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Abstract A panel of nine hypoxia regulated genes, selected
from a previously published fifty gene panel, was investigated
for its ability to predict hypoxic ovarian cancer phenotypes.
All nine genes including vascular endothelial growth factor A,
glucose transporter 1, phosphoglycerate mutase 1, lactate de-
hydrogenase A, prolyl 4-hydroxylase, alpha-polypeptide 1,
adrenomedullin, N-myc downstream regulated 1, aldolase A,
and carbonic anhydrase 9 were upregulated in the HEY and
OVCAR-3 human ovarian cell lines cultured in vitro under
hypoxic compared to normoxic conditions as measured by
quantitative reverse transcription polymerase chain reaction
(qRT-PCR). The gene panel was also elevated in HEY xeno-
graft tumor tissue compared to HEY cells cultured in
normoxia. The HEY xenograft tissue demonstrated heteroge-
neous positive immunohistochemical staining for the exoge-
nous hypoxia biomarker pimonidazole, and the hypoxia reg-
ulated protein carbonic anhydrase IX. A quantitative nuclease

protection assay (qNPA) was developed which included the
nine hypoxia regulated genes. The qNPA assay provided sim-
ilar results to those obtained using qRT-PCR for cultured cell
lines. The qNPA assay was also evaluated using paraffin em-
bedded fixed tissues including a set of five patient matched
primary and metastatic serous cancers and four normal ova-
ries. In this small sample set the average gene expression was
higher in primary and metastatic cancer tissue compared to
normal ovaries for the majority of genes investigated. This
study supports further evaluation by qNPA of this gene panel
as an alternative or complimentary method to existing protein
biomarkers to identify ovarian cancers with a hypoxic
phenotype.
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Introduction

In many tumor types, hypoxia is associated with more aggres-
sive disease and increased resistance to both chemotherapy
and radiation therapy[1, 2]. The incidence of hypoxia in pri-
mary ovarian tissue, metastatic tumor implants, residual dis-
ease, and recurrent disease is poorly characterized. However,
many studies have reported on expression of the hypoxia reg-
ulated transcription factor hypoxia-inducible factor-1 alpha
(HIF-1α) in ovarian tumor tissue, with up to 68 % of ovarian
cancer tissues investigated showing positive protein staining
[3, 4]. We and others have shown that VEGF, another HIF-1α
regulated gene, is also highly expressed in ovarian cancers [5].
VEGF is emerging as an important therapeutic target in ovar-
ian cancer and is the primary mediator of angiogenesis in this
patient population [6, 7]. Over-expression of carbonic
anhydrase IX (note: CA IX will be used to refer to protein
and CA9 will be used to refer to gene expression throughout
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this manuscript), also HIF-1α regulated, has been reported to
be an independent poor prognostic factor in endometrioid
ovarian cancer [8]. In high-grade serous ovarian carcinomas,
co-expression of VEGF and CA IX protein has been correlat-
ed with chemotherapy resistance and decreased survival [9].

Hypoxia is difficult to accurately measure directly in tumor
tissue and requires utilization of an oxygen microelectrode
[10]. However, other methods which may reflect the molecu-
lar consequences of hypoxia can be used as hypoxia bio-
markers [reviewed in [11, 12]]. Due to the instability of HIF-
1α protein and technical problems associated with pre-
analytical handling of tissue samples, results in the literature
using HIF-1α as a hypoxia biomarker are variable andmust be
interpreted with caution. CA IX is a more stable protein than
HIF-1α and is frequently used as a biomarker of hypoxia. But
because CA IX can be regulated by constitutive HIF-1α ex-
pression and by other transcription factors, its expression level
may not always correlate with hypoxia [13]. To predict effi-
cacy of therapies that are directly impacted by the oxygen
content of the tumor microenvironment, including radiation
therapy and hypoxia activated prodrugs, there is a need for
alternative or complimentary approaches for assessing tumor
hypoxia.

Hypoxia gene-expression signatures have been investigat-
ed in several tumor types including ovarian cancer. Chi J-T
et al., 2006 [14] cultured mammary and renal tubular epithe-
lial cells in hypoxia and using DNA microarray identified a
hypoxia responsive signature based on 123 genes. This gene
signature was applied to 72 ovarian cancers and found to
differentiate the cancers into two distinct groups using hierar-
chical clustering. The two groups identified demonstrated
marked differences in survival and relapse-free survival. A
sophisticated meta-analysis of multiple cancer types conduct-
ed by Buffa et al. 2010 [15] identified a common prognostic
hypoxia 50 gene signature using data from head and neck and
breast cancer studies. A recent study performed in head and
neck squamous cell carcinoma reported on the technical val-
idation of a TaqMan Low Density Array (TLDA) platform
that reliably predicted a hypoxia phenotype and was associat-
ed with excellent precision and reproducibility [8].

We performed exploratory quantitative reverse transcrip-
tion polymerase chain reaction (qRT-PCR) analysis using cell
lysates from ovarian cell lines cultured in hypoxia of the top
15 ranked genes in the Buffa et al.[15] analysis plus carbonic
anhydrase 9 which was ranked #50 by Buffa et al. [15]. We
included carbonic anhydrase 9 because of the wealth of liter-
ature on carbonic anhydrase 9 protein expression in ovarian
cancers. Of these 16 genes we observed several that showed
no hypoxia induction or had poor amplification profiles in the
cell culture samples cultured in hypoxia. We chose the top
performing 9 genes for further study of the temporal changes
in expression in two ovarian cancer cell lines cultured in
normoxia or hypoxia using qRT-PCR. We also investigated

the same 9 hypoxia regulated gene panel in an ovarian xeno-
graft model and a small set of matched primary and metastatic
serous ovarian cancer patient tissues. We also evaluated the
expression of these 9 genes in ovarian samples included in the
TCGA database. Our study suggests that this small nine gene
hypoxia regulated panel may be sufficient to accurately iden-
tify hypoxic ovarian tumors and supports the future evaluation
of this panel in a larger set of tissues from patients with ovar-
ian cancer.

The large majority of patient ovarian tumor tissues are pre-
served in formalin and paraffin embedded (formalin-fixed
paraffin-embedded; FFPE). Due to the technical challenges
involved in performing gene expression studies using qRT-
PCR with RNA extracted from FFPE tissue, we sought to
identify a more robust analytical method to evaluate the nine
hypoxia regulated gene panel. The quantitative nuclease pro-
tection assay has been previously demonstrated to perform
well using fresh, frozen, or FFPE tissues [16]. We designed
a custom multiplex qNPA array containing the 9 hypoxia reg-
ulated genes and 4 housekeeper genes. The HEY and
OVCAR-3 cell lines grown in hypoxia were analyzed using
both qRT-PCR and the qNPA array. FFPE normal ovarian and
cancer tissue representative of primary and metastatic sites
from five serous carcinoma cases were also analyzed using
the qNPA assay. Similar results were observed with both
qRT-PCR and qNPA supporting further use of the qNPA assay
in larger studies.

Methods

Cell Culture

OVCAR-3 cells were purchased from the American Type
Culture Collection (ATCC, Manassas, VA) and HEY cells
were purchased from Cedarlane (Burlington, NC). OVCAR-
3 were cultured in RPMI 1640 (Cellgro, Manassas, VA) with
L-glutamine supplemented with 20 % FBS (HyClone, Logan,
UT) and 0.01 mg/ml Bovine Insulin (Sigma-Aldrich, St.
Louis, MO). HEY cells were culture in DMEM (CellGro)
supplemented with 10 % FBS (HyClone) and 1 % Pen/Strep
(Gibco, Carlsbad, CA). Both cell lines were cultured at 37 °C
and 5 % CO2. For hypoxic conditions, cells were grown in a
humidified Ruskinn Invivo2 Hypoxia Workstation (Ruskinn,
Pencoed, Bridgend, UK) controlled by a Gas Mixer Q
(Ruskinn). Oxygen concentrations of 1 and 0.2 % were used
as indicated with 5 % CO2. For pH studies cells were cultured
in media adjusted to pH 6.7 with 20 mM lactic acid and HCl.

Xenograft Models in Experimental Mice

Intraperitoneal (IP) xenografts of HEY cells were grown by
the Experimental Mouse Shared Service (EMSS, University
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of Arizona, Tucson, Arizona) in adherence with Institutional
Animal Care and Utilization Committee guidelines. HEY
cells (2.5×105) were injected IP in 0.2 ml of sterile phosphate
buffered saline (PBS) in outbred nudemice (Taconic, Hudson,
NY). After an average of 22 days of growth, 60 mg/kg
pimonidazole (Hypoxyprobe Inc., Burlington, MA) was
injected IP. One hour later, mice were sacrificed by CO2 and
tumor implants removed for biomarker analysis. Tissue sam-
ples for RNA isolation were placed into Buffer RLT Plus
(Qiagen, Valencia , CA) containing 10 μ l /ml β -
mercaptoethanol (Fisher Scientific, Pittsburgh, PA). For fixa-
tion, tissue was immediately placed in 10 % neutral buffered
formalin for 24 h, transferred to 70 % EtOH for dehydration
and then mounted in paraffin blocks.

Tumor Histology and Staining

Hematoxylin and eosin (H&E) stains were performed on 3-
micron sections of tissue cut from the formalin-fixed, paraffin-
embedded tissue blocks. Immunohistochemistry (IHC) was
performed using anti-pimonidazole mouse monoclonal anti-
body MAb1, clone 4.3.11.3 diluted 1:50 (Hypoxyprobe Inc,
Raleigh, NC). CA IX staining was performed using anti-CA
IX antibody from Novus Biologicals (Littleton, CO) diluted
1:2000. VEGF-A staining was performed using anti-VEGF-A
antibody (Santa Cruz Biotech # sc-7269) diluted 1:70. Tissue
sections were stained on a Discovery XT Automated
Immunostainer (Ventana Medical Systems, Inc., Tucson,
AZ). All steps were performed with this instrument using
VMSI validated reagents, including deparaffinization, cell
conditioning (antigen retrieval with a borate-EDTA buffer),
primary antibody staining, detection and amplification using
a biotinylated-streptavidin-HRP and diaminobenzidine sys-
tem and hematoxylin counterstaining. Semi-quantitative scor-
ing of CA IX, VEGF-A, and pimonidazole was performed by
a Board Certified Pathologist, Dr. Raymond Nagle, as part of
the services provided by the University of Arizona Cancer
Center Tissue Acquisition and Cellular/Molecular Analysis
and Biorepository Shared Service (TACMASS, University
of Arizona, Tucson, AZ). Immunoreactivity for VEGF-A
and CA IX was categorized as 0=negative; 1=weak; 2=mod-
erate; 3=strong. The percentage of immunoreactive tumor
cells was also evaluated for each intensity level. The overall
scores were calculated by multiplying the intensity by the
corresponding percentage of immunoreactive cells (scores
range between 0 and 300). For pimonidazole staining, only
the percentages of immunoreactive tumor cells were
evaluated.

Patient Ovarian Tissues

Patient tumor (cancer) samples and normal ovaries were re-
ceived from the TACMASSBiobank in compliance with local

Institutional Review Board Requirements for Human Subject
Protection. Paired primary and metastatic frozen ovarian can-
cer specimens were sectioned directly into Buffer RLT Plus
(Qiagen). FFPE tissue was sectioned into tubes and lysed in
HTG Lysis Buffer (HTG Molecular Diagnostics, Tucson,
AZ).

RNA Isolation

Cell culture samples, xenograft tissue, and patient tumor tis-
sues were homogenized first by pipetting in Buffer RLT Plus
(Qiagen) containing 10 μl/ml β-mercaptoethanol (Fisher
Scientific). Xenograft tissue was homogenized using Power
Gen 125 (Fisher Scientific) tissue grinder. All samples were
then sonicated using a Sonic Dismembrator Model 100
(Fisher Scientific). Samples were further homogenized using
QIAshredder spin columns (Qiagen) by spinning samples
through the column at 16,000×g for 2 min and collecting the
flow through. Isolation of RNA from both cultured cells and
primary ovarian tissues was performed using the RNeasy Plus
Mini Kit (Qiagen) according to manufacturer’s protocol. Final
RNA elution was performed using 30 μl of RNase-free water.
RNA concentrations were determined using a NanoDrop
2000c (Thermo Scientific, Waltham, MA) micro-volume
spectrophotometer.

cDNA Synthesis

cDNA for RT-PCR was synthesized using the qScript cDNA
Synthesis Kit (Quanta Biosciences, Gaithersburg, MD) ac-
cording to manufacturer’s protocol using 200 ng of RNA as
template per reaction. Thermal cycler conditions for cDNA
synthesis: 1 cycle at 22 °C for 5 min, 1 cycle at 42 ° C for
30 min, 1 cycle at 85 ° C for 5 min. Seven 20 μl cDNA
reactions were made for each ovarian tissue sample or ovarian
cell line treatment group and combined to ensure homogenous
cDNA template for RT-PCR.

qRT-PCR

RT-PCR reactions were performed using 2x TaqMan universal
PCR Mastermix (Applied Biosystems, Branchburg, NJ), 20x
TaqMan Gene Expression Assays (Applied Biosystems),
which contain both the target primers and probe, and 2 μl of
cDNA template were used per reaction according to manufac-
turer’s protocol. Each Fam-labeled gene of interest was ana-
lyzed in triplicate and multiplexed with the primer-limited,
VIC-labeled control gene beta-2-microglobulin (B2M) as an
endogenous control. RT-PCR amplification reactions were
performed using an ABI Prism 7000 Sequence Detection
System (Applied Biosystems). Cycling conditions for RT-
PCR: 1 cycle at 50 ° C for 2 min, 1 cycle at 95 °C for
10 min, 40 cycles at 95 °C for 15 s followed by 60 ° C for
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1 min. A triplicate of a bridging sample probed for
peptidylprolyl isomerase A (PPIA) was run with every plate
to ensure amplification consistency across different PCR
plates and runs.

PCR Data Normalization

Relative gene expression was determined using the 2-ΔΔCT

method as described by Livak and Schmittgen, 2001 [17]. In
each well, the VIC-labeled B2M control was subtracted from
the Fam-labeled target gene to generateΔCT values for each.
Triplicate ΔCT values for each target gene were averaged
together to yield one ΔCT value and a standard deviation
for each target gene. ΔCT values for each gene from the
control group were subtracted from the corresponding gene
ΔCT values from the experimental group to yield ΔΔCT
values for each gene. ΔΔCT values for each gene were then
analyzed using the formula 2-ΔΔCT. This formula yields gene
expression of the experimental relative to the control group,
which is defined as 1 for all genes. For hypoxia treated ovarian
cell lines, gene expression of the hypoxia treated group is the
experimental group shown relative to normoxic cells for the
same time point. Frozen patient ovarian cancer tissue was
considered the experimental group and cultured normoxic
HEY cells (4 h time point) were designed the control group.
The upper and lower limits of error bars for each gene were
calculated by adding or subtracting the standard deviation of
the experimental group to the correspondingΔΔCT value for
that gene, then using the new values in the 2-ΔΔCT formula. To
determine outliers in the triplicate analysis to be removed from
final data analysis, several parameters were employed. Genes
were flagged if the standard deviations of the target and con-
trol genes differed by a value greater than or equal to 0.3. If
one value in either the target or control triplicate differed from
the next value by 0.5 cycles or more, without the same change
seen in the other gene analyzed in that well, the entire replicate
(target and control gene) was removed from data analysis.
Replicates were also removed from data analysis if both the
target and control gene differed from the average of the other 2
values in the triplicate by a value of 0.6 cycles or more, as
cDNA loading in this well was considered inaccurate.

Analysis of Hypoxia Regulated Genes in the Ovarian Data Set
from the Cancer Genome Atlas

Gene expression datasets with correlated clinical annotation
was downloaded from The Cancer Genome Atlas (TCGA) for
expression analysis of the nine hypoxia regulated gene panel.
Data was analyzed using BioConductor modules (http://www.
bioconductor.org). BioConductor affy module was used to
perform background subtraction and quantile normalization
using the Robust MultiChip Algorithm (RMA). Quality
control analysis was done on the chips that included

correlation plots, density plots, box plots and RNA
degradation analysis. When multiple probes existed for a
gene they were averaged. Eight normal ovary tissues and
569 primary serous ovarian cancer (mostly grade 3) samples
were analyzed from this dataset for the nine hypoxia regulated
genes. Log values for normal and primary cancer samples
were plotted to illustrate differential expression between the
sets. Further analysis of variance (ANOVA) analysis was done
to assess significance of the differential gene expression in the
TCGA dataset. Bioconductor limma module was used to es-
timate variance and p value of ≤0.05 was considered statisti-
cally significant. Limma analysis provides an empirical
Bayesian technique to improve variance estimation and cor-
rects for multiple hypothesis testing by the Benjamini
Hochburg False Discovery Rate method.

qNPA Sample Preparation and Analysis

Cells were cultured in 6-well tissue culture coated plates.
Culture media was removed and cells were directly lysed
using pre-warmed HTG Lysis buffer (HTG Molecular
Diagnostics). Lysis buffer (250 μl) was used to lyse
one well of 6-well plate containing cell culture samples
and 1000 μl was used to lyse patient tissue samples (an
average of ten 5 μm sections were used but number was
dependent upon size of the tumor section). Samples were
homogenized by micropipetting, vortexing for 10 s, and
heating at 95 °C for 15 min. Samples were stored at
−80 °C and shipped to HTG Molecular Diagnostics for
analysis according to methods previously described [16]]
using a custom hypoxia gene array. Housekeeper genes
for the custom array were selected by analyzing lysates
from HEY and OVCAR-3 cells cultured in normoxia and
hypoxia using a qNPA housekeeper array containing 92
potential housekeeper genes. Four housekeeping genes
which were stable under hypoxia conditions, (PPIA, ri-
bosomal protein L38 (RPL38), ribosomal protein 19
(RPL19), and ribosomal protein lare P0 (RPLP0), were
selected for inclusion on the custom array. Each sample
was analyzed in triplicate. Gene intensity values were
normalized to housekeeper genes as previously described
[16]. Average gene intensity values for each treatment
group were divided by average gene intensity values of
control treatments to give a relative fold change in ex-
pression value.

Statistical Analysis

Statistical analysis of gene changes regulated by culturing in
normoxic vs hypoxic conditions was assessed by ANOVA
with Tukey adjustment for multiple comparisons.
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Results

Hypoxia Regulated Gene Panel Expression in Ovarian Cell
Lines Cultured in Normoxic vs Hypoxic Conditions

The nine genes selected for the hypoxia regulated gene panel
are described in Table 1. To test the temporal responsiveness of
each gene to varying oxygen tension, ovarian cancer cells lines
HEY and OVCAR-3 were grown in normoxia, 1 %, or 0.2 %
O2 for 4, 16, and 48 h. In general, a greater induction of gene
expression was noted with 0.2% vs 1%O2. Only modest gene
induction was observed for most genes when cells were cul-
tured in hypoxia for 4 h, but significant gene induction was
observed for all genes except PGAM1when cells were cultured
in hypoxia for 16 and 48 h (Table 2). PGAM1 did not show
gene induction after growth for 4, 16, or 48 h in HEY cells
cultured in 1 % O2. However, PGAM1 gene induction was
observed in OVCAR3 cells cultured in 1 % O2, and in HEY
and OVCAR3 cells cultured in 0.2 % O2 for 16 and 48 h. The
temporal changes in each gene are illustrated in Fig. 1.

Hypoxia Biomarker Assessment in HEY Intraperitoneal
Xenograft Tumors

To assess if the HEYovarian intraperitoneal xenograft tumors
have a fraction of cells that are hypoxic, we injected HEY cells
into the intraperitoneal cavity of nude mice and hypoxia bio-
markers were measured after 21 days of growth (Fig. 2a). One

representative tumor implant was examined from each mouse
(N=3). H&E stains were performed on each sample to con-
firm the tissue studied had measurable tumor cells. To assess
the hypoxic fraction in each tumor, pimonidazole was admin-
istered to mice 4 h prior to euthanasia. Anti-pimonidazole
staining was performed. Pimonidazole (1-[(2-hydroxy-3-
piperidinyl)propyl]-2-nitroimidazole), is a well characterized
and validated chemical probe for hypoxia in normal and tumor
tissue where it is reductively-activated and covalently bound
to macromolecules in hypoxic cells. Following intravenous
injection pimonidazole distributes throughout the body where
it covalently binds to normal and tumor tissue regions that
have≤14 micromolar dissolved oxygen concentration which
corresponds to a pO2 of≤10 mmHg at 37 °C. Pimonidazole
adducts can be detected by specially prepared antibodies [see
[18] for a review of bioreductive hypoxia biomarkers]. IHC
analysis and scoring of percent area stained demonstrated an
average hypoxic fraction of 30 % in xenograft #1, 40 % in
xenograft #2, and 15 % in xenograft #3. Staining was heter-
ogenous across each tumor section as shown in Fig. 2a. CA IX
is another commonly used protein biomarker for hypoxia
since it is regulated by HIF-1α and is more stable than HIF-
1α. CA IX is frequently used in conjunction with
pimonidazole staining to assess hypoxic status of tumor tissue
[19]. CA IX expression was measured by IHC and scored by a
board certified pathologist as described in the Methods.
Staining for xenograft #1 was 90 % stained with a score of
270, xenograft #2 was 100 % with a score of 250, and

Table 1 Hypoxia regulated genes investigated

Gene Name Gene
Symbol

Function Relevance
in ovarian
cancer

Vascular endothelial growth factor VEGF Mediation of vascular permeability, angiogenesis, promotion of cell growth
and migration, and inhibition of apoptosis.

[26–28]

Solute carrier family 2, member
1 (glucose transporter 1)

SLC2A1
(GLUT1)

Facilitates glucose transport and other substrates including pentoses and hexoses. [28–31]

Phosphoglycerate mutase 1 PGAM1 Catalyzes the conversion of 3-phosphoglycerate to 2-phosphoglycerate
in the glycolytic pathway.

Lactate dehydrogenase A LDHA Catalyzes the conversion of L-lactate and NAD to pyruvate and NADH
in the final step of anaerobic glycolysis.

Prolyl 4-hydroxlase, α-polypeptide 1 P4HA1 Catalyzes the formation of 4-hydroxyproline that is critical for protein
folding of procollagen chains.

Adrenomedullin ADM Peptide hormone with hypotensive and vasodilator activity. In cancer ADM
promotes neovascularization and has mitogenic activity.

[32–34]

N-myc downstream regulated 1 NDRG1 Stress-responsive protein involved in cell growth, differentiation and p53-mediated
caspase activation and apoptosis. In cancer it has been reported to regulate t
umor invasion, but in other models has demonstrated tumor suppressor activity.

[35, 36]

Aldolase A, fructose-bisphosphate ALDOA Catalyzes the conversion of fructose-1,6-bisphosphate to glyceraldehyde 3-phosphate
and dihydroxyacetone phosphate.

Carbonic anhydrase 9 CA9 Catalyzes the reversible hydration of carbon dioxide and functions in multiple
biological processes including acid–base balance.

[9, 28]
[37, 38]
[39]

Gene function as provided in GeneCards (www.genecards.org) is summarized and selected citations referring to gene protein products in ovarian cancers
are referenced
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xenograft #3 was 90 % stained with a score of 300. Together
these studies suggest that HEY xenograft tumors have a high
fraction of hypoxic regions.

Hypoxia Regulated Gene Panel Expression in HEY
Intraperitoneal Xenograft Tumors

Hypoxia regulated gene expression was compared in HEY
xenograft tumor tissue vs HEY cells cultured in normoxia
using qRT-PCR (Fig. 2b). When compared to HEY cells cul-
tured in normoxia for 4 h there was a greater expression of all
genes in the panel in the xenograft tissue, with the highest
expression (xenograft gene expression/cells cultured in
normoxia) observed in VEGFA, P4HA1 and CA9.

Hypoxia Regulated Gene Panel Expression Measured
by qRT-PCR in Patient Primary and Metastatic Cancers

In order to ensure that the expression of the hypoxia regulated
genes investigated in the two cell line models were also de-
tectable in ovarian cancer samples, we isolated RNA from
frozen tissue (both primary and metastatic lesions) obtained
from five subjects with metastatic high grade serous ovarian
cancer. When gene expression from the primary ovary were
compared to HEY cells cultured in normoxia for 48 h
(Table 3), hypoxia regulated gene expression was increased
for 8 of 9 genes, with VEGFA (P=<0.0001), P4HA1 (P=
0.003) and CA9 (P=<0.0001) having the highest elevations.
Although SLCA1, PGAM-1, ADM, NDRG1, and ALDOA
showed elevated expression in some samples, these gene ex-
pression levels were not found to be statistically different from
HEY cells cultured in normoxia. Interestingly, LDHA showed
lower expression in ovarian samples compared to HEY cells

Table 2 Effect of oxygen levels on hypoxia regulated gene expression
by cell line

Gene Cell line Time p-value for comparison of oxygen
conditions

21 vs 1 % 21 vs 0.2 % 1 vs 0.2 %

4 h 0.002 0.01 0.27

HEY 16 h 0.04 0.0006 0.007

VEGFA 48 h 0.001 <0.0001 0.001

4 h 0.37 0.02 0.09

OVCAR-3 16 h 0.0002 <0.0001 0.003

48 h 0.003 <0.0001 0.003

4 h <0.0001 <0.0001 <0.0001

HEY 16 h <0.0001 <0.0001 <0.0001

SLC2A1 48 h <0.0001 <0.0001 0.003

4 h 0.02 0.0003 0.006

OVCAR-3 16 h 0.0009 0.002 0.33

48 h <0.0001 <0.0001 <0.0001

4 h 0.39 0.008 0.002

HEY 16 h 0.38 0.07 0.27

PGAM1 48 h 0.11 0.0006 0.26

4 h 0.17 0.0007 0.0002

OVCAR-3 16 h 0.0003 <0.0001 0.02

48 h 0.0002 <0.0001 <0.0001

4 h 0.40 0.05 0.01

HEY 16 h <0.0001 <0.0001 0.006

LDHA 48 h 0.0003 <0.0001 0.03

4 h 0.04 <0.0001 0.0004

OVCAR-3 16 h 0.003 0.0003 0.01

48 h 0.0004 <0.0001 0.01

4 h 0.001 0.18 0.007

HEY 16 h <0.0001 <0.0001 0.001

P4HA1 48 h <0.0001 <0.0001 <0.0001

4 h 0.001 0.002 0.68

OVCAR-3 16 h <0.0001 <0.0001 0.21

48 h <0.0001 <0.0001 0.25

4 h 0.002 0.16 0.009

HEY 16 h 0.002 0.0004 0.14

ADM 48 h <0.0001 <0.0001 0.002

4 h 0.02 <0.0001 0.0004

OVCAR-3 16 h <0.0001 <0.0001 0.75

48 h <0.0001 <0.0001 <0.0001

4 h 0.0003 0.004 <0.0001

HEY 16 h <0.0001 <0.0001 <0.0001

NDRG1 48 h <0.0001 <0.0001 0.07

4 h <0.0001 <0.0001 0.02

OVCAR-3 16 h <0.0001 <0.0001 0.05

48 h <0.0001 <0.0001 0.71

Table 2 (continued)

Gene Cell line Time p-value for comparison of oxygen
conditions

21 vs 1 % 21 vs 0.2 % 1 vs 0.2 %

4 h 0.006 0.0005 0.04

HEY 16 h 0.04 0.002 0.04

ALDOA 48 h 0.03 0.0006 0.11

4 h 0.03 0.005 0.19

OVCAR-3 16 h 0.003 0.0003 0.02

48 h 0.002 <0.0001 0.003

4 h 0.13 0.12 0.97

HEY 16 h 0.008 <0.0001 0.0003

CA9 48 h 0.01 <0.0001 <0.0001

4 h 0.002 0.002 0.91

OVCAR-3 16 h 0.02 0.04 0.59

48 h <0.0001 <0.0001 0.17
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cultured in normoxia. There was no statistical differences ob-
served in gene expression between primary versus metastatic
tissue in matched cases. We did not compare expression to
normal ovary tissue because we did not have access to frozen
normal ovary tissue at the time of this study was conducted.
To confirm that VEGF-A and CA IX proteins were expressed
in specimens from the same 5 patients from whom frozen
tissue samples were obtained, tissue sections were obtained
from FFPE tissue blocks and stained by IHC. The frozen
tissue used for qRT-PCR analysis was not used for IHC stain-
ing due to staining artifacts observed in frozen vs FFPE tissue.
No IHC assay was available for the P4HA1. Both VEGF-A
and CA IX heterogeneous protein expression was observed in
primary and metastatic cancer tissue from all 5 patient cases
(data not shown).

Hypoxia Regulated Gene Panel Expression in the Human
TCGA Database

Hypoxia can be heterogeneous and cyclic in nature. To ex-
plore the heterogeneity in expression of the nine hypoxia

regulated genes in publically available datasets, we used the
cDNA microarray data in the TCGA. A broader range of
expression values were observed for tumor tissue compared
to normal ovary for all nine genes (Supplemental Fig 1). We
also investigated whether there was a significant difference in
expression values for the nine hypoxia regulated genes in
normal ovarian tissue vs ovarian tissue. VEGF-A, SLC2A1,
LDHA and CA9 were all significantly different between nor-
mal ovary tissue and primary cancer tissue (Table 4). Analysis
of variance showed all four of these genes as having a p value
<0.05 but VEGFA was the most significantly varying gene
among the nine genes. There were only 8 normal ovary tissues
reported on in this data set as compared to 569 primary cancer
tissues. Therefore, results obtained from this data set must be
cautiously considered.

Evaluation of a Multiplex qNPA Assay to Measure
the Hypoxia Regulated Gene Panel

We designed a custom multiplex gene qNPA assay
consisting of 38 total genes, including the 9 hypoxia

Fig. 1 Temporal changes in hypoxia regulated gene expression in
ovarian cancer cell lines cultured in hypoxic conditions relative to
normoxic conditions. Cells were cultured for 4, 16, and 48 h in

normoxia, 1 %, and 0.2 % O2. OVCAR-3 cells 1 % O2=solid circles;
OVCAR-3 cells 0.2 % O2=solid boxes, HEY cells 1 % O2=open
diamond, and HEY cells 0.2 % O2=open triangle
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regulated genes, and four housekeeper genes. For the
purpose of the current study we only analyzed these
13 genes. The other 25 genes will be reported on in a
different study. We compared a subset of ovarian cancer
cell line samples for qNPA prepared in parallel with
samples used for evaluation by qRT-PCR (the samples
reported on in Table 2). Similar changes in gene expres-
sion in cells cultured in normoxia compared to hypoxia
for 48 h were observed on the qNPA array as for qRT-
PCR (Table 5). Similar expression values (data not
shown) were also observed at the other timepoints and
oxygen conditions evaluated by qRT-PCR in Table 2. It
should be noted that gene primer sequences were not
the same between assays and relative expression was
calculated using different methodology. Therefore, we
did not do formal statistical analysis to directly compare
values for each gene across platforms. However, confi-
dence intervals were calculated.

Culture in Acidic Media Does not Impact Expression
of the Hypoxia Regulated Gene Panel

Growth under hypoxic conditions is often associated with a
decreased extracellular pH (pHe) due to an increase in glyco-
lytic metabolism which generates lactic acid [20]. To deter-
mine if acidic growth conditions impact the expression of the
hypoxia regulated gene panel used for this current study, we
cultured HEY and OVCAR-3 cells in neutral (pH 7.3) media
and in media 20 mM lactic acid pH’d to 6.7. Using the qNPA
assay we investigated the 9 hypoxia regulated genes and as a
positive control, we investigated the gene expression changes
of thioredoxin interacting protein (TXNIP) (also included on
the qNPA array) which has been previously shown to be mod-
ulated by acidic conditions [21]. Growth in media at 20 mM
lactic acid pH 6.7 resulted in minor, non-significant, changes
in gene expression in the hypoxia regulated genes. At isolated
time points there were increases in GLUT1, NDRG1, and

Fig. 2 Hypoxia biomarker
expression in HEY intraperitoneal
xenograft tumors. a. Tumors from
three mice with intraperitoneal
HEY xenograft tumors were
excised and fixed tissue was
stained for H&E, pimonidazole
adducts, and CA IX protein
expression. The picture inserts
were taken with a 40X objective
lens and the larger pictures were
taken with a 10X objective. b.
Relative hypoxia gene expression
in HEY intraperitoneal xenograft
tumors is elevated compared to
HEY cells cultured in vitro in
normoxia. Fold change of each
gene in xenograft vs cells cultured
in normoxia for each xenograft
tumor is shown using a different
symbol: xenograft 1=closed
circle, xenograft 2=open circle,
and xenograft three=triangle.
There were statistically
significant differences (p=/< 0.05)
for all genes in the xeograft tissue
vs HEY cells cultured in
normoxia in vitro
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CA9 gene expression, but were not consistent across all time
points or cell lines investigated (data not shown). The positive
control gene TXNIP demonstrated modest induction of
TXNIP in response to 48 h of culture in hypoxia (1 %) and
greater than 3 fold induction following culture in acidic media
in both HEY and OVCAR-3 cells (Supplemental Fig 2).

Hypoxia Regulated Gene Panel Expression Measured
by the qNPA in Patient Primary and Metastatic Cancers

Using FFPE tissue sections from the same five patient cases
analyzed using qRT-PCR described above and FFPE tissue
from 4 normal ovaries, we evaluated the expression of the 9
gene hypoxia regulated panel. Intensity values for the normal
ovaries compared to primary and metastatic tissues are shown
in Fig. 3. Although there was a trend for significance between
normal and primary and normal and metastatic tumors, none
of the comparisons reached p-values <0.05. Although this data
set is too small to draw conclusions regarding the ability of
this gene panel to serve as a biomarker for hypoxia in clinical
samples, it does demonstrate the feasibility to use FFPE ovar-
ian tissues to analyze gene expression using the qNPA assay.

Discussion

Modulation of gene expression in response to stress is differ-
entially regulated in normal vs cancer tissue. Stress responses
also vary across different tumor types and are context and time
dependent. Our current study confirmed the hypoxia inducible
expression of a nine gene panel in ovarian cancer cell lines
which were previously identified as part of a larger hypoxia
gene expression signature evaluated in clinical head and neck
and breast cancers [15]. We evaluated a time course for gene
induction representing acute (4 h) and chronic (48 h) culture in
hypoxic conditions. We also evaluated the changes in gene
expression in cells grown in moderate hypoxia (1 %) and
severe hypoxia (0.2 %). Although the magnitude of gene ex-
pression changes was variable across growth conditions and
time, all nine genes were upregulated by growth in hypoxia.

Table 3 Hypoxia regulated gene expression in primary and metastatic
ovarian cancer samples

Gene Tissue
Location

Case
1

Case
2

Case
3

Case 4 Case 5

VEGF-
A

Primary 5.02 15.89 6.71 11.47 6.93

Met** 9.36 12.01 23.21 7.62, 15.24 8.4, 2.05 *

SLC2A1 Primary 0.75 2.71 0.90 1.02 1.76

Met 1.35 1.79 2.76 0.58, 1.23 2.34, 0.50*

PGAM-
1

Primary 0.28 0.20 1.19 0.81 -

Met 0.23 1.07 1.09 0.94, 2.13 -

LDH-A Primary 0.26 0.22 0.2 0.49 0.03

Met 0.52 0.3 0.98 0.39, 0.78 0.20*

P4HA1 Primary 2.71 1.75 5.05 7.41 1.16

Met 3.14 8.1 6.76 7.18, 8.21 0.41, 0.02

ADM Primary 0.17 0.79 0.76 0.57 0.05

Met 0.59 1.33 1.58 0.49, 1.05 0.14, 0.01*

NDRG1 Primary 0.95 2.85 3.47 3.10 0.83

Met 2.51 4.13 4.95 1.86, 4.64 0.94, 0.08*

ALDOA Primary 0.77 1.11 2.08 1.99 1.78

Met 1.66 1.96 2.58 1.40, 2.21 1.82, 0.66*

CA9 Primary 11.34 7.52 30.27 25.63 12.67

Met 6.03 25.69 36.00 27.54, 39.67 2.74*

Fold difference in gene expression measured by qRT-PCR in patient
frozen ovarian tissue compared to HEY ovarian cancer cells grown in
normoxia

*denotes values for the contralateral ovary, not metastatic tumor tissue

**met = metastasis

Table 4 TCGA ANOVA analysis for the 9 hypoxia regulated gene
panel

Symbol ID Log Fold
Change

Average
Expression

t P value

VEGFA 210512_s_at 2.01 7.76 7.43 <0.0001

LDHA 200650_s_at 0.50 11.61 3.01 0.003

SLC2A1 201249_at 0.95 7.22 2.77 0.006

CA9 205199_at 0.88 4.74 2.10 0.04

PGAM1 200886_s_at 0.35 10.39 1.83 0.07

NDRG1 200632_s_at 0.58 9.24 1.73 0.08

ADM 202912_at 0.54 6.66 1.13 0.3

P4HA1 207543_s_at 0.25 8.06 0.96 0.3

ALDOA 200966_x_at 0.11 11.51 0.80 0.4

Table 5 Cross-assay comparison of qRT-PCR vs qNPA

Gene Symbol OVCAR-3 48 h
(0.2 % O2 relative
to normoxia)

HEY 48 h
(0.2 % O2 relative
to normoxia)

qRT-PCR qNPA qRT-PCR qNPA

VEGF 4.26 6.97 3.3 3.35

SLC2A1 4.13 3.02 3.66 2.14

PGAM1 5.29 1.73 1.95 1.69

LDHA 8.3 3.40 5.02 2.39

P4HA1 5.45 11.69 5.36 3.27

ADM 20.97 20.70 1.75 2.41

NDRG1 6.84 11.69 5.4 5.67

ALDOA 5.31 4.35 2.75 2.21

CA9 3.96 5.21 7.52 T/F†

Cell lines were cultured and in parallel and analyzed by qRT-PCR or
qNPA

† Technical failure; CV value >30 % cutoff
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The elevation of these genes in HEY xenograft tissue com-
pared relative to HEY cells cultured in normoxia was consis-
tent with expression of the exogenous hypoxia biomarker
pimonidazole and expression of CA IX, a hypoxia regulated
protein.

In high grade serous ovarian cancer tissues, we observed a
heterogeneous range of expression values for the genes eval-
uated. However, VEGF-Awas one of the consistently elevated
genes across both primary and metastatic cancer tissues ana-
lyzed by qRT-PCR and qNPA. VEGF gene expression was
also significantly higher in cancer vs normal tissues including
the TCGA data set investigated which included a broad mix of
tumor subtypes. Given the multiple studies in the literature
demonstrating the prognostic and therapeutic significance of
VEGF-A protein expression in ovarian cancers these findings
are not surprising. However, VEGF-A gene expression can be
regulated by multiple factors in addition to hypoxia and there-
fore its expression must be considered in context with expres-
sion of other hypoxia markers.

Tumor acidosis is a feature of the microenvironment which
is commonly spatially and mechanistically related to hypoxia

and angiogenesis [22]. The expression of the nine hypoxia
regulated genes investigated in this study appears to be regu-
lated independently of lactic acidosis in the HEY and
OVCAR-3 cell lines. However, lactate has been shown to
activate HIF-1α in cells with oxidative but not Warburg-
phenotypes [23]. Therefore, it is possible that the HIF-1α
target genes included in our hypoxia gene panel could be
regulated in some tumors by lactic acid in addition to hypoxia.

Hypoxia is cyclic and heterogeneous across tumor tissue
and is influenced by tumor perfusion and oxygen consump-
tion rates. The differences in hypoxia between primary and
metastatic sites are not well characterized in ovarian tumors.
Differences in copy number variation and metabolic profiles
for matched ovarian primary and peritoneal metastasis [24,
25] have been recently reported. Both of these studies suggest
that there are important differences between primary and met-
astatic tissue that may inform the pathobiology of carcinogen-
esis and microenvironmental influences. In the small set of
patient tissues we analyzed we did not observe significant
differences between different metastatic tissues analyzed from
individual patients. However, these factors must be considered
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Fig. 3 Hypoxia regulated gene panel expression measured by qNPA in normal ovary (n=4) compared to paired primary and metastatic high grade
serous ovarian cancer FFPE tissue (n=5). Expression is expressed as gene intensity values
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in future clinical evaluation of hypoxia biomarkers in ovarian
cancer, including gene expression signatures. Understanding
the potential for variability (tumor heterogeneity) across sam-
pling locations will be important for developing optimal tissue
sample collection strategies.

In order to more easily explore the prognostic and predic-
tive potential of this hypoxia regulated gene panel a much
larger set of clinical samples will need to be evaluated and
compared to traditional protein biomarkers of hypoxia.
There are advantages of utilizing a panel composed of only
nine genes, including the ease of measurement, analysis, and
ability to cross-validate observations with protein expression.
Our study demonstrates the technical feasibility of the multi-
plex qNPA assay for the nine gene hypoxia signature for anal-
ysis of clinical samples, which are most frequently formalin
fixed and paraffin embedded. The qNPA assay does not re-
quire RNA extraction or amplification and can be performed
using an automated platform. Our study supports further in-
vestigation of the nine gene hypoxia panel measured using the
qNPA multiplex assay to explore the hypoxia phenotype in
ovarian cancers.
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