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Podoplanin is a type-I transmembrane sialomucin-
like protein, which is expressed in a wide range of
cell types and is involved in platelet aggregation and
tumor metastasis. Here, we investigated the function,
regulation, and expression of podoplanin in osteosar-
coma. Podoplanin expression was observed in three
osteosarcoma cell lines (MG-63, HOS, and U-2 OS)
with platelet aggregation—inducing ability, which was
blocked by podoplanin small-interfering RNA or a
neutralizing antibody. Overexpression of podoplanin
in nonmetastatic Dunn osteosarcoma cells promoted
cell migration without attenuating cell proliferation.
Both podoplanin and TGF-f31 were up-regulated by
c-Fos induction in MC3T3-E1 osteoblastic cells, and
were highly expressed in c-Fos transgenic mouse os-
teosarcomas and c-Fos—transformed osteosarcoma
cell lines. Immunohistochemistry of human osteosar-
coma tissue microarrays (n = 133) showed staining of
tumor cells embedded in an excess of irregular neo-
plastic bone matrix in 100% of tumors undergoing
so-called “normalization/maturation.” Podoplanin
was also expressed in osteosarcoma subtypes, with
65% of osteoblastic, 100% of chondroblastic, and 79%
of fibroblastic tumors. CD44 and pERM immunohis-
tochemistry showed coexpression with podoplanin
in both mouse and human osteosarcoma. Podoplanin
expression was significantly higher in metastatic os-
teosarcomas (z = 6) than in primary osteosarcomas
(n = 10). Our data suggest that podoplanin, which is not
expressed in normal osteoblasts but in osteocytes, is
aberrantly expressed in transformed osteoblasts and in
osteosarcoma, and is under AP-1 transcriptional con-
trol. Thus podoplanin is a candidate molecule for ther-

apeutic targeting. (4Am J Pathol 2011, 179:1041-1049; DOI:
10.1016/j.ajpath.2011.04.027)

Osteosarcoma (OS) is the most common primary malig-
nant bone tumor, with a high tendency to metastasize to
the lung. Despite recent advances in modern chemother-
apy, the average survival after a recurrence in distant
organs is less than 1 year." In contrast, of patients who
present with no metastasis, approximately 70% will be
long-term survivors.? Therefore, there is a strong neces-
sity to better understand the molecular mechanisms of
metastasis to deliver innovative life-saving and life-en-
hancing therapies to patients.

Platelet aggregation is one of the crucial steps in-
volved during the sequential tumor metastasis process to
escape from the host immune system and form tumor
emboli in distant organs. Several earlier studies have
shown that platelet aggregating capability of tumor cells
from colon cancer and melanoma is correlated with their
metastatic potential in vivo.®® Podoplanin, a type-I trans-
membrane sialomucin-like glycoprotein, is a platelet ag-
gregation-inducing factor® that is expressed in a wide
range of tumors”® and has been reported to be associ-
ated with poor outcome of oral and esophageal squa-
mous cell carcinomas.'®"" Podoplanin promotes cell mi-
gration and cell invasion,®'? and also plays a key role in
epithelial-mesenchymal transition in Madin-Darby canine
kidney (MDCK) type-Il cells.’® These observations sug-
gest that podoplanin contributes to the aggressive be-
havior of cancer cells during cancer progression.® In-
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deed, we have shown that ectopic expression of
podoplanin induces tumor metastasis in vivo.'

Podoplanin has been known by various antigen no-
menclatures including PA2.26, T1a, E11, OTS-8, gp36,
gp38, gp40, and Aggrus, and is expressed in a wide
range of normal cell types.® In normal bone, in addition to
lymphatics,'® podoplanin is expressed exclusively by os-
teocytes, especially newly formed and young osteocytes
(osteoid osteocytes). Gain- and loss-of-function studies
have demonstrated that podoplanin plays a functional
role in the formation of osteocyte dendritic processes.'®

Several growth factors, including epidermal growth
factor (EGF), basic fibroblast growth factor (FGF2), and
transforming growth factor-g (TGF-B), are known to in-
duce podoplanin expression in MCF7 breast cancer
cells.’? In contrast, the transcriptional regulation of podo-
planin expression is not well understood; only the Sp1/
Sp3 transcription factor,’” the Src/Cas pathway,'® and
the c-Fos proto-oncogene'® have been reported to mod-
ulate podoplanin expression so far. c-Fos is a member of
the AP-1 transcription factor family, comprising het-
erodimers with members of the c-Jun and ATF.2%2" Ex-
tensive work using gain- and loss-of-function analyses
in mice have established an important role for c-Fos in
proliferation and differentiation of normal cells, but also in
cellular transformation and tumor formation.'?#2% Par-
ticularly, we have shown previously that deregulated
c-Fos expression in vivo causes osteosarcomas (OS) in
mice®* and high levels of c-Fos expression have been
observed in the vast majority of human 0S.?°

Although the role of podoplanin in platelet aggrega-
tion, cell migration, and metastasis of carcinoma cells is
established, there has been one previous report in hu-
man OS cell lines suggesting that their ability to induce
platelet aggregation in vitro might relate to their ability to
metastasize.?® We therefore postulated that podoplanin
expression would be expressed in human OS in vivo and
involved in OS metastasis. To this end, we investigated
the role of podoplanin on their platelet aggregation in-
ducing activity as well as cell migration capacity in OS
cells. Further, as a c-Fos target gene, we investigated the
expression of podoplanin in c-Fos—inducible osteoblastic
cell lines®” and in c-Fos transgenic mouse OS.2* Finally,
we carried out detailed expression analysis of podopla-
nin in a number of human OS. Our results indicated a
potential use of podoplanin for therapeutic aims.

Materials and Methods

Cell Culture and Establishing Stable Podoplanin
Overexpressing OS Cells

The mouse OS cell line Dunn (a kind gift from Dr. Taka-
fumi Ueda, Osaka University, Japan), the human OS cell
lines (all obtained from American Type Culture Collection,
Manassas, VA), MG-63, HOS, and U-2 OS, and the
mouse OS cell lines P1.7, P1.9, and P1.15, derived from
bone tumors formed in c-Fos—overexpressing transgenic
mice, were cultured under standard conditions.?*#® The
tetracycline-regulatable, c-Fos—overexpressing MC3T3-E1

mouse osteoblastic cell subclone, AT9.2, was cultured in
the presence of tetracycline, and exogenous c-Fos expres-
sion was induced following withdrawal of tetracycline (Tet-
off system).?” Normal human primary osteoblasts were pur-
chased (Lonza, Basel, Switzerland) and used within a few
passages. For establishment of stable podoplanin-over-
expressing cells, transfection of pcDNA3-human podo-
planin cDNA® and a control pcDNA3 vector into Dunn
cells was performed using LipofectAMINE 2000 reagent
(Invitrogen, Carlsbad, CA), and the colonies showing re-
sistance to G418 were isolated.

Human Tissue Specimens

We analyzed a series of primary OS (n = 100) and pul-
monary metastases (n = 33) using tissue microarrays
(TMAs) as well as four normal human bone sections. The
samples were routinely fixed in 10% formalin, decalcified,
then embedded in paraffin. TMA blocks were con-
structed by using a manual tissue arrayer (Beecher In-
strument, Sun Prairie, WI) using duplicated 2-mm cores
for each case (n = 83). In addition, we also used a
commercial OS TMA containing 50 single 1-mm cores
from human OS (0S801; US Biomax, Rockville, MD).

First-strand cDNA samples were prepared from 0.5 ug
of total RNA as previously described.?® All samples were
approved for use in this research by the Ethics Commit-
tee of the University of Tokyo (No.1220).

Animals

Ten tumors from five independent c-Fos transgenic mice
(C57BL/BJ strain, kindly provided by Dr. J.P. David, Univer-
sity of Erlangen, Germany)?* were examined by immuno-
histochemistry and in situ hybridization. Five-week-old
BALB/c mice (Charles River Japan Inc., Kanagawa, Japan)
were used for platelet aggregation assays. To generate
xenograft samples, 10° of P1.15 cells were subcutaneously
injected into the back of nude mice (Charles River Japan
Inc., Kanagawa, Japan), and the mice were sacrificed after
4 weeks (n = 4). The Animal Care and Use Committee and
the Ethics Committee of the University of Tokyo approved
the animal experiments described herein (1822T-020).

Western Blot Analysis

Total protein extracts from cultured cells and tissues were
prepared and separated using SDS-PAGE and blotted as
previously described. The membranes were incubated
with an anti-human podoplanin antibody (NZ-1; AngioBio,
Del Mar, CA)*° or an anti-g-actin antibody (Sigma, St.
Louis, MO), followed by a horseradish peroxidase—con-
jugated secondary antibody, and developed using the
ECL system (GE Healthcare, Chalfont St. Giles, Bucking-
hamshire, England, UK).

RNA Interference

Small-interfering RNA (siRNA) oligos, designed for
specific podoplanin knockdown (hPDPN siRNA-sense:



5’-GUCUGGCUUGACAACUCUGTT-3’; hPDPN siRNA-
antisense: 3'-CAGAGUUGUCAAGCCAGACTT-5'), were
transiently introduced using LipofectAMINE 2000 reagent.
As a negative control, we used a nonsilencing control
siRNA. Cells were used for in vitro experiments 24 hours
after siRNA transfection.

Cell Migration Assay

Cell migration assays were performed using transwell
inserts (8 wm pore size; Corning, NY), and the number of
cells that migrated was counted after 18 hours as previ-
ously described.®! For antibody neutralization, 50 wg/mL
of anti-human podoplanin antibody (NZ-1) or control nor-
mal rat IgG were mixed with cells, then incubated for 15
minutes on ice before seeding onto a transwell. All ex-
periments were performed in triplicate.

In Vitro Cell Proliferation Assay

In vitro growth of stable transfectants was assessed using a
Cell Counting Kit-8 (Dojin Laboratories, Kumamoto, Japan);
the optical density was measured using a microplate reader
(Model 550; Bio-Rad, Hercules, CA). To examine the three-
dimensional proliferation of stable clones, 10° cells were
seeded into a round-bottom 96-well plate (Sumilon Celltight
Spheroid; Sumilon, Tokyo, Japan), and the mean diameters
of the spheroids were measured every other day for 12 days
as described previously.™*

Platelet Aggregation Assays

Platelet aggregation was quantified by light transmittance
using an MCM HEMA Tracer 313M (MC Medical, Tokyo,
Japan). Platelet-rich plasma was prepared from fresh,
heparinized blood that was drawn from BALB/c mice by
cardiac puncture and then centrifuged (170 X g, 15
minutes) at 23°C. Platelet-poor plasma was obtained by
centrifugation (1500 X g, 10 minutes) of the remaining
blood at 23°C. Platelet-rich plasma was preincubated for
5 minutes at 37°C, with constant stirring in the aggregom-
eter. Platelet aggregation was then initiated by the addi-
tion of tumor cells (1 X 10° cells/mL) and monitored as an
extent of light transmittance to platelet-poor plasma. Al-
ternatively, platelet aggregation was initiated by adding
tumor cells (5 X 10° cells/sample) and determined by
measuring electric impedance,®? using a whole-blood
aggregometer Model 560 (Chronolog, Havertown, PA).

Semiquantitative RT-PCR and Quantitative
Real-Time PCR

The primers used in this study were followings: Mouse
podoplanin  (sense 5'-CTCAAGCTTCAAGATGTGGAC-
CGTGCCAGT-3’, antisense 5'-GAGGAATTCGGGCGAG-
AACCTTCCAGAAAT-'3), Mouse c-Fos (sense 5'-GCTG-
ACAGATACACTCCAAGCGG-3', antisense 5'-AGGAAG-
ACGTGTAAGTAGTGCAG-3'), Mouse Tgfp1 (sense 5'-
GACTCTCCACCTGCAAGACCA-3’, antisense 5'-GGGA-
CTGGCAGCCTTAGTT-3'), Mouse B-actin (sense 5'-GATA-

Podoplanin in Osteosarcoma 1043
AJP August 2011, Vol. 179, No. 2

TCGCTGCGCTGGTCGTCGAC-3', antisense 5'-CAAGA-
AGGAAGGCTGGAAAAGAGC-3’), Human podoplanin
(sense 5’-GGAAGGTGTCAGCTCTGCTC-3', antisense 5'-
CGCCTTCCAAACCTGTAGTC-3") and Human B-actin
(sense 5'-ACTCTTCCAGCCTTCCTTCCTG-3', antisense
5'-ATCTCCTTCTGCATCCTGTCGG-3'). The first-strand
cDNA were amplified by PCR, and real-time PCR was per-
formed using QuantiTect SYBR Green PCR (Qiagen, Valen-
cia, CA). Standard curves for templates of podoplanin and
an endogenous control, B-actin, were generated by serial
dilution of the PCR products (1 X 108to 1 X 10° copies/mL).

Immunohistochemistry and in Situ Hybridization

Sections were incubated with the following antibodies:
anti-human podoplanin (NZ-1), anti-mouse podoplanin
(RDI, Concord, MA), anti-human CD44 (GeneTex, Inc.,
Irvine, CA), anti-mouse CD44 (IM7; BD Pharmigen, Ox-
ford, UK), anti-phospho-Ezrin (Thr567)/Radixin (Thr564)/
Moesin (Thr558) (Cell Signaling Technology Inc., Dan-
vers, MA), anti—c-Fos (sc-52; Santa Cruz Biotechnology,
Santa Cruz, CA), or anti-TGF-B1 (sc-146; Santa Cruz
Biotechnology). Sections for all of the antibodies, except
NZ-1, were pre-treated using the microwave antigen re-
trieval method. After applying a biotin-conjugated sec-
ondary antibody, immunoreactivity was visualized using
Vectastain ABC Kit (Vector Laboratories, Peterborough,
UK). Assessment of immunohistochemistry was per-
formed as described in Table 1. For detection of mouse
Tgf-B1, a Kpnl-Apal-digested fragment of the cDNA (ap-
proximately 600 bp, accession number: M13177) was
labeled by *°S using in vitro transcription and in situ hy-
bridization was carried out as described previously.®®

Statistical Analysis

All data sets were analyzed using Graphpad Prism v.4
(Graphpad Software Inc., San Diego, CA) and shown as
means = SEM. Mann-Whitney U-test, or one-way analysis
of variance followed by Tukey-Kramer multiple compari-
sons was performed, where appropriate. P values < 0.05
were considered statistically significant. All statistical
tests were two-tailed.

Results

The Role of Podoplanin in Platelet Aggregation
in OS Cell Lines

We first addressed the function of podoplanin in OS by
examining its ability to induce platelet aggregation. Three
human OS cell lines, MG-63, HOS, and U-2 OS ex-
pressed high levels of endogenous podoplanin as exam-
ined by Western blotting (Figure 1A) and flow cytometry
(see Supplemental Figure S1 at http://ajp.amjpathol.org).
Incubation with platelet-rich plasma showed that podo-
planin was functional, because all three OS cells were
capable of inducing platelet aggregation (Figure 1B). To
further confirm whether this platelet aggregation-induc-
ing ability was depending on podoplanin, we knocked
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Table 1. Summary of Podoplanin Immunostaining of Human OS

Primary tumors (n = 100)
Normalization/maturation (n = 51/100)
Subtypes

51 (100%) 0 0

Osteoblastic (n = 65/100) 9(13.8%) 30 (46.1%) 26 (40%)
Chondroblastic (n = 15/100) 15 (100%) 0 0
Fibroblastic (n = 20/100) 2 (20%) 13 (65%) 5(25%)
Metastatic tumors (n = 33)
Normalization/maturation (n = 15/33) 15 (100%) 0 0
Subtypes
Osteoblastic (n = 15/33) 5(83.3%) 8(53.3%) 2(13.3%)
Chondroblastic (n = 4/33) 4 (100%) 0 0
Fibroblastic (n = 14/33) 2(14.3%) 10 (71.4%) 2(14.3%)

A total of 133 osteosarcoma (OS) TMA samples (comprising 83 duplicated institutional and 50 single commercial cores) were examined by
immunohistochemistry. Duplicated cores counted as one case. OS showing normalization/maturation* were assessed for podoplanin expression at
neoplastic dendritic processes. Membranous staining was also evaluated in each core, according to the conventional OS subtypes, osteoblastic,
chondroblastic, and fibroblastic OS. Immunohistochemistry staining of TMA cores was evaluated semi-quantitatively based on number of positive tumor
cells as follows: ++, >50% of tumor cells; +, <50% of tumor cells; —, negative.

down podoplanin expression using a specific podoplanin
siRNA, and Western blot analysis confirmed an 85% re-
duction in protein expression levels (Figure 1C). This
resulted in a prolonged incubation period for stimulating
platelet aggregation, suggesting a reduction in aggregat-
ing activity (Figure 1D). These observations indicate that
podoplanin functions as a platelet aggregation-inducing
factor in OS cells.
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Figure 1. Podoplanin is expressed in human OS cell lines and promotes
platelet aggregation. A: Western blot analysis showing that podoplanin is
endogenously expressed in three human OS cell lines, MG-63, HOS, and U-2
OS. The different sized bands are due to differences in glycosylation patterns
between the cell lines. B: The platelet aggregation—inducing capability of
three human OS cell lines, MG-63, HOS, and U-2 OS was estimated by
incubating the cells with mouse platelet-rich plasma, and was quantified by
light transmittance. Platelet aggregation is induced in three human OS cell
lines that express endogenous podoplanin. C: Podoplanin knockdown in OS
cells. Control (Co) and podoplanin (PDPN) siRNA-transfected MG-63 cells
were analyzed for podoplanin expression by Western blot. Numerical values
represent podoplanin expression levels relative to B-actin quantified by
densitometric analysis. D: Podoplanin siRNA inhibits platelet aggregation of
MG-063 cells. Platelet aggregation was attenuated in podoplanin siRNA-trans-
fected MG-63 cells.

Next, we investigated the consequences of ectopic
podoplanin expression using the mouse Dunn OS cell
line that shows no endogenous expression of podoplanin
protein. Three stable podoplanin-expressing clones
(PDPN-11, -14, and -17) were used in further experi-
ments. As shown in Figure 2A, Western blot analysis
confirmed the expression level of exogenous podoplanin,
where the expression level was the highest in PDPN-17,
and PDPN-11 had the lowest expression. Cell surface
expression of podoplanin was also confirmed by flow
cytometry. We next investigated whether podoplanin
overexpression promoted platelet aggregation in the
transfectants. After 20 minutes, all of the podoplanin-
expressing OS cells showed enhanced platelet aggrega-
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Figure 2. Behavior of podoplanin-overexpressing mouse Dunn OS cells. A:
Overexpression of human podoplanin in stably transfected Dunn cells. Cell
lysates from the Dunn/PDPN stable transfectants (PDPN-11, -14, and -17) and
mock cells were subjected to Western blot analysis with an anti-podoplanin
antibody. B: Platelet aggregation—inducing ability of the Dunn/PDPN stable
transfectants (PDPN-11, -14, and -17) was monitored using a whole-blood
aggregometer following incubation with mouse whole blood as described in
Materials and Methods. The aggregation reached a plateau within 20 minutes
with the following aggregation amplitude: Mock: 2 ohms, PDPN-11, 6 ohms;
PDPN-14, 8 ohms; PDPN-17, 40 ohms. Growth of the transfectants in mono-
layer culture using MTT assay (C) or in three-dimensional spheroid culture
(D). Data are means = SEM of triplicate determinations.
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Figure 3. Podoplanin regulates cell migration in OS cell lines. A: Stable
transfectants (PDPN-11, -14, and -17) or mock transfectants were seeded into
transwell chambers and incubated for 18 hours in serum-free medium. The
number of migrated cells was determined by counting stained cells in the
lower well. *P < 0.001 compared to mock transfectants by analysis of variance
with the Tukey-Kramer test. B: U-2 OS cells were incubated with a control IgG
(Co IgG) or an anti-podoplanin antibody (PDPN Ab) for 15 minutes before
seeding into a transwell chamber as above. Data are means = SEM of triplicate
determinations. *P = 0.0022 by the Mann-Whitney *test.

tion—-inducing activity, with the highest activity in
PDPN-17 and the lowest in PDPN-11, corresponding to
the exogenous podoplanin protein levels (Figure 2B),
whereas the control mock-transfectant did not show
platelet aggregation even after 1 hour (data not shown).
Analysis of the growth rates of podoplanin-expressing
clones demonstrated that they were not significantly dif-
ferent from that of the control cells in monolayer culture
(Figure 2C). Likewise, three-dimensional spheroid growth
did not show any differences in growth (Figure 2D).
These findings further confirm that podoplanin functions
as a platelet aggregation—inducing factor in OS cells but
does not affect cell growth.

Podoplanin Promotes OS Cell Migration

To evaluate whether podoplanin overexpression causes
altered migration behavior of OS cells, we used an in vitro
migration assay. The transfectants showed a higher mi-
gration rate than mock cells; the migrated cell numbers of
PDPN-17 and PDPN-14 were sixfold (P < 0.001) and
threefold (P < 0.001) greater than that of mock cells,
respectively, which was again proportional to the exog-
enous podoplanin levels (Figure 3A). PDPN-11, with the
lowest expression level of exogenous podoplanin,
showed an increase in migration, yet there was no sta-
tistical difference. To further confirm the increase in the
motility of podoplanin-expressing cells, we tested
whether or not blocking podoplanin function had any
effect on motility. As shown in Figure 4B, U-2 OS cells
neutralized with an anti-podoplanin antibody exhibited a
significantly decreased migration, in comparison to the
IgG-treated cells (108 + 33 versus 34 = 11, P = 0.0022).
These results indicate that podoplanin expression plays
an important functional role in the migration of OS cells.

c-Fos Up-Regulates Podoplanin Expression in
Transformed Osteoblasts

Since overexpression of c-Fos in transgenic mice results
in the formation of 0S,?* and since c-Fos was found to be
up-regulated in a vast majority of human OS,?® we next
investigated its relevance to podoplanin expression in
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OS. First, we investigated whether exogenous c-Fos af-
fected the expression of podoplanin using a subclone of
murine MC3T3-E1 osteoblastic cells, AT9.2, which ex-
presses c-Fos in a tetracycline (Tet)-regulatable manner
(Tet-off system).2” AT9.2 cells were cultured in the pres-
ence or the absence of Tet, and then semiquantitative
RT-PCR analysis was performed to examine the expres-
sion of c-Fos, podoplanin, and an additional c-Fos target,
TGF-B1. Induction of exogenous c-Fos resulted in the
stimulation of podoplanin expression as well as TGF-£1
expression (Figure 4A). We then investigated podoplanin
expression in the c-Fos transgenic OS-derived cell lines,
P1.7, P1.9, and P1.15.24 Podoplanin was expressed in all

A B
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AT9.2

g .-
B c-Fos Pdpn
B Pdpn p-actin EI
B o5
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Figure 4. c-Fos—transformed osteoblasts induce podoplanin expression. Az
c-Fos overexpression stimulates the expression of podoplanin (Pdpn) and
TgfB1. Inducible c-Fos—overexpressing (Tet-off system) mouse osteoblasts
(AT9.2 cells) were cultured in the presence (+) or absence (—) of tetracycline
(Tet), and then semiquantitative RT-PCR analysis was performed to examine
c-Fos, podoplanin (Pdpn), and TgfB1 expression. B-actin was used as a
loading control. B: Western blot analysis of podoplanin expression in c-Fos
transgenic OS cells (P1.7, P1.9, P1.15) derived from c-Fos transgenic OS. C:
Analysis of tumors induced in xenograft experiments using P1.15 cells. H&E
staining (top) showing the spindle tumor cells lie in a fascicle and an area of
osteocartilagenous differentiation (demarcated by the dotted line; arrows
indicate matrix with fine calcification). Immunohistochemistry using an anti-
podoplanin antibody shows specific cell surface staining in the spindle tumor
cells (D, arrows) as well as in the cuboidal tumor cells (E, arrows); these
cells were labeled for both CD44 (F) and pERM (G). Immunohistochemistry
analysis of c-Fos transgenic OS using antibodies against podoplanin (Pdpn,
H), c-Fos (D, and TgfB1 (J). c-Fos transgenic OS showed a strong positivity
for podoplanin in osteogenic tumor cells at the cell surface as well as at
osteocyte-like dendritic processes within bone matrix. Radioactive in situ
hybridization for Tgff1 mRNA showed strong signals within the tumor (K).
Scale bars: 100 wm (C and H); 25 um (D-G); 200 pm (I-K).
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of the cell lines, albeit at different levels, as shown by
Western blot analysis (Figure 4B). Moreover, subcutane-
ous tumor xenografts of these cells showed intense mem-
branous podoplanin expression in elongated cells as well
as in plump, cuboidal cells showing osteocartilagenous
differentiation (Figure 4C). In addition, immunohisto-
chemistry of tumor cells for CD44 and phosphorylated
ERM (pERM) showed cell surface staining (Figure 4,
D-G).

To clarify in greater detail the cell types expressing
podoplanin in vivo, immunohistochemistry was performed
in normal mouse bone and c-Fos transgenic OS. In nor-
mal bone, podoplanin expression was observed in bone-
forming cells including osteocytes and osteoid osteo-
cytes at their dendritic processes within canaliculi, as
well as in very few mature bone-forming osteoblasts (only
a few cells in an entire section) and periosteal cells (see
Supplemental Figure S2 at http://ajp.amjpathol.org). In
c-Fos transgenic mouse OS, osteoblastic tumor cells that
were adjacent to bone matrix, as well as osteocyte-like
tumor cells with irregular dendritic processes, showed
high levels of podoplanin staining (Figure 4H). All of the
tumor cells were confirmed to express c-Fos protein (Fig-
ure 4l1). Moreover, high levels of TGF-g1 protein and
mRNA expression were observed in osteoblastic areas of
c-Fos transgenic OS (Figure 4, J and K; see also Sup-
plemental Figure S8 at http://ajp.amjpathol.org).

Expression of Podoplanin in Human OS Tissues

We carried out immunohistochemical analysis on normal
bone and on OS TMA samples. In normal bone, osteoid
osteocytes with abundant cytoplasm showed intense
membrane immunoreactivity using a podoplanin anti-
body, notably at the spiky, urchin-like dendritic pro-
cesses in the canaliculi, whereas mature osteocytes and
surface-lining osteoblasts expressed little to no podopla-
nin (Figure 5A). We examined a total of 133 OS TMA
samples, comprising 100 primary tumors and 33 meta-
static lesions. Two distinct staining patterns were ob-
served: First, in tumors that were undergoing so-called
“normalization” or “maturation”,** tumor cells that were
embedded in the excess of irregular neoplastic bone
matrix showed an intense podoplanin staining pattern in
the disorganized dendritic-like processes that was similar
to osteoid osteocytes and c-Fos transgenic OS (Figure
5B). This was observed in 100% of cores from 51 primary
and 15 metastatic tumors that were undergoing normal-
ization (Table 1). Second, strong cell surface podoplanin
staining was observed in pleomorphic and rounded tu-
mor cells present in less differentiated tumors (Figure
5C). Interestingly, this was reminiscent of the expression
pattern in c-Fos transgenic OS cell xenografts (Figure
4C). We next evaluated podoplanin expression across
the different OS subtypes in both primary and metastatic
tumors. From 80 osteoblastic OS (eg, Figure 5D), 65%
(52 of 80) showed membranous podoplanin staining,
whereas 100% (19 of 19) of chondroblastic OS (eg, Fig-
ure 5E) and 79% (27 of 34) fibroblastic OS (eg, Figure 5F)
expressed podoplanin at the cell membrane. Taken to-
gether, these results demonstrate high podoplanin ex-

Figure 5. Podoplanin expression in human OS. Immunohistochemistry of
podoplanin in normal human bone (A) and in human OS tissue (B-D). A:
Intense podoplanin labeling of osteoid osteocytes (immature osteocytes) and
canaliculi in normal bone. Mature osteoblasts (asterisk) occasionally
showed membrane staining, and mature osteocytes expressed podoplanin
very weakly (arrow). B: Osteoblastic tumor cells in a more mature OS
undergoing “normalization,” also showing osteocytes embedded in irregu-
larly shaped bone matrix. Osteocytes and osteocyte processes are clearly
strongly positive for podoplanin (arrows). The insets show higher magni-
fication of areas of interest. C: Undifferentiated OS with little extracellular
matrix production. Pleomorphic and rounded tumor cells with rich cyto-
plasm showed intense membranous localization of podoplanin; D: Active
osteoblastic component in an OS showing the typical malignant osteoid
formation. Plump, cuboidal, osteoblastic tumor cells producing bone matrix
(arrows) showed positive membrane staining for podoplanin, and occasion-
ally showed antibody-labeled immature processes. E: Chondroblastic OS
showing strong membranous staining for podoplanin. F: Fibroblastic OS with
focal membranous immunoreactivity for podoplanin. G and H, I and J:
Immunostaining of the same tumors shown in C and D, respectively, for
CD44 (G and D and pERM (H and J) showing membranous immunoreactivity
of both CD44 and pERM. b, bone. Scale bars: 20 um (A); 100 um (B-F);
50 pm (G)).

pression in the majority of human OS. In fact, there was
an overall tendency toward metastatic OS samples ex-
pressing podoplanin at higher frequency than primary tu-
mor samples, representing 87.9% (29 of 33 cores) versus
69% (69 of 100 cores), respectively. Finally, similarly to the
mouse OS xenografts, immunolocalization studies showed
cell surface expression of CD44 and pERM in human OS
(Figure 5, G-J).

To further quantify and confirm podoplanin expression
in human primary and metastatic OS, we performed real-
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Figure 6. Podoplanin mRNA and protein expression in human OS. A:
Comparison of the expression levels of podoplanin mRNA between 10
primary and six metastatic OS samples using real-time quantitative PCR
analysis. Data represent the means * SEM of triplicate determinations.
*P = 0.0312. B: Western blot analysis of podoplanin protein expression from
six OS samples. Normal lung (Lung) and normal human osteoblast (OB)
lysates were used as controls.

time quantitative PCR studies and showed that the ex-
pression level of podoplanin mMRNA in metastatic tumors
was two- to threefold higher than in primary tumors (P =
0.0312, Figure 6A). Since the metastatic tumor samples
also contained lung tissue, where type | alveolar cells are
also known to express podoplanin,® we examined podo-
planin protein expression in normal lung tissue and nor-
mal primary osteoblasts for comparison. The data con-
firmed that the contribution of podoplanin expression
from lung tissue was minimal (Figure 6B). Although we
cannot rule out that lung tissue itself might induce podo-
planin expression in the metastatic OS cells, our data
suggest that the high expression levels of podoplanin
protein in OS metastatic samples are largely due to OS-
derived podoplanin.

Discussion

In the current study, we have investigated the function
and regulation of podoplanin in OS cells and have char-
acterized its detailed expression pattern in both human
OS as well as in c-Fos—induced OS in transgenic mice.
We originally identified podoplanin as the platelet aggre-
gation factor Aggrus,® and demonstrated that podoplanin
contributes to the establishment of tumor metastasis by
promoting platelet aggregation.” In the present study,
we have extended these observations to OS, which show
a high propensity to form lung metastases, and showed
that podoplanin was expressed in three different human
OS cell lines, which correlated with their ability to induce
platelet aggregation. Indeed, functional studies showed
that the platelet aggregation-inducing capacity was re-
duced by knockdown of endogenous podoplanin in hu-
man OS cells, and conversely, was promoted by overex-
pressing podoplanin in the nonmetastatic Dunn mouse
OS cell line. Taken together, these results suggested that
podoplanin plays an important functional role in a platelet
aggregation during the process of OS metastasis.
Podoplanin was found previously to induce cell migra-
tion by modulating the actin cytoskeleton.' In the pres-
ent study, knockdown of endogenous podoplanin using
siRNA resulted in reduced cell migration in OS cells.
Moreover, a neutralizing anti-podoplanin antibody, which
dramatically reduced tumor metastasis in our previous
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study,®® significantly reduced the motility of U-2 OS cells.
One essential step in the sequences required for cell
migration is filopodia formation mediated by Ezrin, a
member of ERM (Ezrin-Radixin-Moesin) cytoskeleton-as-
sociated protein family,3® whose phosphorylation has
been shown to be enhanced following podoplanin over-
expression in MDCK and MCF7 cells.®'® In addition,
phosphorylated ERM proteins (pERM) directly link actin
filaments and CD44, a glycoprotein receptor at the cell
membrane.®”3® In our study, we have shown in both
mouse and human OS, that podoplanin is coexpressed
with CD44 and pERM. This is supported by evidence
confirming that podoplanin physically associates with
CD44,*° and this interaction is crucial for podoplanin-
mediated cell migration.*® Furthermore, podoplanin is
reported to interact directly with Ezrin, which triggers
downstream activation of RhoA to regulate actin cytoskel-
etal dynamics.*' Ezrin is known to be a causative protein
for OS metastasis,*? and our study showed that podopla-
nin expression levels in metastatic OS were higher than in
primary OS. As we have shown coexpression of podopla-
nin/CD44/pERM, it is tempting to speculate that such a
complex plays a role in the underlying mechanisms of cell
migration and in further establishing metastasis in OS.

Podoplanin was up-regulated by the induction of the
AP-1 oncoprotein, c-Fos, in mouse osteoblastic cells,
which is consistent with the high expression of podopla-
nin in c-Fos-transformed OS and its derived OS cells.
c-Fos is highly expressed in the vast majority of human
0S?® as well as in most of OS cell lines and its viral
counterpart, v-Fos, up-regulates several key molecules in
tumorigenesis/metastasis, including Ezrin.**43 Interest-
ingly, Durchdewald et al recently reported that podopla-
nin is a novel c-Fos/AP-1 target gene.™ c-Fos physically
binds to podoplanin promoter sequences, controls podo-
planin transcription, and most importantly, plays a caus-
ative role in skin cancer development.’® We also re-
vealed that TGF-B1, which is a known activator of the
AP-1 transcription factor,** is itself regulated by AP-1,%°
and regulates podoplanin expression, 246 was highly ex-
pressed in c-Fos transgenic mouse OS at both the mRNA
and protein levels. Furthermore, nontransformed, c-Fos—
overexpressing mouse osteoblasts showed high levels of
podoplanin and TGF-B1 expression in a c-Fos—depen-
dent manner. Taken together, both c-Fos and TGF-B1
appear to act in concert and are very likely responsible
for the high levels of podoplanin expression observed in
c-Fos transgenic OS and human OS. These high podo-
planin levels are an important observation because
podoplanin expression is normally very tightly regulated
and is expressed by only a few normal osteoblasts with
no dendritic processes that are destined to become os-
teocytes.'® Thus, on the basis of the data presented here,
we would suggest that the highly deregulated expression
of podoplanin in OS contributes to OS tumor progression
and metastasis.

In this study, we showed that podoplanin is expressed
in more than two-thirds of conventional OS TMA samples.
Consistent with our mRNA and immunoblot protein ex-
pression data, our immunohistochemical analysis of hu-
man OS revealed high expression of podoplanin in im-
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mature tumor cells with cell membrane localization, yet
the number of positive lesional cells varied, presumably
due to tumor heterogeneity and TMA core sampling vari-
ations. Meanwhile, virtually all of the tumor cells showing
“normalization” or “maturation,” which are characterized
as a differentiation toward mature osteocyte-like cells in
excessive bone matrix,®* expressed podoplanin at disor-
ganized dendritic processes. These apparently paradox-
ical observations, that both immature and differentiating
tumor cells express podoplanin, suggest that there is a
podoplanin-positive immature subpopulation, which rep-
resents aggressive tumor cells, similar to the previously
reported subpopulation of podoplanin-positive cells in
the A431 human epidermoid carcinoma cell line.*” In
addition, immature human OS cell lines such as MG-63,
but not more mature human OS cells like Saos-2, and two
cases of small cell osteosarcoma, which is a rare subtype
of 0S,** are reported to show the same membranous
immunohistochemical staining.” Moreover, whereas
c-Fos transgenic OS in vivo rarely showed strong specific
membranous podoplanin antibody labeling, c-Fos trans-
genic OS-derived cell lines and their resulting tumor
xenografts showed an intensive membranous podoplanin
immunostaining. This further supports our notion that the
normally tight control of podoplanin expression in normal
bone appears to be lost in immature tumor cells.

Although podoplanin is a well-characterized osteocyte
marker, its expression and function in bone neoplasms is
not well understood.” OS are known to express aberrantly
a wide range of osteoblast differentiation markers, includ-
ing transcription factors, serum enzymes such as alkaline
phosphatase, noncollagenous bone proteins, and cell
surface antigens.*® As tumor cells in OS are generally
regarded as being immature, previous studies have fo-
cused typically on analyzing marker genes of early os-
teoblast differentiation, rather than late stage and fully
differentiated osteoblast phenotypes. Thus, the elucida-
tion of podoplanin expression across a wide range of
different OS is important. We are currently continuing to
investigate aberrant bone cell marker gene expression
during the osteoblast differentiation program in different
bone tumors including OS, which would be essential for
understanding the pathobiology and for contributing fur-
ther to an accurate histopathological diagnosis and a
clinical management of bone tumors.

In conclusion, we have shown that podoplanin expres-
sion is under AP-1 control in osteoblasts and plays a
crucial role in enhancing platelet aggregation and cell
migration of OS. Thus, podoplanin and its regulator c-Fos
could be a potential new therapeutic target in OS patients
for preventing OS metastasis by attenuating cell migra-
tion as well as platelet aggregation.
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