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Under hypoxia, tumor cells produce a secretion that mod-
ulates their microenvironment to facilitate tumor angio-
genesis and metastasis. Here, we observed that hypoxic
or reoxygenated A431 carcinoma cells exhibited enhanced
angiogenic and metastatic potential such as reduced cell-
cell and cell-extracellular matrix adhesion, increased inva-
siveness, and production of a secretion with increased cho-
rioallantoic membrane angiogenic activity. Consistent with
these observations, quantitative proteomics revealed that
under hypoxia the tumor cells secreted proteins involved in
angiogenesis, focal adhesion, extracellular matrix-receptor
interaction, and immune cell recruitment. Unexpectedly, the
secreted proteins were predominantly cytoplasmic and
membrane proteins. Ultracentrifugation at 100,000 � g pre-
cipitated 54% of the secreted proteins and enriched for
many exosome-associated proteins such as the tetraspan-
ins and Alix and also proteins with the potential to facilitate
angiogenesis and metastasis. Two tetraspanins, CD9 and
CD81, co-immunoprecipitated. Together, these data sug-
gested that tumor cells secrete proteins and exosomes with
the potential to modulate their microenvironment and facil-
itate angiogenesis and metastasis. Molecular & Cellular
Proteomics 9:1085–1099, 2010.

Cancer is the leading cause of mortality, causing one in
eight deaths worldwide with 90% of these deaths attributable
to metastases (1). Generally, a primary non-metastatic cancer
begins at a localized focus and is resectable with good prog-
nosis, but once metastasized, it is usually unresectable, and
controlling its spread with radio- and chemotherapy remains
ineffective (2). In fact, prognoses of highly metastatic cancers
have not improved in the last century (3).

To sustain growth and survival in their hostile microenviron-
ment, rapidly growing tumors have to overcome hypoxia

(Hx)1 and a lack of nutrients through either angiogenesis to
ensure an adequate supply of oxygen and nutrients or metas-
tasis to a more conducive microenvironment. Therefore, thera-
peutic intervention targeting tumor angiogenesis or metastasis
represents a viable strategy for regulating tumor growth. In-
deed, antitumor angiogenesis drugs such as anti-VEGF therapy
have proven to be clinically efficacious (4). However, the thera-
peutic efficacy of such treatments is generally short lived as
tumors are proficient at adopting alternative pathways to cir-
cumvent the therapeutic block. For example, prolonged anti-
VEGF treatment on tumors is known to select for the tumor
cells that recruit alternative angiogenesis signaling pathways in-
volving fibroblast growth factor, platelet-derived growth factor
(PDGF), and angiopoietins (5). Therefore, to develop effective
therapeutics, a comprehensive understanding of the complex
processes that are central to metastasis and angiogenesis
would likely reveal more robust and less redundant therapeutic
targets. Because emerging evidence implicates Hx as a key
inducer of angiogenesis and metastasis in tumors (6) and be-
cause extracellular signals emanating from the tumor cells will
be necessary in modulating the extracellular matrix (ECM) to
facilitate the cell migration during tumor development (7), we
focused on elucidating the secretome (8) of tumor cells in their
adaptation to Hx.
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1 The abbreviations used are: Hx, hypoxia; Reox, hypoxia/reoxy-
genation; ECM, extracellular matrix; CAM, chorioallantoic membrane;
Nx, normoxia; CM, conditioned medium; E-cad, E-cadherin; CDH1,
E-cadherin; KLK6, kallikrein 6; MMP, matrix metalloproteinase; ANG,
angiogenin; GRO/GRO-�, growth-related oncogene; G-CSF, granulo-
cyte colony-stimulating factor; GM-CSF, granulocyte-macrophage col-
ony-stimulating factor; IGF-II, insulin like growth factor-II; TIMP, tissue
inhibitor of matrix metalloproteinase; MHC, major histocompatibility
complex; VEGF, vascular endothelial growth factor; PDGF, platelet-
derived growth factor; EGFR, epidermal growth factor receptor; iTRAQ,
isobaric tag for relative and absolute quantitation; NSCL, non-small cell
lung; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine
serum; IPI, International Protein Index; FDR, false discovery rate; EF,
error factor; F-actin, filamentous actin; KEGG, Kyoto Encyclopedia of
Genes and Genomes; IGFBP, insulin-like growth factor-binding protein;
TGF-�, transforming growth factor-�; IL, interleukin; TMHMM, Trans
Membrane prediction using Hidden Markov Models; PANTHER, Protein
ANalysis THrough Evolutionary Relationships.
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A431 squamous carcinoma cells have been used as a
model to study the oxidative stress- or EGFR-mediated an-
giogenesis and tumor growth (9, 10) and in a xenograft model
for metastasis (11). Here, A431 cells were used to investigate
the effects of Hx and hypoxia/reoxygenation (Reox) stresses
on metastasis and angiogenic potential. We observed that
under Hx the tumor cells exhibited reduced adhesion to their
neighboring cells or ECM accompanied by enhanced inva-
siveness into Matrigel. We also noted that secretion from the
hypoxic A431 cells was more efficient at inducing angiogen-
esis in the chorioallantoic membrane (CAM) assay. These
observations suggest that Hx and/or Reox potentiated the
angiogenic and metastatic phenotype in A431 cells, possibly
through the secretion of proangiogenic and prometastatic
factors. To test this hypothesis, we used mass spectrometry-
based and cytokine array proteomics approaches to perform
high throughput elucidation of the secretome of A431 tumor
cells. High throughput proteomics analysis by mass spec-
trometry has been applied successfully to uncover potential
cancer biomarkers as well as elucidate the tumorigenic mech-
anism (12, 13). Here, we utilized quantitative proteomics in
analyzing the tumor secretome and delineating the dynamic
changes in the secretome during Hx and Reox with a specific
focus on signals that are potentially useful to the survival of a
tumor in a hostile tumor microenvironment.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—All reagents were purchased from
Sigma unless otherwise specified. Antibodies to extracellular and
cytoplasmic domains of EGFR were purchased from Affinity
BioReagents (Golden, CO). Anti-E-cadherin and HIF-1� antibody
were purchased from BD Pharmingen. Anti-KLK6 antibody was
from Abcam (Cambridge, UK). Park7, actin, and tubulin were from
Santa Cruz Biotechnology (Santa Cruz, CA). The human cytokine
antibody array and receptor tyrosine kinase phosphorylation array
were from RayBiotech, Inc. (Norcross, GA). The iTRAQ reagent kit
was from Applied Biosystems (Foster City, CA).

Cell Culture and Hypoxia/Reoxygenation Treatment—The A431
squamous carcinoma, MDA-MB-231 breast adenocarcinoma, A549
non-small cell lung (NSCL), H1299 NSCL, and HFF-1 foreskin fibro-
blast cells were purchased from ATCC. A431, MDA-MB-231, and
HFF-1 cells were cultured in DMEM with 10% FBS. A549 and H1299
cells were cultured in RPMI 1640 medium with 10% FBS. For all
experiments, 2 � 106 cells of each cell line were seeded on 10-cm
dishes in DMEM or RPMI 1640 medium with 10% FBS and incubated
under 5% CO2 at 37 °C. On reaching 30–40% confluency, the cells
were adapted to serum deprivation by incubating in Minimum Essential
Medium � with 0.5% FBS for 12 h. The cells were washed five times
with 1� PBS and three times with serum-free medium before incubating
in serum-free medium. The cells were exposed to Nx (21% O2, 5% CO2)
for 48 h or Hx (�0.1% O2, 5% CO2) for 48 or 72 h. For Reox stress, the
cells were exposed to Hx for 48 h, changed to a fresh medium, and then
exposed to Nx (21% O2, 5% CO2) for an additional 24 h.

Cell Viability and Cell Cycle Analysis—Cell viability was assessed
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide as-
say. Cell cycle analysis was performed by staining cells with pro-
pidium iodide followed by flow cytometry.

Immunofluorescence Analysis and Immunoblotting—To visualize
filamentous actin (F-actin) and E-cadherin, immunofluorescent stain-

ing with FITC-phalloidin and anti-E-cadherin antibody was performed
and viewed under a Zeiss LSM 510 laser scanning confocal micro-
scope (Carl Zeiss, Inc., Oberkochen, Germany). Cells were seeded
into 20 � 20-mm coverslips, treated for the indicated conditions,
fixed by 4% paraformaldehyde, and then permeabilized with 0.05%
Triton X-100 in PBS for 20 min. The cells were incubated with goat
serum to block nonspecific binding sites before incubation with
monoclonal anti-E-cadherin (BD Pharmingen; 1:100) for 1 h, washed,
and then incubated with FITC-conjugated secondary antibody for 1 h.
For visualization of filamentous actin, fixed cells were stained with 500
ng/ml phalloidin (Sigma) in PBS containing 1% goat serum for 15 min.
After that, cells were washed, mounted, and examined by confocal
microscope. The procedures described above were carried out at
room temperature. Immunoblotting was performed after SDS-PAGE
by probing with specific antibodies against EGFR, KLK-6, CDH-1,
Park7, HIF-1�, actin, and �-tubulin and visualization by ECL.

Adhesion and Transwell Invasion Assay—24-well plates were
coated with 40 �g/ml type I collagen in DMEM. Uncoated wells were
incubated with 0.5% BSA in DMEM to serve as negative control. Cells
were treated under Nx, Hx, or Reox conditions; harvested; resus-
pended in serum-free medium; and seeded at 2.5 � 105 live cells/well
in a 24-well plate. Cells were incubated for 0.5, 2, 12, or 24 h at 37 °C.
After incubation, the detached cells were removed by serum-free
medium, and attached cells were fixed with 95% ethanol for 10 min
and stained with 0.1% crystal violet for 25 min. The plate was im-
mersed in fresh tap water to remove excess dye and then allowed to
air dry for 5–10 min. The adherent cells were visualized under light
microscopy at 200� magnification. 200 �l of 0.5% Triton X-100 was
then added to each well to solubilize the cells overnight at room
temperature. The absorbance was measured at A595 using a micro-
plate reader (Tecan Magellan, Männedorf, Switzerland).

The cell invasion assay was performed using 24-well Transwell
plates containing 8-�m-pore size polycarbonate filters (Corning
Costar, Cambridge, MA). Transwell inserts were coated with 100 �l of
Matrigel (diluted 1:2 in �-minimum Eagle’s medium; BD Biosciences)
and allowed to solidify for 1 h at 37 °C. 4 � 104 cells were seeded in
serum-free medium in each Transwell and incubated for the indicated
times. The Transwells were then removed, and cells that had not
migrated through the filter and had remained inside each Transwell
were removed by wiping with a cotton swab. Cells that had migrated
through the filter of each Transwell and adhered to the other side of
the filter of the Transwell were stained with the crystal violet for image
capture and counted under a light microscope.

CAM Assay—Shells of 4-day fertilized eggs (Chew’s Agriculture,
Singapore) were scored equatorially with a cutoff wheel, and the
contents were gently transferred into sterilized 80-mm2 plastic weigh
boats and incubated ex ovo in an egg incubator (Brinsea, North
Somerset, UK) at 37.7 °C at 76% humidity under a home-made
plastic shield to prevent the albumen from drying out. For each
onplant, two nylon mesh layers were embedded into 3 mg/ml colla-
gen mixed with conditioned medium (CM). Collagen onplants were
placed randomly on CAMs of 10-day-old chick embryos. Distinct
blood vessels appearing in the onplants above the plane of the lower
mesh were identified.

Sample Preparation, iTRAQ Labeling, and LC-MS—CM was col-
lected and concentrated by centrifugation with Amicon ultrafiltration
units (5-kDa molecular weight cutoff; Millipore, Billerica, MA). The
secreted proteins were labeled with the isobaric tags as followed: the
Nx-treated sample was labeled with 114; the sample under Hx for 48
or 72 h was labeled with 115 or 117, respectively; and the Reox-
treated sample was labeled with 116 isobaric tag. Protein digestion
and labeling with iTRAQ reagents were performed according to the
supplier’s instruction. The labeled sample was fractionated using the
Shimadzu Prominence UFLC system (Kyoto, Japan) connected to a
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PolySULFOETHYL A column (PolyLC, Columbia, MD; 4.6 � 200 mm,
5-�m particle size, 200-Å pore size). Fractionation was performed
with a 60-min linear gradient of 0–500 mM KCl (10 mM KH2PO4, pH
3.0, 25% acetonitrile) at a flow rate of 1 ml/min. A total of 40 fractions
were collected and desalted using Sep-Pak C18 cartridges (Waters).
Each fraction was dried down and redissolved in 100 �l of 0.1%
formic acid for MS analysis. All fractions were analyzed using a
QSTAR Elite mass spectrophotometer coupled with an on-line Tempo
nano-MDLC system. For each analysis, 10 �l of peptide mixture was
injected and separated on a home-packed nanobored C18 column
with a picofrit nanospray tip (75-�m inner diameter � 15 cm, 5-�m
particles) (New Objectives, Woburn, MA). The separation was per-
formed at a constant flow rate of 300 nl/min with a 120-min gradient.
The mass spectrometer was set to perform data acquisition in the
positive ion mode with a selected mass range of 300–2000 m/z.
Peptides with 2� to 4� charge states were selected for MS/MS. The
three most abundant peptides above a five-count threshold were
selected for MS/MS, and each selected target ion was dynamically
excluded for 30 s with �30 mDa mass tolerance. Smart information-
dependent acquisition was activated with automatic collision energy
and automatic MS/MS accumulation. The fragment intensity multi-
plier was set to 20, and the maximum accumulation time was 2 s. The
peak areas of the iTRAQ reporter ions reflect the relative abundances
of the proteins in the samples (14, 15).

Database Searching and Criteria—Protein identification and pep-
tide quantification were performed using ProteinPilot software version
3.0 (Applied Biosystems) by searching the combined raw data from
the three runs of two independent biological samples against the
concatenated “target” (International Protein Index (IPI) human data-
base, version 3.34, including 69,164 sequences and 29,064,824 res-
idues) and “decoy” (the reverse amino acid sequence for false dis-
covery rate (FDR) estimation) databases. The Paragon and Pro Group
algorithms in the ProteinPilot software were used for peptide identifica-
tion and isoform-specific quantification. User-defined parameters were
as follows: (i) sample type, iTRAQ fourplex (peptide-labeled); (ii) cysteine
alkylation, methyl methanethiosulfonate; (iii) digestion, trypsin; (iv) in-
strument, QSTAR Elite ESI; (v) special factors, none; (vi) species, none;
(vii) specify processing, quantitate and bias correction; (viii) ID focus,
biological modifications; and (ix) search effort, thorough.

To minimize false positive results, a strict cutoff for protein identi-
fication was applied with the unused ProtScore �2, which corre-
sponds to a confidence limit of 99%, and at least two peptides with
95% confidence were considered for protein identification as listed in
supplemental Table S1. With this filter, the corresponding FDR was
calculated from the decoy database. The resulting data set was
autobias-corrected to get rid of any variations imparted due to un-
equal mixing during combining different labeled samples. For iTRAQ
quantitation, the peptide for quantification was automatically selected
by the Pro Group algorithm (at least one peptide with 99% confi-
dence) to calculate the reporter peak area, error factor (EF), and p
value. The proteins for further analysis were filtered with EF �2, p
value �0.05, and 1.3-fold changes (�1.30 or �0.77) relative to the
normoxic control unless the proteins were known to be of interest
from our functional assay. The list of proteins used is shown in Tables
I and II.

Human Cytokine Antibody Array—Cytokine concentrations in CM
were quantified by using human cytokine antibody arrays (G series
2000, Ray Biotech, Inc., Norcross, GA) according to the manufactur-
er’s instructions. The cytokine array was processed and quantified by
using the Axon GenePix 4000B microarray scanner and GenePix Pro
Accuity 4.0 microarray informatics software (Molecular Devices). The
positive controls on each slide were used to normalize the intensity of
the individual spots being compared on different slides. The complete
list of cytokines in the arrays is summarized in supplemental Table S2.

Isolation and Characterization of Exosomes—Exosomes were iso-
lated as described previously (16). Briefly, culture supernatant was
collected and subjected to two successive centrifugations to remove
cells and debris: 500 � g for 10 min and 2000 � g for 10 min. The
resultant supernatant was filtered with a 0.22-�m pore filter followed
by ultracentrifugation at 100,000 � g for 2 h using an SW41 rotor
(Beckman Coulter Instruments, Fullerton, CA). The ultracentrifuged
pellet was washed by resuspension in PBS before ultracentrifugation
at 100,000 � g for 1 h. The washed exosomal pellet was resuspended
in PBS and analyzed by Western blot or LC-MS/MS (supplemen-
tal Table S3).

To verify the existence of exosomes in the cell culture medium, we
performed CD81 immunoprecipitation. Dynabead M-280 sheep anti-
mouse IgG (Invitrogen) was washed with 0.1% BSA in PBS before
incubation with mouse anti-human CD81 antibody for 2 h with gentle
shaking at room temperature. The Dynabeads were washed twice
and incubated with CM with gentle shaking for 2 h at room temper-
ature. The supernatant was then collected, and the Dynabeads were
gently washed twice with PBS. The supernatant and the Dynabeads
were denatured, resolved by 4–12% SDS-PAGE, and analyzed by
Western blotting as described above.

Statistical Analysis—Experimental data are presented as the mean
of each condition � S.E. One-way analysis of variance was performed
for comparing more than two groups, and paired Student’s t test was
performed when comparing two conditions (SPSS for Windows�

version 12.0). Statistical significance was accepted at p � 0.05 (*) and
p � 0.01 (**).

RESULTS

Hypoxia and Reoxygenation Resulted in Loss of Cell Adhe-
siveness—To migrate and intravasate during metastasis, tu-
mor cells must first lose their cell-cell and cell-ECM adhesions
(17, 18) and then reorganize their cytoskeleton to facilitate the
cellular movement (19). To determine whether Hx or Reox
facilitates metastasis through enhancing a loss of adhesive-
ness to ECM in tumor cells, we assessed the adhesiveness of
A431 cells to collagen-coated culture dishes after exposure to
Hx and Reox stresses. We observed that after 30 min of
seeding onto collagen-coated culture dishes the reduced ad-
hesiveness of Hx-treated cells relative to controls became
apparent, and this disparity continued to increase for up to
24 h. The Reox-treated cells exhibited similar suppressed
adhesiveness although to a lesser extent (Fig. 1A). In addition,
this phenotype was accompanied by the modulation of sev-
eral key proteins known to be important in cellular adhesion
such as E-cadherin, �-catenin, vinculin, and Snail.

Immunostaining of the cells revealed that during Hx and
Reox E-cadherin in the plasma membrane and cytoplasm
clustered into foci (Fig. 2A). Loss of E-cadherin-mediated
adhesion was further validated via RT-PCR for Snail, a
negative E-cadherin transcription regulator (20). Snail
mRNA levels were elevated under both Hx and Reox (Fig.
2C). There were also concomitant increases in secretion of
�-catenin and vinculin, key stabilizers of the E-cadherin
complex (21, 22), under Hx and Reox by quantitative pro-
teomics analysis (Fig. 2D).

To determine whether, in addition to the reduced adhe-
sion to ECM, Hx and Reox stresses also cause cytoskeletal
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reorganization in tumor cells, Hx- and Reox-treated A431
cells were stained with phalloidin to visualize the distribution
of the F-actin. We observed increased stress fiber formation
and membrane ruffling (23) in both Hx- and Reox-treated
A431 cells (Fig. 2B) with the effect of Hx being more severe.
Furthermore, both forms of cellular stress resulted in obvi-
ous morphological changes accompanied by an increase in
the cell size and detachment of hypoxic cells from each
other.

Hypoxia and Reoxygenation Increased Invasiveness of A431
Cells across Reconstituted ECM Layer—One of the rate-lim-
iting steps in the metastatic cascade is the invasion of the
basement membrane, which distinguishes malignant from
benign tumors (24). To determine whether Hx and Reox
increased the metastatic potential of the tumor cells by
increasing their invasiveness, we used a chemoinvasion
assay to estimate the ability of A431 cells to degrade a
pseudo-ECM layer and migrate through the ECM layer. Hx
and Reox enhanced invasiveness by 1.4-fold and over
2-fold of controls, respectively (Fig. 1B). This observation
suggested that hypoxic A431 cells produced and/or acti-
vated proteolytic enzymes to degrade the ECM to increase
their invasiveness.

Conditioned Medium Collected from Hypoxia-treated Cells
or Reoxygenated Cells Induces Angiogenesis in Vivo—One of
the most prominent effects of hypoxia is the induction of
tumor angiogenesis (25). To determine whether A431 cells
increase secretion of angiogenic factors under Hx and Reox
conditions, we tested serum-free medium conditioned by
A431 cells under Nx, Hx, or Reox for angiogenic potential. The
CM was collected, concentrated, and assayed for angiogenic

potential using the CAM angiogenesis assay in which chick
embryos were cultured in vitro until cessation of the develop-
mental angiogenesis (Day 10). A collagen gel containing con-
centrated CM was placed at random spots on the CAM.
Induced angiogenesis was quantified by counting the number
of branch points on Day 14. Relative to CM from untreated
cells, there was a 2.9- and 3.3-fold elevation in induced an-
giogenesis by Hx CM and Reox CM, respectively (Fig. 3, B
and C). Therefore, hypoxia enhanced the angiogenic potential
of A431 cellular secretion and provided a mechanism to fa-
cilitate tumor angiogenesis in a growing tumor with a hypoxic
core.

Quantitative Analysis Revealed Significant Alterations to Tu-
mor Secretome—Our above observations suggested that Hx
modulated cell-cell and cell-ECM adhesiveness, ECM proteo-
lytic activity, and angiogenic potential of the cellular secretion
of A431 cells such that the cells were poised to migrate and
invade or to induce infiltration of angiogenic cells to vascu-
larize the tumor. As these activities are largely extracellular,
they were probably mediated by cellular secretion into extra-
cellular spaces. To elucidate the molecular mechanisms me-
diating these extracellular activities, we first profiled the pro-
teins secreted by A431 cells under Nx and Hx to determine
whether proteins secreted under hypoxic condition could pro-
mote the observed hypoxia-induced cellular activities. The
secreted proteins were profiled using iTRAQ-based quantita-
tive proteomics (see “Experimental Procedures” and Fig. 4A).
Proteins in the CM were extracted, labeled with an isobaric
mass tag (48-h Nx, 114; 48-h Hx, 115; 48-h Reox, 116; 72-h
Hx, 117), and analyzed by two-dimensional LC-MS/MS. To
reduce analytical variation and false positive results while

FIG. 1. A, adhesion of A431 cells to col-
lagen-coated culture dishes after pre-
treatment with either 48-h Hx or Reox.
Adhesiveness was determined by seed-
ing pretreated cells into the culture dishes
and incubating the dishes for the indi-
cated duration followed by removal of
non-adherent cells. The remaining adher-
ent cells were stained with crystal violet,
and quantitation was obtained via solubi-
lization of the dye and measuring the ab-
sorption at 595 nm. B, chemoinvasion as-
say of A431 cells under Hx or Reox. Cells
were seeded on a porous membrane
coated with a Matrigel (pseudo-ECM)
layer, which assayed the ability of the cells
to degrade the Matrigel and migrate to the
other side of the membrane. Unmigrated
cells were removed, and the remainder
were stained with crystal violet. Repre-
sentative images were taken at random,
and quantitation was performed through
cell counting in a blinded fashion. 48N,
48-h normoxia; 48H, 48-h hypoxia; 48H-
24R, 48-h hypoxia followed by 24 h nor-
moxia. Error bars denote S.D.
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increasing sensitivity and reproducibility, iTRAQ analysis was
performed on two independent biological samples (26). The
combined data were searched with the concatenated target
and decoy IPI human databases. The following stringent cri-
teria were used for the identification and quantification of
proteins in the iTRAQ experiments: (i) at least two unique
peptides with �95% confidence, (ii) unused ProtScore �2
corresponding to �99% confidence, and (iii) FDR estimated
to be 0.0%. An iTRAQ ratio with EF �2 and p value �0.05 was
used unless the proteins were known to be of interest from
our functional assay (listed in supplemental Table S1). Rela-
tive quantities of �1.3 or �0.77 (1/1.3) were considered to be
up- or down-regulated, respectively, with �42% of the pro-
teins secreted under Hx falling into either category. Using a
combination of annotations from GeneCards, TMHMM, and
SecretomeP, we observed that �32% of proteins were cate-
gorized into membrane or extracellular region. Further func-
tional segregation of the secretome subset was performed
utilizing the KEGG pathway or PANTHER database (27, 28).
To corroborate the results obtained by the iTRAQ approach,
we analyzed the levels of four differentially expressed pro-
teins, EGFR, CDH1, KLK6, and Park7, in Nx, Hx, and Reox
secretomes by Western blot. Western blot analysis confirmed
the results produced by iTRAQ analysis, and consistency in

quantitation was verified by cytokine array, although the -fold
changes obtained by the three approaches were slightly dif-
ferent from each other (Fig. 4, F and G).

Functional Cluster Analysis of Differentially Regulated Pro-
teins under Hypoxia and Reoxygenation—Based on the onto-
logical and then functional clustering analysis of the secreted
proteins or secretome, we observed that under hypoxia the
highest occurring molecular functions in the secretomes were
associated with the cellular adhesion events: focal adhesion
(16.7%), ECM-receptor interaction (13.9%), cell communica-
tion (11.1%), cell adhesion molecules (8.3%), and adherent
junction (7.4%) (Fig. 4D). To determine whether there was a
link between gain of metastatic potential by hypoxic cells and
the adhesion-associated secreted factors, we focused on
specific components in the ECM or focal adhesion, dynamic
structures that regulate the cell-cell or cell-ECM adhesions
(Table I) (29).

We observed a decline in the secretion of the ECM com-
ponents such as DAG1 (dystroglycan), a laminin-binding gly-
coprotein involved in linking the extracellular matrix to the
cytoskeleton (30); laminins (LAMA3, LAMA5, and LAMC1);
THBS1 (thrombospondin-1), a potent antiangiogenic mole-
cule and mediator of cell adhesion (31); and HSPG2 (heparan
sulfate proteoglycan 2), a major component of the basement

FIG. 2. Hx-induced morphological changes, delocalization of E-cad, and possible dissociation of E-cad-�-catenin complexes. A,
immunostaining of E-cad to visualize its localization and expression levels under the indicated conditions. Cells were counterstained with
4�,6-diamidino-2-phenylindole (DAPI) (blue). E-cadherin appears to be localized to the cell periphery under Nx (left panel), but this distribution was
disrupted under Hx (middle panel) and Reox (right panel) accompanied with a concomitant drop in signal intensity. Magnification, �63. B,
visualization of F-actin via FITC-phalloidin staining. Hx and Reox appear to induce stress fiber and ruffle formation as well as an observable increase
in cell size. Magnification, �63. C, analysis of human Snail transcript levels through RT-PCR. Snail was found to be similarly up-regulated under
Hx and Reox. Actin levels served as control. D, secreted levels of �-catenin and vinculin quantitated by iTRAQ analysis were found to be elevated
under Hx and Reox. 48N, 48-h normoxia; 48H, 48-h hypoxia; 72H, 72-h hypoxia; 48H-24R, 48-h hypoxia followed by 24-h normoxia.
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membranes and extracellular matrix (32). Up-regulated pro-
teins include filamins (FLNA and FLNB), actin cross-linkers
that anchor membrane proteins to the actin cytoskeleton (33);
F11 receptor, an important regulator of tight junction assem-
blies (34); plectin-1, a cross-linker of actin, microtubules, and
intermediate filaments (35); VASP (vasodilator-stimulated
phosphoprotein), involved in invasive migration of cancer cells
(36); S100A4, a metastasis promoter involved in up-regulation
of matrix metalloproteases (MMPs) and down-regulation of
tissue inhibitors of matrix metalloprotease (TIMPs) (37); VCL
(vinculin), involved in anchoring F-actin to the membrane (38);
and LGALS3 (lectin, galactoside-binding, soluble-3), a protein
that cross-links Mgat-5 to the cell surface. Mgat-5 was found
to be the rate-limiting protein for cytokine signaling and con-
sequently for epithelial-mesenchymal transition, mobility, and
metastasis (39).

Next, we focused on ECM proteolytic activity as hypoxic
A431 cells were observed to exhibit increased invasiveness
through ECM (Fig. 1B). Several proteins classified into the
protease family were identified as highly up-regulated in the
Hx or Reox secretome (Table II) including CAPN1 (calpain 1),
CSTA (cathepsin A), and CSTB (cathepsin B). CAPN1, a Ca2�-
dependent cysteine protease, was found to be involved in
hypoxia-mediated cell death in a caspase-dependent manner
(40). CSTA and CSTB, cysteine proteases, were known to be
related to cancer development (41). Taken together, we could
detect down-regulation of protease inhibitors including TIMP1
and TIMP2, major inhibitors of MMPs, which would be ex-

pected to be involved in cancer progression by degrading and
remodeling of ECM (42).

The ontological analysis of the secretome revealed that
many biological processes were modulated under Hx or Reox
condition. To map these secreted proteins to the phenotypic
changes that we observed above, we focused on the cell
cycle control and proliferation as reduced cell cycle arrest
was a prominent cellular phenotype under Hx (Fig. 5, A and
B). Several components of the cell cycle regulation and
proliferation were significantly up- or down-regulated under
Hx (Table II). Up-regulated proteins include stratifin (SFN), a
negative cell cycle regulator that causes G2 arrest (43);
cystathionine �-lyase (CTH), a negative regulator of cell
proliferation and cell cycle via modulation of ERK (extracel-
lular signal-regulated kinase) 1/2 phosphorylation (44); and
hepatoma-derived growth factor (HDGF), involved in the
anchorage-independent growth, cell invasion, and forma-
tion of the neovasculature of NSCL cancer (45). It is inter-
esting to note that most of the growth factors and their
binding proteins including IGFBPs, fibroblast growth factor-
binding protein, and TGF-� were down-regulated under Hx
(Table II). Such changes could account for the reduced cell
proliferation and cell cycle arrest under Hx and Reox con-
ditions. Several proteins known to facilitate biological func-
tions that are pertinent to reduced cell-cell and cell-ECM
adhesion, increased invasiveness, and increased cho-
rioallantoic membrane angiogenesis are examined in detail
under the “Discussion.”

FIG. 3. Analysis of HIF-1� levels and angiogenic potentials. A, immunoblotting against HIF-1� revealed its relative elevation under Hx and
the modest decline after Reox. Tubulin was used as loading control. B, collagen onplants, with or without CM, supported by two layers of nylon
mesh were randomly placed on the CAM of 10-day-old chick embryos ex ovo. Induced angiogenesis was quantitated by taking random
representative images of onplants and counting the number of branch points and extent of branching of blood vessels with the aid of a
dissecting microscope in a blinded fashion. C, the angiogenic index is the percentage of branch points with newly formed blood vessels relative
to controls. CM from both Hx and Reox induced a marked elevation in angiogenesis of 290 and 330%, respectively. 48N, 48-h normoxia; 48H,
48-h hypoxia; 48H-24R, 48-h hypoxia followed by 24-h normoxia; WB, Western blot; d, day.
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FIG. 4. Summary of iTRAQ quantification data from A431 secretome. A, schematic overview of our quantitative analysis of the A431
secretome. B, distribution of the 710 proteins identified by mass spectrometry based on their quantities relative to the control. C, distribution
of the identified proteins based on their cellular localization. Predictions were obtained from gene ontology annotation (GeneCards),
computational prediction of transmembrane � helix (TMHMM), and prediction of non-classical protein secretion (SecretomeP 2.0). Ontological
distribution of secreted and membrane proteins was based on the KEGG pathway database (D) and PANTHER database (E). F, comparative
analysis of protein expression levels using iTRAQ and Western blot for EGFR. G, selected proteins EGFR, CDH1, KLK6, and Park7 were further
analyzed by Western blot under Nx, Hx, and Reox for validation of iTRAQ data. 48N, 48-h normoxia; 48H, 48-h hypoxia; 48H-24R, 48-h hypoxia
followed by 24-h normoxia; WB, Western blot.
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Cytokine Protein Array Analysis Unveiled Changes in Extra-
cellular Signaling Components—The cytokine profile for each
of the conditioned media was performed using two indepen-
dent biological samples on protein arrays printed with 174
anti-cytokine antibodies in replicate. Using internal positive
and negative controls in setting the intensity gates netted a
total of 63 cytokines (supplemental Table S2). Of these, 10
(interleukin-3 (IL-3), MMP-13, angiogenin (ANG), growth-re-
lated oncogene (GRO/GRO-�), granulocyte colony-stimulat-
ing factor (G-CSF), granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF), IL-1�, VEGF, and PDGF-BB) were
significantly increased (�1.5-fold), whereas three (IGF-II (in-
sulin-like growth factor-II), TIMP-2, and TIMP-4) were down-
regulated (Table III and Fig. 6). Intriguingly, hematopoietic
stimulators GM-CSF and PDGF-BB showed enhanced secre-
tion under extended 72-h Hx.

Cytoplasmic Composition of Secretome Implicated the
Presence of Exosome—Analysis of the secretome indicated
that 40% of the proteins are cytoplasmic proteins or are

not known to be secreted or membrane-bound proteins
(supplemental Table S1). Among these proteins, we observed
the presence of numerous exosome-associated proteins such
as CD9 tetraspanin protein; Rab proteins (Ras superfamily of
small GTP-binding proteins), e.g. RAB1B and RAB7A; annex-
ins, e.g. ANXA1, ANXA2, and ANXA5; MHC class 1; glycer-
aldehyde-3-phosphate dehydrogenase; PKM2; EEF1A1;
HSP90; actin; and tubulin (Table IV) (46). We hypothesized
that the high proportion of cytoplasmic proteins in the secre-
tome was due to the presence of exosomes in the secretion.
Exosomes are bilipid membrane vesicles containing both
RNA and proteins (46), and cancer cells have been shown to
secrete exosomes into their extracellular microenvironment
(47–50). To confirm the presence of exosomes in the secretion
of A431 cells, we ultracentrifuged the CM for enrichment of
the presumptive exosomes. The ultracentrifuged pellet from
the CM was analyzed by LC-MS/MS and Western blot. Exo-
some-associated proteins (supplemental Table S3) such as
glyceraldehyde-3-phosphate dehydrogenase, pyruvate ki-

TABLE I
Differentially regulated proteins classified into focal adhesion or ECM components quantified by iTRAQ

48N, 48-h normoxia; 48H, 48-h hypoxia; 72H, 72-h hypoxia; 48H-24R, 48-h hypoxia followed by 24-h normoxia. These proteins met the
criteria, i.e. unused ProtScore � 2.0, p value � 0.05 and EF � 2. Specific information for selected protein list is supplied in
supplemental Table S1.

No. Accession no. Gene symbol 48H 72H 48H-24R Molecular function

1 IPI00028911.1 DAG1 0.42 0.42 0.41 Adhesion molecule
2 IPI00807403.1 ALCAM 0.61 0.85 0.74 Adhesion molecule
3 IPI00032313.1 S100A4 1.98 2.47 1.18 ECM/MMP regulation
4 IPI00645849.1 ECM1 0.22 0.23 0.31 Adhesion molecule
5 IPI00002406.2 BCAM 0.61 1.40 0.72 Adhesion molecule
6 IPI00001754.1 F11R 1.16 1.65 1.14 Adhesion molecule
7 IPI00018274.1 EGFR 0.19 0.23 0.39 Cadherin signaling
8 IPI00744692.1 TALDO1 1.33 1.35 1.28 Cadherin signaling
9 IPI00744889.1 CDH1 1.70 1.79 1.33 Cadherin signaling
10 IPI00216951.2 DSG2 0.59 0.74 0.74 Cadherin signaling
11 IPI00215948.4 CTNNA1 1.21 1.32 1.26 Cadherin signaling
12 IPI00008215.1 ME1 1.18 1.28 1.25 Cadherin signaling
13 IPI00645614.2 CDH3 0.76 0.79 0.58 Cadherin signaling
14 IPI00007257.4 CLSTN1 0.22 0.25 0.46 Cell adhesion molecule
15 IPI00018219.1 TGFBI 0.30 0.37 0.48 Cell adhesion molecule
16 IPI00005563.1 TINAGL1 0.26 0.28 0.39 Cell adhesion molecule
17 IPI00024284.4 HSPG2 0.27 0.27 0.34 ECM
18 IPI00296099.6 THBS1 0.31 0.33 0.87 ECM
19 IPI00030255.1 PLOD3 0.83 0.84 1.13 ECM
20 IPI00783665.2 LAMA5 0.22 0.23 0.24 ECM, integrin signaling
21 IPI00298281.3 LAMC1 0.31 0.30 0.33 ECM, integrin signaling
22 IPI00377045.3 LAMA3 0.46 0.44 0.52 ECM, integrin signaling
23 IPI00333541.6 FLNA 1.28 1.47 1.21 Integrin signaling
24 IPI00382696.1 FLNB 1.28 1.16 1.21 Integrin signaling
25 IPI00307162.2 VCL 1.30 1.39 1.17 Integrin signaling
26 IPI00645194.1 ITGB1 1.22 1.36 1.19 Integrin signaling
27 IPI00220846.1 ITGB4 0.90 0.90 0.90 Integrin signaling
28 IPI00301058.5 VASP 1.33 1.32 1.51 Integrin signaling
29 IPI00642154.2 PTPRF 0.94 1.11 1.57 Other receptor
30 IPI00479252.1 PTPRS 0.53 1.45 0.55 Other receptor
31 IPI00644648.2 PTPRK 0.64 0.68 0.61 Other receptor
32 IPI00023673.1 LGALS3BP 0.21 0.25 0.39 Other signaling molecule
33 IPI00465431.7 LGALS3 1.77 1.10 0.78 Other signaling molecule
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nase, EEF1A1, HSP70, HSP90, actin, tubulin, Rab proteins,
annexins, and MHC class 1 (46) were clearly detected in the
ultracentrifuged pellet by LC-MS/MS. The proteins in this
ultracentrifuged pellet contained 54% of the proteins found in
the CM, which also included many cytosolic proteins as listed
in supplemental Table S3. Ontological and functional cluster-
ing analysis of the proteins in the ultracentrifuged pellet also
revealed that the highest occurring molecular functions and
biological processes were those important in metastasis such
as focal adhesion, ECM-receptor interaction, cell adhesion
molecules, and cell-cell junction (Fig. 6). To further confirm the
presence of exosome in the secretion of A431 cells, the CM
and ultracentrifuged pellet were analyzed for the presence of
Alix, a protein frequently found in exosomes (51). The pres-
ence of Alix in both the CM and the ultracentrifuged pellet was
consistent with the presence of exosomes in the secretion of
A431 cells. Next, we determined whether the immunoprecipi-
tation of CD81, one of the tetraspanin proteins frequently
found in exosomes, would also immunoprecipitate other exo-
some-associated tetraspanin proteins such as CD9 (51). As

shown in Fig. 6A, CD9 co-immunoprecipitated with CD81,
suggesting that they were both physically associated with
each other, possibly on an exosome in the CM. As this CD9-
CD81 complex was also detected in a 100,000 � g precipi-
tate, the size and density of this complex were consistent with
that of an exosome.

DISCUSSION

In solid tumors, a substantial fraction of the tumor cells is
subjected to either chronic or acute Hx, and the emerging
evidences have suggested that hypoxic cells tend to acquire
metastatic character and resistance to cancer therapy (17,
52). Moreover, Reox of hypoxic cells is thought to augment
invasiveness of cells as supported by the reports of increased
spontaneous metastases in vivo and in clinical data (53, 54).
Together these observations led us to examine the effects of
Hx and Reox on several key metastatic processes and to
postulate that the tumor secretome under these conditions
modulates the tumor microenvironment and facilitates the
acquired metastatic character. To elucidate the changes in

TABLE II
Differentially regulated proteins involved in cell cycle, cell proliferation, or protease quantified by iTRAQ

48N, 48-h normoxia; 48H, 48-h hypoxia; 72H, 72-h hypoxia; 48H-24R, 48-h hypoxia followed by 24-h normoxia. These proteins met the
criteria, i.e. unused ProtScore � 2.0, p value � 0.05, and EF � 2. Specific information for selected protein list is supplied in
supplemental Table S1.

No. Accession no. Gene symbol 48H 72H 48H-24R Molecular function

Cell proliferation and cell
cycle control

1 IPI00020956.1 HDGF 1.38 1.28 1.49 Cell proliferation
2 IPI00444386.2 IGFBP3 0.44 0.50 1.69 Cell proliferation
3 IPI00029235.1 IGFBP6 0.40 0.42 0.45 Cell proliferation
4 IPI00018219.1 TGFBI 0.30 0.37 0.48 Cell proliferation
5 IPI00030557.2 CTH 1.54 1.3 1.66 Cell proliferation
6 IPI00009342.1 IQGAP1 1.41 1.27 1.34 Cell cycle
7 IPI00014177.3 SEPT2 1.11 0.69 1.37 Cell cycle
8 IPI00784614.1 SEPT9 1.34 1.24 1.20 Cell cycle
9 IPI00411765.3 SFN 1.70 1.48 1.15 Cell cycle
10 IPI00021536.1 CALML5 1.33 1.35 1.15 Cell proliferation, cell cycle
11 IPI00018274.1 EGFR 0.19 0.23 0.39 Cell proliferation, cell cycle
12 IPI00016179.1 S100A13 1.20 1.31 0.99 Cell proliferation, cell cycle

Proteases and inhibitors
1 IPI00011229.1 CTSD 0.2003 0.2911 0.5735 Aspartic protease
2 IPI00011285.1 CAPN1 1.3355 1.3443 0.9401 Cysteine protease
3 IPI00640357.1 USP14 0.9752 1.169 0.8557 Cysteine protease
4 IPI00177728.3 CNDP2 1.36 1.3975 1.2423 Metalloprotease
5 IPI00023845.1 KLK6 0.2277 0.2445 0.4102 Serine protease
6 IPI00032325.1 CSTA 1.913 1.6308 1.804 Serine protease
7 IPI00021828.1 CSTB 1.437 1.507 1.1018 Serine protease
8 IPI00023728.1 GGH 0.2121 0.2881 0.3213 Other hydrolase
9 IPI00843928.1 NRD1 1.37 1.1605 1.583 Other hydrolase
10 IPI00642211.3 RNPEP 0.9363 1.2044 0.9604 Other hydrolase
11 IPI00642739.1 TIMP1 0.2503 0.2418 0.4891 Metalloprotease inhibitor
12 IPI00027166.1 TIMP2 0.2663 0.3119 1.362 Metalloprotease inhibitor
13 IPI00027444.1 SERPINB1 1.1652 1.2671 1.2161 Serine protease inhibitor
14 IPI00472082.2 SERPINB5 1.5669 1.7318 1.497 Serine protease inhibitor
15 IPI00749398.1 SERPINB6 1.1875 0.9935 1.3079 Serine protease inhibitor
16 IPI00007118.1 SERPINE1 0.597 0.6351 0.4845 Serine protease inhibitor
17 IPI00032140.4 SERPINH1 0.9549 1.946 0.7934 Serine protease inhibitor
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the tumor secretome in response to Hx and Reox, we used
quantitative proteomics to profile the secretome and identify
candidate pathways as targets to develop strategies that will
synergize with existing cancer therapies.

Hypoxia Decreased Cell Adhesion and Increased Invasive-
ness of A431 Cells—To metastasize, malignant cells must first
detach from the dense, cross-linked type I collagen network
of the ECM and migrate through the host vasculature before
extravasating the vasculature and infiltrating the host tissues
(55). Therefore, tumor metastasis is dependent on the ability

of the tumor to degrade the surrounding ECM and to reduce
the cell adhesion. A key mediator of the former is the proteo-
lytic system of MMPs and their inhibitors, TIMPs, that plays
pivotal roles in ECM remodeling (42, 56). This system regu-
lates the tumor microenvironment via modulation of the cell-
cell and cell-ECM adhesion and the levels and activities of
growth factors, cytokines, and their receptors through either
up-regulation or down-regulation of the relative activities of
MMPs and their inhibitors, TIMPs. Thus, it is possible that our
observation of increased invasion of A431 cells across ECM
under Hx and Reox was due to the hyperactivation of this
proteolytic system. Indeed, analysis of the secretome re-
vealed not only a 6-fold increase in MMP-13 levels but also an
increase in the known enhancers of MMP-13 including several
cytokines such as S100A4 (37), IL-1, VEGF, and PDGF-BB
(57) as well as the decrease in TGF-�, a potential transcrip-
tional suppressor of MMP-13 (58) (Tables I and III). These
changes in the secretion of MMP proteolytic enzymes sug-
gest that Hx and Reox facilitate metastasis of cancer cells by
increasing the secretion of MMP-13. Further investigation
revealed that other cancer cell lines such as MDA-MB-231
(breast), A549, and H1299 (lung) cells but not normal human
foreskin fibroblasts also responded to Hx by increasing se-
cretion of MMPs such as MMP-3, -9, and -13 (Fig. 7C). These
observations suggested that the underlying mechanism for
increased tumor metastasis during Hx is partially mediated by
increased secretion of the MMPs.

However, the actual extracellular MMP activity depends not
only on its expression levels but also on its interaction with
TIMPs (59). As TIMPs inhibit MMP activity, MMP activity cor-
relates inversely with TIMP expression level (60, 61). It is
therefore significant that in response to Hx tumor cells re-
duced the secretion of three of the four known TIMPs,

FIG. 5. Effects of Hx and Reox on A431 cell proliferation and cell cycle arrest. A, cells were subjected to the indicated conditions, and
proliferation was subsequently analyzed via the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Cell proliferation was
found to be suppressed by both Hx and Reox treatments but to a lesser extent in the latter case. B, induction of cell cycle arrest in G0G1 phase
by Hx. Cells were treated with the fluorescent dye propidium iodide, and measurements of DNA content were performed via flow cytometry.
The distribution of cells based on cell cycle stage is shown. Hx induced severe arrest in G0G1 phase that was released by Reox, evidenced
by cells entering both S and G2 phases. 48N, 48-h normoxia; 48H, 48-h hypoxia; 48H-24R, 48-h hypoxia followed by 24-h normoxia.

TABLE III
Potential angiogenic and antiangiogenic cytokines differentially regu-

lated under Hx and Reox conditions

48N, 48-h normoxia; 48H, 48-h hypoxia; 72H, 72-h hypoxia; 48H-
24R, 48-h hypoxia followed by 24-h normoxia. Selected cytokine list
was subjected to one-way analysis of variance and showed statistical
difference by a p value of less than 0.05. Intensity and S.D. of selected
cytokines is supplied in supplemental Table S2.

No. Protein
-Fold induction

48N 48H 72H 48H-24R

Increased cytokines
under hypoxia

1 IL-3 1.0 8.5 3.0 8.1
2 MMP-13 1.0 4.5 5.9 3.1
3 Angiogenin 1.0 3.4 3.5 0.6
4 IL-1� 1.0 2.0 4.3 1.7
5 GRO 1.0 1.8 5.2 1.5

GRO-� 1.0 2.1 2.6 2.2
6 PDGF-BB 1.0 1.0 5.4 2.0
7 VEGF 1.0 1.2 1.5 1.7
8 G-CSF 1.0 2.0 2.3 1.7
9 GM-CSF 1.0 0.5 1.8 0.6

Decreased cytokines
under hypoxia

1 IGF-II 1.0 0.5 0.8 0.9
2 TIMP-4 1.0 0.4 0.4 0.8
3 TIMP-2 1.0 0.4 0.5 0.8
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TIMP-1, -2, and -4 (Fig. 7A), coordinately with increased MMP
secretion to effectively increase the overall proteolytic activity
and facilitate degradation of the ECM for metastatic activity.
Intriguingly, TIMPs have been implicated in the inhibition of
tumorigenesis, angiogenesis, and metastasis independent of
MMP inhibition (62). For example, TIMPs have been associ-
ated with increased formation of stable complexes between
E-cadherin and �-catenin (63). Consistent with this, we noted
a delocalization and loss of E-cadherin at the cell membrane
with concomitant up-regulation of Snail and acquisition of
mesenchymal morphology (Fig. 2A), possibly for gain of cell

motility (64). E-cadherin, an important component of cell-cell
adhesion, forms adhesion complexes that are stabilized by
bridges between E-cadherin adhesion complex and actin cy-
toskeleton through �-catenin and vinculin. E-cadherin is often
lost at the invasive front of a tumor, and this loss represents
an important metastatic step (21, 22). Interestingly, proteom-
ics analysis revealed that under Hx or Reox stress the tumor
increased the secretion of �-catenin, vinculin, and E-cadherin
in the secretion (Fig. 2D). This suggested that E-cadherin
adhesion complexes were disassembled, and their compo-
nents were discarded through secretion, leading to the loss of

FIG. 6. A, co-immunoprecipitation of CD81 and CD9. After immunoprecipitation of CM with anti-CD81 or mouse IgG, the immunoprecipitate
(IP) and supernatant (S) were analyzed by Western blot hybridization using antibodies against CD81 and CD9. Western blotting using the
200,000 � g precipitate (ppt; exosome fraction) showed that the size and density of the CD81-CD9 complex in the CM were consistent with
that of an exosome. A Western blot analysis of Alix using the CM and exosome fraction (ppt) is shown. B–D, summary of LC-MS data from
the A431 exosome. B, distribution of the identified proteins based on their cellular localization. Predictions were obtained from gene ontology
annotation (GeneCards), computational prediction of transmembrane � helix (TMHMM), and prediction of non-classical protein secretion
(SecretomeP 2.0). The ontological distribution of secreted and membrane proteins was based on the KEGG pathway database (C) and
PANTHER database (D). MAPK, mitogen-activated protein kinase.
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cell adhesiveness. Moreover, the tumor cell under Hx had
reduced ECM components in the secretome that together
with disassembly of E-cadherin adhesion complexes were
consistent with diminished cell adhesiveness.

Increased Angiogenic Potential and Self-enhancing Mech-
anism under Hypoxia—Angiogenesis is regarded as a meta-
static prerequisite as it permits extended tumor growth and
passage to distant sites. A431 cells under Hx enhanced se-
cretion of several angiogenic factors, ANG, VEGF, IL-1�, IL-3,
GRO-�, and PDGF-BB (Fig. 7 and Table III), and these factors
with the exception of ANG remained elevated even after Reox.
This angiogenic potential was validated through the use of an
in vivo CAM assay, which demonstrated that CM from hy-
poxic and reoxygenated A431 cells induced a marked in-
crease in angiogenesis over controls (Fig. 4). We further ob-
served that secretion of some angiogenic factors, PDGF-BB
and GM-CSF, increased further with prolonged Hx (PDGF-
BB: 72-h Hx/48-h Hx � 5.4). This is consistent with the
hypothesis that extended Hx causes tumors to activate alter-
native angiogenic pathways to secure their nutrient supply (4,
5), and this activation presumably facilitates development of
resistance to antiangiogenic therapy (such as bevacizumab).

Additionally, cancer cells situated in the hostile microenvi-
ronments secrete potent chemoattractant to recruit immune
cells, which could further assist tumor cell invasion by secret-
ing the ECM-degrading enzymes (7). Recruited immune cells
might alter the tumor microenvironment by expression of
potent prometastatic and proangiogenic factors. Our results
show that G-CSF and GM-CSF, potent chemokinetic mole-
cules for tumor-associated macrophages and neutrophils (7,
65), were up-regulated in the secretome of hypoxic A431
cells, and we also discovered that several cancer cell lines
including MDA-MB-231, A549, and H1299 cells also secreted
chemokines such as G-CSF, GM-CSF, stroma-derived fac-
tor-1, and CXCL-16 (CXC motif ligand 16) under the Hx stress
(Fig. 7D). Together, these results indicated that cancer cells

TABLE IV
Proteins identified by LC-MS/MS in A431 cell-derived exosomes

Specific information of proteins identified in exosomes is supplied
in supplemental Table S3.

Accession no. Gene symbols

Exosome marker proteins
IPI00000736 TSPAN15
IPI00027438 FLOT1
IPI00789008 FLOT2
IPI00008494 ICAM1
IPI00000190 CD81
IPI00215997 CD9

Antigens
IPI00152540 CD109
IPI00410488 CD276
IPI00297160 CD44
IPI00000059 CD58
IPI00011302 CD59
IPI00002252 CD68
IPI00299412 CD97
IPI00745220 HLA-A A-25 � chain precursor
IPI00472855 HLA-A A-30 � chain precursor
IPI00472825 HLA-A A-32 � chain precursor
IPI00472013 HLA-A A-33 � chain precursor
IPI00743503 HLA-A A-34 � chain precursor
IPI00472882 HLA-A A-68 � chain precursor
IPI00472112 HLA-A A-11 � chain precursor
IPI00647457 HLA-A class I, A
IPI00872948 HLA-A MHC class I antigen
IPI00472921 HLA-A A-29 � chain precursor
IPI00472652 HLA-C B-37 � chain precursor
IPI00746105 HLA-C B-40 � chain precursor
IPI00472676 HLA-C B-42 � chain precursor
IPI00472767 HLA-C B-55 � chain precursor
IPI00472434 HLA-C B-57 � chain precursor
IPI00472867 HLA-C B-67 � chain precursor
IPI00004657 HLA-C B-7 � chain precursor
IPI00472943 HLA-C B-73 � chain precursor
IPI00472753 HLA-C B-81 � chain precursor
IPI00026650 HLA-C Cw-1 � chain precursor
IPI00743716 HLA-C Cw-12 � chain precursor
IPI00473006 HLA-C Cw-17 � chain precursor
IPI00472605 HLA-C Cw-2 � chain precursor
IPI00642409 HLA-C Cw-7 � chain precursor
IPI00816057 HLA-C MHC class I antigen

Antigens
IPI00015988 HLA-G � chain G precursor
IPI00004672 HLA-H � chain H precursor
IPI00152441 HM13

Ras-related GTP-binding proteins
IPI00016513 RAB10
IPI00020436 RAB11B
IPI00016373 RAB13
IPI00291928 RAB14
IPI00383449 RAB15
IPI00014577 RAB18
IPI00005719 RAB1A
IPI00008964 RAB1B
IPI00007755 RAB21
IPI00007756 RAB22A
IPI00031169 RAB2A
IPI00102896 RAB2B
IPI00021475 RAB33B
IPI00328180 RAB34
IPI00300096 RAB35
IPI00001618 RAB39

TABLE IV—continued

Accession no. Gene symbols

IPI00448725 RAB4B
IPI00023510 RAB5A
IPI00017344 RAB5B
IPI00016339 RAB5C
IPI00023526 RAB6A
IPI00016342 RAB7A
IPI00028481 RAB8A
IPI00024282 RAB8B

Annexins
IPI00218918 ANXA1
IPI00414320 ANXA11
IPI00455315 ANXA2
IPI00024095 ANXA3
IPI00793199 ANXA4
IPI00329801 ANXA5
IPI00002460 ANXA7
IPI00471941 ANXA8
IPI00218835 ANXA8L2
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could potentially modulate their microenvironment as a self-
sustaining mechanism in a hostile environment by secreting
the cytokines.

Tumor Cell Secretion Is Encapsulated in Exosomes—Pro-
teomics analysis of the secretome revealed that �40% of
proteins (Fig. 4C) were classified into cytosolic proteins, many
of which were exosome-associated proteins. This unex-
pected discovery led us to postulate that many of the se-
creted proteins were encapsulated in the exosomes. Exo-
somes are 40–100-nm bilipid membrane vesicles that are
secreted by most cell types. They are thought to mediate the
cell-cell communication and facilitate biological processes
such as antigen presentation, cell growth, apoptotic cellular
breakdown, and malignant transformation (50, 66). We dis-
covered that more than 50% of the proteins secreted by A431
cells under hypoxia were found to be present in the presump-
tive exosome preparation. Significantly, these proteins also
have the potential to facilitate biological functions and pro-
cesses that are important in angiogenesis and metastasis.
However, the significance of these exosomes in mediating the

Hx- and Reox-induced cellular phenotype in A431 cell line
remains to be determined. Based on a recent review of tumor
exosomes (50, 66), it is highly conceivable that these exo-
somes may be functional. If so, they are likely to add a new
dimension to our present understanding of the tumor micro-
environment and its modulation.

Conclusions—In this study, we analyzed the effects of Hx
and Reox on several key metastatic prerequisites. Our find-
ings were consistent with the reported prometastatic effects
of Hx, i.e. enhanced angiogenesis, increased invasion, and
loss of cell adhesiveness. As these cellular changes were
highly dependent on the cellular microenvironment, we deter-
mined whether cellular secretion mediated these cellular
changes through modulation of the microenvironment. In-
deed, the proteins secreted by tumor cells under Hx and Reox
could potentially support the Hx-induced cellular changes.
For example, the increased secretion of proteases such as
MMPs and cysteine proteases correlated well with the re-
duced adhesion and invasiveness of tumor cells under Hx.
The importance of proteases in tumor biology is reflected in

FIG. 7. A, relative quantities of the secreted MMP-13-TIMP proteolytic system components, MMP-13 and TIMP-1, -2, and -4, determined by
cytokine arrays. MMP-13 secretion was found to be elevated by 450, 585, and 300% by 48-h Hx, 72-h Hx, and Reox, respectively, whereas
TIMP levels wersuppressed under both Hx and Reox. B, relative levels of secreted ANG and VEGF as determined by cytokine array. Both were
significantly elevated under Hx, but ANG dropped precipitously to 65% of control under Reox, whereas secreted VEGF levels increased further.
Statistical significance was accepted at p � 0.05 (*) and p � 0.01 (**). C, relative quantities of the secreted MMPs in MDA-MB-231, A549, and
H1299 cells determined by cytokine arrays. MMP-3, -9, and -13 secretion was found to be elevated under 72-h Hx. D, relative levels of secreted
chemokines related to recruitment of immune cells, G-CSF, GM-CSF, CXCL-16, and stroma-derived factor-1 (SDF-1beta), as determined by
cytokine array. Secretion of these chemokines was significantly elevated under Hx. 48N, 48-h normoxia; 48H, 48-h hypoxia; 48H-24R, 48-h
hypoxia followed by 24-h normoxia.
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their use as targets for cancer therapy because of their ab-
normal expression (67). We also observed that tumor cells
secrete many proteins such as IL-1, VEGF, PDGF-BB, TGF-�,
and S100A4 with the potential to activate the MMP-TIMP
proteolytic system. Lastly, analysis of the tumor secretome
under Hx and Reox revealed that tumor cells may adapt to
hostile microenvironments by secreting cytokines including
angiogenin, VEGF, G-CSF, and GM-CSF to induce angiogen-
esis or acquire a self-sustaining mechanism. Taken together,
our proteomics analysis of secretion by tumor cells under Hx
or Reox has revealed a large number of candidate molecules
in the regulation of tumor metastasis and angiogenesis. These
molecules could potentially serve as therapeutic targets or
disease biomarkers. Unexpectedly, we observed that more
than 50% of the secreted proteins were found in presumptive
exosomes. As exosomes are known to have a myriad of
functional activities, our observation is likely to add another
dimension to our present understanding of the tumor micro-
environment and its regulation by tumor cells.
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67. Ala-aho, R., and Kähäri, V. M. (2005) Collagenases in cancer. Biochimie 87,
273–286

Hypoxic Tumor Secretomes Promote Angiogenesis and Metastasis

Molecular & Cellular Proteomics 9.6 1099


