Vol. 10, 8665– 8673, December 15, 2004

Clinical Cancer Research 8665

2-Methoxyestradiol Inhibits Hypoxia-Inducible Factor 1␣, Tumor
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ABSTRACT
Purpose: Head and neck squamous cell carcinomas
have been reported to overexpress hypoxia-inducible factor
(HIF)-1␣, a transcription factor that promotes expression of
angiogenesis factors and resistance to programmed and
therapy-induced cell death. 2-Methoxyestradiol (2ME2) is a
natural compound with HIF-1␣ inhibitory activity that is
currently being evaluated in phase 1 and 2 clinical trials for
advanced solid tumors and multiple myeloma. To our
knowledge, this is the first study to evaluate the effects of
2ME2 in head and neck squamous cell carcinoma.
Experimental Design: In the present study, we investigated the effects of 2ME2 alone and in combination with
paclitaxel, an active agent in recurrent or advanced head
and neck squamous cell carcinoma.
Results: 2ME2 exhibited antiproliferative and cytotoxic
effects in a panel of five head and neck squamous cell
carcinoma cell lines in the 0.5 to 10 mol/L range, including
induction of G2-M blockade, caspase-3/7 activation, and
apoptosis at 48 hours. 2ME2 resulted in decreased nuclear
HIF-1␣– binding activity and affected the expression of
downstream genes, such as bid, a proapoptotic bcl-2 family
member, and vascular endothelial growth factor, a proangiogenic cytokine. The up-regulation of Bid (57.5% at 12
hours, P < 0.0006) and inhibition of vascular endothelial
growth factor secretion (57.7% at 24 hours, P < 0.015; and
50.3% at 48 hours, P < 0.0006) could be partially attributed
to the effects on HIF-1␣, because HIF-1␣ small interfering
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RNAs produced similar effects. Finally, in vivo, in a xenograft model of head and neck squamous cell carcinoma
using UM-SCC-11A cells, 2ME2 exhibited antitumor and
antiangiogenic activity, as measured by CD31 immunostaining.
Conclusions: These results provide support for the use
of 2ME2 in combination with paclitaxel for the treatment of
recurrent or advanced head and neck squamous cell carcinoma.

INTRODUCTION
Head and neck squamous cell carcinoma affects over
300,000 Americans, with an estimated 29,800 new cases and
8,100 deaths annually (1). Most head and neck squamous cell
carcinomas are of advanced stage when diagnosed, and patients
with advanced disease are those at greater risk for recurrence.
Treatment for locally advanced head and neck squamous cell
carcinoma includes surgery and radiation or combination chemotherapy and radiation. Unfortunately, this disease remains difficult to treat; more than one-half of patients with head and neck
squamous cell carcinoma die within 5 years of diagnosis, and
there has been no significant improvement resulting from newer
therapies in the past 30 years.
Tumor hypoxia occurring in advanced head and neck squamous cell carcinoma has been associated with increased angiogenesis and resistance to chemotherapy and radiation treatment
(2). In advanced tumors, expression of a number of factors
modulating cell survival and angiogenesis are induced by a
hypoxic environment as the tumor outstrips its blood supply.
Hypoxia-inducible factor (HIF)-1␣, is a transcription factor that
is activated under hypoxic conditions and has been shown to be
overexpressed in head and neck squamous cell carcinomas (3).
Furthermore, HIF-1␣ overexpression correlates with mortality
and/or treatment failure in head and neck squamous cell carcinomas (4, 5) as well as other cancers (6 – 8). Genes whose
expression is regulated by HIF-1␣ include vascular endothelial
growth factor (VEGF; ref. 9), a proangiogenic cytokine, and bid
(10), a proapoptotic bcl-2 family member. We previously reported that VEGF is expressed by head and neck squamous cell
carcinomas along with a repertoire of proangiogenic cytokines,
including interleukin (IL)-6, IL-8, and GRO-1 (11, 12).
2-Methoxyestradiol (2ME2) is a new agent shown to inhibit activation of HIF-1␣ through destabilization of microtubules (13) and has antiproliferative and proapoptotic effects
upon various cancer lines in vitro. 2ME2 has also shown antitumor and antiangiogenic activities in several preclinical models
of cancer (13–19). Evaluation of 2ME2 in clinical trials for the
treatment of multiple myeloma, advanced solid tumors, prostate,
and metastatic breast cancer is currently underway.
The effects of 2ME2 alone or in combination with agents
with activity in head and neck squamous cell carcinoma have
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not been studied. Paclitaxel is an active agent indicated for the
treatment of patients with head and neck squamous cell carcinoma (20). Paclitaxel stabilizes the cell cytoskeleton by preventing depolymerization of microtubules, resulting in inhibition of
cell division and proliferation and promotion of cell death (21).
The objective of this study was to determine whether 2ME2,
alone or in combination with paclitaxel, would have antiproliferative, proapoptotic, antitumor, and/or antiangiogenic effects
supporting its potential use in the treatment of head and neck
squamous cell carcinoma.

MATERIALS AND METHODS
Cell Lines. The squamous cell cancer lines used in these
experiments, UM-SCC-1, -6, -11A, -11B and -46, were kindly
provided by Dr. T. E. Carey (University of Michigan, Ann
Arbor, MI) and were derived from primary human tumors of the
head and neck (22). Cells were maintained in Eagle’s minimal
essential medium supplemented with 10% fetal bovine serum,
50 g/mL penicillin/streptomycin, and 2 mmol/L glutamine and
incubated at 37°C with 5% CO2.
Reagents. For in vitro studies, 2ME2 was purchased
from Sigma Aldrich Co. (St. Louis, MO) and 30 mmol/L stock
solutions in dimethyl sulfoxide were made fresh and diluted to
the appropriate concentrations in medium. Paclitaxel was also
purchased from Sigma Aldrich Co. (St. Louis, MO); and 2
mmol/L stock solutions in dimethyl sulfoxide were aliquoted,
stored at ⫺80°C, and diluted to the appropriate concentrations
in medium. For in vivo studies, a liposomal preparation
(di-oleoyl-phosphatidylcholine; Avanti Polar Lipids, Alabaster, AL) of 2ME2 at 20 mg/mL was prepared by EntreMed,
Inc. (Rockville, MD).
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide Assays. UM-SCC-1, -6, -11A, -11B, and -46 cells
(5 ⫻ 103/well) were grown in 96-well plates and exposed to
various concentrations of 2ME2, paclitaxel, or both 24 hours
after the cells were plated. Cell proliferation and viability were
measured daily for up to 5 consecutive days or at 72 hours after
drug treatment using an MTT Cell Proliferation kit (Roche
Diagnostics, Indianapolis, IN). Absorbance at 570 nm was determined using a microtiter enzyme-linked immunosorbent assay (ELISA) plate reader.
Caspase Assays. UM-SCC-11A cells (5 ⫻ 103/well)
were grown in 96-well plates and treated with 2ME2 or vehicle
for 48 hours. The cells were then exposed to Z-DEVD-R110
(Promega Corp., Madison, WI) for 1 hour at room temperature.
Fluorescence excitation (485 nm) and emission wavelengths
(535 nm) were measured using a Wallac Victor2 1420 Multichannel Counter (Perkin-Elmer, Shelton, CT).
Flow Cytometry. UM-SCC-11A cells were grown in
T-75 flasks and treated with 2ME2 (10 mol/L) or vehicle for
48 hours. Cell cycle phase distributions were determined by
DNA staining using a CycleTEST PLUS DNA Reagent kit
(Becton Dickinson Immunocytometry Systems, San Jose, CA)
according to the manufacturer’s instructions. In brief, cells were
collected and counted, and aliquots containing 5 ⫻ 105 cells
were treated with trypsin and RNase to digest cellular protein
and RNA. The DNA was then stained with propidium iodide
and filtered, and the DNA content of 10,000 cells was measured

by flow cytometry (FACScan; Becton Dickinson, San Jose,
CA). The percentages of apoptotic and viable cells in each phase
of the cell cycle were analyzed by ModFit LT software (Verity
Software House, Topsham, ME).
Nuclear Binding Assays. UM-SCC-11A cells were grown
to 80% confluence in T-75 flasks and treated with various concentrations of 2ME2 for 24 hours. Nuclear extracts were prepared
using a Transfactor Extraction Kit (BD Biosciences Clontech, Palo
Alto, CA) according to the manufacturer’s instructions. In brief,
cells were collected and lysed, and the cytosolic fraction was
removed. The nuclear pellets were resuspended and homogenized,
and the nuclear extracts were collected. Protein concentrations
were determined using a BCA Protein Assay Reagent kit (Pierce,
Rockford, IL).
HIF-1␣ DNA-binding activity was determined using a BD
Mercury TransFactor kit specific for HIF-1␣ (BD Biosciences
Clontech) according to the manufacturer’s instructions. In brief,
four 30-g aliquots of nuclear extracts from each treatment
group were added to individual wells of a 96-well plate coated
with oligonucleotides containing the consensus-binding sequence of HIF-1␣. Bound HIF-1␣ was detected by the appropriate primary and horseradish peroxidase–labeled secondary
antibodies. 3,3⬘,5,5⬘-Tetramethylbenzidine substrate was added
and converted by horseradish peroxidase to a blue product. After
30 minutes, the absorbance was measured at 650 nm. Nuclear
extracts from Cos-7 cells treated with CoCl2 (Active Motif,
Carlsbad, CA) and nuclear extracts incubated with a HIF-1␣
specific competitor oligonucleotide (500 ng) served as positive
and negative controls, respectively.
Hypoxia-Inducible Factor 1␣ Small Interfering Ribonucleic Acid Transfection. UM-SCC-11A cells were grown
to ⬃75% confluence in T75 flasks and were transfected for 3
hours with either a SMARTpool of small interfering RNAs
specific for HIF-1␣ (100 nmol/L) or a scrambled control small
interfering RNA (100 nmol/L; Dharmacon, Inc., Lafayette, CO)
using LipofectAMINE 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. Cell culture supernatants
were collected 40 hours after the transfection and used for
ELISAs.
Enzyme-Linked Immunosorbent Assay. UM-SCC-11A
cells (5 ⫻ 104/well) were incubated with vehicle or 2ME2 0.6
mol/L in 24-well plates. At 24 or 48 hours, cell culture
supernatants were collected and centrifuged at 12,000 ⫻ g for
30 minutes at 4°C. ELISAs for VEGF, IL-6, IL-8, and GRO-1
were carried out according to the manufacturer’s instructions
(R&D Systems, Minneapolis, MN).
Real Time Polymerase Chain Reaction. UM-SCC-11A
cells were grown to 75% confluence in T-75 flasks and transfected with HIF-1␣ small interfering RNA (100 nmol/L) or
exposed to 2ME2 (5 mol/L) for 4, 8, or 12 hours. The medium
was removed, and TRIzol (Invitrogen) was added to lyse the
cells. Total RNA was isolated according to the manufacturer’s
instructions, concentrations were determined by spectrophotometric analysis, and integrity was verified by gel electrophoresis. Single-stranded cDNA was synthesized from total RNA by
using High-Capacity cDNA Archive kit (Applied Biosystems,
Foster City, CA). Bid and 18S rRNA expression were detected
by real time quantitative PCR using the Assays-on-Demand
Gene Expression assay. The PCR mixture (30 ng of cDNA in 30
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L of PCR reaction mix) was incubated for 2 minutes at 50°C
and 10 minutes at 95°C, amplified 40 cycles for 15 seconds at
95°C, and elongated for 1 minute at 60°C. Thermal cycling and
fluorescence detection were performed using an ABI Prism
7700 Sequence Detection System (Applied Biosystems). Relative quantitation of the expression was determined by normalizing the bid signal with the 18S endogenous control. The
threshold cycle (CT) numbers were used to calculate the relative
expression levels according to the manufacturer’s suggested
method.
In vivo Tumorigenesis. Female BALB/c-scid mice at 4
to 6 weeks of age were purchased from Division of Cancer
Treatment (Frederick, MD). In accordance with NIH guidelines,
the mice were housed in a pathogen-free animal facility and
treated under a protocol (no. 1102– 02) approved by the NIH
Animal Care and Use Committee. The mice received subcutaneous inoculations of 5 ⫻ 106 UM-SCC-11A cells in the right
flank region at 7 weeks of age.
The initial in vivo study was undertaken to determine the
effects of 2ME2 alone on angiogenesis and tumor growth. The
mice were randomized on day 8 into two treatment groups each
consisting of 15 mice: vehicle or 2ME2. The mice received
intraperitoneal injections of 2ME2 (150 mg/kg) or vehicle
(empty liposomes) on days 8 through 12, 15 through 19, and 22
through 24. This dose and daily scheduling were based on
previous studies performed at EntreMed, Inc. Tumor size and
total body weight were measured biweekly by an independent
technician in a blinded fashion. Tumor size was calculated as
length multiplied by width in millimeters.
To evaluate the effects of 2ME2 in combination with
paclitaxel in established head and neck squamous cell carcinoma tumors, a second in vivo study was initiated. The mice
were randomized, after the tumors were palpable (19 days),
based on tumor size into three treatment groups each consisting
of 10 mice: vehicle, paclitaxel, or paclitaxel and 2ME2. The
mice received vehicle alone or a single intraperitoneal injection
of paclitaxel (20 mg/kg on day 20) with or without intraperitoneal injections of 2ME2 (150 mg/kg on days 21–23 and 26 –30).
Each of the groups had an average tumor size of 5.3 to 5.4 mm2
on the 19th day after tumor cell inoculation. Tumor size and
total body weight were measured as described previously.
Microvessel Density. One day after the treatments were
completed, tumors were removed from a subset of mice in the
initial in vivo study representative of the vehicle or 2ME2
treated groups and fixed in IHC Zinc Fixative (BD Biosciences,
San Diego, CA). The tumors were paraffin processed and sectioned (American HistoLabs, Inc., Gaithersburg, MD) for immunohistochemistry. The sections were incubated with rat antimouse CD31 antibody (BD Biosciences; diluted 1:50) or an
isotype antibody as a negative control, overnight at 4°C. CD31positive vessels were visualized using a streptavidin-biotin complex method followed by diaminobenzidine reaction (Vector
Laboratories, Inc., Burlingame, CA). The tumor sections were
counterstained with hematoxylin to visualize the nuclei. The
microvessel density was determined by counting the number of
CD31-positive vessels in five high-powered fields (⫻400) of
each section in a blinded fashion. Three tumors per group were
analyzed.

Statistical Analysis. In vitro data are shown ⫾ SD, and
in vivo data are shown ⫾ SE. All statistical analysis including
correlation coefficient, r, and P values, determined by unpaired
t tests, was calculated using Microsoft Excel Analysis ToolPak
software (Redmond, WA). P ⬍ 0.05 was considered to be
significant. The R index (RI) was calculated to determine the
combinatorial effects of 2ME2 and paclitaxel in vitro. In brief,
RI ⫽ Sexp/Sobs, where Sexp is the product of the survival observed with drug A and the survival observed with drug B, and
Sobs is the survival observed with the combination of A and B
(23). RI values greater than unity indicate synergism.

RESULTS
2-Methoxyestradiol or Paclitaxel Alone or in Combination Inhibited Head and Neck Squamous Cell Carcinoma
Cell Growth. To determine the effects of 2ME2 and paclitaxel on proliferation, human head and neck squamous cell
carcinoma lines UM-SCC-1, -6, -11A, -11B, and -46, were
exposed to 2ME2 (0 –50 mol/L) or paclitaxel (0 –1 mol/L)
and assayed daily by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide until the vehicle- treated cells reached
confluence at 4 to 5 days (Fig. 1). Single-agent treatment of
2ME2 or paclitaxel at concentrations similar to those expected
in patients resulted in significant antiproliferative activity in all
of the cell lines examined. The cell lines displayed ⬍log10
variation in sensitivities to the two agents. The IC50 values of
2ME2 in UM-SCC-1, -6, -11A, -11B, and -46 were 0.63, 0.55,
0.74, 1.29, and 0.93 mol/L, respectively. The IC50 values of
paclitaxel in these same cell lines were 9.7, 14.6, 12.0, 5.9, and
5.8 nmol/L. Interestingly, the sensitivities to the two treatments
showed an inverse correlation (r ⫽ -0.82), suggesting that
2ME2 and paclitaxel in combination may be beneficial in targeting cells less sensitive to either agent alone. The panel of cell
lines was then exposed to 2ME2, paclitaxel, or both for 72 hours
and assayed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide to determine the effects on proliferation of the
combined treatments. The concentrations of 2ME2 or paclitaxel
that gave similar inhibition of cell growth in the different cell
lines were used. 2ME2 in combination with paclitaxel resulted
in additive antiproliferative effects in UM-SCC-6, -11A, and
-46, and synergistic antiproliferative effects in UM-SCC-1
(RI ⫽ 1.66) and -11B (RI ⫽ 2.92) when compared with 2ME2
or paclitaxel as a single agent.
2-Methoxyestradiol Inhibited Cell Cycle Progression,
Induced Sub-G0/G1 Fragmentation, and Activated Caspase-3
and Caspase-7 Head and Neck Squamous Cell Carcinoma
Cells. After determining that 2ME2 exhibited antiproliferative
effects in the panel of cell lines, we investigated the specific
effects of 2ME2 on cell cycle progression and apoptosis using
DNA flow cytometry. DNA histograms from cells incubated
with either vehicle or 2ME2 (10 mol/L) for 48 hours (Fig. 2A
and B) revealed that 2ME2 treatment results in G2-M blockade
(76.01% versus 7.59% in vehicle-treated cells; Fig. 2C) and
increased subcellular DNA fragment staining (19.16% versus
0.24% in vehicle-treated cells; Fig. 2D). Interestingly, the fluorescent channel detecting the DNA peak corresponding to
G0-G1 shifted from ⬃48 (1N) in the histogram of vehicletreated cells (Fig. 2A) to ⬃96 (2N) in the histogram of 2ME2-
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Fig. 1 2ME2 or paclitaxel alone or in combination significantly inhibited head and neck squamous cell carcinoma cell growth. UM-SCC-1,
-6, -11A, -11B, and -46 cells (5 ⫻ 103 per well) were grown up in
96-well plates and continuously exposed to various concentrations of
2ME2 (A), paclitaxel (B), or both (C) for 72 hours. Six replicates were
performed for each data point, and data are shown as mean ⫾ SD.

treated cells (Fig. 2B). The DNA peak detected at a fluorescent
channel of ⬃190 (Fig. 2B), therefore, represents cells undergoing two rounds of DNA synthesis (4N) without mitosis. This
conclusion is consistent with the observation that 2ME2-treated
cells were much larger than vehicle-treated cells under the
microscope (data not shown). To further examine the apoptotic
pathway activated by 2ME2, UM-SCC-11A cells were exposed
to 2ME2 (0.75 or 1.5 mol/L) for 48 hours and assayed for
activated caspase-3/7. Levels of activated caspase-3/7 after
2ME2 exposure at 0.75 and 1.5 mol/L were 7.4- and 8-fold
greater than in the controls (Fig. 2E), implicating activation of
effector caspases in 2ME2-mediated apoptosis.
2-Methoxyestradiol Inhibited Hypoxia-Inducible Factor 1␣ Activity and Vascular Endothelial Growth Factor
Secretion and Promoted Bid Up-regulation. We previously
reported that UM-SCC lines secrete angiogenic factors VEGF,
IL-6, IL-8, and GRO-1 (11, 12). HIF-1␣ is reported to be
activated in head and neck squamous cell carcinomas and is a
determinant of expression of VEGF (9) and the pro-apoptotic
factor bid (10). The effects of 2ME2 treatment on HIF-1␣,
angiogenesis factors, and bid expression were evaluated. Nuclear extracts from UM-SCC-11A cells exposed to 2ME2 (0.5,
1.0, 1.5, or 2.0 mol/L) or vehicle for 24 hours were assayed for
HIF-1␣-binding activity. 2ME2 treatment resulted in a dosedependent decrease in nuclear HIF-1␣ activity (Fig. 3A). Nuclear extracts from Cos-7 cells treated with CoCl2 and nuclear
extracts incubated with competitor oligonucleotide (500 ng)
served as positive and negative controls, respectively.
Angiogenic factor expression was then evaluated in UMSCC-11A cells exposed to 2ME2. Compared with other head
and neck squamous cell carcinoma cell lines, UM-SCC-11A
cells are quite aggressive and resistant to various agents (data
not shown). This cell line thus served as a realistic model of
head and neck squamous cell carcinoma. Cells were incubated
with 2ME2 (0.6 mol/L) or vehicle for 24 or 48 hours; and cell
supernatant levels of VEGF, IL-6, IL-8, and GRO-1 were analyzed by ELISA. 2ME2 treatment led to a 57.7 and 50.3%
decrease in VEGF levels at 24 and 48 hours, respectively (Fig.
3B). 2ME2 did not affect the secreted levels of the other angiogenic cytokines analyzed, including IL-6, IL-8, and GRO-1
(data not shown).
To support the potential role of HIF-1␣ inhibition in the
decrease of VEGF levels induced by 2ME2, we assessed the role
of HIF-1␣ in VEGF expression. Cells were transfected with a
pool of HIF-1␣ specific small interfering RNAs (100 nmol/L) or
scrambled small interfering RNAs (100 nmol/L), and cell supernatant VEGF levels were analyzed by ELISA. The HIF-1␣
small interfering RNA treatment resulted in a 33.5% decrease in
secreted VEGF levels (Fig. 3C), suggesting that the effects of
2ME2 on VEGF could be secondary to the effects on HIF-1␣
because direct inhibition of HIF-1␣ leads to a decrease in
secreted VEGF.
To further elucidate the molecular mechanism responsible for the cytotoxic action of 2ME2, expression of bid
mRNA was evaluated by real time quantitative PCR. Bid is a
proapoptotic bcl-2 family member that was recently shown to
be inhibited by HIF-1␣ (10). UM-SCC-11A cells were transfected with HIF-1␣ small interfering RNA (100 nmol/L) as
described previously or exposed to 2ME2 (5 mol/L) for 4,
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Fig. 2 2ME2 inhibited cell cycle progression, induced subG0/G1 fragmentation, and activated caspase-3 and caspase-7
in head and neck squamous cell
carcinoma cells. DNA histograms by flow cytometry analysis of DNA from 10,000 UMSCC-11A cells grown to ⬃70%
confluence after vehicle (A) or
2ME2 (B; 10 mol/L) exposure
for 48 hours. 2ME2 treatment
resulted in G2-M blockade (C)
and a severalfold increase in the
number of cells undergoing apoptosis as determined by flow
cytometry (D). E. UM-SCC11A cells (5 ⫻ 103/well) were
grown in 96-well plates and exposed to 2ME2 (0.75 and 1.5
mol/L) or vehicle for 48
hours. The cells were then exposed to Z-DEVD-R110 for 1
hour, and activation of caspase-3
and caspase-7 was detected via
fluorescence measurement. Six
replicates were performed for
each data point, and the data are
shown as mean ⫾ SD.

8, or 12 hours. 2ME2 or HIF-1␣ small interfering RNA
treatment resulted in significant up-regulation of bid expression at 4, 8, and 12 hours, when the relative expression level
of bid mRNA is normalized to 18S rRNA for each sample
(Fig. 3D). Therefore, the induction of apoptosis by 2ME2 is
consistent with its inhibitory effects on HIF-1␣ and upregulation of pro-apoptotic factor bid.
Antitumor and Antiangiogenic Effects of 2-Methoxyestradiol Alone or in Combination with Paclitaxel in Head and Neck
Squamous Cell Carcinoma Tumor Xenografts. Treatment
with a liposomal preparation of 2ME2 (150 mg/kg, intraperitoneally, days 8 –12, 15–19, and 22–24) significantly inhibited
tumor growth at day 22 (4.07 ⫾ 1.70 versus 14.13 ⫾ 2.99 mm2
in mice treated with empty liposomes, P ⫽ 0.008) and 25
(7.73 ⫾ 2.27 versus 20.95 ⫾ 4.51 mm2 in vehicle-treated mice,
P ⫽ 0.016) after tumor cell inoculation (Fig. 4A). 2ME2 also
inhibited tumor vessel formation as analyzed by CD31 staining
at day 25 (26.13 ⫾ 1.90 versus 10.20 ⫾ 1.00 CD31-positive
vessels per high powered field (⫻400, P ⬍ 0.001) after tumor
cell inoculation (Fig. 4B–F).

In established head and neck squamous cell carcinoma,
paclitaxel (20 mg/kg, intraperitoneally, on day 20) treatment
alone did not result in significant inhibition of tumor growth,
however, 2ME2 (150 mg/kg, intraperitoneally, days 21–23 and
26 –30) in combination with paclitaxel inhibited tumor growth
after completion of the dosing regimen (Fig. 5). The mice
treated with 2ME2 in combination with paclitaxel had significantly smaller tumors than the vehicle-treated mice (17.50 ⫾
3.32 versus 34.10 ⫾ 3.65, P ⫽ 0.0022) at 30 days after tumor
cell inoculation (Fig. 5).
Mice treated with 2ME2 at the dose maximally soluble
in the liposomal preparation showed no significant toxicity.
As previously reported (19), 2ME2 treatment resulted in a
slight and temporary decrease in growth and total body
weight (13–15.4%). Coinciding with this difference in body
weights, the 2ME2-treated mice also seemed more active. No
other toxicities were detected in the treatment group. After
completion of the treatment regimen, total body weights were
not significantly different between the treated and untreated
mice.
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Fig. 3 2ME2 inhibited HIF-1␣ activity and VEGF secretion and promoted bid up-regulation. A. UM-SCC-11A cells were grown to 80% confluence
in T-75 flasks and treated with 2ME2 (0, 0.5, 1.0, 1.5, or 2.0 mol/L) for 24 hours. HIF-1␣ DNA-binding activity of the nuclear extracts from each
treatment group was determined using a BD Mercury TransFactor Kit specific for HIF-1␣. Nuclear extracts from Cos-7 cells treated with CoCl2 and
nuclear extracts incubated with a HIF-1␣–specific competitor oligonucleotide served as positive and negative controls, respectively. B. UM-SCC-11A
cells (5 ⫻ 104/well) were grown in 24-well plates and exposed to vehicle or 2ME2 0.6 mol/L. At 24 or 48 hours, cell culture supernatants were
collected and used for VEGF detection by ELISA. C. UM-SCC-11A cells were grown to ⬃75% confluence in T75 flasks and were transfected for
3 hours with either a SMARTpool of small interfering RNAs specific for HIF-1␣ (100 nmol/L) or a scrambled control small interfering RNA (100
nmol/L) using LipofectAMINE 2000. Cell culture supernatants were collected 40 hours after the transfection and used for VEGF detection by ELISA.
D. UM-SCC-11A cells were grown to ⬃75% confluence in T75 flasks and transfected with HIF-1␣ small interfering RNAs or exposed to 2ME2 (5
mol/L) for 4, 8, or 12 hours. RNA was isolated, cDNA was synthesized, bid and 18S rRNA expression were detected by RT-PCR, and relative bid
expression was determined by normalizing with the 18S endogenous control. Three or four replicates were performed for each data point, and all data
are shown as mean ⫾ SD.

DISCUSSION
The present study revealed that 2ME2 inhibits proliferation
and promotes apoptosis of head and neck squamous cell carcinoma lines. 2ME2 also resulted in additive or synergistic antiproliferative activity in combination with paclitaxel in vitro. In
vivo, 2ME2 resulted in significant antiangiogenic and/or antitumor effects alone and in combination with paclitaxel. 2ME2
promoted G2-M cell cycle block consistent with its effects on
microtubules, apoptosis, and angiogenesis. This is consistent
with modulation of HIF-1␣ and its targets bid and VEGF. The
effects of 2ME2 on expression of bid and VEGF seem to be due,
at least in part, to inhibition of HIF-1␣ activity, because inhibition of HIF-1␣ expression by small interfering RNA also
resulted in up-regulation of bid and inhibition of VEGF secretion. Bid and VEGF expression may be examined as potential
molecular markers for activity in pre- and posttreatment biopsies for patients with oral biopsy–accessible head and neck
squamous cell carcinomas enrolled in phase 2 clinical trials
using 2ME2 and paclitaxel.

The antiproliferative and apoptotic effects of 2ME2 in head
and neck squamous cell carcinoma cell lines are consistent with
findings in other cancer types (17, 24 –26). An analysis of the
cell cycle distribution revealed that 2ME2 inhibited cell cycle
progression in the G2-M phase. 2ME2 has been shown to inhibit
progression through mitosis via disruption of microtubule elongation in osteosarcoma (27), uterine sarcoma (28), hepatoma
(29), and prostate cancer (13). G2-M is a radiosensitive phase of
the cell cycle, and 2ME2 has shown activity as a radiosensitizer
(16, 30). Furthermore, the radiosensitization effects of 2ME2
may be partially dependent on HIF-1␣ inhibition (31).
2ME2 inhibited nuclear HIF-1␣ activity in a dose-dependent manner. HIF is a heterodimer composed of HIF-1␣ and
HIF-1␤ subunits (32). HIF-1 ␣ is a response factor that is
induced by hypoxia, whereas HIF-1␤ is an aryl hydrocarbon
receptor nuclear translocator that is constitutively expressed.
During hypoxia, HIF-1␣ binds to hypoxia response elements of
HIF-regulated genes. Numerous targets have been identified to
date and include VEGF (9), VEGFR1 (FLT-1; ref.33), Bid (10),
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Fig. 4 Antitumor and antiangiogenic effects of 2ME2 in
head and neck squamous cell
carcinoma tumor xenografts. A.
Mice (15 per treatment group)
received empty liposomes or
2ME2 (150 mg/kg) via intraperitoneal injection on days 8
through 12, 15 through 19, and
22 through 24 after tumor cell
inoculation as indicated by the
arrows. Tumor size (length ⫻
width in millimeters) was
measured biweekly by an independent technician in a blinded
fashion. B. The mean microvessel density for each treatment
group was determined by
counting the number of CD31positive vessels in 5 highpowered fields (⫻400) of each
section in a blinded fashion.
Three tumors per group were
analyzed. All data are shown as
mean ⫾ SE. C and D, representative light micrographs of
tumor sections from vehicle- or
2ME2-treated mice stained for
CD31 1 day after the last treatment. Tumor sections incubated
with an isotype antibody (insets) served as negative controls to confirm the specificity
of the CD31 signal. E and F,
higher magnification light micrographs of tumor sections
from vehicle- or 2ME2-treated
mice stained for CD31.

TGF-␣, UPAR, and MMP-2 (34). In normoxia, HIF-1␣ is bound
to the VHL tumor suppressor, ubiquitinated, and degraded by
the proteasome (35). Loss of heterozygosity of VHL leads to
solid tumors including renal cell carcinoma (36). HIF is overexpressed in head and neck squamous cell carcinomas (4, 5) as
well as colon, breast, gastric, lung, skin, ovarian, pancreatic,
prostate, and renal carcinomas (37). Furthermore, overexpression of HIF correlates with metastasis, decreased response to
radiation, chemotherapy, and survival in head and neck squamous cell carcinomas (4, 5).
We show that 2ME2 resulted in a dose-dependent inhibition of nuclear HIF-1␣ activity in head and neck squamous cell
carcinoma. A previous study has revealed that 2ME2 inhibits
HIF-1␣ activity in prostate and breast cancer (13). The mechanism by which 2ME2 inactivates HIF-1␣ is not fully understood, but recent reports may yield some light on the issue.
2ME2 has been shown to induce superoxide radicals (25), and
HIF-1␣ is known to be down-regulated by reactive oxygen
species (38). We show that 2ME2 affects the expression of the
HIF-1␣ targets bid, a pro-apoptotic bcl-2 family member, and
VEGF, a pro-angiogenic cytokine. 2ME2 treatment resulted in

significant up-regulation of bid mRNA. This regulation seems to
be partially dependent on HIF-1␣ activity, because HIF-1␣
small interfering RNAs produced similar effects. Bid has been
shown recently to be down-regulated directly by HIF-1␣ in
colon cancer cells (10). Furthermore, bid overexpression induces apoptosis or sensitizes to chemotherapy induced apoptosis
of human cancer cells (39, 40), whereas bid knockout mice
develop a disorder resembling chronic myelomonocytic leukemia (41). Therefore, bid levels are an important factor ultimately
regulating survival or death of cancer cells.
2ME2 also resulted in inhibition of the level of secreted
VEGF, another target of HIF-1␣. Inhibition of HIF-1␣ through
transfection with a pool of HIF-1␣ small interfering RNAs
resulted in a decrease in the level of secreted VEGF. Furthermore, a murine study revealed that knockout of HIF-1␣ in
teratocarcinomas resulted in retarded tumor growth as well as
decreased VEGF secretion during hypoxia (42). 2ME2 has
previously been found to inhibit VEGF in breast (13, 15), and
pituitary tumors (43) as well as multiple myeloma (18). The lack
of effect of 2ME2 on other angiogenic factors such as IL-6,
IL-8, and GRO-1 could contribute to the incomplete inhibitory
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Fig. 5 Antitumor effects of 2ME2 in combination with paclitaxel in
established head and neck squamous cell carcinoma tumor xenografts.
Mice (10 per treatment group) received empty liposomes, paclitaxel (20
mg/kg on day 20), or paclitaxel in combination with 2ME2 (150 mg/kg
on days 21–23 and 26 –30 after tumor cell inoculation) via intraperitoneal injection. Tumor size (length ⫻ width in millimeters) was measured by an independent technician in a blinded fashion.

effects on tumorigenesis observed. It will be interesting to
determine whether synergism with blockade of these other factors could enhance antiangiogenic and antitumor effects.
In vivo, 2ME2 resulted in significant antiangiogenic and
antitumor effects. Anti-angiogenic and antitumor activities of
2ME2 have been observed in other carcinoma models (13–19).
Furthermore, 2ME2 in combination with paclitaxel, a first-line
treatment for recurrent head and neck squamous cell carcinomas, showed significant antitumor activity during treatment.
2ME2 has previously been shown to exhibit synergy with docetaxel, a related taxane, in breast cancer (44), and this combination was used in a phase 1 clinical trial for metastatic breast
cancer (45). Interestingly, paclitaxel and 2ME2 both induce
apoptosis in part through phosphorylation and inhibition of
Bcl-xL (46). We believe that the activity exhibited by 2ME2
merits clinical investigation as a new agent in head and neck
squamous cell carcinomas, and this study provides support for a
clinical trial of 2ME2 in combination with paclitaxel for the
treatment of recurrent or advanced head and neck squamous cell
carcinomas.
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