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Expression of Cat Podoplanin in Feline
Squamous Cell Carcinomas

Shunsuke Itai,1,2,* Shinji Yamada,1,* Mika K. Kaneko,1 Hiroyuki Harada,2 Yumiko Kagawa,3

Satoru Konnai,4 and Yukinari Kato1,5

Oral squamous cell carcinoma is an aggressive tumor in cats; however, molecular-targeted therapies against this
tumor, including antibody therapy, have not been developed. Sensitive and specific monoclonal antibodies
(mAbs) against highly expressed membrane proteins are needed to develop antibody therapies. Podoplanin, a
type I transmembrane glycoprotein, is expressed in many human malignant tumors, including brain tumor,
esophageal cancer, lung cancer, mesothelioma, and oral cancer. Podoplanin binds to C-type lectin-like receptor-
2 (CLEC-2) and activates platelet aggregation, which is involved in cancer metastasis. Until now, we have
established several mAbs against podoplanin in humans, mice, rats, rabbits, dogs, cattle, and cats. We have
reported podoplanin expression in canine melanoma and squamous cell carcinomas using an anti-dog podo-
planin mAb PMab-38. In this study, we investigated podoplanin expression in 40 feline squamous cell carci-
nomas (14 cases of mouth floor, 13 of skin, 9 of ear, and 4 of tongue) by immunohistochemical analysis using
an anti-cat podoplanin mAb PMab-52, which we recently developed by cell-based immunization and screening
(CBIS) method. Of the total 40 cases, 38 (95%) showed positive staining for PMab-52. In particular, 12 cases
(30%) showed a strong membrane-staining pattern of squamous cell carcinoma cells. PMab-52 can be useful for
antibody therapy against feline podoplanin-expressing squamous cell carcinomas.
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Introduction

O ral squamous cell carcinoma is an aggressive tu-
mor in cats,(1) for which no molecular targeted thera-

pies have been developed. In particular, sensitive and specific
monoclonal antibodies (mAbs) should be established for
developing antibody-based therapies. Although many mAbs
against human membrane proteins have been developed, al-
most all mAbs do not cross-react with the feline ones.
Therefore, we need to develop sensitive and specific mAbs
that can be directed against feline membrane proteins, which
are overexpressed in feline cancers.

Podoplanin (PDPN/T1a/Aggrus), a type I transmembrane
glycoprotein,(2–6) activates platelet aggregation by binding to
the C-type lectin-like receptor-2 (CLEC-2) on the platelets.(7–10)

Podoplanin is expressed in normal cells, including renal
podocytes, pulmonary type I alveolar cells, and lymphatic

endothelial cells.(3) The interaction between podoplanin and
CLEC-2 facilitates lymphatic/blood vessel separation.(11) The
expression of human podoplanin has been reported in many
malignant tumors, including brain tumors,(12–15) oral can-
cers,(16) esophageal cancers,(17) lung cancers,(18) mesothe-
liomas,(19,20) testicular tumors,(21) osteosarcomas,(22–24) and
chondrosarcomas.(23) Podoplanin expression is associated with
cancer metastasis and malignant progression.(8,12,25)

We have established several mAbs against human,(26)

mouse,(27) rat,(28) rabbit,(29) dog,(30) bovine,(31) and cat podo-
planin.(32) Using these antipodoplanin mAbs, we have inves-
tigated podoplanin expression in cancer tissues. PMab-38, an
anti-dog podoplanin mAb, reacted with 83% of squamous cell
carcinomas (15/18 cases)(33) and 90% of melanomas (9/10
cases).(34) Recently, we have established an anti-cat podopla-
nin mAb (clone: PMab-52), which is very useful in flow cy-
tometry, Western blot, and immunohistochemical analyses.(32)
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FIG. 1. Immunohistochemical analysis of podoplanin using PMab-52 in feline kidney. (A, C) Sections of feline kidneys
were autoclaved in citrate buffer (pH 6.0). After blocking, they were incubated with 1mg/mL of PMab-52, followed by
treatment with EnVision+ kit. Color was developed using DAB, and the slides were counterstained with hematoxylin. (B, D)
H&E staining was performed against serial sections. Scale bar: 100mm. DAB, 3, 3-diaminobenzidine tetrahydrochloride;
H&E, hematoxylin and eosin.

FIG. 2. Immunohistochemical analysis of podoplanin using PMab-52 in feline lungs. (A, C) Sections of feline lungs were
autoclaved in citrate buffer (pH 6.0). After blocking, they were incubated with 1mg/mL of PMab-52, followed by treatment
with EnVision+ kit. Color was developed using DAB, and the slides were counterstained with hematoxylin. (B, D) H&E
staining was performed against serial sections. Scale bar: 100mm.
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In this study, we investigated podoplanin expression in feline
squamous cell carcinomas by immunohistochemical analysis
using PMab-52.

Materials and Methods

Feline tissues

Normal feline tissues were purchased from Zyagen (San
Diego, CA). Feline squamous cell carcinoma tissues were
obtained from North Lab (Hokkaido, Japan).

Hybridoma production

In brief, BALB/c mice (CLEA Japan, Tokyo, Japan) were
immunized by intraperitoneal (i.p.) injection of cat
podoplanin-expressing CHO cells (CHO/cat podoplanin),
which were produced by transfecting cat podoplanin into
CHO-K1 cells(32) [American Type Culture Collection
(ATCC), Manassas, VA] along with Imject Alum (Thermo
Fisher Scientific, Inc., Waltham, MA). After several addi-
tional immunizations of CHO/cat podoplanin cells, a booster
injection of CHO/cat podoplanin cells was intraperitoneally
administered 2 days before the spleen cells were harvested.
The spleen cells were fused with P3U1 cells (ATCC) using
PEG1500 (Roche Diagnostics, Indianapolis, IN). The hy-
bridomas were grown in Roswell Park Memorial Institute
(RPMI) 1640 medium (Nacalai Tesque, Inc., Kyoto, Japan)
supplemented with 10% heat-inactivated fetal bovine se-
rum (Thermo Fisher Scientific, Inc.) and hypoxanthine,
aminopterin, and thymidine selection medium supplement
(Thermo Fisher Scientific, Inc.). The culture supernatants

were screened using flow cytometry for binding to CHO/cat
podoplanin and CHO-K1.

Immunohistochemical analyses

First, 4-mm-thick histological sections were deparaffinized
in xylene and then rehydrated, followed by autoclaving
in citrate buffer (pH 6.0; Agilent Technologies, Inc., Santa
Clara, CA) for 20 minutes. The sections were incubated
with 1 mg/mL of PMab-52 for 1 hour at room temperature,
followed by treatment with Envision+ kit for 30 minutes
(Agilent Technologies, Inc.). Color was developed using 3,
3-diaminobenzidine tetrahydrochloride (Agilent Technol-
ogies, Inc.) for 2 minutes, and the sections were counter-
stained with hematoxylin (Wako Pure Chemical Industries,
Ltd., Osaka, Japan). The intensity of staining was evaluated
as 0, 1+, 2+, and 3+.

Results

In our recent studies, we immunized mice with CHO/cat
podoplanin cells and performed flow cytometry as the first
screening. Using this cell-based immunization and screening
(CBIS) method, we could obtain highly sensitive mAbs, which
are useful not only in flow cytometry but also in Western blot
and immunohistochemical analyses. Indeed, one of the es-
tablished clones, PMab-52 (IgM, kappa), was sensitive and
specific against cat podoplanin in flow cytometry, Western blot,
and immunohistochemical analyses. PMab-52 reacted with only
cat podoplanin, whereas it did not react with human, mouse,
rat, rabbit, dog, and bovine podoplanin in flow cytometry and

FIG. 3. Immunohistochemical analysis of podoplanin using PMab-52 in feline rectum. (A, C) Sections of feline rectum
were autoclaved in citrate buffer (pH 6.0). After blocking, they were incubated with 1 mg/mL of PMab-52, followed by
treating with EnVision+ kit. Color was developed using DAB, and the slides were counterstained with hematoxylin. (B, D)
H&E staining was performed against serial sections. Arrows: lymphatic endothelial cells. Scale bar: 100mm.

ANTI-CAT PDPN MAB FOR SCC 245

D
ow

nl
oa

de
d 

by
 Y

uk
in

ar
i K

at
o 

fr
om

 o
nl

in
e.

lie
be

rt
pu

b.
co

m
 a

t 1
2/

21
/1

7.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 

http://online.liebertpub.com/action/showImage?doi=10.1089/mab.2017.0046&iName=master.img-002.jpg&w=360&h=269


Western blot analyses.(32) Although we have investigated
podoplanin expression in human, rabbit, and canine cancers,
its expression in feline cancer remains to be clarified.

First, we investigated podoplanin expression in normal fe-
line tissues, including the kidney, lung, and rectum, by im-
munohistochemical analysis. PMab-52 was bound to the
Bowman’s capsule and glomerular podocytes in feline kidneys

(Fig. 1A, C). Also, it was bound to the type I alveolar cells of
feline lungs (Fig. 2A, C) and lymphatic endothelial cells
(Fig. 3A, C), indicating that PMab-52 can detect cat podoplanin
in normal tissues because a similar expression pattern has been
reported in other species, including human and mouse.(35)

Next, we investigated cat podoplanin expression in various
squamous cell carcinomas because its expression has been

Table 1. Results of PMab-52 Immunostaining in 40 Feline Squamous Cell Carcinomas

No. Site Breed Age (year) Sex (reproductive status) PMab-52 (IHC)

1 Skin Mix 13 F (spayed) 1+
2 Ear Mix 10 F (spayed) 1+
3 Ear Mix 16 F (spayed) 3+
4 Tongue Scottish Fold 10 F (spayed) 3+
5 Floor of mouth Mix 16 F (spayed) 1+
6 Floor of mouth Mix 13 F (spayed) 2+
7 Tongue Mix 13 F (spayed) 1+
8 Floor of mouth Mix 15 M (casted) 2+
9 Skin Mix 11 M (casted) 3+

10 Skin Mix 15 M (casted) 3+
11 Skin Mix 14 F (spayed) 3+
12 Floor of mouth Mix 14 F (spayed) 1+
13 Ear Mix 16 F (entire) 1+
14 Skin Mix 11 M (casted) 1+
15 Skin Mix 7 M (casted) 2+
16 Ear Mix 16 F (spayed) 2+
17 Floor of mouth Mix 11 F (spayed) 2+
18 Ear Mix 17 F (spayed) 1+
19 Ear Mix 15 F (spayed) 2+
20 Ear Mix 14 F (spayed) 1+
21 Ear Mix Not specified F (entire) 0
22 Floor of mouth Mix 13 F (spayed) 2+
23 Floor of mouth Persian 12 F (spayed) 3+
24 Skin Mix 14 F (entire) 2+
25 Floor of mouth Maine Coon Not specified Not specified 1+
26 Tongue Mix 16 M (entire) 2+
27 Floor of mouth American Shorthair 14 M (casted) 2+
28 Floor of mouth Mix 15 M (casted) 0
29 Skin Mix 16 M (casted) 3+
30 Skin Mix 9 M (casted) 3+
31 Skin Mix 10 F (spayed) 2+
32 Floor of mouth Persian 10 M (casted) 3+
33 Skin Mix 10 F (spayed) 3+
34 Floor of mouth American Shorthair 13 M (casted) 1+
35 Skin Mix Not specified F (entire) 1+
36 Skin Mix 12 F (spayed) 3+
37 Floor of mouth Mix 16 F (spayed) 1+
38 Floor of mouth Persian 13 M (entire) 2+
39 Ear Mix 11 F (spayed) 2+
40 Tongue Not specified 15 F (spayed) 3+

Table 2. Summary of PMab-52 Immunostaining in 40 Feline Squamous Cell Carcinomas

Site No. of cases

PMab-52 immunostaining

No. of positive cases Positive rate (%)3+ 2+ 1+ 0

Floor of mouth 14 2 6 5 1 13/14 92.9
Skin 13 7 3 3 0 13/13 100
Ear 9 1 3 4 1 8/9 88.9
Tongue 4 2 1 1 0 4/4 100
Total 40 12 13 13 2 38/40 95.0
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reported in many previous studies with other species.(18,33)

All specimens of squamous cell carcinomas used in this study
are listed in Table 1. Among the 40 cases analyzed, 14 were
from mouth floor, 13 from skin, 9 from ear, and 4 from tongue
(Table 2). PMab-52 was observed in squamous cell carci-

noma cells in a membrane-staining pattern (Fig. 4). All
staining patterns are depicted in Supplementary Figure S1
and S2 (Supplementary Data are available online at www
.liebertpub.com/mab). In total, 95% (38/40) of squamous cell
carcinomas were detected using PMab-52 (Table 2).

FIG. 4. Immunohistochemical analysis of cat podoplanin using PMab-52 in squamous cell carcinomas. (A, C, E, G)
Sections of feline squamous cell carcinomas were autoclaved in citrate buffer (pH 6.0). After blocking, they were incubated
with 1mg/ml of PMab-52, followed by treatment with EnVision+ kit. Color was developed using DAB, and the slides were
counterstained with hematoxylin. (B, D, F, H) H&E staining was performed against serial sections. (A–D) case 9; (E–H)
case 11. Arrows: lymphatic endothelial cells; arrowheads: vascular endothelial cells. Scale bar: 100 mm.
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PMab-52 also detected lymphatic endothelial cells around
the squamous cell carcinoma cells, but it could not detect
vascular endothelial cells (Fig. 4C). PMab-52 very weakly
detected normal lymphatic endothelial cells (Fig. 3), indi-
cating that the expression level of podoplanin is different
between normal and cancerous tissues.

Discussion

In this study, we first investigated podoplanin expression
in feline normal tissues. PMab-52 strongly bound to feline
kidneys (Fig. 1) and lungs (Fig. 2). These results are con-
sistent with our previous study regarding podoplanin ex-
pression in rabbit normal tissues.(29) In contrast, anti-dog
podoplanin mAb PMab-38 reacted with canine kidney, but
not with canine lungs.(30) PMab-52 was weakly bound to
normal lymphatic endothelial cells (Fig. 3), although podo-
planin is known to be a specific marker for lymphatic endo-
thelial cells. Likewise, PMab-38 did not detect normal
lymphatic endothelial cells of canine normal tissues.(30) NZ-
1, an anti-human podoplanin mAb, detects lymphatic endo-
thelial cells but not those of the lung and kidney.(26) More-
over, cancer-specific mAbs LpMab-2(15) and LpMab-23(36)

do not react with human podoplanin in all normal tissues.
Taken together, two main reasons can explain the different
reaction patterns of anti-podoplanin mAbs: (1) the expression
level of podoplanin is different among tissues and (2) the
epitopes recognized by antipodoplanin mAbs vary due to
many reasons, including tissue-specific posttranslational
modification or cancer-specific glycosylation.

We investigated cat podoplanin expression in 40 squamous
cell carcinoma tissues. PMab-52 strongly detected lymphatic
endothelial cells around squamous cell carcinoma cells
(Fig. 4C), whereas it weakly detected normal lymphatic en-
dothelial cells (Fig. 3C), indicating that the expression level
of podoplanin differs between normal and cancer tissues. We
have previously reported that podoplanin expression can be
induced by transforming growth factor-b,(37) which might
explain the different expression levels of podoplanin in
cancer tissues. Cancer-associated fibroblasts were also de-
tected in some cases (case 14; Supplementary Fig. S1), which
have been observed in many previous studies using anti-
podoplanin mAbs in human cancer tissues(38–40) and using
PMab-38 in canine squamous cell carcinomas.(33) Targeted
therapy against cancer-associated fibroblasts is also impor-
tant because cancer-associated fibroblasts have been associ-
ated with malignancy.(38–40)

In conclusion, PMab-52 can be useful for clarifying the
pathophysiological function of podoplanin in feline squa-
mous cell carcinomas. Furthermore, it is a potential candidate
for developing antibody-based therapies against feline
squamous cell carcinomas.
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