
Increased expression of metastasis-related genes in
hypoxic cells sorted from cervical and lymph nodal
xenograft tumors
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Solid tumors contain regions of poor oxygenation that relate to the abnormal vascular network. Clinical investigations in
cervical carcinoma have shown that positive lymph node status in patients with cervical carcinoma correlates with
hypoxia. Earlier, in an orthotopic cervical cancer model, we had shown that exposure to acute hypoxia enhances lymph
node metastasis. This study describes a technique for sorting hypoxic cells directly from the cervical xenograft model and
reports the expression of ‘metastasis-related’ genes in hypoxic cells from xenografted cervix and lymph node tumors.
Tumor cells were sorted on the basis of DsRed fluorescence and the sub-population of hypoxic cells was sorted on the
basis of carbonic anhydrase-9 (CA-9) expression. Quantitative RT-PCR was conducted to measure changes in gene
expression in the hypoxic cells sorted from primary cervix tumors and lymph node metastases. Immunohistochemistry
was used to track changes in protein expression in sections of the same tumors. Metastasis-related genes, CXCR4, uPAR,
VEGFC, Hdm2, and OPN, were observed to be upregulated at gene and protein levels in the primary tumors and nodal
metastasis from the orthotopic transplants. In particular, the hypoxic cells sorted from orthotopically transplanted cervix
tumors and their lymph node metastases from mice exposed to cyclic (intermittent) hypoxia showed higher levels of
expression of these genes. These results are consistent with the hypothesis that these genes may be involved in
regulating lymph node metastasis in cervical cancers under hypoxic conditions and provide support to the concept cyclic
hypoxia that plays an important role in this process. Our methodological study emphasizes the technique of cell sorting
to identify hypoxic cells using CA-9, which may aid in improving prognostic capabilities and in designing rational
therapeutic strategies by focusing on hypoxia-specific gene expression profiles of patients. The technique can be applied
to identify other potential ‘hypoxia-related’ genes of interest for tumor growth and metastasis.
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The heterogeneous microenvironment of solid tumors con-
tains regions of high acidity, low nutrient availability, and poor
oxygenation (hypoxia), which relate to the abnormal vascular
network that exists in tumors.1–3 This abnormal vasculature
leads to areas of both chronic and acute (cyclic) hypoxia be-
cause of intermittent blood flow. When the demand for mo-
lecular oxygen that is necessary for cellular function exceeds
the vascular supply, cellular hypoxia occurs. Genetic and
adaptive changes in cancer cells, likely required for further
survival and proliferation, are essential for tumor progression,
and may occur at an increased frequency because of genomic
instability. Some cells may adapt to the environmental stress,

escape necrosis and apoptosis and, as a result, may develop a
more aggressive phenotype.4,5 Specifically, hypoxia has been
proposed to be a key microenvironmental factor that can alter
the expression of a myriad of genes, including transcription
factors, growth factors, cytokines, and DNA repair enzymes. It
is a mechanism by which tumor cells can acquire genomic
instability, and most tumor cells possess a significant number
of genomic changes. Furthermore, during hypoxia, an intricate
balance exists between factors that induce or counteract
apoptosis, or even stimulate proliferation.4,6–13

A hypoxic microenvironment in solid tumors seems to
contribute to metastatic progression.14–18 Cervical carcinoma
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spreading to the pelvic and aortic lymph nodes is a common
occurrence, and is one of the primary determinants of out-
come for patients. Pitson et al,19 showed a significantly in-
creased risk of nodal or distant metastases in patients with
hypoxic cervix carcinomas, independent of tumor size,
thereby suggesting that tumor hypoxia is a prognostic factor
associated with selection for a metastatic phenotype. Our
earlier work has shown that the level of hypoxia in the pri-
mary tumor predicts the likelihood of lymph node metastasis
in patients.20 Furthermore, using a strategy designed to
simulate acute (cyclic) hypoxia, we have shown that, in
orthotopic cervical xenografts intermittent hypoxia treatment
accelerates lymph node metastasis.21 There is significant
heterogeneity in tumor oxygenation between individual tu-
mors,22 and recently, Bachtiary et al23 have shown that genes
can be expressed quite variably within a single cancer. Fur-
thermore, both acute and chronic hypoxia can occur variably
in tumors, and the relative importance of these different
modes of hypoxia for metastatic spread is currently under
investigation.24

Solid tumors are composed of multiple sub-population of
cells (e.g. tumor cells and non-tumor cells) and as such the
analysis of gene expression may not be representative of
the tumor cells.25 Tumor progression has been recognized as
the product of an evolving crosstalk between different cell
types with the tumor and its surrounding supporting
tissue or tumor stroma. The relative amount of stroma and
its composition vary considerably from tumor to tumor.
Interactive signaling between tumor and stroma contributes
to the formation of a complex multicellular organ. Cancer
cells themselves can alter their adjacent stroma to form
a permissive and supportive environment for tumor
progression.26 Recent cell separation techniques have pro-
vided many advantages for studying cell populations
prepared from solid tumors.27–30 However, current
methods used to detect hypoxic cells are often technically
complex, invasive, or require administration of chemicals to
mark hypoxic cells. We have adapted the earlier work of
Olive et al27 and Vordermark et al31 to devise a simple
separation method for hypoxic cells on the basis of carbonic
anhydrase-9 (CA-9) expression in an orthotopic xenograft
cervical model.32 CA-9 is a well-known marker of tumor
hypoxia identifiable by its intense surface membrane staining,
commonly seen in hypoxic tissue.33–35 Recently, Iakovlev et
al36 showed that CA-9 labeling was correlated with direct pO2

measurements in cervical carcinoma and that there was
significant intratumoral heterogeneity. Our study further
supports CA-9 as a suitable marker for identifying hypoxia
and presents findings showing upregulated expression of a
series of metastasis-related genes in sorted CA-9-positive
(hypoxic) cells. These genes that are identified from the
literature are upregulated in vivo, particularly in the hypoxic
cells in the primary tumors and their lymph node metastasis
from animals exposed to the intermittent (cyclic) hypoxia
regime.

MATERIALS AND METHODS
Cell Culture
ME180, human cervical carcinoma cells, stably transfected
and labeled with DsRed, were cultured as described earlier.21

Briefly, the cells were grown in vitro as monolayers in
a-minimal essential medium (a-MEM) (Gibco BRL,
Burlington, ON, Canada) supplemented with penicillin/
streptomycin and 10% fetal bovine serum (FBS; Wisent, St
Bruno, QC, Canada). The cells were grown under selection
pressure with 400 mg/ml G418 (Life Technologies, Inc.,
Burlington, ON, Canada) and incubated in 5% CO2 and
humidified air at 371C.

Orthotopic Cervical Implantation
The tumor cells were implanted orthotopically into the cervix
of SCID mice as described earlier.32 All animal experiments
were carried out according to protocols approved under
regulations of the Canadian Council on Animal Care.

In Vivo Cyclic Hypoxia
Cyclic hypoxia treatment in vivo was performed as described
earlier.21 Briefly, the hypoxia treatment consisted of 12 cycles
of 10min in 7% O2, and balance N2 followed by 10min in
air, given 4 h/day/week (7 days) for 3 weeks during tumor
growth. Normoxic animals were handled similarly but sub-
jected to air breathing only. The mice were killed im-
mediately after the last (hypoxic) cycle and the primary
cervix and lymph node metastatic tumors were immediately
removed and flash frozen in OCT for immunohisto-
chemistry, immunofluorescence, and separately for RNA
extraction. We have earlier shown that cyclic hypoxia causes a
decrease in tumor growth relative to air-treated mice.21

At harvest, the tumor sizes are B 0.25 g.

Single-Cell Suspensions and Cell Fluorescence Activated
Cell Sorting Analysis
Single-cell suspensions from pooled primary cervix and
metastatic lymph node tumors, were prepared by an enzy-
matic technique adapted from Siemann and colleagues.28,29

Briefly, tumors (primary cervix and lymph node) were re-
moved from the mice, minced finely, and added to an en-
zyme cocktail mix consisting of 0.025% collagenase (Sigma-
Aldrich, Oakville, ON, Canada), 0.04% DNAse (Sigma), and
0.05% pronase (Sigma). The enzyme preparations (35ml
enzyme solution per gram of tissue) were incubated for 1 h
with constant agitation on a rotating wheel at 371C. After
incubation, the tumor cell suspensions were passed through
40-mm-pore nylon mesh filters into 10% FBS and centrifuged
at 1000 rpm for 7min at 41C. The single-cell suspensions
were resuspended in complete a-MEM (with 10% FBS). All
procedures, except incubation, were performed at 41C. Cell
number and viability were measured using a hemocytometer
and vital-dye trypan-blue, respectively.

Pelleted cells were resuspended in a primary human anti-
CA-9 (Novus Biologicals) MN75 monoclonal antibody
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(2.5 ml M75/5� 105 cells) and incubated for 15min at room
temperature. The cells were rinsed twice with 4% FBS in PBS
and then centrifuged for 5min at 1000 rpm. The cells were
resuspended with secondary goat-anti-mouse FITC (green
fluorescence) antibody (1 ml/5� 105 cells) and incubated for
15min at RT in the dark. The cells were washed once with
4% FBS in PBS and centrifuged for 5min at 1000 rpm. They
were resuspended in 4% FBS in PBS (0.5ml for 5� 105 cells).
Hoechst 33342 (10 mM) was added as a control to assess the
population of viable tumor cells, and incubated for 15min at
371C. Hoechst 33342 was not included in the sorted samples,
other than to help define gates on the basis of forward and
side scatter. All samples were filtered through 40-mm-pore
nylon mesh into 0.5ml of 4% FBS in PBS. From the DsRed-
sorted tumor cells, hypoxic cells were sorted on the basis of
anti-MN75 monoclonal human antibody positivity (initial
gates were set using forward and side scatter and Hoechst
33342 to identify the tumor (DsRed) cell population)
(Supplementary Figures 1 and 2). Flow cytometry was con-
ducted using MoFlo (Dako) in the PMH Flow Cytometry
Facility. Sorted cells (106 cells from primary cervix tumor and
104 from lymph node metastasis; from one experiment of
25 pooled mice) were pelleted and flash frozen for later
extraction of RNA.

Flow Cytometry Analysis In Vitro and In Vivo
ME180 DsRed cells were treated with cyclic hypoxia in vitro
for 24 h (7% O2 for 30min or 0% O2 for 30min) after which
the cells were labeled with the primary antibodies noted for
immunofluorescence. Secondary antibodies of Allophyco-
cyanin (APC) donkey anti-goat and goat-anti-rabbit (Alex
Fluor 680; Invitrogen Molecular Probes) were used to iden-
tify the target genes (FL4 channel-red), and goat-anti-mouse
FITC was used to identify the CA-9-positive cells in the FL1
channel (green). Double positive cells for CA-9 and target
genes were quantified after gating on the side and forward
scatter and cell viability using 7-AAD (7-amino-actinomycin
D). A similar procedure was used to isolate double positives
and correlation of target genes in the primary tumor. In-
itially, CA-9 and DsRed positives were sorted as described
above and these cells were then used to stain for the target
genes of interest.

RNA Extraction and Real-Time Quantitative PCR Assay
Total RNA was extracted, using the Qiagen RNeasy Mini
Extraction kit (Qiagen, Mississauga) from frozen tissue or
cultured ME180 cells, and frozen cell pellets, according to the
manufacturer’s instructions. From 0.5 to 1 mg of DNase-
treated total RNA, first-strand cDNA was reverse-transcribed
using OmniScript (Qiagen) according to the manufacturer’s
instructions. For real-time PCR detection, 1/10 of the cDNA
was mixed with primers (0.3 mM final concentration),
ddH2O, and SYBER Green Master Mix (Applied Biosystems,
Foster City, CA, USA) for PCR amplification with a final
well volume of 20 ml. Primers for the genes of interest were

designed using the Primer Express software program
(PE; Applied Biosystems) and synthesized by Invitrogen
(Supplementary Table 1 for primer sequences). The real-time
PCR protocol was 501C for 2min (pUNG deactivation to
prevent carry-over contamination), 951C for 10min (hot
start), plus 40 cycles of 951C for 15 s (melting), and 601C for
1min (annealing and extension), as recommended by an ABI
manufacturer. The reactions were run and analyzed with an
ABI PRISM 7900 Sequence Detector (Applied Biosystems).
Human L32, a ribosomal protein, was used as an endogenous
control to normalize the results. Levels of L32 did not differ
significantly from normoxia to hypoxia. Samples were run in
duplicate or triplicate to obtain the corresponding threshold
cycle (Ct), values which were used as a direct quantitative
measurement of the gene expression level and expressed as
mean (±s.d. or s.e.). Fold differences of hypoxia/normoxia
were calculated. Initial experiments included using universal
human RNA to ensure that no variability was observed with
the L32 control. VEGFA was used as a positive control for
hypoxic treatment. Negative controls were without cDNA
templates.

Immunohistochemical Analysis
Immunohistochemical staining was performed by the Patho-
logy Research Program at Toronto General Hospital and at
the Drug Development Laboratory at OCI/PMH. Frozen
sections of primary cervix and lymph node tumors (5 mm)
were air-dried and fixed in cold acetone or 2% paraf-
ormaldehyde for 10min. The sections were then air-dried
and washed in PBS. Endogenous peroxidase was blocked with
0.3% hydrogen peroxide and the slides were washed in water.
An avidin/biotin blocking kit (Vector Labs) was used to block
avidin/biotin activity within the tissue for 15min. The slides
were washed with PBS. Sections were incubated with a nor-
mal serum protein block (Vector Labs), then drained and
incubated with a primary antibody at room temperature in a
moist chamber (see Supplementary Table 2 for antibody
conditions). The slides were washed with PBS and incubated
with a biotinylated secondary antibody for 30min (Vector
Labs), washed with PBS again, and then incubated with a
peroxidase-conjugated ultrastreptavidin labeling reagent
(Vector Labs). Color development was carried out with
freshly prepared Nova Red (Vector Labs). Finally, the sections
were counterstained with Mayer’s hematoxylin and mounted
in Permount (Fisher). Whole slide images were scanned (at
� 20 magnification) in the Advanced Optical Microscopy
Facility at OCI/PMH, and the Positive Pixel Count
Algorithm in the ImageScope software (Aperio Technologies)
was used to quantify the positive signal.

Immunofluoresence Dual Labeling of CA-9 and Target
Genes
Frozen sections of primary cervix tumors and lymph node
metastasis were cut at 5-mm thickness on a Leica CM1950
Cryostat. The slides were fixed in 2% formaldehyde/PBS for
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20min at 41C and rinsed in PBS. Primary antibody incuba-
tion with target markers and CA-9 cocktail was carried out
for 16 h at RT using CXCR4 (Santa Cruz goat polyclonal,
1:1000 dilution); uPAR (Chemicon goat polyclonal, 1:25
dilution); OPN (R&D goat polyclonal, 1:200 dilution);
Mdm2 (R&D rabbit polyclonal, 1:500 dilution); VEGFC
(Zymed rabbit polyclonal, 1:300 dilution); and CA-9 (Novus
Biologicals; mouse monoclonal MN75, 1:200 dilution).
Negative controls were incubated in PBS only. Cy3/Cy5-
conjugated secondaries were incubated for 60min
(Anti-mouse IgG Jackson ImmunoResearch, Cy3- or Cy5-
conjugated, 1:200; anti-rabbit IgG Jackson ImmunoResearch,
Cy3-conjugated, 1:200; anti-goat IgG. Jackson Immuno-
Research, Cy3-conjugated, 1:200.) Nuclei were labeled in a
DAPI solution for 5min, rinsed in PBS, and blow-dried.

Immunofluorescence analysis of the images was carried
out with the Olympus BX50 with a 100W mercury arc
burner, a 20� UPlanFL NA 0.75 object (Olympus, Canada).
Fluorescent cubes of #31000 for DAPI, #31002 for Cy3, and
#41008 for Cy5 were used (Chroma, Rockingham, VT, USA).
Images were tiled using the software MCID (MicroComputer
Imaging Device) version Elite 7.0 1.0 build 207, (Imaging
Research St Catharines, Canada) which controlled both the
Quantix Cooled CCD camera (Photometrics, Tucson, AZ,
USA) and the Ludl Precision stage with a MAC5000 con-
troller (Ludl Electronic Products, Hawthorne, NY, USA). The
images were analyzed using MCID Analysis (Interfocus
Imaging Ltd., UK). Flat-field correction was performed for
each fluorochrome using a blank slide before acquisition.
This correction was then applied to the appropriate field of
view by the MCID software while tiling sequential fields.

Statistical Analysis
One-way analysis of variance followed by the Newman–Keuls
post-test, using Graphpad software, was used to determine
the significance between normoxic and hypoxic treatment
groups, as well as between primary cervix and lymph node
groups. Statistical significance was assumed at P-values of
o0.05.

RESULTS
Sorting and Gene Expression Profile after Acute Cyclic
Hypoxia in the Orthotopic Cervical Model in Sorted and
Unsorted Tumor Cells
We initially verified that the expression of the metastasis-
associated genes in ME180 cells (Supplementary Table 3) was
affected by exposure to chronic hypoxia (0.2% O2 for 24 h)
in vitro. Most genes were highly upregulated by 24 h of
chronic hypoxic exposure (0.2% O2) followed by 1 h of re-
oxygenation in relation to normoxia. Furthermore, the ex-
pression levels returned to normoxic levels after 18 h of
reoxygenation, indicating that the gene expression changes
were transient (Supplementary Figure 3).

The profiles and gates used for sorting CA-9 positive
and negative cells populations from primary cervix tumors

and lymph node metastasis in normoxia (air)-treated mice,
are illustrated in Figure 1a. Only 20 and 10% (s.d.±1 and
0.5%, respectively) of cells sorted from the primary cervix
tumor and lymph node metastasis, respectively, were CA-9
positive in the cell population derived from tumors exposed
to normoxia. These values are averaged from four individual
sorting experiments. Approximately 10–15% of the cells in
the profile did not express DsRed (seen in the lower area of
the sorting profile). These cells most probably represent
normal cells, although there may also be some tumor cells
that have lost expression of DsRed. The profiles and gates
used for sorting CA-9 positive and negative cells from pri-
mary cervix tumors and lymph node metastasis in cyclic
hypoxic-treated mice (exposed to 12 cycles of 10min in 7%
O2, balance N2 for 10min in air, given 4 h/day for 3 weeks
during their growth) are illustrated in Figure 1b. Approxi-
mately 80 and 60% (s.d.±5 and 2%, respectively) of the cells
sorted from these primary cervix tumor and lymph node
metastasis, respectively, were CA-9 positive.

We initially examined the gene expression levels in the
pooled unsorted (whole tumor tissue) primary cervical tu-
mors and lymph node metastatic tumors exposed to cyclic
hypoxia during their growth. A small increase was observed
in the expression of a majority of the studied genes relative to
tumors that were not exposed to cyclic hypoxia (normoxia)
(Figure 2a). Of the 11 genes tested, 8 were significantly up-
regulated in the primary tumors and 7 of these genes were
upregulated in the lymph node metastasis. As the total tumor
cell population may not represent gene expression in the
hypoxic tumor cells, we examined gene expression specifically
in the (sorted) hypoxic (CA-9 positive) population of tumor
cells from primary cervix and lymph node metastatic tumors
exposed to normoxia or cyclic hypoxia. The hypoxic cells
were sorted on the basis of CA-9 expression from the tumor
cell population (DsRed expression), and the gene expression
in these cells was analyzed relative to cells not expressing CA-
9 from the same tumors. Interestingly, there was limited
upregulation of these genes in CA-9-positive tumor cells
from tumors exposed to normoxia (Figure 2b); however,
there were large increases in gene expression in the
CA-9-positive tumor cells from the tumors exposed to
cyclic hypoxia (Figure 2c). Ten genes (including CA-9)
were upregulated in the primary cervix tumors and in lymph
node metastasis excluding IL-8. In the ME180 primary
cervix tumors, CXCR4 and Hdm2 and in the lymph node
metastases, uPAR, VEGFC, and OPN showed the highest
upregulation.

Immunolocalization Analysis of Upregulated Genes
Under Cyclic Hypoxia
We next examined whether the changes in mRNA reflected
the changes in protein expression. We focused our attention
on the expression of the six genes, CXCR4, VEGFC, Hdm2,
OPN, uPAR plus CA-9, which showed the greatest increase in
expression after cyclic hypoxia in primary and lymph node
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tumors. Immunohistochemistry was conducted to analyze
the expression patterns after cyclic hypoxia exposure in vivo
(Figure 3a). In the tumor cells in both the primary cervix and
the lymph node tumors, the localization pattern of CXCR4
showed positive membrane staining with cytoplasmic loca-
lization of the receptor,37 and VEGFC showed a positive
membrane stain.38,39 uPAR staining was observed to be
localized in the cytoplasm, but specific regions showed
membrane staining consistent with literature reports.40

Hdm2 stained positive in both the nucleus and cytoplasm.
The staining of OPN appeared in the cytoplasm with slight
membrane staining of tumor cells in both the primary cervix
and the lymph node tumors. In addition, CA-9 showed the
presence of hypoxic regions in the ME180 xenografts. The
localization patterns of CA-9 revealed abundant staining in
cyclic hypoxia-treated mice (80% in the primary cervix and
60% in the nodes) compared with normoxia-treated mice

(20% in the primary cervix and 10% in the nodes), consistent
with the fact that these mice were killed immediately
after exposure to the cyclic hypoxia-breathing regime and
consistent with the results from the sorting experiments. All
the six genes analyzed were more abundantly expressed in
tumors derived from mice exposed to cyclic hypoxia com-
pared with tumors from normoxic mice. These differences in
protein expression levels were quantified using the Positive
Pixel Count Algorithm/Image Scope (Aperio), which con-
firmed significantly increased levels of these genes in the
tumors exposed to cyclic hypoxia (Figure 3b). The quantifi-
cation of the positive localization signal is representative of
tumor cells.

Immunofluoresence analysis showed strong-to-moderate
correlation of CA-9 with the target genes of interest in both
the primary tumor and lymph node metastasis (Figure 4a)
indicating a 480% correlation (CXCR4, uPAR, and OPN) of
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CA-9 positivity (under hypoxia) with the target markers and
VEGFC and Hmd2 showing weak-to-moderate correlation
(with o10% correlation under normoxia), which relates to
the immunohistochemical analysis of these genes. These
results were supported by dual-color flow cytometry analysis
of tumor cells exposed to cyclic hypoxia, both in vitro and
in vivo (sorted CA-9-positive cells). Figure 4b and Supple-
mentary Figure 4 also show a strong correlation of CA-9
(475%) with the target markers, which further supports our
methodological study of using CA-9 to identify hypoxic cells
in this cell-sorting technique.

DISCUSSION
Specific interest areas from tissues can be isolated by manual
dissection from slides. The recent development of micro-
dissection systems on the basis of laser technology has been
useful in accelerating and extending the isolation of cell
clusters or single cells with specific phenotypes or markers
from tissues. In our study, we have shown the use of a
simplified technique that can isolate single-cell suspensions
of hypoxic cells from ME180 tumors using CA-9 as a marker.
The ME180 tumors were chosen for evaluation on the basis
of our earlier work showing a close correlation between CA-9
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Figure 3 Immunohistochemical analysis of hypoxic-responsive and metastatic-related genes, CXCR4, uPAR, VEGFC, Hdm2, OPN, CA-9. (a) Immunostained

(red) sections of tumors from the orthotopic cervical model of ME180 with hematoxylin counterstain (i) primary tumor, normoxia; (ii) primary tumor, cyclic

hypoxia; (iii) lymph node metastasis, normoxia; (iv) lymph node metastasis, cyclic hypoxia. Images are representative of three independent experiments (10

mice/group). Tumors compared were obtained from same mouse/experiment. Magnification is at 20� . Arrows represent nuclear staining. (b)

Quantification of immunohistochemical analysis. Positive pixel counts were used to quantify the % positivity for each gene. % positivity¼ Total positive

area/total tissue area (pixels). The normoxia and cyclic hypoxia groups are represented in the black and gray bars, respectively. Quantification was

performed on three individual scanned images (whole section) per tumor samples to obtain a mean±s.e. value for each gene (Po0.05 between hypoxia

and normoxia groups for all genes). **Indicates significance between primary tumor and lymph node.
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staining and EF5 staining in these tumors.21 The sorting
technique obtains cells from a volume of tissue and is hence
likely to reduce the effects of heterogeneity of hypoxic regions
within the tumors. We also used a tumor-specific marker

(DsRed) to select tumor cells, although this would clearly not
be applicable in primary tissue specimens. However, the
availability of a suitable tumor-specific marker would make
this an applicable technique in primary human tumors.
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Figure 4 Correlation of target genes and CA-9 expression in tumor cells exposed to normoxia and cyclic hypoxia in vitro and in vivo.

(a) Immunofluorescence staining of primary tumor and lymph node metastasis showing CA-9 in green and the target genes represented in red in normoxia

(ii) and (iv) and hypoxia (i) and (iii) treated mice from the primary tumor (i) and (ii) and lymph node metastasis (iii) and (iv). (b) Flow cytometry analysis

showing the percent of CA-9 positive cells which expressed the target genes illustrated (n¼ 2) after exposure of the tumor cells to cyclic hypoxia in vitro (left

panel) or of the tumors to cyclic hypoxia in vivo (CA-9 sorted cells) (right panel). **Po0.001 between hypoxia and normoxia for all genes in vitro and in vivo.
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The gating procedure used was sufficient enough to ensure
a large portion of DsRed (tumor positive) cells sorted from
the single-cell suspension. We investigated the expression
profiles of a group of metastasis-related genes in the sorted
(hypoxic) population of cells from orthotopic tumors. These
genes were upregulated by hypoxic exposure in vitro and
most were also found to be upregulated in vivo in the
primary tumors and in the lymph node metastasis in mice
exposed to cyclic hypoxia. Upregulation was observed
both at the mRNA and protein levels, despite the complex
effects of the three-dimensional microenvironment that has
been shown to have a dramatic influence on biological
function and gene expression profiles.5,13,41 The majority of
the studied genes is reported to be HIF-1 regulated, with the
exception of OPN and Hdm2 (see Supplementary Table 3).

A novel finding of our study is the observation that the
hypoxic cells sorted from tumors exposed to cyclic hypoxia
showed much greater upregulation of the metastastic-related
genes than those observed in the total cell population or in
hypoxic cells isolated from tumors in mice exposed to nor-
moxia (Figures 1a and b, 2a and b). The implication of these
results is that the hypoxic tumor cells induced by the cyclic
hypoxia regime are largely responsible for the observed gene
upregulation (Figure 2c). One possible explanation of these
findings may be that many of the CA-9-positive cells in tu-
mors in mice exposed to normoxia are chronically hypoxic
and have reduced transcription and translation to conserve
energy.42,43 An alternative explanation might be that the CA-
9-positive cells in tumors from mice exposed to normoxia are
not all hypoxic at the time of killing, as CA-9 is a long-lived
protein and may persist for some time after reoxygenation
(Figure 2b and c). Regardless, an important aspect of these
observations of upregulation of metastasis-related genes in
tumors in hypoxia-exposed mice is that they are consistent
with our earlier results that exposure to hypoxia increases
lymph node metastasis in this model.21

In addition to the gene expression studies, the immuno-
localization analyses may be useful in part for developing new
specific hypoxic markers for cervical cancer. Our localization
analysis with CA-9 (hypoxia) is consistent with other reports
that tumor-associated CA-9 is strongly correlated to metas-
tases in primary cervical cancer.44,45 However, our own
studies of CA-9 in primary cervix carcinomas have suggested
that heterogeneity of expression in different regions of the
tumors may confound the predictive value of CA-9 expres-
sion measured in biopsies from such tumors.36,46 As noted
above, analysis of cell suspensions derived from biopsies may
help to reduce the effect of heterogeneity. We have not
addressed heterogeneity directly in this study, but it is of
interest that the CA-9 positivity observed for the
immunohistochemical analysis (Figure 3b) correlates in
magnitude with the mean percentage of CA-9-positive cells
sorted from the hypoxic and normoxic populations in both
primary cervix and lymph node metastatic tumors (Figure 1).
We have shown a direct relationship between hypoxia and

gene expression by the tumor cells through immuno-
fluorescence analysis and flow cytometry (Figure 4a and b)
through staining and labeling of tumor cells with CA-9 and
with the selected metastasis-related proteins. It is also of
interest that the influence of the stromal interactions on gene
expression is limited in the genes studied in this model, as
in vitro and in vivo gene expression profiles are similar after
exposure to cyclic hypoxia (data not shown).

One of the critical steps in understanding how tumors
metastasize is to identify the genes involved.13 Our ex-
amination of sorted hypoxic cells revealed a gene expression
profile reflecting upregulation of metastatic-related genes.
Tumor models involving orthotopic transplantation are
regarded as better models of human cancer on the basis of
tumor histology, vascularity, gene expression, responsiveness
to chemotherapy, and metastatic biology.47,48 We have used
the ME180 orthotopic cervical model earlier to explore a
variety of phenotypes associated with metastatic progression
in relation to cervical carcinoma and lymph nodal metas-
tasis.21 The genes identified as responsive to acute hypoxia
treatment are currently being evaluated for their involvement
in metastasis in the orthotopic model using RNA interference
or antibody approaches by blocking their activity or by using
overexpression systems. Given their capacity to influence
invasion, apoptosis, angiogenesis, migration, and survival,
these genes may be important in the spread of cells to local
lymph nodes, and in the establishment of secondary tumors.
Our study can lead directly to the opportunity to examine
therapeutic intervention, as the ME180 model has been
shown to develop lymph node metastases. More specifically,
this study has directed the focus on hypoxic cells from tumor
cell populations to identify potential gene expression candi-
dates for prognostic purposes. Future studies will examine
these approaches in the acute-hypoxia model of ME180
cervix cancer, as well as extend the gene expression studies to
biopsy specimens of human cervix cancers.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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