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Abstract

Purpose Hypoxic tumor cells overexpressing hypoxia-
inducible factor lalpha (HIF-1a) are generally resistant to
chemo/radiotherapy. We have reported that Se-methylse-
lenocysteine (MSC) therapeutically enhances the efficacy
and selectivity of irinotecan against human tumor xeno-
grafts. The aim of this study was to delineate the mecha-
nism responsible for the observed efficacy targeting on
HIF-1o and its transcriptionally regulated genes VEGF and
CAIX.

Methods We investigated the mechanism of HIF-1a
inhibition by MSC and its critical role in the therapeutic
outcome by generating HIF-1o stable knockdown (KD)
human head and neck squamous cell carcinoma, FaDu by
transfecting HIF-1o short hairpin RNA.

Results While cytotoxic efficacy in combination with
methylselenic acid (MSA) with SN-38 (active metabolites
of MSC and irinotecan) could not be confirmed in vitro
against normoxic tumor cells, the hypoxic tumor cells were
more sensitive to the combination. Reduction in HIF-1«
either by MSA or shRNA knockdown resulted in signifi-
cant increase in cytotoxicity of SN38 in vitro against
hypoxic, but not the normoxic tumor cells. Similarly, in

S. Chintala (<) - K. Téth - S. Cao - F. A. Durrani -

Y. M. Rustum

Department of Cancer Biology, Roswell Park Cancer Institute,
Buffalo, NY 14263, USA

e-mail: sreenivasulu.chintala@roswellpark.org

M. M. Vaughan
Department of Pathology, Roswell Park Cancer Institute,
Buffalo, NY 14263, USA

R. L. Jensen
Department of Neurosurgery, Huntsman Cancer Institute,
University of Utah, Salt Lake City, UT 84132, USA

vivo, either MSC in combination with irinotecan treatment
of parental xenografts or HIF-1¢ KD tumors treated with
irinotecan alone resulted in comparable therapeutic
response and increase in the long-term survival of mice
bearing FaDu xenografts.

Conclusions Our results show that HIF-1a is a critical
target for MSC and its inhibition was associated with
enhanced antitumor activity of irinotecan. Inhibition of
HIF-1a appeared to be mediated through stabilization of
PHD2, 3 and downregulation of ROS by MSC. Thus, our
findings support the development of MSC as a HIF-1ua
inhibitor in combination chemotherapy.

Keywords HIF-1a - Se-methylselenocysteine -
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Introduction

Human tumors, including those of the head and neck, often
display regions of hypoxia and are typically resistant to
chemo and radiation therapy. An agent that decreases the
hypoxic tumor microenvironment may enhance the thera-
peutic efficacy of anticancer drugs. We have demonstrated
the ability of a non-toxic dose and schedule of selenium
(MSC) to enhance the therapeutic efficacy and selectivity
of irinotecan against several human tumor xenografts,
including FaDu human head and neck squamous cell
carcinoma (HNSCC) [1]. However, combining SN38
(an active metabolite of irinotecan) with MSA (an active
metabolite of MSC) in vitro under normoxic culture con-
ditions did not demonstrate cytotoxic efficacy. This implied
that the interaction between selenium and irinotecan
involved more than a direct cytotoxic effect on the tumor
cells. In as much as previous work in vivo, our laboratory
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had demonstrated an antiangiogenic and tumor vasculature
maturation effect of MSC treatment alone [2], and an effect
of MSC combined with irinotecan on proangiogenic
molecular markers including hypoxia-inducible factor 1
alpha (HIF-1a) [3]. Therefore, an investigation of the
specific effects of MSC on hypoxia-related protein HIF-1o
appeared warranted.

A daily supplementation of 200 pg of selenium was
reported to reduce the recurrence of various types of can-
cers [4, 5] but disappointingly, recent results from a pre-
vention trial using low doses of selenomethionine (SLM)
(200 pg/d) alone and in combination with vitamin E
(400 IU/d) did not prevent prostate cancer [6]. The anti-
tumor activity of selenium in combination therapy has been
reported by our group [l]. Organoselenium compound,
selenomethionine, has been used in the preclinical model
as a suicide prodrug that converted into active metabolite
methylselenol using methioninase gene therapy [7]. The
molecular mechanism(s) of cytotoxic concentrations of
selenium have been studied under normoxic conditions and
were shown to modulate multiple pathways including
apoptosis [8]. To our knowledge, there are no studies on
the effect of selenium on cancer cells cultured under hyp-
oxic conditions. Studies carried out in our laboratory
indicate that apoptosis is not the mechanism of action of
MSC in combination with irinotecan in our model [3].
Therefore, low oxygen hypoxic conditions were utilized in
vitro as an alternate approach to mimic the hypoxic tumor
microenvironment in xenografts to determine whether the
therapeutic efficacy observed in vivo can be achieved in
vitro against hypoxic cells.

HIF-1a is a transcription factor that is stabilized under
hypoxic conditions and activates several genes, thus
enabling cells to adapt and survive under low oxygen
hypoxic conditions [9, 10]. Furthermore, anticancer drug
resistance has been implicated with the high expression of
HIF-1« [11, 12]. HIF-1« regulation is mediated by several
factors including reactive oxygen species (ROS). The
tumor microenvironment is often in redox imbalance, with
accumulation of ROS [13]. ROS results in stabilization of
HIF-1o through inhibition of prolylhydroxylases (PHDs)
that hydroxylate proline molecules of HIF-1¢, leading to
ubiquitylation by von Hippel-Lindau protein (VHL) and
degradation by proteosomes [14]. PHDs belong to a super
family of iron-and 2-oxoglutarate-dependent dioxygenases.
PHD2 is important for the hydroxylation of HIF-1«
[15, 16]. Since the ROS is involved in HIF-1o stability
through inhibition of PHDs, studies were carried out to
investigate the antioxidant property of MSC in the down-
regulation of ROS that stabilizes PHDs, leading to the
degradation of HIF-1« under hypoxic conditions.

The present study was initiated to investigate the critical
role of HIF-la in chemotherapy response and potential

@ Springer

mechanism of HIF-1« regulation by MSC. The proposed
hypothesis is that downregulation of ROS, stabilization of
PHD2 and 3 by MSC results in HIF-1« inhibition. To this
end, hypoxic tumor cells, expressing HIF-1a levels similar
to those in xenografts, and tumor cells with HIF-1o KD
were developed to evaluate and compare the effects of
HIF-1a inhibition by shRNA and MSC on the antitumor
response to irinotecan against FaDu xenografts.

Materials and methods
Animals

Eight- to 12-week-old female Foxnlnu nude mice (nu/nu,
body weight 20-25 g) were obtained from Harlan Spra-
gue—Dawley Inc. (Indianapolis, IN) and kept five mice per
cage with water and food ad libitum according to an
institutionally approved animal protocol.

Drugs

MSC was purchased from Sigma (St. Louis, MO) and
dissolved in sterile saline at a concentration of 1 mg/ml.
Irinotecan (Camptosar) was purchased from Pharmacia &
Upjohn Co., division of Pfizer (New York, NY) as a
solution of 20 mg/ml in 5-ml vials. SN-38 (7-ethyl-10-
hydroxycamptothecin) was supplied from Pharmacia Cor-
poration (Kalamazoo, MI). Methylselenic acid (MSA) was
purchased from PharmaSe Inc., (Lubbock, TX).

Establishment of tumor xenografts

The human HNSCC FaDu was purchased from American
Type Culture Collection (Rockville, MD, USA). The
xenografts were initially established by injecting subcuta-
neous (s.c.) 10° cultured cells into nude mice, and the
tumors were passed several generations by transplanting
~50-mg non-necrotic tumor (2-3 pieces) via a trocar when
tumor reached to 1 g. FaDu cells (1 x 10° in 0.1 ml) spe-
cifically knocking down HIF-1a by shRNA or the negative
control (scrambled shRNA) with no effect on HIF-1o were
implanted s.c. in the nude mice and passed several gener-
ations with documentation of stable KD of HIF-1«. Tumor
growth was measured using Vernier calipers [1]. All the
studies were conducted in accordance with protocols
approved by the Animal Care and Use Committee at Ros-
well Park Cancer Institute, an AAALAC accredited facility.

Drug doses and schedule

Irinotecan was administered by i.v. push once weekly for
4 weeks (on day 0, 7, 14, and 21) at the maximum tolerated
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dose (MTD) (100 mg/kg/week x 4) 7 days after the tumor
transplantation when the tumors reached ~200-250 mg.
MSC (0.2 mg/day/mouse, MTD) was administered orally
(p.o.) daily for 28 days (from day —7 to 21) with the first
dose started 7 days before irinotecan and at the same time
of tumor transplantation. The treatment was concluded on
day 21. For in vivo experiments, 5 mice were used for each
experimental group with bilateral tumors. All experiments
were performed at least twice. In a separate experiment to
determine the effect of MSC alone on HIF-1o and its
transcriptionally regulated genes (VEGF and CAIX)
expression, tumors were harvested from the mice (N = 6)
treated with MSC for 14 days from the day of tumor
transplantation and untreated controls (N = 6).

For the in vitro studies, SN38 and MSA, the active
metabolites of irinotecan and MSC, respectively, were
used. To assess cytotoxicity, tumor cells were exposed to
MSA for 24 h and to SN38 for 2 h. For combination
studies, cells were exposed to MSA for 24 h and to SN38
during the last 2 h.

Antitumor activity

Antitumor activity was determined as described previously
[1] in the tumors of HIF-1a KD, their scrambled negative
control, and the parental FaDu tumors. Tumor responses
were assessed daily during treatment and at least twice
weekly thereafter. Tumor response was expressed as partial
tumor response (PR) when tumor weight was reduced by at
least 50% of initial tumor size, and complete tumor
response (CR) was defined when no tumor was palpated at
that initial site of tumor. Animals with CR were maintained
for 3 months after the treatment was concluded: they were
considered to be cured if there was no detectable tumor at
the site of transplant, and the lack of tumor cells was
confirmed histologically. All animals were killed when the
tumor weight reached 2 g according to the Institute’s
approved animal protocols.

Tumor measurement

Two axis (mm) of tumor (L, longest axis; W, shortest axis)
were measured with the aid of a Vernier caliper. Tumor
weight (mg) was estimated as a formula: tumor weight =
5 (L x W?). Tumor measurements were taken daily for
the first 10 days and at least 3 times a week for the first
4 weeks of post-therapy and twice a week thereafter.

Cell culture and hypoxia growth studies
FaDu cells were maintained as monolayer cultures in

RPMI 1640 medium supplemented with 10% fetal bovine
serum. The cells were regularly tested and found to be free

of mycoplasma by mycoplasma Plus PCR primer set
(Stratagene, La Jolla, CA). Hypoxic conditions were
applied to cells by changing to medium equilibrated with
an atmosphere containing 0.5% O, and placing the culture
flasks into a hypoxia chamber (IN VIVO, 400, Ruskinn
Technology Ltd., Cincinnati, OH) maintained at 0.5% O,.
Cells were treated with MSA £ SN38 and further incu-
bated for 24 h in the hypoxia chamber at 37°C.

Silencing of HIF-1«

Stable HIF-1« KD FaDu cells were generated using pSi-
lencer 2.1-U6-hygro plasmid (Ambion) expressing HIF-1«
shRNA controlled via the U6 promoter according to the
manufacturer’s protocols. The HIF-1oa shRNA- plasmid
was kindly provided by Jensen, RL, University of Utah,
Salt Lake City, UT [17]. The siRNA 1589 sequence
(UUCAAGUUGGAAUUGGUAG) was used to create
HIF-1« KD, along with the scrambled negative control,
pSil2.1_hygro-Neg (AAUUAGCGUAGAUGUAAUGUG).
Into a 6-well cell culture plate was seeded 1.5 x 10 cells
and incubated overnight. Cells were transfected with
10 nmol shRNA plasmid using Lipofectamine RNAiMax
(Invitrogen, Carlsbad, CA), and transfectants were
selected with 300 pg/ml hygromycin in RPMI 1640.
Several clones were selected and tested for their HIF-1«
KD levels.

In vitro growth inhibition of parental, KD FaDu tumor
cells by SN38 += MSA

Four to five thousand cells were seeded in the 96-well
plates and incubated overnight at 37°C under normoxic
culture conditions. The concentrations of MSA that caused
~10% cell growth inhibition (IC;q = 1 pM) and SN38
that caused ~50% growth inhibition (ICso = 0.1 pM)
under normoxic conditions were used for cytotoxic studies.
Cells were exposed to MSA for 24 h and SN38 for 2 h
under normoxic and hypoxic conditions. For combination
studies, cellular exposure to SN38 occurred during the last
2 h of 24 h exposure to MSA. Cells were washed three
times, and fresh medium was added and further incubated
for 24-48 h under normoxic and hypoxic conditions. Cell
growth inhibition was determined by using the sulforho-
damine (SRB) assay as described previously [18]. Briefly,
cells were fixed with 10% trichloroacetic acid, washed, and
stained with SRB. After removing the unbound dye, optical
density was measured at 570 nm using a plate reader
(model EL340; Bio Tek Instruments, Winooski, VT). Percent
growth inhibition was calculated considering growth of
untreated control cells as 100%. HIF-1a KD FaDu cells were
tested for growth after SN38 treatment under normoxia and
hypoxia conditions. HIF-1o shRNA-scrambled negative cells
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were used as control for determining the HIF-1a KD effects
with cytotoxic agents.

Quantification of HIF-1o mRNA by RT-PCR

Cells were collected from the flask after treatment under
normoxic and hypoxic conditions. To minimize the effect
of exposure of the hypoxic cells to air during processing,
all the procedures were performed in the cold except the
trypsinization for the detachment of cells at 37°C for
2-3 min. For determining HIF-1a RNA levels, cDNA was
prepared from the cells using the cells-to-CT Kit (Applied
Biosystems, Austin, TX). For isolation of cDNA according
to the manufacturer’s protocols, 0.5 x 10° cells were used.
Briefly, cells were lysed with lysis buffer and used as the
source for mRNA. The cDNA synthesizing master mix was
prepared with the proportion of reagents, and cell lysate
was added and reverse transcribed using the PCR machine.
The ¢cDNA was used for performing RT-PCR as per the
procedure described [19].

Protein extraction and Western blot analysis

Tumors were collected and snap-frozen in liquid nitrogen,
chopped into small pieces, and homogenized with a Poly-
tron homogenizer using the lysis buffer (50 mM Tris—HCI,
pH 8.0, 100 mM NaCl, 0.5% SDS, 0.5% sodium deoxy-
cholate, 0.5% Nonidet P40) with a protease inhibitor
cocktail (Roche, Indianapolis, IN). The homogenate was
centrifuged, and the supernatant was used for the protein
measurement. To isolate protein, cells were washed with
cold PBS and scrapped into cold PBS, keeping the flask on
ice to avoid degradation of HIF-1o protein. Cells were
pelleted by centrifugation at 4°C and further processed for
the isolation of protein using the lysis buffer. Western
blotting was performed by loading and separating 40 ng of
protein in 4-20% gradient SDS-PAGE, followed by
transfer to nitrocellulose membranes. Primary antibodies
for HIF-1a (Upstate, Lake Placid, NY and R & D Systems,
Minneapolis, MN) and VEGF (Santa Cruz Biotechnology
Inc, Santa Cruz, CA) PHD2 and 3 (Abcam Inc, Cambridge,
MA) were used with 1:500 dilution and incubated for 1 h,
washed with phosphate buffer saline with Tween-20 (PBS-
T) milk for 1 h, and further incubated with HRP-conju-
gated donkey anti-rabbit (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA) secondary antibody for 1 h. Lumi-Light
PLUS ‘Western Blotting Kit (Roch, Indianapolis, IN) was
used for detecting the proteins.

Measurement of ROS

Total ROS was measured using 5-(and 6-)carboxy-2',7'-
dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA),
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C400 (Molecular Probes Inc., Molecular probes Invitrogen,
Carlsbad, CA) according to manufacturer’s procedure. The
released carboxy dichlorofluorescein (carboxy-DCF) after
oxidation of carboxy-H2DCFDA was measured using a
microplate spectrofluorometer. Briefly, cells at 50-60%
confluence were incubated with 10 uM Carboxy-
H2DCFDA for 30 min in 96-well plates at 37°C under
normoxic conditions. After washing with PBS, cells were
treated with and without MSA and incubated under hypoxic
and normoxic conditions. Fluorescence was measured with
excitation 480 nm and emission 530 nm. Data obtained
without MSA treatment were used as normal values.

Immunohistochemistry

Specimens were fixed in 10% neutral-buffered formalin
overnight and processed traditionally for paraffin blocks,
and then conventional H & E staining was performed for
histopathological evaluation. Immunohistochemical stain-
ing was carried out on 4- to 5-pm sections on charged
slides after conventional deparaffinization and quenching
of endogenous peroxidase with 3% H,0,. Casein (0.03%)
in PBS-T (PBS with 500 pl/l Tween-20) for 30 min at
room temperature was used for non-specific binding in
each immunoassay. All incubations were done at room
temperature unless otherwise specified. All immunohisto-
chemical procedures were carried out using an automated
immunostainer (Dako, Carpinteria, CA). Nuclear counter-
staining was done with hematoxylin before being dehy-
drated, cleared, and cover slipped. All washing was done
with PBS-T, and chromogen DAB (Dako) was used for
5 min for visualization. An isotype-matched negative
control was used on a duplicate slide in place of the pri-
mary antibody at the same concentration as the primary
antibody. All histopathological and immunohistological
analysis, counting, and interpretation were done by a board
certified and experienced pathologist (Karoly Téth, MD,
PhD).

Detection of HIF-1o-targeted gene carbonic
anhydrase IX (CAIX)

The HIF-1a transcriptionally regulated gene CAIX was
used to detect hypoxic tumor cells [20]. Antigen retrieval
was done with citrate buffer (pH 6.0) in a microwave for
10 min. The primary antibody M75 (20 pg/ml, gift from
Dr. Pastorek, Institute of Virology, Slovak Academy of
Sciences, Slovak Republick) was used for 90 min at room
temperature. The Elite Universal Kit (Vector labs, Bur-
lingame, CA) was used as the detection system as pub-
lished earlier [21]. Semiquantitative assessment of the
total proportion of multiple CAIX tumor cell foci was
estimated after examining the entire section of each tumor
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and was expressed as a percentage of the whole viable
tumor in the section. Tumors were cut and embedded to
get the biggest cross section for examination. Since in
most cases strong staining (cytoplasmic membrane) was
present, further categorization of the intensity was not
considered.

HIF-1o detection

For detecting HIF-1o in human tissues, we have developed
and optimized a multilayer procedure implementing
several improvements to increase sensitivity and decrease
non-specific staining. Human squamous cell carcinoma
xenograft (A253) was used as a known positive control,
because this tumor contains well-differentiated areas
without microvessels, and tumor cells in these fields are
strongly positive for the hypoxia marker CAIX [21].
Therefore, tumor cell nuclei in these areas are expected to
be positive for hypoxia and associated with high levels of
HIF-1a. Normal human liver was used as a known negative
control. Antigen retrieval was done with Target Retrieval
Solution (TRS—Dako, Carpinteria CA) in a pressure
cooker (Cell Marque Inc., Rocklin, CA) for 3 min
according to the manufacturer’s protocol. Endogenous
biotin was blocked with a biotin blocking kit (Dako). The
primary monoclonal antibody, mouse anti-human anti-HIF-
loe (H1 alpha 67) from Novus Biologicals (Littleton, CO)
was applied at 0.4 pg/ml concentration overnight at 4°C.
This anti-HIF-1o antibody was diluted in 2.5% goat serum
in PBS-T (phosphate-buffered saline with 0.05% Tween-
20). Incubation with goat versus mouse biotinylated sec-
ondary antibody (Jackson ImmunoResearch Labs, West
Grove, PA) for 15 min was followed by Elite ABC reagent
(Vector Labs) for 20 min. The amplification reagent from
the Catalyzed Signal Amplification (CSA) System from
Dako was then used at 1:35 dilution (PBS-T) on slides for
10 min. Streptavidin conjugated to horseradish peroxidase
(Zymed/Invitrogen, San Francisco, CA) was used for
20 min as the last layer. The chromogen DAB (Dako) was
used for 1 min to visualize the immunoreaction. All washes
between the various steps were done with a PBS-T rinse.
This was followed by 0.03% casein (PBS-T) for 5 min with
a blow step before the next reagent was applied in order to
considerably reduce background. In place of the primary
antibody, an isotype match (mouse IgG2b also at 0.4 pg/ml)
was placed on a duplicate slide as a negative control.
Semiquantitative analysis of HIF-1o positivity was asses-
sed by determining the microscopic fields positive for
HIF-1o nuclear staining in the entire immunostained sec-
tion of the tumor including perinecrotic areas. Strong
specific nuclear (not cytoplasmic) immunostaining was
present uniformly; therefore, classification of staining
intensity was not necessary.

Vascular Endothelial Growth Factor-A (VEGF-A)

Vascular Endothelial Growth Factor-A was detected by the
method published earlier [21] with the improvement of
using the antigen retrieval with TRS in microwave for
10 min before immunostaining.

Detection of intratumoral microvessels using CD34

CD34 was used to detect endothelial cells and thus to
visualize and count intratumoral microvessels. Antigen
retrieval was not required for this antibody. Rat anti-mouse
CD34 primary antibody (Abcam, Cambridge, MA) was
applied to slides at 2 pg/ml for 1 h. It was followed by a
biotinylated secondary antibody for 30 min and by the
streptavidin-horseradish peroxidase complex (Zymed/
Invitrogen) for 30 min. Rat IgG2a (2 pg/ml) as an isotype-
matched control was used on a duplicate slide in place of
the primary antibody as a negative control. All CD34
positive intratumoral microvessels were counted at 400 x
in each microscope field on the viable parts of the entire
section without any selection. Single CD34-positive
endothelial cells without any lumen formation were not
counted. Microvessel density changes were expressed as a
percentage of controls.

Statistical analysis

Statistical analysis was performed with the calculated mean
values + SD using GraphPad Prism software (La Jolla,
CA) with unpaired two-tailed Student’s ¢ test, and signifi-
cance was set a P < 0.05.

Results

MSC treatment and HIF-1o KD resulted in similar
tumor growth inhibition, antiangiogenic activity,
and inhibition of HIF-1«

Tumor growth inhibition was correlated with tumor
microvessel density in MSC-treated parental and in HIF-1«
KD tumors. HIF-1« KD FaDu cells were generated by
transfecting HIF-1a shRNA, and stable KD cells were
selected. The inhibition of HIF-1oo mRNA was confirmed
by RT-PCR in the stable KD cells (data not shown). The
data in Fig. 1a indicate that growth of parental FaDu tumor
xenografts treated with MTD (0.2 mg/mouse/day) of MSC,
and untreated HIF-lo KD xenografts were similarly
inhibited compared with untreated control (scrambled
shRNA) tumors. The data in Fig. 1 also indicate that CD34
staining (Fig. 1b) and microvessel density (Fig. Ic) were
similarly decreased in the parental tumor treated with MSC
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Fig. 1 Effects of MSC (0.2 mg/
mouse/day) and HIF-1o KD on
FaDu tumor growth vasculature
and HIF-1o protein in
xenografts. HIF-1o0 KD results
in growth inhibition of FaDu
tumors, and the inhibition of
HIF-100 was comparable to
MSC-treated parental FaDu
tumor, correlated with
decreased microvessel density.
a Tumor growth of FaDu
control (scrambled),
MSC-treated parental FaDu,
and HIF-1o KD xenografts.

b Representative
Photomicrographs (200x)
demonstrate the effects of MSC
and HIF-1oo KD on CD34
endothelial cell marker for
angiogenesis evaluation. Arrows
showing the microvessels
stained with CD 34. ¢ Effect of
MSC and HIF-1o KD on
microvessel density. The data
are representative of 6-10
tumors of each group. d HIF-1a
protein levels in FaDu
xenografts with MSC treatments
and HIF-1oo KD. Scrambled
shRNA-negative control tumors
were used to compare HIF-1o
KD effect

and untreated HIF-1oo KD tumors. The results shown in
Fig. 1d reveal that HIF-1« protein inhibition by MSC with
parental tumors and HIF-1o KD tumors were similarly
affected. Collectively, the data demonstrate that the anti-
angiogenic, antitumor activity and HIF-1a inhibition of
parental tumors treated with MSC and HIF-1o KD tumors
were similar. These data support the hypothesis that HIF-
la is a critical target of MSC in vivo.

MSC decreases HIF-1a and its transcriptionally
regulated genes VEGF and CAIX in FaDu xenografts

The data in Fig. 2 represent the levels of HIF-1a, VEGF,
and CAIX expression in control, MSC treated, and KD
FaDu tumor xenografts. Representative photomicrographs
(Fig. 2a) of HIF-1o immunostaining show several tumor
cell nuclei with HIF-1o expression (arrows) around a small
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necrotic area (N) in the control tumor (left upper panel). In
contrast, the MSC-treated tumor does not contain HIF-1a-
positive tumor cell nuclei around the necrosis (left middle
panel) and no detectable HIF-1a expression in HIF-1o0 KD
tumors (left bottom panel). Among the untreated tumor, 5
out of 6 contained microscopic HIF-1a-positive areas,
when compared to 1 out of 6 MSC-treated tumors, and
there was no tumor with HIF-1o expression among HIF-1«
KD tumors (Fig. 2b). Similar to the HIF-1a expression, the
HIF-1o transcriptionally regulated genes VEGF and CAIX
expression was decreased with MSC treatment. Represen-
tative photomicrographs (Fig. 2a) of VEGF and CAIX
immunostaining illustrates that both VEGF and CAIX
positive, hypoxic (brown) cell fraction in the control
(middle and right upper panel) was remarkably decreased
after MSC treatment (middle and right middle panel) and
was decreased or not detectable in HIF-1o0 KD tumors
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Control

MSC

Fig. 2 Immunohistochemical evaluation of the effects of MSC and
HIF-10 KD on HIF-1o and its transcriptionally regulated genes VEGF
and CAIX. Semiquantitative assessment of hypoxic tumor cells
fraction indicates that MSC treatment results in significant reduction
in hypoxic tumor cells and correspondingly inhibited the expression
of the associated HIF-1a protein. a Representative photomicrographs
(x200) demonstrate the perinecrotic numerous HIF-1o-positive tumor
cell nuclei (arrows) are seen in the untreated tumor (left upper panel)
compared to the MSC-treated (left middle panel) and the HIF-1a KD
tumors (left lower panel) without HIF-1o positive, hypoxic tumor
cells even around (arrow) the necrosis (N = necrosis). VEGF was
expressed predominantly at the periphery of the tumors with much
less or no expression at the center part (middle panels). Several
VEGF-positive tumor cells (brown) are seen in the control (middle

(middle and right bottom panel). Figure 2c shows that the
average fraction of VEGF-positive tumor cells present in
the untreated control (~20%) significantly decreased to
about 10% found in MSC-treated and HIF-1oc KD tumors.
There was an average of 30% hypoxic fraction in the
untreated control tumors compared with an average of 10%
after MSC treatment, and CAIX-positive cells were not
present in HIF-la KD tumors as shown in Fig. 2d. In
support of this finding, while the percentage of positive
cells for CAIX was increased after irinotecan (100 mg/kg)
treatment alone in FaDu xenografts, these cells were
eliminated by pre-treatment with MSC followed by irino-
tecan (data not shown). HIF-1o KD resulted in inhibition of
HIF-1¢, VEGF, and CAIX expression, and the MSC
treatment similarly reduced HIF-1a and its transcription-
ally regulated genes VEGF and CAIX. These data support
the hypothesis that HIF-1« is a critical target of MSC.

Regulation of HIF-1o, VEGF, and PHDs by MSA
Data in Fig. 3a demonstrate that inhibition of HIF-1a

protein by MSA is time-dependent, evident of effective
inhibition at 24-h exposure of hypoxic cells to MSA. The
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upper panel) when compared to MSC-treated (middle center panel)
and to the HIF-1 KD tumors (middle lower panel) containing much
less VEGF-positive tumors. A large number of CAIX-positive
(brown) tumor cells in FaDu tumor xenograft control (right upper
panel) when compared to MSC-treated and HIF-lo0 KD tumors
containing much less (right middle panel) and no CAIX-positive
hypoxic tumor cells (right lower panel), respectively. b Graphic
presentation of HIF-la-positive tumors in control, MSC-treated
parental, and untreated HIF-lo0 KD, FaDu xenografts. ¢ and d
Quantitation of tumor cell fraction based on VEGF (¢) and CAIX (d)
immunostaining indicates that MSC treatment and HIF-1la KD
resulted in significant reduction in VEGF- and CAIX-positive tumor
cells

data in Fig. 3b indicate that inhibition of HIF-1a by MSA
corresponded with inhibition of HIF-1a transcriptionally
regulated gene VEGF, a proangiogenic marker. The data in
Fig. 3c indicate that treatment with MSA of normoxic and
hypoxic cells did not result in inhibition of HIF-1oo mRNA.
Thus, MSC does not appear to inhibit the HIF-1« synthesis.

To characterize a possible regulator of HIF-1o by PHDs,
the effects of MSA on the expression levels of PHD2 and
PHD3 were evaluated and compared with the effects on
HIF-1o in cells growing under normoxic (20% O,) and
hypoxic (0.5% O,) conditions. The results outlined in
Fig. 3d demonstrate that while PHD2 and PHD3 are
expressed in normoxic cells, low levels of PHD2 and no
detectable levels of PHD3 were observed in cells grown
under hypoxic conditions. Treatment of normoxic cells
with MSA did not alter the expression levels of the PHDs
(data not shown). Under hypoxia, treatment with MSA
resulted in a dose-dependent inhibition of HIF-la. In
contrast, PHD2 and PHD3 were upregulated in hypoxic
cells treated with MSA. Collectively, these results dem-
onstrated that HIF-1o is a target of MSA, and its inhibition
could be mediated through the upregulation of PHD2 and
PHD3 under hypoxic conditions.
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Fig. 3 Effects of selenium treatment on the expression of HIF-1a,
PHDs, and HIF-1« transcriptionally regulated gene VEGF. Selenium
treatment results in inhibition of HIF-1«, VEGF and stabilizes PHDs.
FaDu cells were treated with 0.5 and 1 M MSA under normoxia and
hypoxia. Cells were harvested, processed for protein and RNA
extraction. a MSA effect on HIF-1a synthesis or accumulation. FaDu
cells treated with and without MSA and exposed to hypoxia for
different time intervals from 4 to 24 h. HIF-1o protein levels were
determined by Western blot. b HIF-1a and VEGF expression in
hypoxic cells treated with and without MSA (1 pM) for 24 h, and
protein was determined by Western blot. ¢ RT-PCR analysis of HIF-
la mRNA in FaDu cells with and without MSA under hypoxia and
normoxia d Downregulation of PHD2 and 3 expression in FaDu cells
under hypoxia and MSA treatment restored the normal levels.
Hypoxic cells treated with 0.5 and 1 pM MSA for 24 h. PHD2 and 3
levels were determined by Western blot analysis. fi-Actin is used as
loading control

MSC downregulated the hypoxia-induced reactive
oxygen species (ROS)

Studies were carried out to determine the relationship
between HIF-1o and ROS under conditions of hypoxia and
whether ROS regulation by MSA results in upregulation of
PHDs. Data outlined in Fig. 4 demonstrate that hypoxia
induces ROS, similar results to the upregulation of HIF-1«
as outlined in Fig. 3a, and treatment with MSA resulted in
downregulation of ROS to a level comparable with norm-
oxic controls treated with and without MSA. This is a new
and novel finding, which suggests the possibility that
inhibition of ROS by MSA resulting in stabilization of
PHD:s is an important pathway in the regulation of HIF-1a.

Hypoxic cells are resistant to SN38, and HIF-1«
inhibition resulted in reversal of resistance

The effect of MSA and SN38 alone and in combination on
the growth of FaDu parental tumor cells under normoxic
and hypoxic conditions was evaluated, and the results are
shown in Fig. 5. While 1 uM MSA was relatively non-
toxic against normoxic cells, this concentration produced
50% inhibition of tumor cells grown under hypoxic con-
ditions. In contrast, normoxic cells were sensitive to SN38
with an ICso of 0.1 pM, and this concentration resulted in
~30% growth inhibition under hypoxic conditions. MSA
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downregulates the hypoxia-induced ROS. FaDu cells were treated
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Fig. 5 Effect of MSA and SN-38 alone and in combination on the
growth of FaDu tumor cells in normoxic and hypoxic conditions in
vitro. Hypoxic cells are highly sensitive to MSA and resistant to SN38
compared to normoxic cells. HIF-lo KD and MSA treatment
sensitizes the cells to SN38 treatment under hypoxia. MSA reverses
SN38 resistance in hypoxic tumors. Normoxic and hypoxic parental
FaDu and HIF-1a KD cells were treated with 1 pM of MSA for 24 h
and 0.1 pM (ICs9) of SN38 for 2 h alone and in sequential
combination with cellular exposure to SN38 during the last 2 h of
24 h pre-treatment with MSA. Cells were washed, and fresh medium
was added and further incubated for 24-48 h for assessment of tumor
growth inhibition in vitro. Scrambled shRNA FaDu cells were used as
negative control for HIF-1o0 KD FaDu cells. The experiments were
repeated at least three times
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in combination with SN38 treatment further enhanced the
cytotoxic effects under hypoxic conditions resulted in 90%
growth inhibition. In contrast, the combination did not
enhance cytotoxic effects under normoxic conditions.
Similar to MSA treatment, HIF-lo KD resulted in
enhanced cytotoxic effects of SN38 under hypoxic condi-
tions but not under normoxic conditions. Thus, the hypoxic
cells overexpressing HIF-1o are resistant to SN38, and
treatment with MSA resulted in sensitization and reversal
of resistance to SN38.
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Fig. 6 Antitumor activity of irinotecan against parental and HIF-1o
KD FaDu xenografts. Therapeutic efficacy between MSC and
irinotecan against parental FaDu tumor xenografts overexpressing
HIF-1o¢ is comparable to HIF-la KD xenografts treated with
irinotecan alone, a direct implication of HIF-1« as a target of MSC.
The left panel represents antitumor activity of oral MSC (0.2 mg/
mouse/d x 28) (b), irinotecan (100 mg/kg/week x 4, 1i.v.) (¢) alone
and in combination (d) against parental FaDu xenografts. Right
panel represents the antitumor activity of MSC (f) and irinotecan
alone (g) against HIF-1oo KD FaDu xenografts. Tumor transplan-
tation (~50 mg pieces) was initiated on day —7, and MSC was

HIF-1a knockdown resulted in enhanced therapeutic
efficacy of irinotecan against FaDu xenografts

To demonstrate that inhibition of HIF-1o correlates with
enhanced therapeutic efficacy of irinotecan, the antitumor
activity of irinotecan in combination with MSC against
parental FaDu tumor xenografts and irinotecan alone
against KD tumor xenografts was evaluated. The results
summarized in Fig. 6 support the hypothesis that effective
and sustained inhibition of HIF-1o by MSC is necessary,
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i.v. on day O, 7, 14, and 21 when the treatment was concluded.
Kinetics of tumor response in individual tumor was assessed daily
during treatment and thrice a week thereafter for up to 120 days. The
data are representative of an experiment with five mice (10 tumors)
for each group, and the tumor growth curves show the individual
tumor weight changes. The calculated percent tumor-free survival
cure (h) with parental tumors represents the average of 10 experi-
ments, and the data with HIF-1o KD represent the average of the two
separate experiments with 10 tumors for each single experimental

group
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but not sufficient for optimal therapeutic outcome. How-
ever, the inhibition of HIF-1« sensitizes tumor cells to the
subsequent treatment with the anticancer drug irinotecan.
This inhibition of HIF-1¢ is necessary and sufficient for the
effective treatment outcome in combination with chemo-
therapy. The data in Fig. 6 are an outline of the growth of
individual mice bearing parental or KD FaDu tumor cells
treated as follows: Saline—control and KD tumors; MSC
(0.2 mg/mouse/day x 28 days)—parental and KD tumors;
Irinotecan (100 mg/kg/week x 4)—parental and KD
tumors; MSC + irinotecan—parental tumors. The data
presented in Fig. 6 B and E demonstrate that the growth of
MSC-treated parental tumors and KD tumors was equally
significantly inhibited by ~30% compared to the untreated
control (Fig. 6a). Mice bearing tumors were killed at dif-
ferent time points when the tumor reached around 2 g,
according to the institutional guidelines. Treatment of
parental tumors with MTD dose of irinotecan resulted in
significant growth inhibition of FaDu tumor with 50% of
treated mice having long-term survival (90 days post-ter-
mination of therapy) (Fig. 6¢). In contrast, treatment of
parental tumors with MSC —+ irinotecan and KD tumors
with irinotecan alone resulted in highly effective treatment
achieving 100% and 90% of mice having long-term sur-
vival, respectively (Fig. 6d, g).

The data presented in Fig. 6h summarize the experiments
and show the percent of long-term survival (cure) of
parental FaDu xenograft tumors treated with irinotec-
an 4+ MSC and FaDu KD xenografts treated with irinotecan
alone. Treatment of parental tumors with irinotecan alone
resulted in ~32% long-term survival. In contrast, the per-
centages of long-term survival that are considered cure were
increased to 100% and >90% when HIF-1o was inhibited
either by MSC or by KD. Collectively, the data support the
hypothesis that effective and sustained inhibition of HIF-1«
by MSC translates into increased therapeutic efficacy in
vivo against tumor cells expressing HIF-1o:.

Discussion

Under hypoxic conditions, HIF-1o transactivates several
genes [10] that promote cell survival and reduce the effi-
cacy of the cytotoxic agents [22]. The surrogative tumor
hypoxia microenvironment markers such as HIF-1a [23],
CAIX [24], VEGEF [25], and Glut-1 [26] correlate with low
oxygen conditions, and their increased expression has been
linked to poor outcome of chemotherapy in various cancers
[27]. However, the expression of CAIX, VEGF, and Glut-1
was transcriptionally regulated by HIF-1a under hypoxic
conditions [10]. Hypoxic tumors are typically characterized
with increased angiogenesis, chaotic vasculature, and these
characteristics result in decreased drug delivery [21].
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Tumor hypoxia is known to increase resistance to
cytotoxic agents [28]. The study by Brown and Cowen [29]
documents the inhibition of HIF-1o using a small molecule
or genetic approach could overcome drug resistance. There
are several small molecule inhibitors of HIF-1a, many of
them were identified by the National Cancer Institute (NCI)
small molecule library and some of these are in clinical
trial as reviewed by Adamski et al. [22]. Of these, geld-
alamycin (17AAG), topotecan, and PX-478 appear to show
promise. There are several natural compounds including
barbeine, manassantin B1, manassantin A, psedolaric acid
B, bisphenol A, laurenditerpinol, and 4-O-methylsaucernol
shown to inhibit HIF-1a but their mechanisms have not
been fully investigated [30]. Recent studies [31] reported
N-acetylcysteine (NAC) to be a potential inhibitor of HIF-
lo. associated with antitumor activity. Semenza and his
colleagues screened more than 3,000 Food and Drug
Administration approved drugs to find HIF-1o inhibitors
and found 20 potent inhibitors. Among these 20 inhibitors,
digoxin and other cardiac glycosides [32] as well as the
anthracycline chemotherapeutic agents doxorubicin, dau-
norubicin [33] were identified as inhibitors of HIF-1« and
demonstrated that HIF-1a inhibition resulted in growth
inhibition of tumor. The molecular mechanism of HIF-1o
inhibition may be drug-specific. Digoxin and related
compounds inhibit HIF-1o synthesis and anthracyclines
inhibit HIF-1o0 by blocking its binding to DNA. These
studies support the development of HIF-1a inhibitors in
cancer therapy.

The HIF-lo-targeted approach for cancer therapy is
promising due to its key role in the adaptation of cells to
the hypoxic tumor microenvironment by enhancing the
angiogenesis [34] in solid tumors and upregulating genes to
increase anaerobic glycolysis that prevent apoptosis [35]
and support the survival of tumor cells. Gene-specific
inhibition of HIF-1« by siRNA has been shown to reduce
cell growth and increase apoptosis in pancreatic cancer
cells [36], squamous cell carcinoma [37], gastric cancer
[38], colon cancer [39], and gliomas [17].

We have demonstrated that MSC treatment resulted in
inhibition of proangiogenic markers including HIF-1« in
FaDu xenografts [3] and did not emphasize the significance
of HIF-1o or investigate the mechanism of HIF-1ua regu-
lation by MSC. This observation provided the basis for
focusing on mechanism of MSC targeting on HIF-1a. To
further investigate that the inhibition of HIF-1« is the cause
for the observed therapeutic synergy with anticancer drug,
HIF-1a-stable KD FaDu cells were developed. We are
hypothesizing that inhibition of HIF-1a by MSC or by KD
should result in similar treatment response to irinotecan.
Indeed, implantation of FaDu HIF-1a KD cells resulted
in significant growth inhibition similar to the parent line
treated with MSC (Fig. la) Furthermore, treatment of
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FaDu HIF-1o KD tumors with irinotecan resulted in
complete response rates similar to that of parent tumors
treated with the combination of MSC and irinotecan
(Fig. 6). Also, the tumor growth inhibition by MSC and
KD was correlated with the decrease in microvesssel
density, and HIF-1a downregulation indicated that HIF-1«
inhibition might be the cause for the decreased microvessel
density. These results are consistent with the hypothesis
that the effect of MSC on HIF-1« is an important element
in the therapeutic efficacy observed.

In this report, we have demonstrated that treatment with
small molecule organic selenium (MSC) results in degra-
dation of HIF-1a and enhances the efficacy of irinotecan
against hypoxic cells in vitro and xenografts. Furthermore,
we have shown that downregulation of ROS, stabilization
of PHD2 and PHD3 by selenium as the possible effects
responsible for the degradation of HIF-1a. The decrease of
ROS is responsible for the HIF-la inhibition. Hypoxic
induction of ROS has been implicated in the inhibition of
PHD and accumulation of HIF-laz under hypoxia.
Accordingly, MSC being an antioxidant could inhibit HIF-
loo accumulation by decreasing the production of ROS.
Selenium is in a clinical trial at our institute, demonstrating
that supranutritional, high doses of 7,200 pg of seleno-
methionine per day was well tolerated in cancer patients
without toxicity [40]. This high dose was required to
achieve a plasma concentration of 20-30 uM: a concen-
tration determined essential for therapeutic efficacy in the
in vivo preclinical model in our laboratory (Rustum’s
unpublished data). The recently reported randomized,
controlled selenium (SLM) and vitamin E cancer preven-
tion trial (SELECT) determined that SLM administration
of 200 pg did not decrease the risk of prostrate cancer [6].
The results generated in our laboratory clearly demon-
strated that MSC at MTD (0.2 mg/mouse/day) produced
significant antitumor response ~30% tumor growth inhi-
bition [2]. Therapeutic efficacy was obtained only when
combined with chemotherapy against advanced tumor
xenografts [1]. The degree of response is MSC or SLM
dose-dependent (Rustum’s unpublished data). This finding
is partially consistent with the recent editorial comment by
Platz [41], and an article published by Chan et al. [42]
indirectly suggest that selenium activity may vary
according to the type of selenium used, dose administered,
and the levels of antioxidants due to manganese superoxide
dismutase (SOD2) genotype.

HIF-1a inhibition by various anticancer compounds is
mediated by different mechanism, mainly inhibiting the
synthesis of HIF-1a. In contrast to this, we have demon-
strated HIF-1a degradation by selenium as shown in
Fig. 3a indicating there is no inhibitory effect on HIF-1«
synthesis during 8 h of treatment. The degradation was
noticed afterl6—-18 h (data not shown), and complete

degradation was observed after 24 h, indicating that sele-
nium could be degrading the HIF-1a instead of inhibiting
the synthesis. To further investigate the mechanism of HIF-
lo. degradation, we have determined the MSA effect on
PHD2 and 3, the regulators of HIF-1a hydroxylation on
proline molecules before proteosome-mediated degrada-
tion. The induced expression of PHD 2 and 3 has been
reported under hypoxic conditions [43]. In contrast, the
degradation of PHDs by E3 ubiquitin ligases Siahla/2
under hypoxic conditions has also been reported [44, 45].
As shown in the Fig. 3d, MSA treatment resulted in sta-
bilization of PHD2 and 3 that were inhibited under
hypoxia. These stabilized PHDs may be involved in HIF-
la degradation.

In our model system, FaDu cells in vitro express HIF-1o
only under hypoxic conditions. In normoxia, HIF-1« is not
expressed, and MSA has no synergistic interaction with
SN38 against different human tumor cell lines including
FaDu. However, under hypoxia, FaDu cells are resistant to
SN38, more sensitive to selenium (MSA), and display
increased sensitivity to SN38 in the presence of MSA
(Fig. 5). Furthermore, MSA treatment resulted in degra-
dation of HIF-lo in FaDu cells under hypoxic culture
conditions (Fig. 3) and sensitize the cells to SN38 treat-
ment that led to the increased cytotoxic effects of SN38
(Fig. 5). This clearly indicates that SN38 in combination
with MSA is effective under hypoxia. In contrast, under
normoxic conditions with no detectable HIF-1a, no
enhanced cytotoxic effect was observed with the combi-
nation (Fig. 5).

Despite several attempts in the past to reproduce the
therapeutic efficacy of SN38 combined with MSA under
normoxic conditions, we were not able to demonstrate the
synergistic effect that we achieved in vivo with several
tumor xenografts. Here, we are reporting for the first time
that MSA enhanced the cytotoxic effect of SN38 under
hypoxic conditions. Others have also reported favorable
drug interactions, which occur only under hypoxia [39]. An
earlier report of the synergestic activity of MSA in com-
bination with docetaxel in a prostrate cancer cell model
[18] could be due to their dependence on HIF-1o for
development [46, 47], and prostate cancer cells that grow
under normoxic culture conditions express HIF-1o [48].
The contribution of HIF-1a to cell survival was demon-
strated by the reduced growth rate of FaDu HIF-1a KD
under hypoxic conditions (Fig. 5).

In conclusion, MSC degrades HIF-1o through down-
regulation of ROS and stabilization of PHD2 and 3. HIF-1«
KD xenografts are highly sensitive to irinotecan in vivo
like parental tumor xenografts treated with combination of
MSC and irinotecan. This indicates HIF-1a is a critical
therapeutic target, and its inhibition by MSC is a critical
mechanism of sensitization of tumor cells to subsequent
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treatment with irinotecan. These findings suggest that MSC
could potentially be useful in cancer therapy in combina-
tion with anticancer agents to which hypoxic tumors may
otherwise be resistant.
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