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L ung cancer is a leading cause of disease related mortality
all over the world."" Although several chemotherapies and
molecular targeted therapies have been developed, the prog-
nosis for lung cancer remains poor due to metastasis. One
promising approach to combat distant metastasis in patients
with lung cancer is to inhibit the process of epithelial to
mesenchymal transition (EMT), which involves the loss of
cell polarity and change to mesenchymal phenotype.”” EMT
is known to drive lung cancer progression by promoting both
the invasion of adjacent tissues and the development of resis-
tance to anti-cancer agents.”’ Although several cytokines,
(TGF-B),
received significant attention as major inducers of EMT dur-
ing cancer progression, the roles of these factors in control-
ling EMT in the context of lung cancer have not been

including transforming growth-factor J

studied extensively.®

Podocalyxin (PODXL) is a transmembrane glycoprotein
and member of the CD34 family, which is widely expressed
on vascular endothelial cells, as well as hematopoietic stem
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Epithelial-mesenchymal transition (EMT) plays an important role in the pro-
gression of lung carcinoma. Podocalyxin (PODXL), which belongs to the CD34
family and regulates cell morphology, has been linked to EMT in lung cancer,
and PODXL overexpression is associated with poor prognosis in several differ-
ent classes of cancers. The aim of this study was to clarify the role of PODXL
overexpression in EMT in lung cancer, and to determine the prognostic value
of PODXL overexpression in tumors from lung cancer patients. The morphol-
ogy, EMT marker expression, and migration and invasion abilities of engi-
neered A549 PODXL-knockdown (KD) or PODXL-overexpression (OE) lung
adenocarcinoma cells were examined. PODXL expression levels were assessed
by immunohistochemistry in 114 human clinical lung adenocarcinoma speci-
mens and correlated with clinical outcomes. PODXL-KD cells were epithelial in
shape, whereas PODXL-OE cells displayed mesenchymal morphology. Epithelial
markers were upregulated in PODXL-KD cells and downregulated in PODXL-OE
cells, whereas mesenchymal markers were downregulated in the former and
upregulated in the latter. A highly selective inhibitor of phosphatidylinositol
3-kinase-Akt signaling attenuated EMT of PODXL-OE cells, while a transform-
ing growth factor inhibitor did not, suggesting that PODXL induces EMT of
lung adenocarcinoma cells via the phosphatidylinositol 3-kinase pathway. In
lung adenocarcinoma clinical specimens, PODXL expression was detected in
minimally invasive and invasive adenocarcinoma, but not in non-invasive ade-
nocarcinoma. Disease free survival and cancer-specific survival were signifi-
cantly worse for patients whose tumors overexpressed PODXL. PODXL
overexpression induces EMT in lung adenocarcinoma and contributes to tumor
progression.

and progenitor cells.”> PODXL is essential for maintaining
the elaborate structure of kidney podocytes,® and has a
broader role in modifying cell shape.””” However, abnormal
expression of PODXL occurs in several malignancies, includ-
ing leukemia, breast and prostate cancer,” and PODXL over-
expression has been shown to be a poor prognostic factor in
colorectal cancer,”® breast cancer,”” urothelial bladder can-
cer,'” pancreatic ductal adenocarcinoma" and gastric can-
cer.'? In the lung cancer context, Meng et al."'® report that
PODXL is upregulated during TGF-B-induced EMT, and
silencing of PODXL reduced morphologic change and expres-
sion of E-cadherin and vimentin during TGF-B-induced EMT
in the A549 lung adenocarcinoma cell line. To date, the clin-
icopathological significance of PODXL expression in lung
adenocarcinoma has not been investigated. The purpose of
this study was to clarify the role of PODXL in EMT using
lung adenocarcinoma cells, and address the prognostic signifi-
cance of PODXL overexpression in clinical samples of lung
adenocarcinoma.

have
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Materials and Methods

Cell lines and culture conditions. The human lung adenocarci-
noma cell lines, A549 and NCI-H358, human lung squamous
cell carcinoma cell line, NCI-H520, and human large cell lung
carcinoma cell line, NCI-H460, were purchased from ATCC
and maintained in D-MEM (Wako, Osaka, Japan) supple-
mented with 10% FBS (Nippon Bio-supp. Center, Tokyo,
Japan). Platinum-GP (Plat-GP), a retroviral packaging cell line,
was purchased from Cell Biolabs (San Diego, CA, USA) and
also maintained in D-MEM with 10% FBS. Cell lines were
cultured in a humidified 5% CO, incubator at 37°C.

Lentivirus-mediated knockdown of podocalyxin expres-
sion. Lentiviral vectors expressing shRNA specific for the
human PODXL gene and pLKO.l-puro non-mammalian
shRNA control were purchased from Sigma (Mission shRNA;
St. Louis, MO, USA). For transduction, A549 cells were
seeded and incubated at 60% confluence. After replacement of
the medium with D-MEM containing 8 pg/mL hexadimethrine
bromide (Sigma), lentiviral particles were added. The culture
medium with virus particles was removed after 8.5 h incuba-
tion; D-MEM with 10% FBS was added, and the transduced
cells were incubated at 37°C for 48 h. Cells were then selected
for drug resistance in the presence of 5 pg/mL puromycin
(Sigma). Expression of PODXL was assessed by RT-PCR and
immunoblotting.

Lentivirus-mediated overexpression of podocalyxin. A PODXL
open reading frame fragment was amplified by polymerase
chain reaction (PCR) with KOD FX Neo (TOYOBO, Osaka,
Japan), and the sequence of the PCR product was verified as
wild-type by sequencer. The purified DNA PCR product and
the pMSCV plasmid (Riken Bioresource Center, Tsukuba,
Japan) were ligated using an In-Fusion HD Cloning Kit (Clon-
tech Laboratories, Mountain View, CA, USA). Plat-GP pack-
aging cells were seeded at 70% confluence. Lipofectamine
3000 (Thermo Fisher Scientific, Waltham, MA, USA) was
used to transfect the plasmid containing PODXL-pMSCV and
the packaging plasmid pVZV (Clontech Laboratories) into the
Plat-GP cells. After 24 h of incubation at 37°C, the complete
medium was replaced. After a further 24 h incubation, cell
culture supernatants were collected through a 0.45-um filter
and stored at —80°C. Prior to transduction, A549 cells were
seeded and incubated at 30% confluence. After replacement of
the medium with D-MEM containing 5 pg/mL polybrene
(Nacalai Tesque, Kyoto, Japan), the purified virus in D-MEM
containing 5 pg/mL polybrene was added to the medium. The
virus-containing medium was discarded after 24 h incubation
and the transduced cells were incubated with D-MEM contain-
ing 10% FBS at 37°C for 24 h. Cells were selected for drug
resistance in the presence of 5 pg/mL puromycin.

Antibodies and reagents. Anti-PODXL rabbit polyclonal
antibody (HPA002110), anti-GAPDH mouse monoclonal anti-
body (WHO0002597M1) and anti-vimentin mouse monoclonal
antibody (V6389) were purchased from Sigma. Anti-Human-E-
Cadherin mouse monoclonal antibody (M106) was purchased
from Takara Bio (Shiga, Japan). Anti-N-cadherin mouse mono-
clonal antibody (sc-59987), anti-SNAI 1 rabbit polyclonal anti-
body (sc-28199) and anti-twist mouse monoclonal antibody
(sc-81417) were from Santa Cruz (Dallas, TX, USA). Anti-
Fibronectin rabbit polyclonal antibody (ab23750) and anti-
aSMA rabbit polyclonal antibody (ab5694) were purchased
from Abcam (Cambridge, UK). Anti-Smad2 mouse mono-
clonal antibody (#3103), anti-phosoho-Smad2 rabbit polyclonal
antibody (#3101), anti-Akt rabbit polyclonal antibody (#9272)
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and anti-phospho-Akt (Ser473) rabbit polyclonal antibody
(#9271) were from Cell Signaling Technology (Danvers, MA,
USA). Recombinant Human TGF-f1 Protein was purchased
from R&D Systems (Minneapolis, MN, USA). LY294002, as a
selective inhibitor of phosphatidylinositol 3-kinase (PI3K), was
purchased from Cell Signaling Technology. SB431542, as a
potent and selective inhibitor of TGF-f type 1 receptor
kinases, was purchased from Sigma.

Immunoblotting. Cells were washed with PBS, and proteins
were extracted using radioimmunoprecipitation assay (RIPA)
buffer (Cell Signaling Technology) containing 1 mM phenyl-
methylsulfonyl fluoride (PMSF) (Sigma) and phosphatase inhi-
bitor cocktail 2 (Sigma). The concentration of extracted
protein was measured by Bradford protein assay (Bio-Rad,
Hercules, CA, USA). Electrophoresis was performed on 7.5%
acrylamide gels, and proteins were transferred onto polyvinyli-
denefluoride (PVDF) membranes (Bio-Rad). Primary antibod-
ies against PODXL, GAPDH, vimentin, E-cadherin,
N-cadherin, Fibronectin, oSMA, Smad2, phosphor-Smad2,
Akt, phospho-Akt, Snal and twist were diluted at 1:250,
1:2000, 1:500, 1:500, 1:200, 1:500, 1:100 1:1000, 1:1000,
1:1000, 1:1000, 1:200 and 1:200, respectively. Secondary anti-
bodies (anti-mouse IgG HRP-linked antibody and anti-rabbit
IgG, HRP-linked antibody [Cell Signaling Technology]) were
diluted at 1:2000. Cell extracts were detected using the Wes-
tern Lighting Plus-ECL (PerkinElmer, Boston, MA, USA). The
figures were photographed using Chemi Doc Touch (Bio-Rad).
These results were attained from more than three indepen-
dently performed experiments.

RNA extraction and quantitative real-time RT-PCR. Total RNA
was extracted with an RNeasy Mini Kit (Qiagen, Hilden, Ger-
many). Reverse transcription was done using Superscript III
Reverse Transcriptase (Thermo Fisher Scientific), according to
the manufacturer’s protocol. Quantitative RT-PCR was per-
formed using a StepOnePlus system (Applied Biosystems, Fos-
ter City, CA, USA). The relative expression levels were
calculated using the standard curve method.

ELISA. The expression of TGF-B1 in condition medium was
assessed in duplicate by ELISA. Human TGF-B1 Quantikine
ELISA Kit (R&D Systems) was used, following the manufac-
turer’s instructions. The condition medium of A549 and the
PODXL-OE cells were collected and activated to immunoreac-
tive TGF-B1 detectable by the Quantikine TGF-1 immunoas-
say; an assay diluent was added, and standard, control or
activated samples were added to each well. After incubation,
the cells were washed, TGF-B1 Conjugate was added, followed
by washing and the addition of Substrate Solution. Next, Stop
Solution was added. Absorbance was then assessed with a
plate reader at 450 and 540 nm.

Cell migration assay. Cells (2 x 10° in 2 mL of serum free
medium) were plated in the upper chambers of the wells of tis-
sue culture plates containing polyethylene terephthalate mem-
branes (pore size 8 pm, 6 cm in diameter; Corning Glass
Work, Corning, NY, USA). The lower chamber contained
3 mL standard medium with 10% FBS. The cells on the lower
side of the filter were stained using a Diff-quik staining kit
(Siemens, Munich, Germany) after incubation for 6 h at 37°C,
and the number of cells was counted in four microscopic fields
per well at a magnification of x10. Data were collected from
three independently performed experiments.

Cell invasion assay. Cells (2.5 x 10° in 200 pL of serum free
medium) were plated in the upper chamber of a Matrigel Inva-
sion well (pore size 8 um, 24-well; CORNING). The lower
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chamber contained 750 pL standard medium with 10% FBS.
The cells on the lower side of the filter were stained after incu-
bation for 20 h at 37°C, and the number of cells were counted
as above.

Immunohistochemistry and analysis of prognosis. Podocalyxin
expression was immunohistochemically examined in 114 pri-
mary lung adenocarcinoma specimens resected from patients
who underwent surgery between 2010 and 2011 at Osaka
University Hospital. The specimens were diagnosed as 16 non-
invasive adenocarcinomas, 43 minimally invasive adenocarci-
nomas and 55 invasive adenocarcinomas, according to standard
lung adenocarcinoma classification guidelines.'* Histological
specimens were fixed in 10% formalin and routinely processed
for paraffin embedding. Paraffin-embedded samples were
stored in a dark room at room temperature. Sections were cut
at 4-um thickness. Staining was performed using an automated
VENTANA BenchMark GX (Roche, Basel, Switzerland) sys-
tem with anti-PODXL antibody (1:500; Sigma). The results
were evaluated independently by two pathologists (H.K. and
E.M.). Cases showing positive staining in more than 5% of
tumor cells were considered PODXL-positive. Thel14 patients
were assessed for overall survival, disease free survival (DFS),
and cancer related survival. The study was approved by the
Osaka University ethical rev1ew board (No. 15234).

Statistical analysis. The x -test, t-test and Mann—Whitney
U-test were used to compare the results. Survival curves were
calculated using the Kaplan—-Meier method and tests for signif-
icance were based on log-rank test results. The DFS was
defined as the time between the date of pulmonary resection
and the date of recurrent disease. All patient characteristics
were tested against DFS using a Cox regression analysis based
on the tested variable. All statistical analyses were performed
using JMP version 10.2 for Windows (SAS Institute, Cary,
NC, USA). A P-value of <0.05 was considered to be statisti-
cally significant.

Results

Change of morphology and epithelial-mesenchymal transition
marker expression in knockdown of podocalyxin expression and
podocalyxin overexpression cells. When PODXL expression
was knocked down, cell shape became more epithelial with the
formation of tight cell clusters, and a reduction in the number
of spindle cells (Fig. 1a). Immunoblotting (Fig. 1b) and quan-
titative RT-PCR (Fig. 1c) showed that E-cadherin was upregu-
lated, and N-cadherin, vimentin, fibronectin and aSMA were
downregulated in podocalyxin knockdown (PODXL-KD) cells
(Fig. 1b).

When PODXL was overexpressed, the morphology of cells
became more spindle-shaped, with loose cell connections
(Fig. 1d). Immunoblotting revealed that E-cadherin was down-
regulated, and N-cadherin, vimentin, fibronectin, and aSMA
were upregulated (Fig. le). Quantitative RT-PCR showed that
the mRNA level of E-cadherin was reduced by approximately
half, and N-cadherin and vimentin expression increased 5-fold
and 1.7-fold, respectively (Fig. 1f). Similar phenotypic changes
were observed when PODXL was overexpressed in NCI-H358
cells (Fig. S1). Because PODXL is expressed at a low level in
NCI-H358 cells, PODXL knockdown experiments were not
conducted with this cell line.

TGF-p1 induced podocalyxin expression and epithelial-mes-
enchymal transition. To investigate the relationship between
PODXL expression and EMT induced by TGF-1, A549 cells
were treated with 2 ng/mL of TGF-B1 for 48 h, after which

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

www.wileyonlinelibrary.com/journal/cas

©
S
& 9
& &L
PODXL

N-cadherin .-

Vimentin

Fibronectin - -
aswa

N-cadherin

PODXL-KD

(c) E-cadherin

2 15
*
| —
15
1
1
s
[

Vimentin

Control PODXL-KD Control PODXL-KD Control PODXL-KD
R 9
(@ © RS
x & O
PODXL v
Ecadnerin [N |
N-cadherin “
Fibronectin . .
PODXL-OE GAPDH -
® E-cadherin N-cadherin Vimentin

=)
o

Tal 1l

Control PODXL-OE Control PODXL-OE Control PODXL-OE

Fig. 1. Cell morphology and epithelial-mesenchymal transition (EMT)
marker expression of podocalyxin (PODXL)-knockdown (KD) and over-
expression (OE) cells. (a) The shape of control A549 cells and PODXL-
KD cells was observed under phase contrast. Scale bar = 100 um. (b)
Expression of PODXL, E-cadherin, N-cadherin, vimentin, fibronectin
and oSMA were measured by immunoblotting in PODXL-KD cells. (c)
Expression of E-cadherin, N-cadherin and vimentin was measured by
quantitative RT-PCR in PODXL-KD cells. The values are the means + SD
of three experiments. *P < 0.05 (Mann-Whitney U-test). (d) The shape
of PODXL-OE A549 cells was compared under phase contrast micro-
scope. Scale bar = 100 um. (e) Expression of PODXL, E-cadherin, N-cad-
herin, vimentin, fibronectin and oSMA were measured by
immunoblotting in PODXL-OE cells. (f) Expression of E-cadherin, N-
cadherin and vimentin were measured by quantitative RT-PCR in
PODXL-OE cells. The values are shown as above.
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PODXL and EMT markers were assessed by immunoblotting.
We found that E-cadherin was downregulated, while N-cad-
herin and vimentin as well as PODXL were upregulated in
A549 cells treated with TGF-B (Fig. 2a).

Concentration of TGF-p1 in conditioned medium. To examine
the effect of TGF-B1 on EMT, its concentration in conditioned
medium was determined using ELISA. The mean TGF-f1 con-
centration in five samples of medium from A549 cells was
573 pg/mL, while that in five samples of medium from
PODXL-OE cells was 488 pg/mL, which was not a significant
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Fig. 2. Role of PI3K-Akt signaling in podocalyxin (PODXL)-induced

epithelial-mesenchymal transition (EMT). (@) Immunoblotting showed
that TGF-B induced EMT, and also induced PODXL expression in A549
cells. (b) The concentration of TGF-B1 in conditioned medium was
determined using a Human TGF-beta 1 Quantikine ELISA Kit. There
was no significant difference in the expression of TGF-f1 in condi-
tioned medium between A549 and PODXL overexpression (OE) cells
(P =0.60). (c) Phosphorylation of Akt and Smad2 was examined by
immunoblotting in PODXL-OE cells. (d) Immunoblotting did not reveal
upregulation of Snail or Twist in PODXL-OE cells. () PODXL-OE cells
were treated with LY294002 (10 uM) or SB431542 (10 uM) for 48 h.
The change of cell shape was observed under phase contrast. Scale
bar = 100 pm. (f) EMT markers and Akt signaling components were
analyzed by immunoblotting in PODXL-OE cells treated with or with-
out LY294002 (10 uM) for 48 h.
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difference (P = 0.60) (Fig. 2b). This result suggested that
PODXL-induced EMT was not influenced by TGF-B1 secreted
from the tumor cells.

Role of PI3K-Akt signaling in podocalyxin-induced EMT. To
clarify the mechanisms driving PODXL-induced EMT, the
phosphorylation levels of the PI3K-Akt pathway components,
Smad2 and Akt, in PODXL-OE cells were examined by
immunoblotting. When PODXL was overexpressed, the levels
of phospho-Akt and phospho-Smad2 were upregulated, consis-
tent with activation of the pathway (Fig. 2a). To clarify the
relationship between PODXL expression and EMT, Snail and
Twist, transcription factors known to regulate EMT, were
investigated. Immunoblotting did not reveal upregulation of
Snail or Twist in PODXL-OE cells (Fig. 2d). Next, to confirm
the role of PI3K-Akt signaling in PODXL-induced EMT, a
highly selective inhibitor of PI3K, LY294002, was added to
the PODXL-OE cells. Although PODXL-OE cells normally
display mesenchymal morphology, the addition of LY294002
induced changes in cell shape to a more epithelial form with
tight cell connections (Fig. 2b). In contrast, the addition of the
potent and selective TGF-f signaling inhibitor, SB431542, did
not dramatically attenuate morphological changes induced in
PODXL-OE cells (Fig. 2b). Immunoblotting revealed that the
addition of LY294002 upregulated the expression of epithelial
markers and downregulated the expression of mesenchymal
markers (Fig. 2c¢). These data suggested that PODXL induced
EMT of lung adenocarcinoma cells by activating PI3K-Akt
signaling.

Effect of podocalyxin on cell migration and the invasive pheno-
type. Cell migration and invasion assays revealed that knock-
down of PODXL expression significantly reduced the number
of cells migrating through the membrane or Matrigel, respec-
tively (Fig. 3a,b). In the reciprocal experiment, PODXL over-
expression significantly increased the number of cells
migrating through the membrane or Matrigel, respectively
(Fig. 3c,d). These findings indicated that PODXL regulated
cell motility, and overexpression was related to the aggressive
phenotype of lung adenocarcinoma cells. To investigate the
role of PI3K-Akt signaling in upregulated migration and inva-
sion induced by PODXL overexpression, cell migration and
invasion of PODXL-OE cells was assessed after treatment with
the PI3K inhibitor LY294002. We found that the number of
migrating PODXL-OE cells was significantly reduced as com-
pared to untreated PODXL-OE cells (Fig. 3e,f). These findings
indicate that PODXL regulates cell motility under PI3K-Akt
signaling and its overexpression is related to the aggressive
phenotype of lung adenocarcinoma cells.

Effect of podocalyxin on epithelial-mesenchymal transition
markers in various lung carcinoma cell lines. The effect of
PODXL on EMT marker expression was examined in other
lung carcinoma cell lines (Fig. S2). PODXL expression level
was correlated to EMT characters in adenocarcinoma cell lines
A549 and NCI-H358, and squamous cell carcinoma cell line
NCI-H520. As for large cell carcinoma cell line NCI-H460,
the expression of PODXL, E-cadherin and N-cadherin was
hardly detected. We found that the expression of PODXL was
proportional to mesenchymal character in some of the cell
lines.

Podocalyxin expression in clinical samples of lung adenocarci-
noma. To examine the clinicopathological significance of
PODXL expression, immunohistochemistry was performed on
114 cases of lung adenocarcinoma, and the relationships
between PODXL positivity and clinicopathological characteris-
tics were analyzed. Because heterogeneous staining for
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Fig. 3. Migration and invasive phenotype affected by podocalyxin
(PODXL). (a) Motility assays were performed, and cells traversing the
filter were counted. Representative findings of A549 cells traversing
the filter are shown. The number of stained cells were counted in four
microscopic fields per well at a magnification of x10. Data were col-
lected from three independently performed experiments. The values
are the means + SD of three experiments. *P < 0.05 (Mann-Whitney
U-test). Scale bar = 100 um. (b) Invasion assays were performed with
podocalyxin knockdown (PODXL-KD) cells. (c) Motility assays were per-
formed using PODXL-overexpression (OE) cells. (d) Invasion assays
were performed with PODXL-OE cells. (e, f) Cell migration and inva-
sion of PODXL-OE cells was assessed after treatment with the PI3K
inhibitor LY294002.

PODXL was noted in the same samples, cases with positive
staining in >5% of the tumor cells were considered to be
PODXL-positive regardless of histological features. Fifty-three
cases (46.5%) were positive for PODXL expression, and 61
cases (53.5%) were negative. All PODXL-positive tumors
were diagnosed as invasive or minimally invasive adenocarci-
nomas. In contrast, all cases of non-invasive adenocarcinoma
(16 cases) were PODXL-negative (Fig. 4). In the immunohis-
tochemistry findings, PODXL-positive tumor cells showed
weak staining for E-cadherin and strong staining for vimentin
as compared to PODXL-negative tumor cells in the same sam-
ple (Fig. 4d-h). As compared to the lepidic predominant sub-
type, non-lepidic predominant samples tended to be positive
for PODXL (Fig. S3).

When age, gender, histology, pathological node status,
pathological stage, operation type and postoperative therapy
were considered, only age and histology were significantly dif-
ferent between PODXL-positive and PODXL-negative cases
(Table 1). Seven variables, including age, gender, pathologic
nodal metastasis, pathologic stage, operating procedure, adju-
vant therapy and PODXL expression, were analyzed using a
Cox proportional hazards regression model to assess the vari-
ables affecting DFS in lung adenocarcinoma patients. The uni-
variate analyses revealed that pathologic nodal metastasis,
pathologic stage and PODXL expression were related to DFS
(Table 2). Although no significant difference in overall sur-
vival was detected, DFS and cancer-specific survival were sig-
nificantly worse for PODXL-positive lung adenocarcinoma
patients compared with those that were PODXL-negative
(Fig. 5). Multivariate analysis revealed that PODXL expression
was an independent variable predicting DFS (Table 3). These
data indicated that PODXL expression was an unfavorable
prognostic factor in lung adenocarcinoma.

Discussion

The present study is the first to address the relationship
between PODXL expression and EMT in lung adenocarci-
noma. PODXL is known to inhibit adhesion between neighbor-
ing foot processes in kidney cells. © Chen et al."> report that
the interaction between ezrin and PODXL in A549 cells is
important for TGF-f§ induced EMT through actin filament reor-
ganization. Thus, PODXL has a crucial role in regulating cell
shape, as well as cell movement. Our study showed that EMT
was induced in PODXL-OE cells, and, conversely, PODXL
knockdown inhibited PODXL-induced EMT, similar to the
results reported in Meng et al.™ In addition, our data
revealed that PODXL-mediated induction of EMT of lung ade-
nocarcinoma cells was regulated by PI3K-Akt signaling, and
PODXL influenced cell motility in the A549 lung carcinoma
cell line. These findings are broadly consistent with a suite of
other PODXL studies. PODXL was reported to activate several
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Fig. 4. Immunohistochemistry of lung adeno-
carcinoma. Panels show representative findings of
podocalyxin (PODXL) staining in a non-invasive
adenocarcinoma (@) and in an invasive
adenocarcinoma (b). Representative images of
PODXL-positive area (c), E-cadherin (d) and
vimentin (e) in serial sections of lung
adenocarcinoma. Representative images of PODXL-
negative area (f), E-cadherin (g) and vimentin (h) in
serial sections of the same sample. Original
magnification was x200.

Table 1. Clinicopathological features of podocalyxin (PODXL)
positive and negative cases
PODXL PODXL
P-value
(=) )
N 61 (53.5%) 53 (46.5%)
Age 63.5 (32-86) 69.6 (40-84) 0.022
Gender (M/F) 30/31 24/29 0.68
Histology (AIS/MIA/IA) 16/24/21 0/19/34 <0.0001
Pathologic N status 56/4/1 48/3/2 0.76
(0/1/2)
Pathologic stage 52/5/1/3 46/4/2/1 0.73
(manav)
Operation (lobectomy/ 40/13/8 39/8/6 0.63
segmentectomy/partial
resection)
Adjuvant therapy (no/ 49/9 48/4 0.20
yes)

AlS, adenocarcinoma in situ; F, female; |A, invasive adenocarcinoma;
M, male; MIA, minimally invasive adenocarcinoma.

signaling pathways, including PI3K, Rac and Rho, in a range
of different cancers.'®'® The PI3K-Akt pathway is known to
trigger a cascade of responses, including cell growth, prolifera-
tion and activation of pro-survival pathways, motility, EMT
and angiogenesis.'” PODXL overexpression increases cell
migration and invasion via MAPK and PI3K pathways in
breast and prostate cancer,"® and promotes cell invasion and
resistance to temozolomide-induced apoptotic stress by
enhancing the activation of the PI3K-Akt signaling pathway in
brain tumors.'” PODXL also influences cell migration by dis-
rupting cell—ell junctions and cell invasion by increasing
expression of matrix metalloprotease 9.%%" In contrast to
inhibition of the PI3K-Akt pathway, inhibition of TGF- sig-
naling did not affect PODXL-induced EMT. Consistent with
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Table 2. Univariate analysis of disease free survival

Factors Hazerd 95% Cl P-value
ratio

Age

Over 70 versus under 70 1.14 0.46-2.75 0.78

Gender

Male versus female 0.93 0.37-2.25 0.87

Pathologic N status

pN1 versus pNO 10.37 3.16-30.31 0.0004

pN2 versus pNO 12.30 1.84-49.82 0.015

Pathologic stage

Il versus | 3.45 0.98-9.67 0.054

Il versus | 9.73 1.48-37.47 0.023

Operation

Segmentectomy versus lobectomy 0.67 0.16-2.01 0.51

Partial resection versus lobectomy 0.34 0.019-1.66 0.22

Adjuvant therapy

No versus yes 0.35 0.14-1.09 0.068

PODXL expression

Positive versus negative 2.53 1.04-6.74 0.042

Cl, confidence interval.

the results of Meng et al.,""» we observed that the knockdown
of PODXL expression inhibited TGF-f-induced EMT of A549
cells (data not shown). Although many transcript factors,
including Snail and Twist, are known to regulate EMT,?>%%
immunoblotting did not reveal upregulation of Snail or Twist
in PODXL-OE cells. However, EMT was induced by PODXL
expression, as shown by changes in EMT markers, including
E-cadherin, N-cadherin, vimentin, fibronectin and oSMA.
These findings suggest that PODXL is essential for TGF-f-
induced EMT, but classical TGF-f signaling is not required
for PODXL-induced EMT.

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.
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Fig. 5. Kaplan—-Meier curves of lung adenocarcinoma patients. Over-
all survival (a), disease free survival (b), and cancer-specific survival (c)
were calculated using Kaplan-Meier curves comparing podocalyxin
(PODXL)-positive and PODXL-negative patients.
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Table 3. Multivariate analysis of disease free survival

Factors Hazard ratio 95% ClI P-value
Pathologic stage
Il versus | 3.73 1.05-10.50 0.043
Il versus | 9.84 1.48-38.92 0.023
PODXL expression
Positive versus negative 2.65 1.08-7.10 0.034
Cl, confidence interval; PODXL, podocalyxin.

In clinical specimens, immunohistochemical analyses

showed that PODXL was only expressed in invasive or mini-
mally invasive adenocarcinoma. Because EMT is known to
play important roles in lung cancer invasion,***¥ this result is
consistent with our in vitro findings that PODXL was involved
in EMT. Thus, we speculate that PODXL expression increases
as malignancy progresses from non-invasive adenocarcinoma
to invasive adenocarcinoma. In recent years, overexpression of
PODXL has been linked to the patho§enesis of several differ-
ent forms of cancer, including breast®® and prostate cancer,?®
malignant brain tumors,(27) and hepatocellular(zg) and renal cell
carcinoma.®” Consistent with these studies, DFS and cancer-
specific survival were significantly worse in PODXL-positive
lung adenocarcinoma patients. Thus, similar to other cancers,
PODXL expression is an unfavorable prognostic factor in lung
adenocarcinoma.

How the expression of PODXL is controlled remains
unclear. Koch er al.®” report that high expression of PODXL
in small cell lung cancer is linked to hypomethylation of the
PODXL promoter. Consistent with the potential role of pro-
moter dysfunction in the upregulation of PODXL expression,
we found that the PODXL promoter was hypomethylated in
the A549 cell line (data not shown). However, other mecha-
nisms have been described, including TGF-B-mediated upregu-
lation of PODXL expression,"'® suggesting that the regulation
of PODXL expression is complex, and additional pathways
may contribute to PODXL overexpression in cancer cells.

The ERM proteins, including ezrin, radixin and moesin, are
known to be general cross-linkers between cortical actin fila-
ments and plasma membrane.®" The PODXL-ezrin complex
is associated with migration and invasion in breast and prostate
cancer and hepatocellular carcinoma.'®*® Thus, further inves-
tigation of the role of the PODXL—ezrin complex in the regu-
lation of the lung cancer phenotype appears warranted.

Our results suggest that targeting PODXL might be a novel
strategy for the treatment of lung adenocarcinoma. In this
regard, there has been some recent progress towards the devel-
opment of PODXL-targeted therapies, including PODXL-tar-
geted monoclonal antibody therapy to inhibit primary tumor
growth and systemic dissemination of breast cancer. In
addition, Chijiiwa et al.®® suggest that miR-5100, which
directly binds to the 3’ untranslated region of the PODXL tran-
script and downregulates PODXL expression, could have ther-
apeutic potential for the treatment of metastatic pancreatic
cancer.

In conclusion, we demonstrated that PODXL overexpression
induces EMT via the PI3K-Akt signaling pathway in lung ade-
nocarcinoma, and is involved in driving disease progression.
Consistent with the in vitro findings, the analysis of clinical
samples revealed that PODXL overexpression was significantly
associated with more aggressive and invasive tumors, and was
an unfavorable prognostic factor in lung adenocarcinoma.
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Fig. S1. Cell morphology and epithelial-mesenchymal transition (EMT) marker expression of podocalyxin (PODXL)-overexpressing (OE) NCI-
H358 cells. (a) The shape of PODXL-OE NCI-H358 cells was compared to untransduced control cells under phase contrast. Scale bar = 100 pm.
(b) Expression of E-cadherin, N-cadherin and vimentin was measured by immunoblotting.

Fig. S2. Podocalyxin (PODXL) expression level was correlated to epithelial-mesenchymal transition (EMT) characters in A5449, NCI-H358 and
NCI-H520 cells.

Fig. S3. Number of cases with podocalyxin (PODXL)-positive and PODXL-negative features in lepidic or non-lepidic predominant subtype of
lung adenocarcinoma. Non-lepidic predominant subtype tended to PODXL-positive, as compared to lepidic predominant subtype.
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