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Abstract. Overexpression of TMPRSS4, a cell surface-associated
transmembrane serine protease, has been reported in pancreatic,
colorectal and thyroid cancers, and has been implicated in tumor
cell migration and metastasis. Few reports have investigated both
TMPRSS4 gene expression levels and the protein products. In
this study, quantitative RT-PCR and protein staining were used
to assess TMPRSS4 expression in primary non-small cell lung
carcinoma (NSCLC) tissues and in lung tumor cell lines. At
the transcriptional level, TMPRSS4 message was significantly
elevated in the majority of human squamous cell and adenocarci-
nomas compared with normal lung tissues. Staining of over 100
NSCLC primary tumor and normal specimens with rabbit poly-
clonal anti-TMPRSS4 antibodies confirmed expression at the
protein level in both squamous cell and adenocarcinomas with
little or no staining in normal lung tissues. Human lung tumor
cell lines expressed varying levels of TMPRSS4 mRNA in vitro.
Interestingly, tumor cell lines with high levels of TMPRSS4
mRNA failed to show detectable TMPRSS4 protein by either
immunoblotting or flow cytometry. However, protein levels
were increased under hypoxic culture conditions suggesting that
hypoxia within the tumor microenvironment may upregulate
TMPRSS4 protein expression in vivo. This was supported by the
observation of TMPRSS4 protein in xenograft tumors derived
from the cell lines. In addition, staining of human squamous cell
carcinoma samples for carbonic anhydrase IX (CAIX), a hypoxia
marker, showed TMPRSS4 positive cells adjacent to CAIX
positive cells. Overall, these results indicate that the cancer-
associated TMPRSS4 protein is overexpressed in NSCLC and
may represent a potential therapeutic target.
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Introduction

Lung cancer is the second most common cancer in both men
and women worldwide. According to the United States Cancer
Statistics (USCS) for 2007 (the most recent for which the
statistic is available), a total of 203,536 new cases of lung cancer
were diagnosed and 158,683 deaths were reported (1). The
lung cancer mortality rate outranks that of any other cancers.
Lung cancer has been classified into two major types, small cell
lung cancer (SCLC) and non-small cell lung cancer (NSCLC).
NSCLC, characterized by aggressive growth and often metas-
tasizes to distant lymph nodes and vital organs, comprises 80%
of new cases of lung cancer diagnosed each year and is further
sub-classified based on tumor histology into epidermoid or
squamous cell carcinoma (SCC), adenocarcinoma, and large
cell carcinoma. Treatments for lung cancer include surgery,
chemotherapy, radiation therapy, and immunotherapy; however,
these standard treatments are rarely curative. Therefore, new
treatments and therapies are being developed, and biomarkers
allowing early diagnosis are being sought (2-5).

Cell surface proteases play a major role in cancer progression
and metastasis (6). In normal tissues, cell surface proteases are
involved in regulating cellular activities, such as cell-cell interac-
tion, adherence to matrix components, motility and homeostasis.
Overexpression of these proteases alters the cell surface:matrix
interaction and, subsequently, cell morphology. TMPRSS4,
a type II transmembrane protein serine protease belongs to a
family of membrane-type serine proteases (MT-SP), discovered
by differential gene analysis for pancreatic cancer markers (7).
The full-length cDNA was cloned and originally designated as
TMPRSS3 (8), a name previously assigned to a closely related
protein located on chromosome 21q22.3. TMPRSS4 was subse-
quently mapped to chromosome 11¢23.3 and has been shown to
have two alternate splice variants producing transcripts of 2.12
and 1.98 kb. Murine TMPRSS4 is also called CAP2 based on
the amino acid sequence identity between the human protein
and the mouse ortholog. Murine TMPRSS4 belongs to a family
of channel activating proteins comprised of CAP-1, -2, and -3.
Human TMPRSS4 and CAP-2 share 77.2% identity in amino
acid sequences. CAP-2 has been described as activating the
epithelial sodium channel (eNAC), a non-voltage-gated sodium
channel that regulates the extracellular sodium concentration,
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and in turn, balances blood volume and pressure by controlling
fluid re-absorption (9,10).

Since the cloning of the human TMPRSS4 gene, several
studies have reported high expression of TMPRSS4 at the
transcriptional level in pancreatic, colorectal, and thyroid
cancers via Northern blot analyses, microarray gene-chips, and
RT-PCR (11-15). Recent gPCR studies showed that high levels
of TMPRSS4 message in NSCLC patients were associated
with a poor prognosis (16). Studies of biological activity have
reported that elevated TMPRSS4 expression induced epithelial
to mesenchymal transition (EMT) of cancer cells and promoted
metastasis (17,18). In addition, siRNA knockdown of TMPRSS4
in cancer cell lines and in metastatic potential mouse model,
reduced cell invasion and migration, thus implying a role for
TMPRSS4 in metastasis (16,19). Further analysis of TMPRSS4-
mediated signaling in cancer cells suggested that multiple
downstream signaling pathways are activated including focal
adhesion kinase (FAK) and extracellular signal regulated kinase
(ERK) resulting in the downregulation of E-cadherin and
induced expression of integrin a5, a critical molecule implicated
in tumor cell invasion, migration and tumor progression (18).

Most studies to date have focused on TMPRSS4 mRNA
rather than protein levels and endogenous protein expression
of TMPRSS4 in normal lung and NSCLC cells has not been
examined. The general lack of information on TMPRSS4
protein expression is due, in part, to difficulty in generating
reagent antibodies that are suitable for detecting denatured and
native TMPRSS4 protein. Here, we successfully generated a
TMPRSS4-specific rabbit polyclonal antibody and, in conjunc-
tion with gPCR, immunohistochemistry (IHC) and immunoblot
analyses, explored TMPRSS4 expression and its potential as a
therapeutic target in non-small cell lung cancers. Using human
lung cancer cell lines and tumor xenograft models, we also
investigated the role of hypoxia in modulation of TMPRSS4
protein expression in the tumor microenvironment.

Materials and methods

Cell lines and materials. Normal and tumor lung tissues were
obtained from Biochain (Hayward, CA). Cell lines were obtained
from ATCC (Manassa, VA) unless specified. All cells were
maintained in DMEM-high glucose medium with 10% fetal
bovine serum (Life Technologies, Carlsbad, CA). TMPRSS4
cDNA in a pPENTR™?221 vector was purchased from Life
Technologies. Female Balb/c nu/nu mice were obtained from
Harlan Laboratories (Boston, MA).

Quantitative RT-PCR analysis. Total RNA from cell pellets
and lung tissues was extracted using the RNEasy kit (Qiagen,
Valencia, CA) with DNase treatment to remove genomic DNA.
cDNA was produced using the High-Capacity cDNA Archive Kit
(ABI, Foster City, CA). Primers and minor groove binder (MGB)
probe were designed using the ABI's Primer Expressl.5. Primers
were synthesized by Integrated DNA Technologies (Coralville,
[A); forward primer: 5-CCTGGCGAGTATCATCATTGTG-3,,
reverse primer: 5-CCCGCAGAGGAAGTAGTATTTATCC-3..
The probe was labeled at the 5'-end with 6-carboxyfluorescein
reporter dye and on the 3'-end with non-fluorescent quencher.
18S rRNA was used as an internal standard for multiplex PCR
(VIC/MGB probe, primer). The experiment was carried out
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in duplicate multiplex PCR reactions using 25 ng cDNA, the
2X Tagman® Universal Master Mix, 900 nM gene of interest
(GOI) primers, 250 nM GOI probes, 75 nM 18S rRNA primers,
and 200 nM 18S rRNA probe. The amplification was performed
using the ABI 7900HTS, in which the protocol was set as
follows: 50°C, 2 min; 95°C, 10 min; annealing and extension
at 95°C for 15 sec, 60°C for 1 min (40 cycles), respectively. To
ensure lack of competition between the GOI and 18S rRNA, a
validation experiment was performed where primers and probes
for TMPRSS4 and 18S rRNA were used together and separately.
Plasmid vector encoding TMPRSS4 was serially diluted to
detect differences in mRNA over a wide dynamic range. The
data were analyzed using the ABI SDS2.1 software. The data
from duplicate wells were averaged. The comparative CT
method was used to calculate relative levels of these transcripts
in tumors compared with normal controls according to ABI User
Bulletin no. 2. The average values were graphed using GraphPad
Software Prism 5.0 and one-way ANOVA analysis of variance to
test for statistical significance.

Cloning TMPRSS4 cDNA. TMPRSS4 cDNA in a pPENTR™221
vector was transferred to pcDNA6.2/V5-DEST mammalian
expression vectors containing the Tag-On-Demand System
(Invitrogen's Gateway system) by performing the LR recombina-
tion reaction according to the Invitrogen protocol. The resulting
vector was sequenced to confirm the correct cDNA and in-frame
to the amber stop codon. Plasmid DNA was amplified in bacte-
rial culture and was isolated using GenElute HP endotoxin-free
plasmid maxiprep (Sigma, St. Louis, MO).

Generation of rabbit polyclonal anti-TMPRSS4. A peptide
containing amino acids 104-119 in the scavenger receptor
cysteine-rich (SRCR) domain of TMPRSS4 was synthesized
(Pacific Immunology, Ramona, CA). A cysteine was added at
the carboxyl-terminal to facilitate the conjugation to keyhole
limpet hemocyanin (KLH) via EDC-mediated conjugation (20).
Peptide-KLH complex was used to immunize two New Zealand
white rabbits with 100 ug of protein in equal volumes of PBS and
Freund's complete adjuvant. Rabbits were boosted every three
weeks with peptide-KLH complex in incomplete Freund's adju-
vant. Rabbit sera were collected prior to immunization and every
two-weeks after the initial immunization. ELISA was performed
to determine serum titers against the synthetic peptide. The
positive sera were pooled and stored at -20°C. For affinity puri-
fication of the polyclonal anti-TMPRSS4, the synthetic peptide
was conjugated to CNBr-activated Sepharose 4B beads (GE
Healthcare Life Sciences, Piscataway, NJ). Prior to loading on
the column, the pooled rabbit serum was diluted 1:1 with PBS,
the sample was applied to the column, and the absorbance of
the eluent was monitored at 280 nm. The column was washed
extensively with PBS until A, values reached baseline. Bound
antibodies were eluted with 0.2 M glycine, pH 1.85, until the
absorbance reached baseline and immediately neutralized with
1 M Tris-HCI, pH 8.5. The eluate was concentrated to 1-2 mg/
ml and dialyzed against PBS with 0.02% sodium azide. Purified
polyclonal anti-TMPRSS4 was aliquoted and stored at 4°C.

Flow cytometric analysis. Cells were cultured either under
normoxic condition (atmospheric O,) or for 48 h in a hypoxic
chamber where the O, level was maintained at 0.7% with 5% CO,.
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Hypoxic cells were dissociated with Versene (Life Technologies)
and fixed in 4% paraformaldehyde prior to removing cells from
the chamber. Cells under normoxic condition were dissociated
similarly. Normoxic and hypoxic cells (1x10°) were then washed
in Hanks' balanced salt solution (HBSS) and resuspended in
staining buffer (HBSS, 1% BSA, 0.1% sodium azide) before
incubating with anti-TMPRSS4 antibodies for 30 min followed
with F(ab'),-FITC conjugated anti-Fc (20 ug/ml). Washing was
performed between antibodies. In the final step, cells were
washed in HBSS, and flow cytometry analysis was performed
on Beckman Coulter FC500. Data were analyzed via FlowJo
(Tree Star, Inc., Ashland, OR).

Immunoblot analyses. COS-1 cells were transfected with
TMPRSS4-pcDNAG6.2/V5 plasmid via Lipofectamine-2000
(Life Technologies). Twenty-four h post-transfection, cells were
either left alone for expression of TMPRSS4 protein or treated
with 100:1 pfu of adenovirus carrying the Tag-On-Demand
amber stop codon suppressor (Life Technologies) for expression
of TMPRSS4-V5 tagged fusion protein. At 48 h post trans-
fection, cells were lysed in RIPA buffer containing protease
inhibitors (Sigma). Cell lysates were electrophoresed on 4-12%
SDS-PAGE gels with MOPS running buffer and then transferred
onto nitrocellulose membranes. The membranes were incubated
in either 1 pg/ml of rabbit polyclonal anti-TMPRSS4 or mouse
anti-V5 tag (Life Technologies) followed by a peroxidase-conju-
gated secondary antibody. A washing step with PBS-Tween-20
(0.05%) was performed after the change of antibodies and at
the final step. The immunopositive protein bands were detected
by Biomax-MS film via chemiluminescence substrate (Thermo
Scientific, Rockfort, IL). Mouse anti-GAPDH was used to
confirm that equal amounts of protein were analyzed in each
sample.

For lung tumor tissues, lysates were prepared at 3.75 pg/ml in
NuPAGE buffer containing 1 mM DTT and denatured by heating
at 80°C for 10 min. Proteins were analyzed by immunoblotting
with rabbit polyclonal anti-TMPRSS4 as described above.

Immunohistochemistry. A tissue array containing 101 form-
alin-fixed, paraffin-embedded tissue cores of lung SCC,
adenocarcinomas, and normal non-neoplastic lung tissues from
multiple donors was used (Phylogeny Inc., Columbus, OH).
Tissue sections were deparaffinized in xylene, and antigen
retrieval was carried out with proteolytic epitope retrieval
(pepsin, BioCareMedical, Concord, CA) at room temperature
(RT) for 15 min. Endogenous peroxidase was quenched with
peroxidase block (Dako, Carpinteria, CA). The tissues were
blocked with 10% goat serum (Sigma) for 10 min followed
by exposure to rabbit polyclonal anti-TMPRSS4 at 10 pg/
ml for 60 min at RT. The rabbit polyclonal anti-TMPRSS4
was detected with biotinylated anti-rabbit IgG (H+L) (Jackson
ImmunoResearch, West Grove, PA) for 20 min, and then ABC
Elite (Vector Labs, Burlingame, CA) for an additional 20 min.
The chromagen DAB (diaminobenzidine, Dako) was added to
the tissue for 5 min as peroxidase substrate. The slides were
rinsed in water, counterstained with hematoxylin, dehydrated
in graded ethanol, cleared in xylene, and then mounted with
permount. The level of TMPRSS4 expression was graded by
an American College of Veterinary Pathologists board certified
pathologist on a scale of 0-4 as follows: 0, no staining; 1, faint

multifocal staining of cells; 2, diffuse, faint or moderate staining
of cells; 3, multifocal, intense staining admixed with moderate
staining of cells; 4, diffuse and intense staining of cells. Some
specimens with a staining pattern falling between two score
values were given 0.5 values.

Frozen tissue sections of lung squamous cell carcinoma
sections were thawed to RT, fixed in 10% Zn/formalin (Electron
Microscopy Sciences, Hatfield, PA) for 10 min, blocked with
10% goat serum, then incubated with a combination of rabbit
polyclonal anti-TMPRSS4 and mouse monoclonal anti-CAIX
(R&D Systems, Minneapolis, MN). For negative controls,
sections were incubated with rabbit and mouse isotype controls.
Following incubation with the primary antibodies, sections
were incubated with Cy3 or Cy2-conjugated goat anti-rabbit
IgG (H+L) and Cy2 or Cy3-conjugated goat anti-mouse IgG
(H+L). After sections were washed in PBS, antifade mounting
medium containing DAPI (4',6-diamidino-2-phenylindole, dihy-
drochloride) (Life Technologies), was added to the slides prior
to coverslipping.

Generating xenograft tumors. Tumor cell lines were cultured and
maintained in log phase. The day of injection (day 0), H358 and
A549 cells were harvested by dissociation with trypsin, followed
by 2 washes in PBS. Three female (nu/nu) nude mice were
injected at two sites subcutaneously with a total of 2-4 million
cells per mouse. Tumor volume was measured over time with
calipers. Tumors were collected when they reached ~250 mm?
in volume. Tumor tissues were fixed in 10% neutral buffered
formalin at 4°C overnight. The next day, tumor tissues were
removed from the fixative and washed with PBS followed by
paraffin embedding and sectioning. Tissue sections were stained
with rabbit anti-TMPRSS4 antibodies as described above.
All animal studies were approved by Genzyme Institutional
Animal Care and Use Committee and conducted in Genzyme
Association for Assessment and Accreditation of Laboratory
Animal Care accredited facility.

Results

TMPRSS4 mRNA upregulation in non-small cell lung carci-
nomas and in lung cancer cell lines. A total of 49 human NSCLC
tumor specimens including 24 adenocarcinomas, 22 squamous
and 3 large cell carcinomas were obtained. Normal lung tissue
from 16 donors was also obtained. Total RNA was isolated from
each sample, and quantitative RT-PCR analysis (QPCR) was
performed in duplicate for each sample. The average relative
TMPRSS4 expression was calculated in comparison with 18S
ribosomal RNA and plotted by tumor subtype. TMPRSS4 tran-
script was highly expressed in adenocarcinomas and squamous
cell carcinomas, while expression in the normal tissues was
negligible (Fig. 1A) and only low levels were seen in large cell
carcinomas. Statistical analysis was performed comparing the
mean values for NSCLC samples to those of normal samples via
one-way ANOVA analysis of variance with the Kruskal-Wallis
test, followed by a Dunn's multiple comparison tests. Differences
in TMPRSS4 mRNA levels were statistically significant
(p=0.0006) with 99% confidence intervals for Kruskal-Wallis
test, and Dunn's post-test displayed p<0.01 for normal vs.
adenocarcinoma and normal vs. squamous cell carcinomas. In
both types of tumor, >70 and 59% of samples showed 3- and
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Figure 1. TMPRSS4 expression in NSCLC tissue specimens and lung cancer cell lines. (A) Quantitative RT-PCR was performed on 49 lung tumors and 16 normal
donor tissues. For each sample, qPCR was performed in duplicate, and the average values plotted relative to 18S rRNA. One-way ANOVA analysis of variance was
used with Kruskal-Wallis test for all four groups (adeno-, squamous, large cell carcinomas, and normal) (p=0.0006) followed by Dunn's multiple comparison test
with 99% confident intervals for normal vs adenocarcinomas (***), and normal vs squamous cell carcinomas (**). Bars represent the mean value for each group.
“p<0.01; *“p<0.001. (B) gPCR was performed on lung cancer cell lines. Total RNA was isolated from 16 lung cancer cell lines. qPCR was performed, and the

average values from duplicate samples were normalized against 18S rRNA. The average relative copies of TMPRSS4 are plotted.

Table I. Quantitative RT-PCR analysis of TMPRSS4 expression in lung tumor tissues relative to normal tissues.

Lung classification Total samples tested >3-fold >5-fold >10-fold >20-fold
Adenocarcinoma 24 70.8% 62.5% 45.8% 29.2%
Squamous cell carcinoma 22 72.7% 59.1% 45.5% 9.1%
Large cell carcinoma 3 33.3% 333% 0.0% 0.0%

5-fold or greater TMPRSS4 mRNA expression than normal
lung tissue, respectively (Table I). The average value for large
cell carcinomas, even though few samples were analyzed, was
higher than for the normal lung samples, but considerably lower
than for adenocarcinomas and squamous cell carcinomas, and
statistically not different from normal lung tissue. These results
indicate that TMPRSS4 message is significantly upregulated in
most primary NSCLC tumor tissues.

We next examined TMPRSS4 message in human lung
cancer cell lines in culture. TMPRSS4 qPCR was performed
on 16 lung cancer lines and variable numbers of TMPRSS4
transcripts were detected in 6 of 16 lung cancer lines. The H358
and H596 NSCLC cell lines expressed the highest levels with
>4500 copies relative to 18S, followed by the H292 cell line with
500 copies, and fewer copies in the H647, H460, SW900 lines
and A549 (Fig. 1B). These results indicate that while TMPRSS4
message is significantly upregulated in a majority of NSCLC
primary tumor tissues, it is not widely expressed in lung cancer
cell lines.

Generation of rabbit polyclonal anti-TMPRSS4. Rabbit poly-
clonal anti-TMPRSS4 antibodies were generated against a
synthetic peptide covering amino acid position 104-119 within
the extracellular scavenger receptor cysteine-rich (SRCR)
domain of human TMPRSS4 (Fig. 2A). This region was
selected based upon a high antigenicity index according to
a hydropathy plot (8,21) and low similarity to other TMPRSS

family members. To confirm the specificity of rabbit antibodies
against TMPRSS4, COS-1 cells were transiently transfected
to express TMPRSS4-V5 tagged fusion protein or TMPRSS4
alone as described in Materials and methods. Total cell lysates
were subjected to SDS-PAGE electrophoresis followed by
immunoblotting with anti-TMRPSS4 and anti-V5 antibodies
(Fig. 2B). TMPRSS4 alone migrated on a denatured SDS-PAGE
gel at ~51 kDa relative to standard markers, while TMPRSS4-V5
fusion protein migrated at a slightly higher molecular weight as
a result of the V5 fusion. Faint immunopositive bands at both
higher and lower molecular weights were observed with rabbit
polyclonal anti-TMPRSS4 suggesting that TMPRSS4 may
form dimers and trimers with corresponding molecular weights
~100 and 150-kDa, respectively, while lower molecular weight
bands may reflect proteolysis associated with TMPRSS4 activity.
No staining was observed for untransfected COS-1 cells further
demonstrating the specificity of the antibodies. To demonstrate
that affinity-purified rabbit polyclonal anti-TMPRSS4 can detect
TMPRSS4 in lung tumor specimens, six squamous cell carci-
noma lysates were subjected to immunoblotting. A dominant
band at ~51 kDa was observed with labeling of some lower
molecular weight bands (Fig. 2C). The 51-kDa protein band
failed to migrate uniformly in all samples, another indication of
proteolysis or post-translation modification of TMPRSS4 in the
tumor specimens. High molecular weigh bands corresponding to
the 64 kDa marker were observed in three samples suggesting
splice-variants of TMPRSS4 in selected primary tumor tissues.
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Figure 2. (A) Schematic drawing of TMPRSS4 domains and the peptide sequence used to raise rabbit antibodies. Figure is not drawn to scale. LDLa, low-density
lipoprotein receptor domain class A; SRCR, scavenger receptor cysteine-rich; Tryp_Spc, trypsin-like serine protease. (B) Immunoblotting of affinity-purified rabbit
antibodies against TMPRSS4 fusion protein expressed in COS-1 cells. COS-1 cells were transfected with TMPRSS4-pcDNAG6.2/V5 for TMPRSS4 expression.
Adenoviruses carrying Tag on-demand amber stop codon suppressor were added to generate TMPRSS4-V5 fusion protein expression. Untransfected COS-1 cells
were performed in parallel and labeled as (-). Each lane of the SDS-PAGE received 50 pg of total protein from the cell lysate, and the immunoblotting was performed
with rabbit polyclonal anti-TMPRSS4 (1:1000 dilution). (C) Immunoblotting of rabbit polyclonal anti-TMPRSS4 against primary lung tumor samples. Lysates from
six squamous cell carcinoma samples were subjected to SDS-PAGE followed by immunoblotting with rabbit polyclonal anti-TMPRSS4. Each lane contained 75 ug
of total protein from tumor lysate. The major protein band, indicated by an arrowhead, is TMPRSS4.

Furthermore, no protein band from lung tumor specimens was
observed in a blocking experiment, in which anti-TMPRSS4
antibodies were incubated with TMPRSS4 (104-119) peptide
before exposing to the blot (data not shown). These results
demonstrated that our affinity purified rabbit polyclonal anti-
TMPRSS4 recognizes TMPRSS4 expressed in transfected cells
and in primary lung tumors.

TMPRSS4 protein overexpression in human non-small cell lung
carcinomas. To assess TMPRSS4 protein expression in human
lung tumor tissue sections, we performed immunohistochemistry
(IHC) using affinity-purified rabbit polyclonal anti-TMPRSS4 on
paraffin-embedded lung tumors and corresponding normal lung
tissue specimens. A total of 100 tissue specimens were examined
including 20 adenocarcinomas, 26 squamous cell carcinomas,
42 normal lung tissue samples, and 12 tissue samples from non-
cancer diseased lungs (congested lung, collapsed lung, hyperplasia
and pulmonary edema). Each tissue section was analyzed and
assigned an THC intensity score (0-4) by a pathologist. Overall,
adenocarcinoma and squamous cell carcinoma tissues exhibited
significantly higher mean IHC scores than the matched normal
lung tissues (Fig. 3). The mean THC scores of the squamous cell
carcinomas were lower than adenocarcinomas. There was a
wide variation in staining intensity in both types of lung tumors
(Fig. 4). Interestingly, 50% of the lung adenocarcinomas demon-
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Figure 3. Immunohistochemical grades of normal lung and NSCLC tissue spec-
imens stained with rabbit polyclonal anti-TMPRSS4. Immunohistochemical
staining intensity for each specimen was scored with grades 0-4 (see Materials
and methods). Each symbol represents a tumor from an individual patient while
the horizontal bars are group mean scores. Statistical comparisons between
groups were done using Kruskal-Wallis test (p<0.0001) followed by Dunn's
multiple comparison tests, normal vs adenocarcinoma (***) and normal vs
squamous cell carcinoma (%), no significance for normal vs noncancer diseased
lung. “p<0.05; ““p<0.001.
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Figure 4. Representative immunohistochemical analysis of rabbit polyclonal anti-TMPRSS4 against primary NSCLC tissue specimens. Positive immuno-
reactivity is indicated by the brown staining. Black arrow, immunopositive tumor cells; red arrow, immunopositive lymphocytes, macrophages, and alveolar
macrophages; green arrow, immunopositive smooth muscle. Adenocarcinomas (A-C) exhibited greater immunoreactivity with lower background staining
compared to squamous cell carcinomas (SCC) of the lung (D and E). Infiltrating lymphocytes and alveolar macrophages exhibited mild to moderate immuno-
reactivity with the antibody. (D) SCC that does not stain (*) while the infiltrating inflammatory cells are immunopositive. (F) Lack of staining in normal lung

tissue except normal alveolar septa (blue arrow) that were immunopositive.

strated moderate to marked TMPRSS4 staining (IHC score
of =2) (Fig. 4A-C), while only 20% of the lung squamous cell
carcinomas showed similar staining intensity (Fig. 4D and E).
Rabbit polyclonal anti-TMPRSS4 also stained resident alveolar
macrophages, infiltrating inflammatory cells (i.e., lymphocytes
and macrophages), and occasional alveolar septae (Fig. 4F). In
the normal lung tissue specimens, ciliated epithelial cells lining
the bronchioles (when present) demonstrated mild to moderate
cytoplasmic staining (data not shown). No statistically significant
variations were found for TMPRSS4 staining in tissue sections
from congested lung, chronic pneumonitis with alveolar epithe-
lium hyperplasia and collapsed lung, and the IHC scores were
similar to those of normal lung tissue. These results are consistent
with the mRNA expression data described in Fig. 1 indicating
that TMPRSS4 expression is overall elevated in lung cancers
compared to normal and non-cancer diseased lung tissues.

Tumor microenvironment-dependent expression of TMPRSS4
protein in human lung cancer cell lines. We next examined
TMPRSS4 protein expression in a variety of human cancer
cell lines in culture. TMPRSS4 messages were confirmed by
conventional RT-PCR and were found consistent with qPCR
data (Fig. 1B) (data not shown). When cell lysates were gener-
ated and analyzed by immunoblotting, only 2 cell lines stained
positive for TMPRSS4 protein, the A549 lung cancer and

MCF7 breast cancer lines (Fig. 5A). Anti-GAPDH was used
as a loading control. As expected, no detectable TMPRSS4
protein was observed for SKLU1, MSTO211H, Calu-1 and
normal lung tissues, which are lacking TMPRSS4 messages
and consistent with Fig. 1. The absence of detectable TMPRSS4
protein in tumor lines with high levels of mRNA suggested the
involvement of environmental factors in the control of mRNA
translation. Hypoxia is known to prevail in the tumor micro-
environment and was therefore tested as a potential regulator
of TMPRSS4 protein expression. The H358 and H596 lung
cancer cell lines were selected for these studies as they express
high levels of TMPRSS4 transcripts but no detectable protein
(Figs. 1B and 5A). Cells were cultured either under normoxic
conditions or in a hypoxic chamber (O, <0.7%) for 48 h. The cells
were then stained with anti-TMPRSS4 antibody or an isotype
control and were analyzed by flow cytometry (Fig. 5B). In both
cell lines, TMPRSS4 protein was detected only when the cells
were exposed to hypoxia and was undetectable in cells cultured
under normoxic conditions.

To extend these in vitro studies to the in vivo setting, H358
cells were implanted into nude mice subcutaneously to generate
tumors. When tumors reached a 250 mm?® volume, they were
collected and serial tissue sections were stained with rabbit
polyclonal anti-TMPRSS4. The H358 xenograft tumors stained
intensely for TMPRSS4 by IHC with little or no background
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Figure 5. (A) Immunoblot analyses of cancer cell lysates for TMPRSS4 protein expression. Lysates from cancer cell lines along with three normal lung tissue
samples (CRL1490, CRL1491 and CRL1497) were prepared in RIPA and SDS-PAGE buffers, and then subjected to SDS-PAGE and immunoblotting. The blots
were probed with rabbit polyclonal anti-TMPRSS4 (1:1000 dilution) and then mouse anti-GAPDH (1:1000 dilution) to confirm that equal amounts of protein
were being analyzed in each lane. Positive protein bands were detected with peroxidase-conjugated secondary antibodies and chemiluminescent substrate.
(B) Lung cancer cell lines exposed to hypoxia. H358 and H596 cells were cultured under hypoxic (O, <0.7%) or normoxic conditions for 48 h prior to staining
with anti-TMPRSS4 for flow cytometry. Shaded, IgG isotype control; open dashed, anti-TMPRSS4 staining. (C) Tissue sections of xenograft tumors stained
for TMPRSS4 with rabbit polyclonal anti-TMPRSS4. Nude mice were implanted with H358 human lung cancer cells to generate solid tumors, which were
collected, fixed in formalin, and embedded in paraffin for sectioning. Tissue sections were stained with rabbit polyclonal anti-TMPRSS4 or with rabbit IgG
antibodies, followed by biotinylated goat anti-rabbit as described in Materials and methods.

Figure 6. Lung squamous cell carcinoma stained for TMPRSS4 and CAIX. Frozen lung tumor tissue sections were co-stained with rabbit polyclonal anti-TMPRSS4
and mouse monoclonal anti-CAIX antibodies and then with secondary species-specific antibodies; Cy3-conjugated goat anti-rabbit (red) and Cy2-conjugated anti-
mouse (green). Nuclei were stained with DAPI (blue). For negative controls, tissue sections were stained with rabbit and mouse IgG isotype antibodies.
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staining with an isotype control antibody (Fig. 5C). These results
support the hypothesis that hypoxic conditions in the tumor envi-
ronment may promote expression of TMPRSS4 protein.

TMPRSS4 positive cells adjacent to CAIX positive cells in
primary lung carcinomas. Primary human lung carcinoma
samples were used to determine whether expression of
TMPRSS4 protein coincided with hypoxic regions within
the tumor mass. Carbonic anhydrase IX (CAIX) was used as
a hypoxia marker (26). Frozen tissue sections of human lung
squamous cell carcinoma were stained with rabbit polyclonal
anti-TMPRSS4 and mouse monoclonal anti-CAIX, and then
with DAPI for nuclei. Strong staining for TMPRSS4 (Fig. 6,
red color) and CAIX (green color) was observed. In most areas,
CAIX positive cells were either surrounded by TMPRSS4
positive cells or vice versa indicating close proximity of
TMPRSS4-expressing cells with the CAIX hypoxic marker
and no coincident staining on the same cells. No expression of
TMPRSS4 or CAIX was detected in the tumor stroma in agree-
ment with Kivela er al and Juhasz et al (22,23). These results
provide further support for an involvement of hypoxia in regula-
tion of TMPRSS4 protein expression.

Discussion

TMPRSS4 expression has been studied in several cancers at the
transcriptional level but information is lacking on expression
of the protein product. In this study, we examined TMPRSS4
mRNA as well as protein expression in human non-small cell
lung cancer (24). Of the lung tumor specimens examined for
TMPRSS4 transcripts, adenocarcinomas and squamous cell
carcinomas showed significantly elevated levels of TMPRSS4
message compared with normal lung tissues similar to the recent
report of Larzabal et al (16). Large cell lung carcinoma specimens
had an average value higher than that of normal lung tissue, but
the difference did not reach statistical significance, possibly due
to the small number of samples tested. These results demonstrate
that TMPRSS4 is over-expressed in a majority of NSCLC tumor
and are in agreement with reports of elevated levels of TMPRSS4
message in pancreatic (8), thyroid (13), and metastatic cancers
(15). To examine TMPRSS4 expression at the protein level, we
generated a polyclonal rabbit antibody to a synthetic peptide
from the extracellular domain of TMPRSS4 that has little simi-
larity to other family members (e.g., TMPRSS2 and TMPRSS3)
to decrease the probability of cross-reactivity. TMPRSS2 and
TMPRSS3 extracellular domains display 38 and 36% amino
acid identity, respectively, to the region of TMPRSS4 selected
for immunization. The specificity of the rabbit polyclonal anti-
TMPRSS4 antibody was confirmed by immunoblotting against
COS-1 cells transduced with TMPRSS4 plasmid. TMPRSS4
protein expression in lung tumor samples was then evaluated
by immunohistochemistry. Rabbit polyclonal anti-TMPRSS4
antibody produced positive staining in tumor tissue sections
from lung adenocarcinomas and squamous cell carcinomas but
not in sections from samples of normal lung tissue or congested,
hyperplastic, pulmonary edema or collapsed lung tissue sections.
These results indicate that the increase in TMPRSS4 transcripts
observed in NSCLC tumors translates into an increased expres-
sion of the protein compared to normal or non-cancer diseased
lung tissue.

NGUYEN et al: TMPRSS4 EXPRESSION IN LUNG CANCER

TMPRSS4 expression was also evaluated in lung cancer
cell lines, which are commonly used in experimental tumor
models to study lung tumor biology and test potential thera-
peutic agents. In contrast to the elevated transcript levels found
in a majority of primary NSCLC tumor samples, only six out
of sixteen cell lines tested expressed TMPRSS4 transcripts
by qPCR and conventional RT-PCR analyses (Fig. 1B) under
normal culture conditions and, in a separate study, the majority
of cell lines positive for TMPRSS4 message were found to be
negative for protein expression (Fig. 5). This observed discrep-
ancy in TMPRSS4 expression between primary tumor samples
and tumor cell lines cultured in vitro suggested an influence of
the environment on protein expression. Since the hypoxic condi-
tions that commonly prevail in the tumor microenvironment are
known to modulate gene expression, TMPRSS4 protein expres-
sion was evaluated under normoxic and hypoxic conditions in
two tumor cell lines positive for TMPRSS4 mRNA (H358 and
H596). Hypoxia was in fact found to induce TMPRSS4 protein
expression on the surface of the cells as determined by flow
cytometry. In addition, implantation of H358 tumor cells in vivo
gave rise to tumors staining positive for TMPRSS4 protein
(Fig. 5) suggesting that expression of TMPRSS4 within the
tumor microenvironment may be promoted by hypoxic condi-
tions as demonstrated in the metastatic hepatocyte carcinoma
xenograft model in which elevated TMPRSS4 gene and protein
product correlate to the HIF-1a expression level (25).

To further explore this possibility, primary human lung
tumor specimens were co-stained for TMPRSS4 and CAIX, a
known marker of hypoxia (26). Positive staining for TMPRSS4
and CAIX was observed on adjacent cells within the tumors
with little or no coincident staining on the same cells. These
results confirm expression of TMPRSS4 in hypoxic regions
within tumors and support the contention that hypoxia may
upregulate TMPRSS4 protein expression in vivo.

The significance of TMPRSS4 overexpression in cancers
is not yet clear but is generally believed to promote tumor
growth and metastasis. TMPRSS4 has been implicated in the
induction of epithelial-mesenchymal transitions and in cancer
metastasis (17,19). Overexpression of TMPRSS4 enzyme leads
to the breakdown of extracellular matrix, and promotes invasion
and migration of cancer cells in cell-based assays and induced
the expression of integrin a5 (18). In in vivo studies, Jung et al
demonstrated that more tumor cells distributed from the spleen
to the liver in nude mice that were injected with SW480 cells
engineered to overexpress TMPRSS4 compared to those injected
with SW480 wild-type cells (17). In contrast, tail vein injection
of H358 tumor cells knocked-down for expression of TMPRSS4
with shRNA resulted in decreased tumor metastasis to the
lung (16). Other cell surface proteases have been shown to be
overexpressed and to play a role in cancer metastasis, including
members of the matrix metalloproteinase family and cell surface
serine proteases (27,28). Overexpression of a cell surface protease
has the potential to affect the extracellular matrix and to alter cell
morphology thereby enhancing cell motility and invasiveness of
distant organs.

TMPRSS4 substrates or interacting proteins in humans
have not yet been identified. Recent study demonstrated in
the co-transfected cell culture system that TMPRSS4 cleaves
hemagglutinin protein expressed on the 1918 influenza virus
and activates the virus infectivity (29). However, the mouse
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TMPRSS4 ortholog, CAP2, has been determined to activate
the epithelial sodium channel (eNaC) (30-33). The expression
pattern of eNaC includes the distal airways of the lung, the
kidney, and the cochlea and is similar to the expression pattern
of CAP2. ENaC has been described as a heterotetrameric protein
comprised of aafy homologous subunits [reviewed by Rossier,
Planes and Caughey and Matsushita et al (34-36)]. A d-subunit
of eNaC has also been described in pancreatic duct and in human
melanoma (37-39). It has been proposed that murine TMPRSS4/
CAP2 is expressed as a proenzyme, which can be stimulated to
autocleave and, in turn, activate the eNaC channel by cleaving
the gamma subunits (33). The regulation of eNaC is under tight
control of the TMPRSS4/CAP2 protease and vice versa; however,
the signal(s) involved in triggering TMPRSS4/CAP2 activity
remain to be identified. A role for human TMPRSS4 interaction
with eNaC in the tumor microenvironment has not been explored
and represents an intriguing possibility. For example, hypoxia
has been reported to cause a decrease in eNaC expression (40,41)
leading to alveolar fluid accumulation (40) as is often observed
in lung cancer patients. It is conceivable that hypoxia-induced
downregulation of eNaC in the lung tumor microenvironment
may trigger a compensatory increase in TMPRSS4 expression
although this remains to be determined.

In conclusion, our results demonstrate the previously unde-
scribed overexpression of TMPRSS4 in NSCLC at both the
mRNA and protein levels. In addition, our findings suggest that
expression of TMPRSS4 in the tumor microenvironment is regu-
lated by hypoxia. The exact function and biological significance
of TMPRSS4 overexpression remain to be fully characterized.
Nonetheless, the consistent overexpression of TMPRSS4 at
the gene level may represent a useful diagnostic or prognostic
marker for lung cancer as suggested by Larzabal et al and as
described by Kebebew et al in the context of thyroid neoplasm
(42). At the protein level, TMPRSS4 may represent a potential
target for antibodies or small molecule inhibitors of TMPRSS4
enzymatic activity for the treatment of NSCLC.

Acknowledgements

We thank Ms. Alison Schroeer for the schematic drawings. The
authors (T.H.N., WW,. EH., TC.,RGB.,,RM., SLM.,, BR,,
JK. and S.S.) are current employees of Genzyme Corporation,
while PR.N. and B.AT. are former employees.

References

1. Group UCSW: United States Cancer Statistics: 1999-2005
Incidence and mortality Web-based report, 2009.

2. Sher YP, Shih JY, Yang PC, et al: Prognosis of non-small cell
lung cancer patients by detecting circulating cancer cells in the
peripheral blood with multiple marker genes. Clin Cancer Res
11: 173-179, 2005.

3. Petersen I and Petersen S: Towards a genetic-based classification
of human lung cancer. Anal Cell Pathol 22: 111-121, 2001.

4. LuY,Lemon W, Liu PY, et al: A gene expression signature predicts
survival of patients with stage I non-small cell lung cancer. PLoS
Med 3: e467,2006.

5. Boeri M, Verri C, Conte D, et al: MicroRNA signatures in tissues
and plasma predict development and prognosis of computed
tomography detected lung cancer. Proc Natl Acad Sci USA 108:
3713-3718, 2011.

6. Netzel-Arnett S, Hooper JD, Szabo R, et al: Membrane anchored
serine proteases: a rapidly expanding group of cell surface proteo-
lytic enzymes with potential roles in cancer. Cancer Metastasis
Rev 22: 237-258, 2003.

837

7. Gress TM, Wallrapp C, Frohme M, et al: Identification of genes
with specific expression in pancreatic cancer by cDNA representa-
tional difference analysis. Genes Chromosomes Cancer 19: 97-103,
1997.

8. Wallrapp C,Hahnel S, Muller-Pillasch F, et al: A novel transmem-
brane serine protease (TMPRSS3) overexpressed in pancreatic
cancer. Cancer Res 60: 2602-2606, 2000.

9. Butterworth MB, Edinger RS, Frizzell RA and Johnson JP:
Regulation of the epithelial sodium channel by membrane traf-
ficking. Am J Physiol Renal Physiol 296: F10-F24, 20009.

10. Bhalla V and Hallows KR: Mechanisms of ENaC regulation and
clinical implications. J Am Soc Nephrol 19: 1845-1854, 2008.

11. Grutzmann R, Pilarsky C, Ammerpohl O, et al: Gene expression
profiling of microdissected pancreatic ductal carcinomas using
high-density DNA microarrays. Neoplasia 6: 611-622,2004.

12. Tacobuzio-Donahue CA, Ashfaq R, Maitra A, et al: Highly
expressed genes in pancreatic ductal adenocarcinomas: a compre-
hensive characterization and comparison of the transcription
profiles obtained from three major technologies. Cancer Res 63:
8614-8622,2003.

13. Kebebew E, Peng M, Reiff E, Duh QY, Clark OH and McMillan A:
ECM1 and TMPRSS4 are diagnostic markers of malignant thyroid
neoplasms and improve the accuracy of fine needle aspiration
biopsy. Ann Surg 242: 353-361, 2005.

14. Ma XJ, Patel R, Wang X, et al: Molecular classification of human
cancers using a 92-gene real-time quantitative polymerase chain
reaction assay. Arch Pathol Lab Med 130: 465-473, 2006.

15. Riker AI, Enkemann SA, Fodstad O, et al: The gene expression
profiles of primary and metastatic melanoma yields a transition
point of tumor progression and metastasis. BMC Med Genomics
1: 13,2008.

16. Larzabal L,Nguewa PA,Pio R, ef al: Overexpression of TMPRSS4
in non-small cell lung cancer is associated with poor prognosis in
patients with squamous histology. Br J Cancer 105: 1608-1614,
2011.

17. Jung H, Lee KP, Park SJ, er al: TMPRSS4 promotes invasion,
migration and metastasis of human tumor cells by facilitating an
epithelial-mesenchymal transition. Oncogene 27: 2635-2647, 2008.

18. Kim S, Kang HY, Nam EH, et al: TMPRSS4 induces invasion
and epithelial-mesenchymal transition through upregulation of
integrin {alpha}5 and its signaling pathways. Carcinogenesis 31:
597-606 2010.

19. Li T, Zeng ZC, Wang L, et al: Radiation enhances long-term
metastasis potential of residual hepatocellular carcinoma in
nude mice through TMPRSS4-induced epithelial-mesenchymal
transition. Cancer Gene Ther 18: 617-626, 2011.

20. Hermanson GT: Bioconjugate Techniques. Academic Press, San
Diego, 2008.

21. Kyte J and Doolittle RF: A simple method for displaying the
hydropathic character of a protein. J Mol Biol 157: 105-132, 1982.

22. Kivela AJ, Parkkila S, Saarnio J, et al: Expression of transmem-
brane carbonic anhydrase isoenzymes IX and XII in normal
human pancreas and pancreatic tumours. Histochem Cell Biol
114: 197-204, 2000.

23. Juhasz M, Chen J, Lendeckel U, et al: Expression of carbonic
anhydrase IX in human pancreatic cancer. Aliment Pharmacol
Ther 18: 837-846,2003.

24. Nguyen TH, Havari E, Connors T, et al: Cancer cells expressing
TMPRSS4 colocalized with carbonic anhydrase IX (CAIX)-
positive cells in lung and pancreatic carcinomas. Mol Cancer
Ther 8: C166, 2009.

25. Jia JB, Wang WQ, Sun HC, et al: A novel tripeptide, tyroserleu-
tide, inhibits irradiation-induced invasiveness and metastasis of
hepatocellular carcinoma in nude mice. Invest New Drugs 29:
861-872,2010.

26. Giatromanolaki A, Koukourakis M1, Sivridis E, ef al: Expression
of hypoxia-inducible carbonic anhydrase-9 relates to angiogenic
pathways and independently to poor outcome in non-small cell
lung cancer. Cancer Res 61: 7992-7998, 2001.

27. Egeblad M and Werb Z: New functions for the matrix metal-
loproteinases in cancer progression. Nat Rev Cancer 2: 161-174,
2002.

28. Szabo R, Wu Q, Dickson RB, Netzel-Arnett S, Antalis TM and
Bugge TH: Type II transmembrane serine proteases. Thromb
Haemost 90: 185-193, 2003.

29. Chaipan C, Kobasa D, Bertram S, et al: Proteolytic activation of the
1918 influenza virus hemagglutinin. J Virol 83: 3200-3211, 20009.

30. Garcia-Caballero A, Dang Y, He H and Stutts MJ: ENaC proteo-
lytic regulation by channel-activating protease 2. J] Gen Physiol
132: 521-535, 2008.



838

31.

32.

33.

34.

35.
36.

Kellenberger S and Schild L: Epithelial sodium channel/degenerin
family of ion channels: a variety of functions for a shared structure.
Physiol Rev 82: 735-767, 2002.

Vuagniaux G, Vallet V, Jaeger NF, Hummler E and Rossier BC:
Synergistic activation of ENaC by three membrane-bound channel-
activating serine proteases (mCAP1, mCAP2, and mCAP3) and
serum- and glucocorticoid-regulated kinase (Sgk1) in Xenopus
Oocytes. ] Gen Physiol 120: 191-201,2002.

Passero CJ, Mueller GM, Myerburg MM, Carattino MD,
Hughey RP and Kleyman TR: TMPRSS4-dependent activation
of the epithelial sodium channel requires cleavage of the gamma
subunit distal to the furin cleavage site. Am J Physiol Renal
Physiol 302: FI-F8, 2012.

Rossier BC: The epithelial sodium channel: activation by
membrane-bound serine proteases. Proc Am Thorac Soc 1: 4-9,
2004.

Planes C and Caughey GH: Regulation of the epithelial Na*
channel by peptidases. Curr Top Dev Biol 78: 23-46, 2007.
Matsushita K, McCray PB Jr, Sigmund RD, Welsh MJ and
Stokes JB: Localization of epithelial sodium channel subunit
mRNAs in adult rat lung by in situ hybridization. Am J Physiol
271: L332-L.339, 1996.

37.

38.

39.

40.

42.

NGUYEN et al: TMPRSS4 EXPRESSION IN LUNG CANCER

Yamamura H, Ugawa S, Ueda T, Nagao M and Shimada S:
Protons activate the delta-subunit of the epithelial Na* channel in
humans. J Biol Chem 279: 12529-12534, 2004.

Yamamura H, Ugawa S, Ueda T and Shimada S: Expression
analysis of the epithelial Na* channel delta subunit in human
melanoma G-361 cells. Biochem Biophys Res Commun 366:
489-492,2008.

Ji HL and Benos DIJ: Degenerin sites mediate proton activation
of deltabetagamma-epithelial sodium channel. J Biol Chem 279:
26939-26947,2004.

Wodopia R, Ko HS, Billian J, Wiesner R, Bartsch P and
Mairbaurl H: Hypoxia decreases proteins involved in epithelial
electrolyte transport in A549 cells and rat lung. Am J Physiol Lung
Cell Mol Physiol 279: L1110-L1119, 2000.

. Bouvry D, Planes C,Malbert-Colas L, Escabasse V and Clerici C:

Hypoxia-induced cytoskeleton disruption in alveolar epithelial
cells. Am J Respir Cell Mol Biol 35: 519-527, 2006.

Kebebew E, Peng M, Reiff E and McMillan A: Diagnostic and
extent of disease multigene assay for malignant thyroid neoplasms.
Cancer 106: 2592-2597, 2006.



