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Abstract: Our purpose was to understand the effects of normoxia or hypoxia on 5-fluorouracil (5-FU)
treatment in triple negative breast cancer (TNBC) cells, and characterize the molecular changes in hypoxia
inducible factors (HIFs) and cyclooxygenase-2 (COX-2) following treatment. Cell viability and protein levels
of HIFs and COX-2 were determined after wild type and HIF silenced MDA-MB-231 cells, and wild type
SUM-149 cells, were treated with 5-FU under normoxia or hypoxia. 5-FU reduced cell viability to the same
levels irrespective of normoxia or hypoxia. HIF silenced MDA-MB-231 cells showed comparable changes in cell
viability, supporting observations that hypoxia and the HIF pathways did not significantly influence cell viability
reduction by 5-FU. Our data suggest that HIF-2a: accumulation may predispose cancer cells to cell death under
hypoxia. SUM-149 cells that have higher COX-2 and HIF-2« following 24 h of hypoxia, were more sensitive to
96 h of hypoxia compared to MDA-MB-231 cells, and were more sensitive to 5-FU than MDA-MB-231 cells.
COX-2 levels changed with hypoxia and with 5-FU treatment but patterns were different between the two cell
lines. At 96 h, COX-2 increased in both untreated and 5-FU treated cells under hypoxia in MDA-MB-231 cells.
In SUM-149 cells, only treatment with 5-FU increased COX-2 at 96 h of hypoxia. Cells that survive hypoxia
and 5-FU treatment may exhibit a more aggressive phenotype. Our results support understanding interactions
between HIF and COX-2 with chemotherapeutic agents under normoxia and hypoxia, and investigating the use of

COX-2 inhibitors in these settings.
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1 Introduction

Although surgery is the primary form of treatment for
breast cancer, some form of systemic neoadjuvant therapy
is increasingly given prior to surgery!!!. Understanding
the impact of these systemic treatments and the molecular
changes induced by these treatments, especially within
the abnormal microenvironments of tumors, therefore be-
comes important within the context of relapse. 10-30 %
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5-FU, COX-2, HIF, Hypoxia, TNBC

of all breast cancer cases are triple-negative breast cancer
(TNBC)!. TNBCs, so defined because of the lack of ex-
pression of estrogen receptor (ER), progesterone receptor,
and human epidermal growth factor receptor 2 (HER2)"®!,
typically have early relapse and poor overall survival™.
Identifying mechanisms that may contribute to relapse is
of significant importance in developing treatment strate-
gies to overcome the poor prognosis of TNBC.

The abnormal vasculature that exists in tumors results
in poor drug delivery as well as in the formation of hy-
poxic areas®!. Hypoxia results in the stabilization of
hypoxia inducible factors (HIFs) that activate the tran-
scription of numerous genes involved in angiogenesis,
metabolism, invasion, metastasis, the immune system,
and resistance to chemo- and radiation therapy'®®!. There
are three isoforms of the « subunit, HIF-1«, HIF-2¢,
and HIF-3q. HIF-1q is frequently elevated in TNBC™'.
HIF-2a has been shown to correlate to distant recurrence
and poor outcome in breast cancer!!”). Both play a ma-
jor role in breast cancer cell metabolism!'!), although
they have been found to have opposing roles in hy-
poxic tumor growth!'?! and metabolism!'*!. Both HIF-1«
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and HIF-2¢ are important in the metastatic cascade!'!.
Cyclooxygenase-2 (COX-2), a rate-limiting enzyme in
prostaglandin synthesis, is overexpressed in various can-
cers, including breast cancers!'* !>, Hypoxia has been
found to induce COX-2 expression in various cells and
tissues including pulmonary artery smooth muscle, ep-
ithelial cells, and colorectal tumors!!® 71, HIF-1¢ or HIF-
2c has been found to regulate COX-2 expression!!-20),
Inhibition of COX-2 was found to reduce metastasis for-
mation in breast cancer cells and xenografts!>!=>3, and in
women with breast cancer!?¥.

Because of the abnormal tumor vasculature and poor
drug delivery, cancer cells in vivo are exposed to a range
of drug concentrations under normoxic and hypoxic con-
ditions. These drugs are metabolized or cleared through
perfusion. The damage to these cells, as well as the
molecular changes induced by the drug under these condi-
tions, evolves over a period of time. We therefore treated
two TNBC cell lines, MDA-MB-231 and SUM-149, and
three sublines of MDA-MB-231 cells engineered to sta-
bly express shRNA against HIF-1a, HIF-2a and both
HIF-1« and HIF-2« with varying doses of 5-FU. HIF-1q,
HIF-2c and COX-2 levels were characterized at multiple
time points after treatment with 5-FU. 5-FU, a synthetic
fluorinated pyrimidine analogue that inhibits RNA synthe-
sis?>261 or its prodrug capecitabine, form an integral part
of neoadjuvant therapy of TNBC?’!, Cells were main-
tained under normoxia or hypoxia during 5-FU treatment,
as well as during multiple time points after treatment, to
mimic conditions in vivo.

2 Materials and methods

2.1 Cell culture and treatment

Triple negative MDA-MB-231 human breast cancer
cells were obtained from American Type Culture Collec-
tion (ATCC, Manassas, VA), and grown in RPMI-1640
medium supplemented with 10 % fetal bovine serum
(FBS; Sigma-Aldrich, St. Louis, MO). Triple negative
SUM-149 inflammatory human breast cancer cells were
obtained from Asterand (Detroit, MI), and were grown in
DMEM/F12 (1:1) medium (Mediatech, Manassas, VA)
supplemented with 5% FBS, 5 pg/ml insulin (Life Tech-
nologies, Grand island, NY) and 0.5 pg/ml hydrocorti-
sone (Sigma-Aldrich). MDA-MB-231 cells stably ex-
pressing shRNA against HIF-1« (231-sh-HIF-1¢), HIF-
2a (231-sh-HIF-2«) and both HIF-1« and HIF-2«v (231-
sh-HIF-1/2¢;) were generated using lentiviral transduc-
tion as previously described!'!-?%!, These genetically engi-
neered MDA-MB-231 sublines were maintained in RPMI-
1640 medium supplemented with 10 % fetal bovine serum.

All cell lines were maintained in a humidified atmosphere
with 5 % CO, in air at 37°C, and were tested routinely
for mycoplasma contamination. Hypoxic treatment of
cells was performed by placing the plates or dishes in
a modular incubator chamber (Billups-Rothenberg, Del
Mar, CA) flushed at 2 p.s.i. for 3 minutes with a gas
mixture of 1% O,, 5% CO, and N5, for balance.

Cells were treated with 0.5 to 50 pg/ml 5-FU (Frese-
nius Kabi USA, LLC, Lake Zurich, IL) or Hanks’ bal-
anced salt solution (HBSS, Sigma-Aldrich) as control for
24 h under normoxia (N, 20% O,) or hypoxia (H, 1%
O,). After 24 h treatment (N 24 h or H 24 h), cells were
analyzed for proliferation or protein expression. In ad-
ditional batches of cells, medium with 5-FU or HBSS
was changed to fresh culture medium without 5-FU or
HBSS under normoxia within 15 minutes and cells were
continued to be cultured under normoxia or hypoxia for
another 24 h (N 48 hor H48 h), 48 h (N 72 h or H 72
h), or 72 h (N 96 h or H 96 h) after 5-FU treatment. Cells
were analyzed for proliferation or protein expression at
these time points.

2.2 Cell viability/proliferation assay by
CCK-8

5000 cells were seeded in each well of a 96 well plate
and cultured overnight. Twenty-four hours later, cells
were treated with 5-FU for 24 h under normoxia or hy-
poxia. Cell viability was determined at various time
points using cell counting kit-8 assays (CCK-8, Dojindo
Molecular Technologies, Inc. MD), performed using the
manufacturer’s instructions. Cell viability was measured
at 450 nm using a 1420 Multilabel counter (Perkin Elmer,
Waltham, MA) after 2 h incubation under normoxia with
the CCK-8 reagent. In the CCK-8 colorimetric assay the
amount of the formazan dye, which is generated by the
activities of dehydrogenases in cells, is directly propor-
tional to the number of living cells. Untreated cells and
HBSS treated cells were used as negative controls. Values
from each group were normalized to the average of values
obtained from untreated normoxic cells that was set to
100% viability. We made sure that the incubation time (2
h) after adding the CCK-8 reagent and blank absorbance
was similar in samples from N and H conditions to al-
low for comparisons. At least 3 independent experiments
were performed.

2.3 Immunoblot analysis

Whole-cell extracts were prepared by lysing cells with
RIPA lysis buffer supplemented with a protease inhibitor
cocktail (Sigma-Aldrich, St Louis, MO, USA). Pro-
tein concentrations were estimated using the Bradford’s
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method (Bio-Rad, Hercules, CA). Equal amounts of total
protein were resolved on a 7.5% SDS-PAGE gels and
transferred to a nitrocellulose membrane (Bio-Rad). Af-
ter blocking in 5% milk-TBST (TBS Tween), the mem-
brane was separately probed with HIF-1« antibody (BD
Biosciences San Jose, CA), HIF-2«x antibody (Novus
Biologicals, Littleton, CO) and COX-2 antibody (Cay-
man Chemical, Ann Arbor, MI). Anti-GAPDH anti-
body (Sigma-Aldrich) was used for equal loading assess-
ment. Secondary antibodies were horseradish peroxi-
dase conjugated anti-mouse, anti-rabbit (GE Healthcare,
Chicago, IL), or anti-goat IgG (Novus Biologicals). The
signal was visualized using ECL Plus reagents (Thermo
Scientific, Rockford, IL) and developed on a Blue Bio
film (Denville Scientific, Metuchen, NJ). The films were
scanned and densitometric analysis was performed us-
ing the Image] (NIH, Bethesda, MD). Relative density
changes against GAPDH were analyzed and in some cases
normalized to the immunoreactive bands in control cells
(HBSS treated), which was set to 1 using data from 2-3
cell lysates.

2.4 Statistical analysis

Data are expressed as Mean =+ Standard Error Mean
(SEM). Statistical significance was evaluated using a one-
tailed unpaired Student’s t-test. P values < 0.05 were
considered to be significant.

3 Results

3.1 Effects of 5-FU under normoxia or hy-
poxia on cell viability in MDA-MB-231
cells

Cell viabilities (%) of the different groups compared
to untreated cells under normoxia are shown in Figure 1.
The three doses of 0.5, 2.5, and 50 pg/ml were selected
to represent low toxicity (~80% cell viability at 96 h),
medium toxicity (~40-50% cell viability at 96 h), and
high toxicity (~15% cell viability at 96 h).

MDA-MB-231 cells, maintained under 96 h hypoxia,
showed significantly lower cell viability (77.7%) com-
pared to normoxic cells at the same time point. Treatment
with the highest dose of 50 pg/ml 5-FU resulted in a sig-
nificant decrease of viability at all the time points with
a greater reduction of cell viability with increasing time,
even though 5-FU was withdrawn at 24 h. This dose was
equally effective under normoxic or hypoxic conditions.

Similar to the higher dose, treatment with 0.5 pg/ml
and 2.5 pg/ml 5-FU resulted in a progressive reduction of
cell viability at the later times, although the decrease of

cell viability was less than that for the higher dose. The
lower doses were also equally effective under normoxic
or hypoxic conditions in these cells.
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Figure 1. Cell viability (%) normalized to untreated cells under
normoxia (100%) (n > 3). MDA-MB-231 wild type (WT) cells
were exposed to normoxia (N) or hypoxia (H) in the presence or
absence of 0.5-50 pg/ml 5-FU for 24 h (N or H 24 h), following
which medium was changed to fresh growth medium, and cells
were cultured for another 24 h (N or H 48h), 48 h (N or H 72 h),
and 72 h (N or H 96 h) under normoxia or hypoxia after which
CCK-8 assays were performed. Values from each group were nor-
malized to the average of values obtained from untreated normoxic
cells that was set to 100% viability. Cont: HBSS treated cells. Val-
ues represent Mean = SEM. ** P < 0.01, * P < 0.05, between

Cont and 5-FU treatment at the same time point. *# P < 0.01,
between N and H.

3.2 Effects of 5-FU under normoxia or hy-
poxia on HIF-1a, HIF-2a and COX-2 in
MDA-MB-231 cells

To understand the molecular changes in these cells,
we characterized HIF-1«, HIF-2a,, and COX-2 protein
levels under different conditions. Since cell viability was
most reduced with 5-FU treatment at N or H 96 h, we
compared protein levels of HIF-1«, HIF-2ae and COX-2
at N and H 24 h and N and H 96 h for 5-FU doses of 0.5
pg/ml and 2.5 pg/ml. Representative immunoblots from
these studies are presented in Figure 2A. As anticipated,
hypoxia increased HIF-1c and HIF-2« expression at H
24 h compared to N 24 h irrespective of the presence of
absence of 5-FU. At N or H 24 h, COX-2 levels remained
unchanged from control levels (Figure 2A).

At H 96 h, HIF-1« level remained unchanged irrespec-
tive of the presence or absence of 5-FU up to doses of
2.5 pg/ml (Figure 2A and 2B). However, at higher 5-FU
doses of 25 and 50 pg/ml, HIF-1a decreased at H 96 h
(Figure 2A). HIF-2cx and COX-2 also decreased at these
higher doses of 5-FU (data not shown). Unlike HIF-1«
that required much higher doses to decrease, at H 96 h,
HIF-2¢ significantly decreased following treatment with
2.5 pg/ml of 5-FU but not with the lower dose of 0.5
pg/ml (Figure 2A and 2C). At H 96 h, COX-2 levels
significantly increased in untreated cells or cells treated
with 0.5 pg/ml of 5-FU, suggesting that hypoxia drove up
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Figure 2. (A) Protein levels of HIF-1c, HIF-2ce and COX-2 in MDA-MB-231 WT cells were determined by immunoblot analysis after
treatment with HBSS (-) or 0.5 - 2.5 ug/ml 5-FU for 24 h (N 24h, H 24h) or after medium was changed to fresh growth medium, and cells
were cultured another 72h (N 96h, H 96h). Also shown (right panel) are HIF-1a protein levels by immunoblot analysis after treatment
with HBSS or 2.5 - 50 pug/ml 5-FU at H 96 h. GAPDH protein levels were used for equal loading assessment. Relative density changes
in (B) HIF-1q, (C) HIF-2q, and (D) COX-2 protein levels, normalized to GAPDH protein levels, obtained using ImageJ at N 96 h (n = 3).

Values represent Mean + SEM. ** P < 0.01, * P < 0.05.

COX-2, but started to decrease at the 2.5 pg/ml dose of
5-FU suggesting that like HIF-2cr, COX-2 also decreased
with 5-FU treatment. Changes of COX-2 at 96 h are
summarized in Figure 2D.

3.3 Effects of 5-FU under normoxia or hy-
poxia on cell viability in HIF-1« and HIF-
2« silenced MDA-MB-231 cells

To further validate the cell viability data, we charac-
terized the effects of hypoxia on cell viability following
5-FU treatment using HIF-1«, or HIF-2«x, or HIF-1c and
HIF-2« silenced MDA-MB-231 cells. As in the stud-
ies with MDA-MB-231 wild type cells, MDA-MB-231
sublines were treated with 2.5 pug/ml or 50 pg/ml 5-FU
under normoxia or hypoxia and cell viability were deter-
mined. As shown in Figure 3A, downregulating HIF-1q,
or HIF-2a, or HIF-1« and HIF-2« resulted in comparable
decreases of cell viability between normoxic and hypoxic
conditions with 5-FU treatment at 24 h, providing fur-
ther evidence that 5-FU was almost equally effective in
reducing cell viability, irrespective of the presence or ab-
sence of hypoxia and the silencing of HIF pathways. The
same effectiveness was observed at 96 h (Figure 3B). The
changes in cell viability were also comparable to the wild
type MDA-MB-231 cells (compare to Figure 1). Control

cells from HIF-1« silenced cells, and HIF-1« and HIF-
2« silenced cells, but not HIF-2« silenced cells showed
a decrease of cell viability at 96 h under hypoxia. Since
wild type cells also showed a decrease of cell viability
at 96 h under hypoxia, these data suggest that silencing
of HIF-2« alone seemed to improve cell survival under
hypoxic conditions, but not against the treatment with
5-FU.

3.4 Effects of 5-FU under normoxia or hy-
poxia on HIF-1a, HIF-2a and COX-2 in
HIF-1a and HIF-2« silenced MDA-MB-
231 cells

Immunoblots of HIF-1«, HIF-2c, and COX-2 expres-
sion in wild type, HIF-1a, HIF-2«, and HIF1« and HIF-
2a silenced control cells at 96 h normoxia or hypoxia are
shown in Figure 4A. As anticipated there was almost non-
detectable expression of the corresponding HIF silenced
protein under normoxia or hypoxia compared to the wild
type cells. The regulation of COX-2 expression by HIF is
evident from the increase of COX-2 under hypoxic condi-
tions in the wild type cells and the decrease of COX-2 in
the HIF silenced cells under normoxia at 96h (Figure 4A).
Immunoblots of HIF-1«, HIF-2cr, and COX-2 expression
in HIF-1«, HIF-2¢, and double silenced cells at N 96 h
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Figure 3. (A) Cell viability (%) at 24h and (B) Cell viability (%) at 96h (n > 3). MDA-MB-231 sublines, 231-sh-HIF-1c, 231-sh-HIF-
2a, 231-sh-HIF-1/2a cells were exposed to normoxia (N) or hypoxia (H) in the presence or absence of 2.5 or 50 ug/ml 5-FU for 24 h. For
N and H 96 h, medium was changed to fresh growth medium after 24h 5-FU treatment, cells were cultured another 72 h under N or H, and
cell viability assays were performed. Values from each group were normalized to the average of values obtained from untreated normoxic

cells that was set to 100% viability. Values represent Mean + SEM. **, ##P < 0.01, % P < 0.05, between Cont and 5-FU treatment in N

or H. T P < 0.05, between N and H.

and H 96 h with or without 2.5 pg/ml 5-FU treatment are
shown in Figure 4B. As with wild type cells (Figure 2A),
under hypoxic conditions, HIF-2« significantly decreased
in the HIF-1« silenced cells following treatment with 5-
FU (Figure 4B and 4C). HIF-1« tended to decrease in
HIF-2a silenced cells following treatment with 5-FU, but
the changes were not significant (Figure 4B and 4D).

Like the wild type cells, COX-2 significantly increased
with hypoxia in the HIF-1« silenced cells, with the in-
crease eliminated in 5-FU treated cells (Figure 4E). Al-
though the increase of COX-2 under hypoxia was much
less pronounced in HIF-2« silenced cells, 5-FU treatment
resulted in a decrease. In double silenced cells we did
not observe an increase of COX-2 with hypoxia; COX-2
levels did not change with 5-FU treatment in these cells
(Figure 4E).

3.5 Effects of 5-FU under normoxia or hy-
poxia on cell viability, HIF-1a, HIF-2«
and COX-2 in SUM-149 cells

We next used a second TNBC cell line, the inflamma-
tory cell line SUM-149, to further characterize the role of
HIF and COX-2 in the response of TNBC cells to 5-FU
under normoxia and hypoxia. As shown in Figure 5A,
these cells were significantly more sensitive to 5-FU com-
pared to MDA-MB-231 cells, with a dose of 0.5 ug/ml

resulting in a reduction of cell viability comparable or
even more effective than a dose of 2.5 pg/ml in MDA-
MB-231 cells. As shown in Figure 5A, hypoxia resulted
in a significant decrease of cell viability in control cells
and cells treated with 0.1 pug/ml compared to normoxic
cells, suggesting that hypoxia played a dominant role in
the reduction of cell viability at this very low dose. How-
ever, at 0.5 pug/ml there were no differences in viability
between normoxic and hypoxic cells.

Immunoblot characterization of changes in HIF-1q,
HIF-2c¢ and COX-2 for N and H 24 h and 96 h are shown
in Figure 5B and changes of HIF-1«, HIF-2ar and COX-2
level for the 96 h time point are summarized in Figure
5C-5E. At H 24 h there was an increase of HIF-1« and
HIF-2« but not COX-2. Treatment with 0.5 ug/ml of
5-FU decreased induction of HIF-1¢ protein level at H 24
h (Figure 5B). The levels of HIF-2a: and COX-2 proteins
were not modified by 5-FU treatment at H 24 h. At
H 96 h, HIF-1« increased slightly following treatment
with 0.1 and 0.5 pg/ml of 5-FU although this was not
significant, whereas HIF-2« levels remained unchanged
with treatment (Figure 5B, 5C and 5D). At N 96 h, HIF-
2« levels decreased significantly following treatment with
0.1 and 0.5 pg/ml of 5-FU (Figure 5B and 5D). At H96 h
COX-2 level significantly increased with 5-FU treatment
(Figure SE). The patterns observed with SUM-149 cells
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Figure 4. (A) Protein levels of HIF-1«, HIF-2ae and COX-2 were determined by immunoblot analysis after culturing HBSS treated
(control) MDA-MB-231 WT, 231-sh-HIF-1« (1), 231-sh-HIF-2a¢ (2cv), and 231-sh-HIF-1/2« (1/2) cells for 96 h N or H. (B) Protein
levels of HIF-1a, HIF-2aw and COX-2 in 231-sh-HIF-1« (sh-HIF-1«), 231-sh-HIF-2« (sh-HIF-2¢«), and 231-sh-HIF-1/2« (sh-HIF-1/2¢)
cells were determined by immunoblot analysis after the treatment with HBSS (-) or 2.5 pg/ml 5-FU at N and H 24h, and N and H 96h.
Relative density changes in (C) HIF-2«x in 231-sh-HIF-1« cells (n = 4), and (D) HIF-1« (n = 3) in 231-sh-HIF-2« cells, normalized to
GAPDH protein levels, were obtained using ImageJ at N 96 h. (E) Relative density changes in COX-2 protein level against GAPDH
protein level obtained using ImagelJ, and normalized to the value obtained in control cells at N 96 h (n > 3). Values represent Mean +

SEM. **P < 0.01, * P < 0.05.

were very different from those observed with MDA-MB-
231 cells. A comparison of HIF-1a, HIF-2ax and COX-2
displayed in Figure S5F shows the much higher levels of
HIF-2a and COX-2 in the SUM-149 cells compared to
the MDA-MB-231 cells at H 24 h; baseline levels of
COX-2 under normoxic conditions were similar to those
observed under hypoxia in SUM-149 cells, but hardly
detectable in MDA-MB-231 cells.

4 Discussion and conclusion

We found that 5-FU decreased cell viability to similar
levels irrespective of cells being maintained under nor-
moxia or hypoxia (24 h to 96 h), in MDA-MB-231 and
SUM-149 triple negative human breast cancer cells. This
was further validated using HIF silenced MDA-MB-231
cells that showed comparable changes in cell viability
supporting the observation that hypoxia and the HIF path-
ways did not significantly influence cell viability reduc-
tion by 5-FU at the doses used, at least in culture. Previous

studies investigating the effects of hypoxia on sensitivity
to 5-FU have shown a cell dependent effect”). Anemia in
patients has been associated with relapse in breast cancer
patients receiving cyclophosphamide/methotrexate/5-FU
chemotherapy!®"!. In general, 5-FU is thought to be less
effective under hypoxial®'**/. At 0.1% hypoxia, MDA-
MB-231 cells showed an almost twofold increase of ICsx
(14 uM vs 39 uM)3], In our studies with MDA-MB-231
and SUM-149 cells we found no differences in cell via-
bility with 1% hypoxia following 24 h 5-FU treatment at
doses of 0.5 pg/ml (3.8 uM) to 50 pg/ml (384 M) that
was additionally confirmed in HIF silenced cells. Our
data suggest that the reduction of cell viability following
5-FU treatment was not dependent upon HIF regulated
pathways in these two TNBC cell lines.

Consistent with its known role in mediating the adap-
tive response of cells to hypoxial'?!, silencing HIF-1c re-
sulted in a greater reduction of cell viability following 96
h of hypoxia. Interestingly, HIF-2« silencing improved
MDA-MB-231 cell survival under hypoxic conditions,
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Figure 5. (A) Cell viability (%) compared to untreated cells under normoxia (100%) (n = 4). SUM-149 cells were exposed to normoxia
(N) or hypoxia (H) in the presence or absence of 0.1 or 0.5 pg/ml 5-FU for 24h (N or H 24 h), following which medium was changed to
fresh growth medium under normoxia, and cells were cultured another 72 h (N or H 96 h) under normoxia or hypoxia after which CCK-8
assays were performed. Values from each group were normalized to the average of values obtained from untreated normoxic cells that
was set to 100% viability. Cont: HBSS treated cells. Values represent Mean == SEM. ** P < 0.01, * P < 0.05, between Cont and 5-FU
treatment at the same time point. #*# P < 0.01, between N and H. (B) Protein levels of HIF-1c, HIF-2¢x and COX-2 in SUM-149 cells
were determined by immunoblot analysis after treatment with HBSS (-) or 0.1 - 0.5 pg/ml 5-FU for 24 h (N 24h, H 24h) or after medium
was changed to fresh growth medium, and cells were cultured another 72 h (N 96h, H 96h). Relative density changes in (C) HIF-1« (n
=2), (D) HIF-2« (n = 3), and (E) COX-2 protein levels (n = 3), normalized to GAPDH protein levels, obtained using ImageJ at N 96 h.
Values represent Mean + SEM. * P < 0.05. (F) Comparison of protein levels of HIF-1«, HIF-2cv and COX-2 in (1) SUM-149 WT and
(2) MDA-MB-231 WT at H 24 h.

suggesting that HIF-2ax accumulation may predispose also more sensitive to 5-FU than MDA-MB-231 cells

these cancer cells to cell death under hypoxia. Because
of these opposing effects, silencing both HIF-1« and
HIF-2« resulted in lesser reduction of cell viability than
silencing HIF-1« alone. Our observations with HIF-2«
are consistent with previous observations in neuroblas-
toma where HIF-2cx was observed to be a key component
in tumor response to azacytidine combined with retinoic
acid, and a small molecule inhibitor of HIF-2« reduced
tumor response!®!. Similarly, epigenetic reexpression
of HIF-2cx was found to suppress soft tissue sarcoma
growth*>!,

SUM-149 cells that were characterized by high basal
COX-2 levels and significantly higher induction of HIF-
2« following 24 h of hypoxia, compared to MDA-MB-
231 cells, were more sensitive to a reduction of cell viabil-
ity with 96 h of hypoxia (64%) compared to MDA-MB-
231 cells (78%), further supporting the role of HIF-2« in
predisposing cancer cells to death. SUM-149 cells were

with a dose of 0.5 pg/ml resulting in a reduction of cell
viability that was comparable or even more effective than
a dose of 2.5 pg/ml in MDA-MB-231 cells.

The patterns of changes in HIF and COX-2 with hy-
poxia and with 5-FU treatment were different between
the two cell lines. At 24 h, treatment with 5-FU did not
induce COX-2 in either of the cell lines irrespective of
normoxia or hypoxia. In MDA-MB-231 cells at 96 h,
COX-2 increased in both control and in 5-FU treated cells
under hypoxia but not under normoxia. This increase
of COX-2 in control cells was also pronounced in HIF-
la silenced cells but was diminished in HIF-2« silenced
cells, and eliminated in combined HIF-1 and HIF-2« si-
lenced cells, suggesting that the increase of COX-2 under
hypoxia may be mediated through HIF-2a.. HIF-2« has
been previously observed to regulate the COX2/mPGES-
1/PGE2 pathway in colon cancer!'®. On the other hand,
in SUM-149 cells at 96 h, COX-2 increased only with
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combined hypoxia and 5-FU treatment, but not with hy-
poxia alone despite a robust increase of HIF-2« in the
control cells. Factors such as cell-cell contact and acidic
medium conditions that also exist in tumors may have
also contributed to these differences.

In a study of biopsy samples from 14 esophageal car-
cinomas, COX-2 expression increased following 5-FU
chemotherapy!!. In the same study, cancer cells obtained
from a panel of tumors including breast tumors exposed
to 170 uM 5-FU for 6 days resulted in an upregulation of
COX-2 mRNA. We used 5-FU doses of 0.1 pg/ml (0.76
uM) and 0.5 pg/ml (3.8 uM) for the SUM-149 cells,
and 0.5 pg/ml (3.8 uM) and 2.5 pg/ml (19.2 uM) for
the MDA-MB-231 cells treated over a 24 h period and
observed a pronounced increase of COX-2 after 96 h hy-
poxia. Our results with the SUM-149 cells highlight how
a combination of hypoxia and 5-FU treatment in tumors
can increase COX-2 expression and its associated risks
of increased invasion and metastasis!?!-37!,

It is possible that 5-FU mediated reduction of cell vi-
ability, and the molecular changes in COX-2 are inde-
pendent outcomes. Indeed COX-2 downregulation with
celecoxib in a high COX-2 expressing brain metastatic
variant of MDA-MB-231 cells did little to alter resistance
to 5-FUP8. COX-2 may not play a role in the viability
response but in itself may have a multitude of phenotypic
effects. Cells that survive hypoxia and 5-FU treatment
may exhibit a more aggressive phenotype through the
formation of HIF and COX-2. This becomes increasingly
relevant in the neoadjuvant setting. In the neoadjuvant set-
ting, celecoxib has been found to increase the chemother-
apy response rate by 20%. In a Phase II study, a com-
bination of celecoxib and capecitabine increased time
to progression and overall survival in patients with high
COX-2 expressing metastatic breast cancers!*’!. Our data
support further investigation of the effects of chemother-
apy and hypoxia on COX-2 expression, and the role of
COX-2 in the subsequent phenotypic characteristics of
these cells such as invasion and metastasis. Our data also
support investigating the role of HIF-2a in modifying cell
survival following hypoxia or therapy.

Conflict of interest

The authors declare that they have no conflict of inter-
est.

Acknowledgements

This work was supported by National institutes of
health (NIH) RO1CA82337.

References

(1]

[2]

(3]

[4]

(51

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

Waks AG and Winer EP. Breast Cancer Treatment: A Re-
view. JAMA, 2019, 321(3): 288-300.
https://doi.org/10.1001/jama.2018.19323

Hon JD, Singh B, Sahin A, et al. Breast cancer molecular
subtypes: from TNBC to QNBC. American Journal of Can-
cer Research, 2016, 6(9): 1864-1872.
https://www.ncbi.nlm.nih.gov/pubmed/27725895

Hudis CA and Gianni L. Triple-negative breast cancer: an
unmet medical need. Oncologist, 2011, 16(Suppl 1): 1-11.
https://doi.org/10.1634/theoncologist.2011-S1-01

Tan DS, Marchio C, Jones RL, et al. Triple negative breast
cancer: molecular profiling and prognostic impact in adju-
vant anthracycline-treated patients. Breast Cancer Res Treat,
2008, 111(1): 27-44.
https://doi.org/10.1007/s10549-007-9756-8

Graham K and Unger E. Overcoming tumor hypoxia as a
barrier to radiotherapy, chemotherapy and immunotherapy
in cancer treatment. International Journal of Nanomedicine,
2018, 13: 6049-6058.

https://doi.org/10.2147/1IN.S140462

Schito L and Semenza GL. Hypoxia-Inducible Factors:
Master Regulators of Cancer Progression. Trends Cancer,
2016, 2(12): 758-770.
https://doi.org/10.1016/j.trecan.2016.10.016

Semenza GL. Targeting HIF-1 for cancer therapy. Nature
Reviews Cancer, 2003, 3(10): 721-732.
https://doi.org/10.1038/nrc1187

Bertout JA, Patel SA and Simon MC. The impact of O2
availability on human cancer. Nature Reviews Cancer, 2008,
8(12): 967-975.

https://doi.org/10.1038/nrc2540

O’Reilly EA, Gubbins L, Sharma S, et al. The fate of
chemoresistance in triple negative breast cancer (TNBC).
BBA Clinic, 2015, 3: 257-275.
https://doi.org/10.1016/j.bbacli.2015.03.003

Helczynska K, Larsson AM, Holmquist Mengelbier L, et al.
Hypoxia-inducible factor-2alpha correlates to distant recur-
rence and poor outcome in invasive breast cancer. Cancer
Research, 2008, 68(22): 9212-9220.
https://doi.org/10.1158/0008-5472.CAN-08-1135

Shah T, Krishnamachary B, Wildes F, et al. HIF isoforms
have divergent effects on invasion, metastasis, metabolism
and formation of lipid droplets. Oncotarget, 2015, 6(29):
28104-28119.

https://doi.org/10.18632/oncotarget.4612

Keith B, Johnson RS and Simon MC. HIFlalpha and
HIF2alpha: sibling rivalry in hypoxic tumour growth and
progression. Nature Review Cancer, 2011, 12(1): 9-22.
https://doi.org/10.1038/nrc3183

Bharti SK, Mironchik Y, Wildes F, et al. Metabolic conse-
quences of HIF silencing in a triple negative human breast
cancer xenograft. Oncotarget, 2018, 9(20): 15326-15339.
https://doi.org/10.18632/oncotarget.24569

Half E, Tang XM, Gwyn K, et al. Cyclooxygenase-2 expres-
sion in human breast cancers and adjacent ductal carcinoma
in situ. Cancer Research, 2002, 62(6): 1676-1681.
https://www.ncbi.nlm.nih.gov/pubmed/11912139

Current Cancer Reports © 2020 by SyncSci Publishing. All rights reserved.


https://doi.org/10.1001/jama.2018.19323
https://www.ncbi.nlm.nih.gov/pubmed/27725895
https://doi.org/10.1634/theoncologist.2011-S1-01
https://doi.org/10.1007/s10549-007-9756-8
https://doi.org/10.2147/IJN.S140462
https://doi.org/10.1016/j.trecan.2016.10.016
https://doi.org/10.1038/nrc1187
https://doi.org/10.1038/nrc2540
https://doi.org/10.1016/j.bbacli.2015.03.003
https://doi.org/10.1158/0008-5472.CAN-08-1135
https://doi.org/10.18632/oncotarget.4612
https://doi.org/10.1038/nrc3183
https://doi.org/10.18632/oncotarget.24569
https://www.ncbi.nlm.nih.gov/pubmed/11912139

62

Current Cancer Reports, October 2020, Vol. 2, No. 1

[15]

[16]

(7]

(18]

[19]

(20]

(21]

(22]

(23]

[24]

[25]

[26]

(27]

Ristimaki A, Sivula A, Lundin J, et al. Prognostic signif-
icance of elevated cyclooxygenase-2 expression in breast
cancer. Cancer Research, 2002, 62(3): 632-635.
https://www.ncbi.nlm.nih.gov/pubmed/11830510

Lim W, Park C, Shim MK, er al. Glucocorticoids sup-
press hypoxia-induced COX-2 and hypoxia inducible factor-
lalpha expression through the induction of glucocorticoid-
induced leucine zipper. British Journal Of Pharmacology,
2014, 171(3): 735-745.

https://doi.org/10.1111/bph.12491

Kaidi A, Qualtrough D, Williams AC, et al. Direct tran-
scriptional up-regulation of cyclooxygenase-2 by hypoxia-
inducible factor (HIF)-1 promotes colorectal tumor cell sur-
vival and enhances HIF-1 transcriptional activity during hy-
poxia. Cancer Research, 2006, 66(13): 6683-6691.
https://doi.org/10.1158/0008-5472.CAN-06-0425

Xue X and Shah YM. Hypoxia-inducible factor-2alpha is
essential in activating the COX2/mPGES-1/PGE2 signaling
axis in colon cancer. Carcinogenesis, 2013, 34(1): 163-169.
https://doi.org/10.1093/carcin/bgs313

Zhao J, Du F, Shen G, et al. The role of hypoxia-inducible
factor-2 in digestive system cancers. Cell Death & Disease,
2015, 6(1): e1600.

https://doi.org/10.1038/cddis.2014.565

Zhao CX, Luo CL and Wu XH. Hypoxia promotes 786-
O cells invasiveness and resistance to sorafenib via HIF-
2alpha/COX-2. Medical Oncology, 2015, 32(1): 419.
https://doi.org/10.1007/s12032-014-0419-4

Stasinopoulos I, O’Brien DR, Wildes F, et al. Silencing of
cyclooxygenase-2 inhibits metastasis and delays tumor on-
set of poorly differentiated metastatic breast cancer cells.
Molecular Cancer Research, 2007, 5(5): 435-442.
https://doi.org/10.1158/1541-7786.MCR-07-0010
Stasinopoulos I, Mori N and Bhujwalla ZM. The malignant
phenotype of breast cancer cells is reduced by COX-2 si-
lencing. Neoplasia, 2008, 10(11): 1163-1169.
https://doi.org/10.1593/ne0.08568

Krishnamachary B, Stasinopoulos I, Kakkad S, et al. Breast
cancer cell cyclooxygenase-2 expression alters extracellular
matrix structure and function and numbers of cancer associ-
ated fibroblasts. Oncotarget, 2017, 8(11): 17981-17994.
https://doi.org/10.18632/oncotarget. 14912

Harris RE, Casto BC and Harris ZM. Cyclooxygenase-2 and
the inflammogenesis of breast cancer. World Journal of Clin-
ical Oncology, 2014, 5(4): 677-692.
https://doi.org/10.5306/wjco.v5.i4.677

de la Cueva A, Ramirez de Molina A, Alvarez-Ayerza N,
et al. Combined 5-FU and ChoKalpha inhibitors as a new
alternative therapy of colorectal cancer: evidence in human
tumor-derived cell lines and mouse xenografts. PLoS One,
2013, 8(6): e64961.
https://doi.org/10.1371/journal.pone.0064961

Hammond WA, Swaika A and Mody K. Pharmacologic
resistance in colorectal cancer: a review. Therapeutic Ad-
vances in Medical Oncology, 2016, 8(1): 57-84.
https://doi.org/10.1177/1758834015614530

Matsuda N, Wang X, Lim B, et al. Safety and Efficacy of
Panitumumab Plus Neoadjuvant Chemotherapy in Patients
With Primary HER2-Negative Inflammatory Breast Cancer.

(28]

[29]

(30]

(31]

(32]

(33]

[34]

(35]

[36]

(37]

(38]

[39]

JAMA Oncology, 2018, 4(9): 1207-1213.
https://doi.org/10.1001/jamaoncol.2018.1436
Krishnamachary B, Penet MF, Nimmagadda S, et al. Hy-
poxia regulates CD44 and its variant isoforms through HIF-
lalpha in triple negative breast cancer. PLoS One, 2012,
7(8): e44078.
https://doi.org/10.1371/journal.pone.0044078

Strese S, Fryknas M, Larsson R, et al. Effects of hypoxia
on human cancer cell line chemosensitivity. BMC Cancer,
2013, 13(1): 331.
https://doi.org/10.1186/1471-2407-13-331

Dubsky P, Sevelda P, Jakesz R, et al. Anemia is
a significant prognostic factor in local relapse-free
survival of premenopausal primary breast cancer pa-
tients receiving adjuvant cyclophosphamide/methotrexate/5-
fluorouracil chemotherapy. Clinical Cancer Research, 2008,
14(7): 2082-2087.
https://doi.org/10.1158/1078-0432.CCR-07-2068

Sakata K, Kwok TT, Murphy BJ, et al. Hypoxia-induced
drug resistance: comparison to P-glycoprotein-associated
drug resistance. British Journal Of Cancer, 1991, 64(5): 809-
814.

https://doi.org/10.1038/bjc.1991.405

Rohwer N, Dame C, Haugstetter A, et al. Hypoxia-inducible
factor lalpha determines gastric cancer chemosensitivity via
modulation of p53 and NF-kappaB. PLoS One, 2010, 5(8):
e12038.

https://doi.org/10.1371/journal.pone.0012038

Ahmadi M, Ahmadihosseini Z, Allison SJ, et al. Hypoxia
modulates the activity of a series of clinically approved ty-
rosine kinase inhibitors. British Journal Of Pharmacology,
2014, 171(1): 224-236.

https://doi.org/10.1111/bph.12438

Westerlund I, Shi Y, Toskas K, et al. Combined epigenetic
and differentiation-based treatment inhibits neuroblastoma
tumor growth and links HIF2alpha to tumor suppression.
Proceedings of the National Academy of Sciences of the
United States of America, 2017, 114(30): e6137-e6146.
https://doi.org/10.1073/pnas.1700655114

Nakazawa MS, FEisinger-Mathason TS, Sadri N, et al. Epi-
genetic re-expression of HIF-2alpha suppresses soft tissue
sarcoma growth. Nature Communications, 2016, 7(1): 1-13.
https://doi.org/10.1038/ncomms10539

Mercer SJ, Di Nicolantonio, F, Knight LA, et al. Rapid up-
regulation of cyclooxygenase-2 by 5-fluorouracil in human
solid tumors. Anticancer Drugs, 2005, 16(5): 495-500.
https://doi.org/10.1097/00001813-200506000-00004

Bos PD, Zhang XH, Nadal C, et al. Genes that medi-
ate breast cancer metastasis to the brain. Nature, 2009,
459(7249): 1005-1009.
https://doi.org/10.1038/nature08021

Sagara A, Igarashi K, Otsuka M, et al. Intrinsic Resistance
to 5-Fluorouracil in a Brain Metastatic Variant of Human
Breast Cancer Cell Line, MDA-MB-231BR. PLoS One,
2016, 11(10): e0164250.
https://doi.org/10.1371/journal.pone.0164250

Chow LW, Loo WT, Wai CC, et al. Study of COX-2, Ki67,
and p53 expression to predict effectiveness of 5-flurouracil,
epirubicin and cyclophosphamide with celecoxib treatment

Current Cancer Reports © 2020 by SyncSci Publishing. All rights reserved.


https://www.ncbi.nlm.nih.gov/pubmed/11830510
https://doi.org/10.1111/bph.12491
https://doi.org/10.1158/0008-5472.CAN-06-0425
https://doi.org/10.1093/carcin/bgs313
https://doi.org/10.1038/cddis.2014.565
https://doi.org/10.1007/s12032-014-0419-4
https://doi.org/10.1158/1541-7786.MCR-07-0010
https://doi.org/10.1593/neo.08568
https://doi.org/10.18632/oncotarget.14912
https://doi.org/10.5306/wjco.v5.i4.677
https://doi.org/10.1371/journal.pone.0064961
https://doi.org/10.1177/1758834015614530
https://doi.org/10.1001/jamaoncol.2018.1436
https://doi.org/10.1371/journal.pone.0044078
https://doi.org/10.1186/1471-2407-13-331
https://doi.org/10.1158/1078-0432.CCR-07-2068
https://doi.org/10.1038/bjc.1991.405
https://doi.org/10.1371/journal.pone.0012038
https://doi.org/10.1111/bph.12438
https://doi.org/10.1073/pnas.1700655114
https://doi.org/10.1038/ncomms10539
https://doi.org/10.1097/00001813-200506000-00004
https://doi.org/10.1038/nature08021
https://doi.org/10.1371/journal.pone.0164250

Noriko Mori, et al. HIF and COX-2 expression in triple negative breast cancer cells with hypoxia and 5-fluorouracil 63

in breast cancer patients. Biomed Pharmacother, 2005, 59
(Suppl 2): S298-301.
https://doi.org/10.1016/S0753-3322(05)80050-2

[40] Fabi A, Metro G, Papaldo P, er al. Impact of celecoxib on
capecitabine tolerability and activity in pretreated metastatic
breast cancer: results of a phase II study with biomarker
evaluation. Cancer Chemother Pharmacol, 2008, 62(4): 717-
725.
https://doi.org/10.1007/s00280-007-0650- 1

(Edited by Snowy Wang)

Current Cancer Reports © 2020 by SyncSci Publishing. All rights reserved.


https://doi.org/10.1016/S0753-3322(05)80050-2
https://doi.org/10.1007/s00280-007-0650-1

	Introduction
	Materials and methods
	Cell culture and treatment
	=0.3emCell viability/proliferation assay by CCK-8
	Immunoblot analysis
	Statistical analysis

	Results
	=0.2emEffects of 5-FU under normoxia or hypoxia on cell viability in MDA-MB-231 cells
	=0.2emEffects of 5-FU under normoxia or hypoxia on HIF-1, HIF-2 and COX-2 in MDA-MB-231 cells
	Effects of 5-FU under normoxia or hypoxia on cell viability in HIF-1 and HIF-2 silenced MDA-MB-231 cells
	Effects of 5-FU under normoxia or hypoxia on HIF-1, HIF-2 and COX-2 in HIF-1 and HIF-2 silenced MDA-MB-231 cells
	Effects of 5-FU under normoxia or hypoxia on cell viability, HIF-1, HIF-2 and COX-2 in SUM-149 cells

	Discussion and conclusion

