HPVþ lesions arising in HIVþ patients, all of which coexpress
OCT3. These observationsmay provide a rationale for the clinical
evaluation of metformin to halt HNSCC development from
precancerous lesions, including in HIVþ individuals at risk of
developing HPV� associated cancers. Cancer Prev Res; 8(3); 197–207.
�2015 AACR.

Introduction
Squamous cell carcinomaof the headandneck (HNSCC) is one

of the six most common cancers in the world (1). Its traditional
risk factors, including tobacco and alcohol consumption, have
recently declined (2). However, there is an increase in the inci-
dence of HNSCC associated with human papillomavirus (HPV)
infection, which continues to riseworldwide (3, 4). Infectionwith
high-risk HPV, mostly HPV16, is also associated with cervical and
most anal cancers (4–6). This is of particular relevance for indi-
viduals that are positive for human immunodeficiency virus
(HIVþ), who are prone to develop HPV-related malignancies.
For example, a study of HIV-infected patients found that 72% of
them were coinfected with HPV (7). A large-scale study of HIVþ

and negative (HIV�) patients identified that the odds of devel-
oping anal, vaginal, and oropharyngeal SCCs were increased 43,
21, and 3 times respectively, when compared with a control
patient population (8). This and other studies indicate that
HIVþ individuals that are also infected with HPV constitute a
high-risk group for SCC development (6, 9).

MostHNSCCand cervical SCC lesions exhibit strongly elevated
activity of the PI3K andmammalian target of rapamycin (mTOR)
signaling pathway (10–13). The activation of the mTOR pathway
renders these cancers sensitive to the inhibition of mTOR by
rapamycin and related rapalogs and newmTORkinase inhibitors,
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as revealed inmultiple preclinical animalmodels and experimen-
tal systems (14). Although these data suggest that inhibitionof the
mTOR pathwaywith rapamycin or other signaling inhibitorsmay
represent a suitable strategy for HNSCC treatment and/or pre-
vention (15), prolonged use of mTOR inhibitors may have
immunosuppressive activity (16), which is of special concern in
HIV-infected individuals that are at risk of developing AIDS.

Of interest, recent findings suggest that metformin can effi-
ciently inhibit the malignant progression of oral premalignant
lesions in chemically induced experimental models (17), and
diminishes tumor growth in HNSCC xenografts (18, 19). Met-
formin is used as first-line oral drug for the treatment of type II
diabetesmellitus, and is among the top 10 drugs prescribed in the
United States,withmore than60millionprescriptions in 2012. Its
use has strongly increased in the last 5 years (20). Metformin is
alsoused for the treatment of polycystic ovary syndrome (21) and,
importantly, to manage lipodystrophy in HIVþ patients under-
going highly active antiretroviral therapy (HAART; refs. 22, 23).
Here, we optimized the oral delivery of metformin to achieve
clinically relevant blood levels, and explored its preclinical activity
in representative HNSCC tumor xenograft models. We now show
that metformin prevents the growth of malignant lesions arising
from HNSCC cells harboring PIK3CA mutations or HPV onco-
genes, and that these effects depend on the expression of organic
cation transporter 3 (OCT3/SLC22A3), ametformin uptake trans-
porter (24). Furthermore, activation of the PI3K–mTOR pathway
was found to be widespread in head and neck, cervical, and anal
cancer, including HPV� and HPVþ SCC lesions arising in HIVþ

patients. More importantly, these SCCs express high levels of
OCT3, thereby making these lesions potentially sensitive to
metformin. These findings raise the possibility of exploring the
clinical efficacy of metformin to prevent SCC development,
including in HIV-infected individuals that are at high risk of
developing HPV-associated cancers.

Materials and Methods
Reagents, cell lines, and tissue culture

Human-derived HNSCC cell lines CAL27 (ATCC), CAL33, and
UMSCC47 were grown and maintained in Dulbecco's Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100 U/mL penicillin, 100 mg/mL streptomycin, and
250 ng/mL amphotericin B (Sigma-Aldrich) at 37�C in humid-
ified air with 5% CO2. All cell lines underwent DNA authentica-
tion (Genetica DNA Laboratories, Inc.) before the described
experiments to ensure consistency in cell identity. See Supple-
mentary Data for additional details.

Lentiviral constructs for OCT3 knockdown
Four shRNA constructs targeting human OCT3 were obtained

from Open Biosystems. The 21-bp targeting sequences were: 50-
AAGAATAAGTGTGCATTTC-30 (clone ID V2LHS_98079), 50-
TTTAGGGTGACAGTGGAGG-30 (V2LHS_232514), 50-TTGATGA-
GAGGTATTTCCC-30 (V3LHS_371553), 50-ATTTCTGTCACAAT-
CACGT-30 (V3LHS_371552). GIPZ Nonsilencing Lentiviral
shRNA Control was also obtained from Open Biosystems. See
Supplementary Data for additional details on virus production
and transduction.

Western blotting, cell proliferation, and colony formation
Antibodies were used from Cell Signaling Technology against

ribosomal protein S6, phospho-S6 (pS6; Ser240/244), total

AMPK, phospho-AMPKa (pAMPKa; Thr172), total 4E-BP, non-
phospho-4E-BP (T46), total AKT1, phosphor-AKT1 (pAKT1;
Ser476), and a-tubulin. Antibodies against OCT3 were obtained
from Abcam. See Supplementary Data for additional details.

For proliferation assays, cells were grown in 24-well plates and
incubated with 0.5 mCi [3H]-thymidine/mL (PerkinElmer) for the
last 4 hours of treatment, washed twice with ice-cold PBS, and
then three timeswith cold 10% trichloroacetic acid for 10minutes
at 4�C. Cells were then lysed in 0.5-mL 0.3 N NaOH for 1 hour at
4�C. Samples (250 mL)weremixedwith 5mL of scintillation fluid
and radioactivity counted in a liquid scintillation counter.

For colony forming assays, see Supplementary Data.

Xenograft HNSCC tumor models
All animal studies were carried out according to NIH-approved

protocols, in compliance with the Guide for the Care and Use of
Laboratory Animals. Female 4- to 6-week-old nude mice
(NCRNU-F; Taconic Farms) were injected subdermally in flanks
with 1million of CAL27, CAL33, or UMSCC47 cells. The day after
injection they were given either water (control) or metformin in
the drinking water at 2.5 mg/mL (or as indicated). See Supple-
mentary Data for additional details.

Histologic studies and immunohistochemistry
Two tissue arrays containing 120 cases of oral cancer and 100

cases of cervical cancer were used for general evaluation and
controls. For oral cancer in HIVþ patients, we used a specific
tissuemicroarray (TMA) originally containing 229 cores of which
a minimum of 128 were available for different stainings. We also
used primary cases of HIVþ patients with HPV-positive perianal,
cervical, and oral tumors. Tissues from oral cancer HIVþ patients,
including the TMA, were available through the Head and Neck
Cancer SPOREHIVConsortium. Unstained and hematoxylin and
eosin (H&E) slides fromoral, cervical, and perianal squamous cell
carcinomas fromHIVþpatients,were kindly provided by theAIDS
and Cancer Specimen Resource, funded by the National Cancer
Institute AIDS and Cancer Specimen Resource [ACSR, University
of California, San Francisco (San Francisco, CA) and ACSR East
Region, George Washington University (Washington, DC)]. See
Supplementary Data for additional details.

Statistical analysis
ANOVA tests followed by the Tukey t test were used to analyze

the differences between groups after treatments. Data analysis was
done with GraphPad Prism version 5.01 forWindows (GraphPad
Software); P values of less than 0.05 were considered statistically
significant. Two-tailed, unpaired t tests were used to analyze the
differences in tumor growth between experimental groups.

Results
Metformin inhibitsmTOR signaling inHNSCC cell lines in vitro

The mechanism of action of metformin is complex, and
includes the mild inhibition of the mitochondrial complex I,
leading to increased adenosine monophosphate (AMP) and
lowered adenosine triphosphate (ATP) levels. This results in the
activation of AMP-activated protein kinase (AMPK) signaling
(25), which in turn can reduce mTOR activity in its complex 1
(mTORC1; ref. 26). Hence, metformin represents an attractive
drug candidate to prevent the development of cancer lesions that
involved mTOR activity. These include HNSCCs, in which
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multiple molecular mechanisms converge on the stimulation of
mTORC1 and the consequent accumulation of the phosphory-
lated form of ribosomal protein S6 (pS6) and other mTORC1
targets (10, 11, 27).

To begin addressing whether metformin inhibits the mTOR
pathway in HNSCC cells harboring distinct genomic alterations,
we chose three representative cell lines that carry a broad range of
HNSCC-associated genetic alterations: CAL33 carrying an activat-
ing mutation in PIK3CA (H1047R; ref. 28), UMSCC47 that is
positive forHPV16 (29), andCAL27 carryingmultiple potentially
tumorigenic mutations in genes including TP53 and NOTCH2,
but without knownmutations in the PI3K–AKT pathway (unpub-
lished data). We found that when treated with metformin, all
three cell lines exhibited a marked decrease of pS6, one of the
major downstream targets of the mTOR pathway (Fig. 1A).
Decreased pS6 (S240/244) was most prominent in UMSCC47,

but could be observed in CAL27 and CAL33 at 1 mmol/L and 3
mmol/L metformin concentrations (Fig. 1B). Rapamycin was
used as a control, which completely abrogated pS6 expression,
indicating the presence of a functional mTOR pathway. In align-
ment with their known activities, treatment with metformin, but
not rapamycin, resulted in increased pAMPK levels, while both
treatments diminished pS6 (Fig. 1B). Thus, metformin down-
regulates the activity of mTOR pathway in HNSCC cell lines in
vitro. Of interest, we did not observe consistent changes in AKT
phosphorylation at S473, a target for mTORC2 (30), in response
tometformin, which suggests that its effects onmTOR are specific
for mTORC1.

Metformin inhibits HNSCC cell proliferation in vitro
We next investigated whether the effects of metformin on cell

signalingwould result in changes in cell proliferation. For that, we
determined the rate of DNA synthesis in cells by measuring [H3]-
thymidine incorporation. We found that metformin significantly
reduced cell proliferation in CAL27, CAL33, and UMSCC47 cell
lines (Fig. 1C). Again, the HPVþUMSCC47 cell line exhibited the
strongest sensitivity to metformin with a significant decrease in
cell proliferation at lower metformin concentrations. We also
found that metformin significantly decreased colony size in
colony forming assay (Figs. 1D and Supplementary Fig. S1). These
data suggest that the changes in cell signaling caused by metfor-
min affect the proliferative capacity of HNSCC cells.

Metformin inhibits HNSCC tumor growth in vivo
The in vitro effects of metformin on the HNSCC cells prompted

us to study its effect on tumor progression in vivo (Fig. 2A). To
achieve metformin concentration that would be relevant in the
clinical setting, we first analyzedmetformin concentrations in the
plasma of mice after the oral administration of different doses of
metformin. As shown in Fig. 2B, 2.5 mg/mL of metformin in the
drinking water resulted in approximately 2 mg/mL of metformin
in plasma, which is within the concentration found in human
patients treatedwith this drug for type II diabetes (Fig. 2B; refs. 31,
32). We then transplanted CAL27, CAL33, and UMSCC47 cells
into nude recipient mice, and randomly distributed the mice into
control and metformin-treated groups (Fig. 2A). We found a
dramatic decrease of the tumor progression in all HNSCC xeno-
grafts, whichwas reflected by the total tumor burden at the time of
sacrifice in all mice treated with metformin (Fig. 2C). Both size
and weight of the tumors were lower for all three cell lines in the
metformin-treated group when compared with the control
groups. There was no difference in body weight of mice between
the control and treated groups (data not shown).

Metformin inhibits mTOR pathway in xenograft tumor models
For further characterization of metformin effects and mechan-

isms of action, we focused on UMSCC47 cells, due to their
relevance to the rising number of HPVþ cases of HNSCC.
Tumor-bearing mice were treated with control drinking water or
metformin or with rapamycin as a control (see Materials and
Methods) for 3 days. Analysis of the processed tumors revealed a
strong reduction in pS6 levels upon treatment with metformin
and rapamycin, whereas the nonphosphorylated fraction of 4E-
BP1 protein, an important downstream target of the mTOR
pathway, increased, indicating a cumulative decrease of 4E-BP1
phosphorylation (Fig. 3A). There were no consistent changes in
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Figure 1.
A, HNSCC cell lines CAL27, CAL33, and UMSCC47 were treated with the
indicated concentrations of metformin or rapamycin, lysed and analyzed by
Western blotting for expression of pS6/S6, pAMPK/AMPK, pAKT/AKT, and
a-tubulin as a loading control. B, cellswere treated as described inA) in triplicate
for each condition. pS6 levelswere analyzed byWestern blotting, quantified and
normalized to S6. Values are the ratio of themeans to the control� SEM. C, [3H]-
thymidine incorporation assay of CAL27, CAL33, and UMSCC47 cells treated
with metformin or rapamycin. D, colony formation assay of the HNSCC cell lines
treated with metformin or rapamycin. �� , P < 0.01.
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pAKT levels, again suggesting that metformin affects mTORC1 in
vivo. pS6 levels were also quantified after IHC staining of tumor
sections, showing a significant decrease of pS6 in the tumors
treated with metformin or rapamycin in comparison with the
untreated control tumors, paralleling the results obtained by
Western blotting (Fig. 3B andD). The tumor sections also showed
a clear decrease in the fraction of proliferating cells that were
detected as bromodeoxyuridine-positive (BrdUrdþ) in the tumors
treated with metformin or rapamycin (Fig. 3C and D). These
results indicate that the oral administration ofmetformin inhibits
mTOR pathway and decreases the proliferation of tumor cells
in vivo.

OCT3 expression is essential for metformin effects on AMPK
and mTOR signaling

Metformin is a very hydrophilic, membrane-impermeable
compound that requires active transport to be incorporated into
the cell (33). Therefore, its effects may depend on the expression
and functional activity of organic cation transporters belonging to
the SLC22A gene family (24, 34, 35). Although its key metabolic
effects in type II diabetic and polycystic ovary syndrome patients
are likely dependent on the expression of OCT1 in the liver
(34, 36), OCT1 is absent or minimally expressed in HNSCC cells
(37). Instead, these cells express OCT3 (a widely expressed organ-
ic cation transporter), as judged by Western blotting in CAL27,
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Figure 2.
A, schematic representation of time
scale for the metformin treatment of
mouse HNSCC xenograft models. B,
metformin was delivered to mice
through drinking water at the
indicated concentrations for 4 days.
Plasma from mouse blood was
isolated, and metformin plasma
concentration was measured. Sem-
transparent gray area indicates typical
range of metformin concentrations in
plasma of diabetic patients and
healthy control individuals treated
with metformin. C, injected cells are
indicated at the top left corner of each
panel. Left, time course of tumor
growthwith tumor volumes measured
over time. Control tumor growth
measurements are shown in green
circles, and tumor growth
measurements on metformin-treated
mice are shown in red squares. Middle,
average weight of tumors at the
endpoint of the experiment. Right,
H&E staining of tumor sections with
control tumors shown on top and the
tumors from metformin-treated
mice shown at the bottom. � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001.
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CAL33, andUMSCC47 cells. All three cell lines exhibited presence
of OCT3 expression (Fig. 4A).

To determine whether OCT3 expression is necessary for met-
formin function inHNSCC cells, we infectedUMSCC47 cells with
lentiviral particles expressing a pool of four shRNAs specific for
human OCT3. Expression of the shRNAs resulted in more than
70% decrease of OCT3 in the cells (Fig. 4A). The impact of
knocking down OCT3 (OCT3 KD) on metformin activity was
then assessed, using cells infected with a nonspecific shRNA
lentivirus as control. We observed that pS6 was, as expected,
significantly reduced in the control cells upon treatment with
either metformin or rapamycin, but metformin had no visible
effect on S6 phosphorylation in OCT3 KD cells. Moreover, there
was no increase in AMPK phosphorylation in the OCT3 KD cells
(Fig. 4B). The effect of pS6 reduction was further quantified. We

did not observe any significant effect after treating OCT3 KD cells
with metformin (Fig. 4C). Taken together, these data show that
reduction of OCT3 expression level significantly reduced the
ability of metformin to affect AMPK and mTOR signaling in vitro.

Reduction of OCT3 diminishes metformin effect on cell
proliferation in vitro and its antitumoral effect in vivo

The reduction ofmetformin effect onmTOR signaling inOCT3
KD UMSCC47 cells prompted us to examine whether metformin
would still affect cell proliferation of cells in which OCT3 expres-
sion is reduced. OCT3 KD cells displayed a clearly reduced
response to the growth-inhibitory effect of metformin, and
although they still responded to higher metformin concentra-
tions, control cells were more sensitive to metformin than OCT3
KD cells (Fig. 4D). Rapamycin treatment exhibited similar effect
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Figure 3.
UMSCC47 cells were injected into
immunedeficient mice as described
in Fig. 2. When the mice developed
palpable tumors, they were divided
into three groups (n ¼ 6 tumors for
each group). The control group did
not receive any treatment, while
other groups were treated for three
days with metformin in the drinking
water (2.5 mg/mL) or with rapamycin
at 5 mg/kg/d by intraperitoneal (i.p.)
injections. A, Western blotting
analysis of changes inmTORsignaling
pathway, showed here in two
separate tumors per treatment
group. B and C, quantification of
percentage of pS6þ (B) and BrdUrdþ

(C) cells from the stained sections
shown in D. D, tumor stainings with
H&E and IHC for pS6 and BrdUrd.
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for both cell populations, thus serving as a specificity control. We
observed similar results for colony-forming assays. The size of the
colonies of OCT3 KD cells did not change in response to met-
formin, at concentrations in which metformin significantly
decreased cell colony growth in control cells. In all cases, the
effect of metformin onOCT3 KDwas significantly weaker than its
effect on the control cells at the same concentration, without
altering the response to rapamycin (Fig. 4E).

Similarly, UMSCC47 OCT3 KD cells did not respond to met-
formin in vivo. Nudemicewere implantedwithUMSCC47 control

cells orUMSCC47OCT3KDcells. Theday after implantation, half
of the mice from each group started receiving metformin as
described above. Only the mice that were implanted with control
UMSCC47 cells and treated with metformin exhibited reduced
tumor volume (Fig. 4F) and weight at the time of sacrifice (Fig.
4G). Tumor-bearing mice were also treated for a short-term with
either metformin or rapamycin as described above and tumors
were analyzedbyWestern blotting formTORpathway activity.We
found a significant decrease of pS6 and an increase of pAMPK in
the control tumors that were treated withmetformin in vivo, while
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UMSCC47 cells were infected with
lentiviruses expressing a pool of
shRNAs targeting human organic
cation transporter (OCT3/SLC22A3)
or nonspecific control shRNAs. The
UMSCC47-derived control and OCT3
shRNAcellswere analyzed side by side
for metformin effects on the cells. A,
Western blotting analysis of OCT3
expression in the HNSCC cell lines
(left) and UMSCC47-derived control
and OCT3 shRNA cells (right). B, top,
UMSCC47-derived cells were treated
with metformin or rapamycin as
described in Fig. 1A, and expression of
pS6/S6, pAMPK/AMPK was analyzed
by Western blotting. Metformin was
used at 1 mmol/L concentration,
a-tubulin was used as a loading
control. Bottom, mice bearing
UMSCC47-derived control or OCT3
shRNA tumors were treated for 3 days
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described in Fig. 3. The tumors were
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quantification of pS6 expression levels
normalized to S6 with level in control
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100% (n ¼ 4). F, time course of tumor
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over time. Control UMSCC47 tumors
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OCT3 shRNA tumors shown in dotted
lines. Untreated tumors are depicted
as green lines and metformin-treated
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expression of OCT3 in a panel of
tumors described in B. Three
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UMSCC47 control shRNA and OCT3
shRNAwere used for theWestern blot
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� , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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the control tumors treated with rapamycin had an even stronger
reduction of pS6, but no significant increase in pAMPK levels (Fig.
4B). In contrast, we did not observe significant changes in pS6 and
pAMPK levels in the metformin-treated UMSCC47 OCT3 KD-
derived tumors, whereas the changes caused by rapamycin were
similar, indicating that the UMSCC47 OCT3 KD-derived tumors
were less sensitive to metformin in vivo as well as in vitro (Fig. 4B).
Taken together, these data support the important role of OCT3
expression in the response to metformin in tumor signaling and
progression.

Expression of OCT3 in normal oral epithelium and in HPV�

and HPVþ HNSCC lesions
To explore relevance of the data described above to human

cancers, we evaluated the expression of pS6, p16 (a surrogate
marker for HPV infection), and OCT3 in HNSCC tissues, using
normal oralmucosal as a control. In normal oralmucosa (Fig. 5A,

top), the activation of mTOR, as judged by pS6 expression, is
compartmentalized, and limited to the upper cell layers, whereas
basal and parabasal cell layers usually show no activation; p16 is
not expressed, and theOCT3 transporter is present in all epithelial
cells, including those of the proliferating basal and parabasal
layers. In HPV� HNSCCs (Fig. 5A, middle), the mTOR pathway
becomes deregulated and overactivated, and its downstream
phosphorylation target pS6 accumulates in the cytoplasm of
almost 90% of all tumor cells, with most cancer cells expressing
OCT3 but not p16. In HPVþ HNSCCs (Fig. 5A, bottom), dereg-
ulation of mTOR is similar to that of HPV� tumors, but p16 is
clearly expressed in tumor cells. Importantly, malignant cells also
show strong deregulation of themTOR pathway (Fig. 5B), regard-
less of the HPV status (Fig. 5C), as well as OCT3 immunoreac-
tivity, which is readily detectable inHPVþHNSCC cases (Fig. 5D).
Taken together, these data indicate that human HPVþ and HPV�

HNSCC tissues exhibit expression of surrogate markers that
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A panel of human HNSCC patient
samples was analyzed for expression
of pS6 and OCT3 as biomarkers
indicating mTOR signaling activation
and potential sensitivity to metformin,
respectively. A, IHC staining of normal
epithelium and HPV� and HPVþ

HNSCC tumor sections for pS6, p16,
and OCT3. B–D, quantification of the
IHC staining results shown in A. B, the
percentage of pS6þ cells in normal
tissues and in p16� and p16þ HNSCC
tumors. C, the percentage of p16þ

cases in normal tissues, HPV� and
HPVþ HNSCC tumors. D, the
percentage of OCT3þ cases in normal
tissues and HPV� or HPVþ HNSCC
tumors. The number of tissues
analyzed is indicated in each case.
��� , P < 0.001; ns, not significant.
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suggest sensitivity to metformin, such as upregulated pS6 and
OCT3 expression.

Expression of surrogate markers for sensitivity to metformin in
HNSCC and cervical tumors arising in HIVþ patients

HIVþ patients have high risk of developing SCC. To determine
expression of surrogate markers for metformin sensitivity, a series
of oral and cervical cancer TMAs, including a large number of
histologic cores from HIVþ patients, were evaluated for p16, pS6,
and OCT3 expression by immunohistochemistry (IHC). We also
included examples of primary cases of oral, uterine cervix, and
perianal SCC lesions from HIV-infected patients. There was a
significant increase in the fraction of HNSCC lesions positive for

the HPV infection surrogate p16 (35%) in HIVþ patients, when
compared with HIV� patients (21%; Fig. 6A and B). Regardless of
their HIV or HPV status, the majority of the tumor cells express
pS6 (Fig. 6A and C) and the OCT3 transporter (Fig. 6A and D).
Representative cores of the arrays are shown at different magni-
fications (Fig. 6A). The lower two rows show the immunoreac-
tivity of representative extraoral tumors, cervical and anal, and
theirmorphologic features byH&E staining. These lesions are also
positive for pS6 and OCT3 (Fig. 6E). An example depicting the
expression of p16, pS6, and OCT3 in the proliferative compart-
ment of an anal HPVþ SCC lesion from an HIVþ patient is also
shown in Supplementary Fig. S2. Thus, deregulation of pS6 and
coexpression of OCT3 are not only characteristic for HNSCC, but
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A series of oral and cervical cancer
TMAs including histologic cores from
lesions arising in HIVþ patients were
evaluated for p16 (HPV surrogate
marker), pS6, and OCT3 expression by
IHC. In these studies, we also included
representative primary cases of HPVþ

oral, uterine cervix, and perianal SCC
lesions from HIVþ patients. A, IHC
staining of HIVþ oral SCC showing p16,
pS6, and OCT3 IHC stainings. Staining
of a representative HPVþ sample is
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right. B, quantification of the
percentage of p16þ cases in HIVþ and
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are observed in other SCC lesions, including cervical and anal
cancers arising in HIVþ patients.

Discussion
In this study, we show thatmetformin reduces the proliferation

in vitro of HNSCC cells harboringmutations in PIK3CA or derived
from HPVþ HNSCC lesions, both of which are frequent events in
oralmalignancies. Furthermore, byoptimizing the oral delivery of
metformin to achieve clinically relevant blood levels, we now
show that metformin is highly effective in reducing HNSCC
tumor growth in vivo. Metformin activated AMPK and decreased
mTOR activity in HNSCC in vitro and in vivo. Importantly, these
effects required the expression of the organic cation transporter
OCT3, a well-known uptake transporter of small hydrophilic
organic cationic endogenous compounds, as well as toxins and
drugs, including metformin (38). These findings support the
emerging notion that metformin may act on the cancer and
precancer cells directly, rather than exerting a cancer preventive
activity solely based on its systemic metabolic effects. Further-
more, the immunodetection of mTOR hyperactivity in HNSCC
and high OCT3 expression levels in normal oral epithelium and
all analyzed HNSCC cases provide surrogate markers that may
predict a favorable response to metformin in HNSCC and other
SCC lesions. Inparticular, this information raises thepossibility of
using metformin to prevent the progression of squamous cancers
in at risk patient populations, including the increasing incidence
of HPV-associated oral, cervical, and anal SCC arising in HIV-
infected individuals.

The use of HAART has dramatically reduced the incidence of
acquired immune deficiency syndrome (AIDS), and consequently
the number of patients affected by some AIDS-defining malig-
nancies, such as Kaposi0s sarcoma and non-Hodgkin lymphoma
(8). However, HAART showed limited success in diminishing the
incidence of non-AIDS–defining cancers, including oral and anal
cancer, which instead have been steadily increasing as the pop-
ulation of HIV-infected individuals increase and age (8, 39).
Hence, there is an urgent need to develop suitable strategies to
prevent the development of HPV-associated SCCs in the general
population and in at risk groups, including HIVþ patients. In this
regard, metformin is considered safe, although in very rare cir-
cumstances, such as in renal deficiency, it can cause lactic acidosis
(33). Besides its use in type II diabetes, metformin is also used for
treatment lypodistrophy in HIV-infected patients undergoing
HAART (21, 22, 34). Hence, there is a considerable clinical
experience with the beneficial and potential side effects of met-
formin inHIV-infected individuals, which can now be considered
whenassessing its potential use for cancer prevention in this at risk
patient population.

The precise mechanism by which metformin acts in HNSCC is
not fully understood. In principle, metformin limits mTOR activ-
ity, primarily modulating mTORC1 complex as judged by the
reduction of phosphorylation of its downstreameffectors, 4E-BP1
and S6 (17, 40). Instead, phosphorylation of AKT at S473 residue,
a typical target for mTORC2 (30), was not affected. We also
observed activation of AMPK resulting from increased AMPK
phosphorylation in its activating residue. These observations
suggest that mTOR regulation might result from a described
pathway involving the activation of AMPK that leads to an
increased TSC2 GTPase activity upstream of mTORC1 (41), a
step actingdownstreamofPI3K, therefore explaining sensitivity to

metformin of the PIK3CA-mutated CAL33 cell line. Enhanced
AMPKactivity is in turn expected to occur following the inhibition
of mitochondrial complex I by metformin. However, metformin
may also act through other potential AMPK-independent
mechanisms involving Rag GTPase (42) and the mTOR inhibitor
REDD1 (43). These mechanisms are not mutually exclusive and
their relative importance for the effect of metformin could be
tumor-specific, which requires further investigation.

Another important issue to consider is the possibility that
metformin acts by reducing the circulating levels of insulin and
insulin-like growth factor (IGF1; ref. 44). Although this effect is
likely of importance for the beneficial effect of metformin in
patients suffering conditions that exhibit high levels of insulin,
such as in type II diabetes, polycystic ovary syndrome, or insulin-
dependent malignancies, we have recently shown that metformin
reduces the incidence of conversion of premalignant lesions into
oral SCCs in a nondiabetic chemically induced oral cancer model
(17). Furthermore, we obtained evidence that metformin reduces
the activity of mTOR in basal epithelial cells within dysplastic
lesions (17), whichmay represent the population of origin of oral
SCCs. Indeed, we now provide direct evidence that metformin
reduces the activity of mTOR in HNSCC cells. In support of these
recent findings, we now observed that reducing OCT3 levels in
HNSCC cells prevents the growth-suppressive consequences of
metformin administration. Moreover, OCT3 knockdown inhib-
ited the biochemical activation of AMPK and mTOR suppression
in response to metformin. These data lend further support to the
concept thatmetforminmay act directly on the cancer cells in vivo,
instead of, or in addition to, its other systemic metabolic effects.

Unlike phenformin, metformin requires an active uptake
mechanism into its target cells. One of the transporters that can
deliver metformin into cells is the highly expressed in liver OCT1,
therefore making hepatic cancer a prominent target for metfor-
min. Other cancers may be resistant to metformin due to lack of
necessary organic cation transporters (35) or by an active efflux of
metformin mediated by transporters involved in multidrug resis-
tance (45, 46). In principle, we can envision that metformin will
be effective in cancers exhibiting activated mTOR pathway, pro-
vided that the cancer cells or their potential premalignant lesions
also express OCT3 or other transporters favoring metformin
intracellular accumulation instead of its efflux. In this regard,
multiple observational and meta-analysis studies indicate that
patients taking metformin have lower incidence of several malig-
nancies in comparison with relevant control populations, includ-
ing cancers of the breast, liver, lung, colon, pancreas, and prostate
(reviewed in refs. 47, 48). Furthermore, recent studies also suggest
that the use of metformin can specifically reduce the incidence of
head and neck cancer in diabetics (49). Whether the potential
beneficial activity of metformin in these multiple cancer types is
dependent on OCT3 expression or other metformin transporters
can now be examined.

Specifically for HNSCC, surgery, radiation, and chemotherapy,
as well as targeted agents such as cetuximab, are the current
standard treatment, while new agents targeting PIK3CA, mTOR,
and the immune response are now under clinical evaluation in
multiple trials (50). However, it is unlikely that any of these
therapeutic options will be suitable for prophylactic use due to
often severe side effects and/or high cost. In addition, HNSCC is a
highly recurring cancer, with one fifth of the patients diagnosed
with secondary malignancies within 5 years after a successful
surgery and/or radiotherapy (1). This fact makes cancer-free
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HNSCC survivors another high-risk group that currently cannot
undergo any preventive therapy to decrease the probability of a
second cancer, except for reirradiation, which is used with
mixed results (51). Therefore, metformin could be potentially
used as a preventive strategy for HNSCC and other SCC cancer
survivor patients after definitive treatment. Overall, we can
conclude that prior studies and our present findings support
the early evaluation of metformin as a relatively safe and low-
cost preventive strategy for the prophylaxis of cancer develop-
ment in patients at risk of HNSCC andmultiple HPV-associated
malignancies.
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independent of AMPK, inhibits mTORC1 in a Rag GTPase-dependent
manner. Cell Metab 2010;11:390–401.

43. Ben Sahra I, Regazzetti C, Robert G, Laurent K, LeMarchand-Brustel Y,
Auberger P, et al. metformin, independent of AMPK, induces mTOR
inhibition and cell-cycle arrest through REDD1. Cancer Res 2011;71:
4366–72.

44. Pollak M. Potential applications for biguanides in oncology. J Clin Invest
2013;123:3693–700.

45. Hemauer SJ, Patrikeeva SL, Nanovskaya TN, Hankins GDV, Ahmed MS.
Role of human placental apical membrane transporters in the efflux of
glyburide, rosiglitazone, and metformin. Am J Obstet Gynecol 2010;202:
383.e1-.e7.

46. Choi CH. ABC transporters as multidrug resistance mechanisms and the
development of chemosensitizers for their reversal. Cancer Cell Int
2005;5:30.

47. Miranda VC, Barroso-Sousa R, Glasberg J, Riechelmann RP. Exploring the
role of metformin in anticancer treatments: a systematic review. Drugs
Today 2014;50:623–40.

48. Kasznicki J, Sliwinska A, Drzewoski J. Metformin in cancer prevention and
therapy. Ann Trans Med 2014;2:57.

49. Yen YC, Lin C, Lin SW, Lin YS, Weng SF. Effect of metformin on the
incidence of head and neck cancer in diabetics. Head Neck 2014, doi:
10.1002/hed.23743. [Epub ahead of print].

50. Du Y, Peyser ND, Grandis JR. Integration of molecular targeted therapy
with radiation in head and neck cancer. Pharmacol Ther 2014;142:88–98.

51. Strojan P, Corry J, Eisbruch A, Vermorken JB, Mendenhall WM, Lee AWM,
et al. Recurrent and second primary squamous cell carcinoma of the head
and neck: when and how to reirradiate. Head Neck 2015;37:134–50.

www.aacrjournals.org Cancer Prev Res; 8(3) March 2015 207

Metformin Prevents HPV-Associated Malignancies

Research. 
on April 22, 2018. © 2015 American Association for Cancercancerpreventionresearch.aacrjournals.org Downloaded from 

Published OnlineFirst February 13, 2015; DOI: 10.1158/1940-6207.CAPR-14-0348 

http://cancerpreventionresearch.aacrjournals.org/


2015;8:197-207. Published OnlineFirst February 13, 2015.Cancer Prev Res 
  
Dmitri Madera, Lynn Vitale-Cross, Daniel Martin, et al. 
  
Squamous Carcinomas Expressing OCT3
Oncogenes by Targeting mTOR Signaling with Metformin in Oral 

 and HPVPIK3CAPrevention of Tumor Growth Driven by 

  
Updated version

  
 10.1158/1940-6207.CAPR-14-0348doi:

Access the most recent version of this article at:

  
  

  
  

  
Cited articles

  
 http://cancerpreventionresearch.aacrjournals.org/content/8/3/197.full#ref-list-1

This article cites 49 articles, 10 of which you can access for free at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.org

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at

  
Permissions

  
Rightslink site. 
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)

.http://cancerpreventionresearch.aacrjournals.org/content/8/3/197
To request permission to re-use all or part of this article, use this link

Research. 
on April 22, 2018. © 2015 American Association for Cancercancerpreventionresearch.aacrjournals.org Downloaded from 

Published OnlineFirst February 13, 2015; DOI: 10.1158/1940-6207.CAPR-14-0348 

http://cancerpreventionresearch.aacrjournals.org/lookup/doi/10.1158/1940-6207.CAPR-14-0348
http://cancerpreventionresearch.aacrjournals.org/content/8/3/197.full#ref-list-1
http://cancerpreventionresearch.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerpreventionresearch.aacrjournals.org/content/8/3/197
http://cancerpreventionresearch.aacrjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




