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ABSTRACT. Podoplanin is expressed in various human tumors where it promotes tumor 
progression, epithelial-mesenchymal transition, and distant metastasis. Podoplanin is also 
expressed in cancer-associated fibroblasts and induces tumor malignancy. The objective of 
this study was to evaluate podoplanin expression in various types of feline tumor tissues. 
Immunohistochemical analysis revealed that podoplanin was expressed in cells of 13/15 (87%) 
squamous cell carcinomas and 5/19 (26%) fibrosarcomas. Moreover, cancer-associated fibroblasts 
expressed podoplanin in most tumor types, including 18/21 (86%) mammary adenocarcinoma 
tissues. Our findings demonstrate that various types of feline tumor tissues expressed podoplanin, 
indicating the importance of the comparative aspects of podoplanin expression, which may be 
used as a novel research model for podoplanin biology.
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Podoplanin (PDPN) is a type I transmembrane sialoglycoprotein expressed in renal podocytes, lymphatic endothelial cells, and 
pulmonary type I alveolar cells [5, 6, 37]. It has been widely used as a prominent marker of lymphatic endothelial cells, where 
it is strongly expressed [24]. PDPN plays an essential role in the formation of a normal lymphatic system during embryonic 
development, as well as in platelet aggregation [2, 4, 12, 31].

In human medicine, PDPN was reported to be overexpressed in various types of tumors, including squamous cell carcinoma 
[18], malignant astrocytic tumors [19], malignant mesothelioma [25], hemangiosarcoma [6], osteosarcoma [1], and germinoma 
[17]. Many reports have demonstrated that PDPN expression is associated with tumor malignancy via promoting proliferation, 
epithelial-mesenchymal transition, and metastasis by inducing tumor cell migration and platelet aggregation; hence, PDPN has 
been considered as a therapeutic target [32]. In addition, cancer-associated fibroblasts (CAFs), a major component of the tumor 
stroma, have been reported to overexpress PDPN [11, 14, 28]. PDPN-positive CAFs have been reported to strongly contribute 
to tumor progression by promoting local invasion and lymph node metastasis [9, 21]. Importantly, a high ratio of PDPN-positive 
CAFs have been reported to be associated with poor prognosis in human patients with lung adenocarcinoma [21].

In veterinary medicine, PDPN was reported to be overexpressed in some naturally occurring tumors in dogs [17]. Cats living 
with humans have also been reported to develop various types of tumors that resemble those found in humans and dogs. Naturally 
occurring tumors in cats have increased in recent years [3], owing to increased life expectancy resulting from increased nutritional 
value of food, availability of vaccines for common infectious diseases, and advancements in veterinary medicine. Recently, 
analysis of the feline genome provided evidence of strong similarities with humans [22]. Because many features of tumors in 
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cats are similar to those in humans, the study of feline tumors would contribute to our understanding of tumor pathogenesis, 
progression, and therapy and could be considered as a novel research model [26].

Although the evaluation of PDPN expression in feline tumors has provided us very important findings, such as the comparative 
aspect of PDPN expression among species and a potential novel research model, there is no research on PDPN expression in feline 
tumor tissues because of the lack of feline PDPN-specific antibodies. To address this issue, we previously developed monoclonal 
antibodies against feline PDPN (fPDPN) that can be used to specifically recognize fPDPN expression in normal tissues using 
immunohistochemistry [7, 34]. Thus, the objective of this study was to evaluate the distribution of fPDPN expression in various 
types of feline tumor tissues by performing immunohistochemical analysis.

A total of 145 paraffin-embedded tumor tissues were evaluated. These tumor tissues were extracted surgically from the cats 
at the Veterinary Medical Center of the University of Tokyo between 2011 and 2017. Permission for collection and use of the 
resected tissues was obtained from the owners. The tissue samples were diagnosed by two veterinary pathologists (J.C. and K.U.) 
certified by the Japanese College of Veterinary Pathologists at the Department of Veterinary Pathology at The University of Tokyo. 
The tumor types included mammary adenocarcinoma (n=21), oral and skin fibrosarcoma (n=19), head and neck squamous cell 
carcinoma (n=15), mast cell tumor (n=11), ceruminous adenocarcinoma (n=10), colorectal adenocarcinoma (n=10), meningioma 
(n=10), nasal adenocarcinoma (n=10), osteosarcoma (n=10), peripheral nerve sheath tumor (n=10), thyroid adenoma (n=10), 
thymoma (n=6), and pulmonary adenocarcinoma (n=3). Normal skin, intestine, mammary gland, thyroid, and cerebral tissue 
from one healthy cat were used as normal controls. This study was approved by The University of Tokyo Animal Care and Use 
Committee (approval number: P15-099).

Immunohistochemical staining was performed using primary antibodies specific for fPDPN (mouse monoclonal antibody, 
clone: PMab-52, 2 µg/ml) [34], anti-α-smooth muscle actin (α-SMA) (mouse monoclonal antibody, clone: 1A4, 1:400, Agilent 
Technologies, Santa Clara, CA, USA), and anti-p63 (mouse monoclonal antibody, clone 4A4, 1:100, Biocare Medical, CA, USA). 
All tumor tissues were fixed in 10% neutral buffered formalin, embedded in paraffin wax, and cut into 4 µm thick serial sections. 
Each section was subsequently dewaxed and rehydrated in xylene and graded ethanol, followed by antigen retrieval using citrate 
buffer (pH 6.0) at 100°C for 30 min in boiling water. After washing with Tris-buffered saline and 0.1% Tween® 20 detergent 
(TBST), endogenous peroxidase activity was blocked with 3% H2O2 in methanol for 10 min at 24–26°C. The specimens were 
then washed with TBST and incubated in 8% skim milk for 1 hr at 24–26°C to reduce non-specific binding before incubation 
with primary antibodies, including anti-fPDPN antibodies for 1 hr at 24–26°C or anti-α-SMA antibodies overnight at 4°C in a 
humidified chamber. After washing with TBST, the sections were incubated with a horseradish peroxidase-conjugated anti-mouse 
antibody (EnVision™+ System, HRP labeled polymer; K4001; Agilent Technologies) for 30 min at 24–26°C. Thereafter, the 
sections were washed with TBST, incubated with 3,3′-diaminobenzidine (Dojindo Laboratories, Kumamoto, Japan) solution for 3 
min, and counterstained with Mayer’s hematoxylin. Sections of feline lung tissues were used as positive controls for fPDPN [10], 
while sections of feline small intestine were used as positive controls for α-SMA [16, 27]. Negative controls did not include the 
primary antibodies. The specimens were considered to be positive for fPDPN if >10% of the tumor cells or stromal cells were 
stained in five randomly selected independent high-magnification (400×) fields [11, 15]. Five independent fields were selected 
randomly. Ratios of fPDPN-positive samples in each tumor type were investigated separately in tumor cells and stromal cells.

The fPDPN-positive sample ratios in the tumor cells varied among the tumor types. Feline PDPN expression was observed in the 
samples of squamous cell carcinoma (13/15; 87%), fibrosarcoma (5/19; 26%), and colorectal adenocarcinoma (2/10; 20%) (Table 1); 
in contrast, fPDPN-positive cells were not detected in peritumoral normal squamous epithelium (n=11) and normal intestinal glands 
(n=7), except in the lymph vessels (Supplementary Fig. 1). The ratio of positively stained tumor cells varied in all tumor samples. 
More than 50% of the tumor cells derived from some samples of squamous cell carcinoma and fibrosarcoma stained positive for 
fPDPN expression, but less than 10% of tumor cells tested positive for fPDPN expression in colorectal adenocarcinoma samples. 
The expression of fPDPN in positively stained 
samples was strong in the cell membranes of tumor 
cells and moderate in the cytoplasm of tumor cells. 
This result was consistent with the staining observed 
in the positive control feline lung tissues (Fig. 1 and 
Supplementary Fig. 1).

In positively stained samples, the cell membranes 
of tumor cells exhibited strong fPDPN expression, 
whereas their cytoplasm showed moderate fPDPN 
expression (Fig. 1). Staining patterns, including diffuse 
and focal staining patterns, were heterogeneous among 
positively stained samples. In addition, we could not 
identify any specific staining patterns based on the 
tumor type or clinical characteristics. The labeling 
intensity of the tumor cells was comparable in all 
positively stained tumor tissues.

In the tumor stroma, large spindle-shaped 
mesenchymal cells expressed fPDPN in almost all 
tumor types. The fPDPN-positive sample ratios 

Table 1. Feline podoplanin expression in various types of feline tumors

Tumor types Samples Tumor cells (%) Stromal cells (%)
Mammary adenocarcinoma 21 0 (0) 18 (86)
Fibrosarcoma 19 5 (26)*
Squamous cell carcinoma 15 13 (87) 9 (60)
Mast cell tumor 11 0 (0) 0 (0)
Colorectal adenocarcinoma 10 2 (20) 7 (70)
Nasal adenocarcinoma 10 0 (0) 3 (30)
Ceruminous adenocarcinoma 10 0 (0) 2 (20)
Thyroid adenoma 10 0 (0) 2 (20)
Meningioma 10 0 (0) 1 (10)
Peripheral nerve sheath tumor 10 0 (0) 1 (10)
Osteosarcoma 10 0 (0)*
Thymoma 6 0 (0) 1 (10)
Pulmonary adenocarcinoma 3 0 (0) 0 (0)
*We could not distinguish tumor cells from stromal cells.
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in the tumor stroam were 9/15 (60%) for squamous cell carcinoma, 7/10 (70%) for colorectal adenocarcinoma, 18/21 (86%) for 
mammary adenocarcinoma, 3/10 (30%) for nasal adenocarcinoma, 2/10 (20%) for ceruminous adenocarcinoma and thyroid adenoma, 
respectively, and 1/10 (10%) for meningioma, peripheral nerve sheath tumor, and thymoma, respectively (Table 1). In fibrosarcoma 
and osteosarcoma samples, we did not evaluate the stromal cells separately, because we could not distinguish between tumor and 
stromal cells (Fig. 1). As controls to the tumor tissues, normal tissues of the skin, intestine, mammary gland, thyroid, and cerebral 
tissue from one healthy cat were stained; fPDPN expression was not detected in any of these samples, except for endothelial cells in 
the thyroid tissue (Supplementary Fig. 2).

The fPDPN-positive large spindle-shaped mesenchymal cells were suspected to be CAFs, which have been reported to express 
PDPN in human tumor tissues. We evaluated α-SMA expression, which is generally utilized to detect CAFs [33], in fPDPN-
positive spindle-shaped mesenchymal cells. Some parts of α-SMA positive cells in the stromal region co-expressed fPDPN (Fig. 2). 
Feline PDPN was strongly expressed in both the membranes and cytoplasm of α-SMA-positive cells in the stromal region. The 
staining intensity and the ratio of fPDPN positive cells in the stromal region were especially high in mammary adenocarcinoma 
samples compared to other tumor types (Table 1 and Fig. 2). In mammary adenocarcinoma samples, p63 expression which is a 
marker of myoepithelial cells, was evaluated, and no positive staining was observed in the tumor tissues (Supplementary Fig. 3).
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Fig. 1. Evaluation of the expression pattern of feline podoplanin (fPDPN) in tumor cells. (A) A representative image of hematoxylin and eosin 
(HE) staining in feline squamous cell carcinoma. (B, C) Representative immunostaining images of podoplanin in squamous cell carcinoma. 
Tumor cell membranes were broadly and strongly stained, while the cytoplasm of tumor cells were moderately stained in squamous cell 
carcinoma. Black arrow heads indicate tumor cells which fPDPN strongly express on tumor cells membranes. (D) A representative image 
of HE staining in feline fibrosarcoma. (E, F) Representative immunostaining images of fPDPN in fibrosarcoma are shown. In fibrosarcoma 
samples, part of the cells was stained, but we could not distinguish tumor cells from stromal cells.

Fig. 2. Evaluation of the expression pattern of feline podoplanin (fPDPN) in stromal cells. A representative image of hematoxylin and eosin 
staining (A) and immunostaining images of fPDPN (B) and α-smooth muscle actin (α-SMA) (C) in feline mammary adenocarcinoma are 
shown. Large spindle-shaped mesenchymal cells in the tumor stroma expressed α-SMA and part of the α-SMA positive cells expressed 
fPDPN.
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Altogether, this study demonstrated the immunohistochemical expression of fPDPN in tumor cells and stromal cells in 
various types of feline tumor tissues. The tumor cell membranes showed strong fPDPN expression in squamous cell carcinoma, 
fibrosarcoma, and colorectal adenocarcinoma samples, similar to findings reported for canine and human tumors [13, 23]. However, 
feline meningioma and osteosarcoma, which were reported to cause the expression of PDPN in human homogenous tumor tissues, 
did not demonstrate strong staining (Table 1). This discrepancy in PDPN expression in tumor tissues of different species indicates 
differences in the pathophysiology of PDPN expression. Additionally, although the feline normal lung tissues were positively 
stained, the feline lung tumor tissues were negatively stained. PDPN is expressed in type I alveolar epithelial cells in normal human 
lung tissues [37]. Therefore, differences in origin between the PDPN expressing cells in feline normal lung tissue and the PDPN 
negatively stained tumor cells in feline lung tumor tissues might cause a difference in PDPN expression between normal and tumor 
tissues. Some feline tumor cells and α-SMA-positive cells in the stromal region expressed PDPN, which was reported to be related 
to malignancy of various tumors. Because of the limited sample volume and clinical information, we could not determine the 
clinical significance of fPDPN expression in feline tumors. Further studies are required to clarify the clinical significance of fPDPN.

Squamous cell carcinoma is the most common type of oral tumor in cats, accounting for approximately 70% of tumors in the 
feline oral cavity [29]. Feline oral squamous cell carcinoma is highly locally aggressive, often extending into the bone tissues, and 
can be associated with pain and inability to eat. In this study, most tumor cells in feline squamous cell carcinoma expressed fPDPN. 
High expression of PDPN in tumor cells in human oral squamous cell carcinoma tissues is strongly correlated with poor prognosis 
[8, 36]. PDPN expression in human squamous cell carcinoma is associated with various malignant mechanisms, including tumor 
cell invasion, metastasis, proliferation, and cancer stemness [20, 30]. These findings indicate that fPDPN expression in tumor 
cells may contribute to the aggressive behavior of feline squamous cell carcinoma, and fPDPN expressed on feline squamous cell 
carcinoma might be a candidate therapeutic target. Moreover, fPDPN-expressing feline squamous cell carcinoma might be a novel 
research model for PDPN-positive human oral squamous cell carcinoma.

We found that α-SMA positive cells in the stromal region expressed fPDPN in most types of tumors, as reported in humans and 
dogs [11, 13, 14, 28]. In mammary adenocarcinoma, colorectal adenocarcinoma, and squamous cell carcinoma samples, the ratios 
of positively stained α-SMA cells in the stromal region of tumor tissues were higher than those in other tumor types. Although it 
is difficult to completely distinguish between CAFs and myoepithelial cells from α-SMA expression in mammary adenocarcinoma 
[35], α-SMA positive cells in the stromal region of mammary adenocarcinoma were considered as CAFs because of their cell 
morphology, histological structures, and negative expression of p63 (a myoepithelial cell marker). In human medicine, PDPN-
expressing CAFs have been reported to promote local invasion and lymph node metastasis of tumor cells [14, 21]. Furthermore, 
it has been demonstrated that CAFs exist in feline tumors, and the presence of CAFs in feline oral squamous cell carcinoma was 
significantly associated with poor prognosis [15]. Therefore, fPDPN expressing α-SMA positive cells in the stromal region may be 
associated with malignancy of these tumors as well as human tumors.

This study showed the distribution of fPDPN expression in feline normal and tumor tissues. However, our data is limited. Firstly, 
the co-expression of fPDPN and α-SMA in stromal cells could not be confirmed by double staining. Secondly, number of normal 
control samples was small; for example, we obtained only one normal tissue sample from mammary gland, thyroid, and cerebrum 
and no tissue from normal nasal cavity, ear canal, and thymus.

In conclusion, fPDPN expression was observed in various types of feline tumor tissues for the first time. The cell membranes 
of squamous cell carcinoma tumor cells strongly express fPDPN. Remarkably, α-SMA positive cells in the stromal region of 
several feline tumors extensively expressed fPDPN. These novel findings suggest the importance of comparative aspects of PDPN 
expression in naturally occurring tumors among humans, cats, and dogs, and the possibility of feline tumors as a new research 
model for PDPN biology.

CONFLICTS OF INTEREST. The authors declare no conflicts of interest. The funders had no role in the study design; in the 
collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.

ACKNOWLEDGMENTS. This study was supported by the Platform Project for Supporting Drug Discovery and Life Science 
Research (Basis for Supporting Innovative Drug Discovery and Life Science Research [BINDS]) from AMED (grant number 
JP19am0101078), and JSPS KAKENHI (grant number 19K22361).

REFERENCES

 1. Ariizumi, T., Ogose, A., Kawashima, H., Hotta, T., Li, G., Xu, Y., Umezu, H., Sugai, M. and Endo, N. 2010. Expression of podoplanin in human 
bone and bone tumors: New marker of osteogenic and chondrogenic bone tumors. Pathol. Int. 60: 193–202. [Medline]  [CrossRef]

 2. Astarita, J. L., Cremasco, V., Fu, J., Darnell, M. C., Peck, J. R., Nieves-Bonilla, J. M., Song, K., Kondo, Y., Woodruff, M. C., Gogineni, A., 
Onder, L., Ludewig, B., Weimer, R. M., Carroll, M. C., Mooney, D. J., Xia, L. and Turley, S. J. 2015. The CLEC-2-podoplanin axis controls the 
contractility of fibroblastic reticular cells and lymph node microarchitecture. Nat. Immunol. 16: 75–84. [Medline]  [CrossRef]

 3. Audrey, P., Brenda, B. and Rodney, P. 2020. Chapter 4, epidemiology and the evidence-based medicine approach. pp 81–97. In: Withrow and 
MacEwen’s Small Animal Clinical Oncology, 6th ed. (David, V., Douglas, T. and Julius, L. D. eds.), Elsevier, Amsterdam.

 4. Bertozzi, C. C., Schmaier, A. A., Mericko, P., Hess, P. R., Zou, Z., Chen, M., Chen, C. Y., Xu, B., Lu, M. M., Zhou, D., Sebzda, E., Santore, M. 
T., Merianos, D. J., Stadtfeld, M., Flake, A. W., Graf, T., Skoda, R., Maltzman, J. S., Koretzky, G. A. and Kahn, M. L. 2010. Platelets regulate 
lymphatic vascular development through CLEC-2-SLP-76 signaling. Blood 116: 661–670. [Medline]  [CrossRef]

 5. Breiteneder-Geleff, S., Matsui, K., Soleiman, A., Meraner, P., Poczewski, H., Kalt, R., Schaffner, G. and Kerjaschki, D. 1997. Podoplanin, novel 

http://www.ncbi.nlm.nih.gov/pubmed/20403045?dopt=Abstract
http://dx.doi.org/10.1111/j.1440-1827.2009.02510.x
http://www.ncbi.nlm.nih.gov/pubmed/25347465?dopt=Abstract
http://dx.doi.org/10.1038/ni.3035
http://www.ncbi.nlm.nih.gov/pubmed/20363774?dopt=Abstract
http://dx.doi.org/10.1182/blood-2010-02-270876


PODOPLANIN EXPRESSION IN FELINE TUMORS

J. Vet. Med. Sci. 83(11): 1799

43-kd membrane protein of glomerular epithelial cells, is down-regulated in puromycin nephrosis. Am. J. Pathol. 151: 1141–1152. [Medline]
 6. Breiteneder-Geleff, S., Soleiman, A., Kowalski, H., Horvat, R., Amann, G., Kriehuber, E., Diem, K., Weninger, W., Tschachler, E., Alitalo, K. and 

Kerjaschki, D. 1999. Angiosarcomas express mixed endothelial phenotypes of blood and lymphatic capillaries: podoplanin as a specific marker for 
lymphatic endothelium. Am. J. Pathol. 154: 385–394. [Medline]  [CrossRef]

 7. Chang, Y. W., Kaneko, M. K., Yamada, S. and Kato, Y. 2018. Epitope mapping of monoclonal antibody PMab-52 against cat podoplanin. Monoclon. 
Antib. Immunodiagn. Immunother. 37: 95–99. [Medline]  [CrossRef]

 8. Cueni, L. N., Hegyi, I., Shin, J. W., Albinger-Hegyi, A., Gruber, S., Kunstfeld, R., Moch, H. and Detmar, M. 2010. Tumor lymphangiogenesis and 
metastasis to lymph nodes induced by cancer cell expression of podoplanin. Am. J. Pathol. 177: 1004–1016. [Medline]  [CrossRef]

 9. Hoshino, A., Ishii, G., Ito, T., Aoyagi, K., Ohtaki, Y., Nagai, K., Sasaki, H. and Ochiai, A. 2011. Podoplanin-positive fibroblasts enhance lung 
adenocarcinoma tumor formation: podoplanin in fibroblast functions for tumor progression. Cancer Res. 71: 4769–4779. [Medline]  [CrossRef]

 10. Itai, S., Yamada, S., Kaneko, M. K., Harada, H., Kagawa, Y., Konnai, S. and Kato, Y. 2017. Expression of cat podoplanin in feline squamous cell 
carcinomas. Monoclon. Antib. Immunodiagn. Immunother. 36: 243–250. [Medline]  [CrossRef]

 11. Kan, S., Konishi, E., Arita, T., Ikemoto, C., Takenaka, H., Yanagisawa, A., Katoh, N. and Asai, J. 2014. Podoplanin expression in cancer-associated 
fibroblasts predicts aggressive behavior in melanoma. J. Cutan. Pathol. 41: 561–567. [Medline]  [CrossRef]

 12. Kato, Y., Kaneko, M. K., Kunita, A., Ito, H., Kameyama, A., Ogasawara, S., Matsuura, N., Hasegawa, Y., Suzuki-Inoue, K., Inoue, O., Ozaki, Y. 
and Narimatsu, H. 2008. Molecular analysis of the pathophysiological binding of the platelet aggregation-inducing factor podoplanin to the C-type 
lectin-like receptor CLEC-2. Cancer Sci. 99: 54–61. [Medline]

 13. Kiname, K., Yoshimoto, S., Kato, D., Tsuboi, M., Tanaka, Y., Yoshitake, R., Eto, S., Shinada, M., Chambers, J., Saeki, K., Kinoshita, R., Yamada, 
S., Uchida, K., Kaneko, M. K., Nishimura, R., Kato, Y. and Nakagawa, T. 2019. Evaluation of immunohistochemical staining with PMab-38, an 
anti-dog podoplanin monoclonal antibody, in various canine tumor tissues. Jpn. J. Vet. Res. 67: 25–34.

 14. Kitano, H., Kageyama, S., Hewitt, S. M., Hayashi, R., Doki, Y., Ozaki, Y., Fujino, S., Takikita, M., Kubo, H. and Fukuoka, J. 2010. Podoplanin 
expression in cancerous stroma induces lymphangiogenesis and predicts lymphatic spread and patient survival. Arch. Pathol. Lab. Med. 134: 
1520–1527. [Medline]  [CrossRef]

 15. Klobukowska, H. J. and Munday, J. S. 2016. High numbers of stromal cancer-associated fibroblasts are associated with a shorter survival time in 
cats with oral squamous cell carcinoma. Vet. Pathol. 53: 1124–1130. [Medline]  [CrossRef]

 16. Magi, G. E., Mariotti, F., Berardi, S., Piccinini, A., Vullo, C., Palumbo Piccionello, A. and Rossi, G. 2018. Loss of alpha-smooth muscle actin 
expression associated with chronic intestinal pseudo-obstruction in a young Miniature Bull Terrier. Acta Vet. Scand. 60: 25. [Medline]  [CrossRef]

 17. Marks, A., Sutherland, D. R., Bailey, D., Iglesias, J., Law, J., Lei, M., Yeger, H., Banerjee, D. and Baumal, R. 1999. Characterization and 
distribution of an oncofetal antigen (M2A antigen) expressed on testicular germ cell tumours. Br. J. Cancer 80: 569–578. [Medline]  [CrossRef]

 18. Martín-Villar, E., Scholl, F. G., Gamallo, C., Yurrita, M. M., Muñoz-Guerra, M., Cruces, J. and Quintanilla, M. 2005. Characterization of human 
PA2.26 antigen (T1α-2, podoplanin), a small membrane mucin induced in oral squamous cell carcinomas. Int. J. Cancer 113: 899–910. [Medline]  
[CrossRef]

 19. Mishima, K., Kato, Y., Kaneko, M. K., Nishikawa, R., Hirose, T. and Matsutani, M. 2006. Increased expression of podoplanin in malignant 
astrocytic tumors as a novel molecular marker of malignant progression. Acta Neuropathol. 111: 483–488. [Medline]  [CrossRef]

 20. Miyashita, T., Higuchi, Y., Kojima, M., Ochiai, A. and Ishii, G. 2017. Single cell time-lapse analysis reveals that podoplanin enhances cell survival 
and colony formation capacity of squamous cell carcinoma cells. Sci. Rep. 7: 39971. [Medline]  [CrossRef]

 21. Neri, S., Ishii, G., Hashimoto, H., Kuwata, T., Nagai, K., Date, H. and Ochiai, A. 2015. Podoplanin-expressing cancer-associated fibroblasts lead 
and enhance the local invasion of cancer cells in lung adenocarcinoma. Int. J. Cancer 137: 784–796. [Medline]  [CrossRef]

 22. O’Brien, S. J., Menotti-Raymond, M., Murphy, W. J. and Yuhki, N. 2002. The feline genome project. Annu. Rev. Genet. 36: 657–686. [Medline] [CrossRef]
 23. Ordóñez, N. G. 2006. Podoplanin: a novel diagnostic immunohistochemical marker. Adv. Anat. Pathol. 13: 83–88. [Medline]  [CrossRef]
 24. Ordóñez, N. G. 2014. Value of podoplanin as an immunohistochemical marker in tumor diagnosis: a review and update. Appl. Immunohistochem. 

Mol. Morphol. 22: 331–347. [Medline]  [CrossRef]
 25. Ordóñez, N. G. 2005. D2-40 and podoplanin are highly specific and sensitive immunohistochemical markers of epithelioid malignant mesothelioma. 

Hum. Pathol. 36: 372–380. [Medline]  [CrossRef]
 26. Paoloni, M. and Khanna, C. 2008. Translation of new cancer treatments from pet dogs to humans. Nat. Rev. Cancer 8: 147–156. [Medline] [CrossRef]
 27. Pellegrino, V., Muscatello, L. V., Sarli, G. and Avallone, G. 2018. Canine gastrointestinal spindle cell tumors efficiently diagnosed by tissue 

microarray-based immunohistochemistry. Vet. Pathol. 55: 678–681. [Medline]  [CrossRef]
 28. Schoppmann, S. F., Berghoff, A., Dinhof, C., Jakesz, R., Gnant, M., Dubsky, P., Jesch, B., Heinzl, H. and Birner, P. 2012. Podoplanin-expressing cancer-

associated fibroblasts are associated with poor prognosis in invasive breast cancer. Breast Cancer Res. Treat. 134: 237–244. [Medline] [CrossRef]
 29. Sparger, E. E., Murphy, B. G., Kamal, F. M., Arzi, B., Naydan, D., Skouritakis, C. T., Cox, D. P. and Skorupski, K. 2018. Investigation of immune 

cell markers in feline oral squamous cell carcinoma. Vet. Immunol. Immunopathol. 202: 52–62. [Medline]  [CrossRef]
 30. Tsuneki, M., Yamazaki, M., Maruyama, S., Cheng, J. and Saku, T. 2013. Podoplanin-mediated cell adhesion through extracellular matrix in oral 

squamous cell carcinoma. Lab. Invest. 93: 921–932. [Medline]  [CrossRef]
 31. Uhrin, P., Zaujec, J., Breuss, J. M., Olcaydu, D., Chrenek, P., Stockinger, H., Fuertbauer, E., Moser, M., Haiko, P., Fässler, R., Alitalo, K., Binder, 

B. R. and Kerjaschki, D. 2010. Novel function for blood platelets and podoplanin in developmental separation of blood and lymphatic circulation. 
Blood 115: 3997–4005. [Medline]  [CrossRef]

 32. Wicki, A., Lehembre, F., Wick, N., Hantusch, B., Kerjaschki, D. and Christofori, G. 2006. Tumor invasion in the absence of epithelial-mesenchymal 
transition: podoplanin-mediated remodeling of the actin cytoskeleton. Cancer Cell 9: 261–272. [Medline]  [CrossRef]

 33. Xing, F., Saidou, J. and Watabe, K. 2010. Cancer associated fibroblasts (CAFs) in tumor microenvironment. Front. Biosci. 15: 166–179. [Medline]  
[CrossRef]

 34. Yamada, S., Itai, S., Nakamura, T., Yanaka, M., Saidoh, N., Chang, Y. W., Handa, S., Harada, H., Kagawa, Y., Ichii, O., Konnai, S., Kaneko, M. 
K. and Kato, Y. 2017. PMab-52: specific and sensitive monoclonal antibody against cat podoplanin for immunohistochemistry. Monoclon. Antib. 
Immunodiagn. Immunother. 36: 224–230. [Medline]  [CrossRef]

 35. Yoshimura, H., Nakahira, R., Kishimoto, T. E., Michishita, M., Ohkusu-Tsukada, K. and Takahashi, K. 2014. Differences in indicators of 
malignancy between luminal epithelial cell type and myoepithelial cell type of simple solid carcinoma in the canine mammary gland. Vet. Pathol. 
51: 1090–1095. [Medline]  [CrossRef]

 36. Yuan, P., Temam, S., El-Naggar, A., Zhou, X., Liu, D. D., Lee, J. J. and Mao, L. 2006. Overexpression of podoplanin in oral cancer and its 
association with poor clinical outcome. Cancer 107: 563–569. [Medline]  [CrossRef]

 37. Zimmer, G., Oeffner, F., Von Messling, V., Tschernig, T., Gröness, H. J., Klenk, H. D. and Herrler, G. 1999. Cloning and characterization of gp36, a 
human mucin-type glycoprotein preferentially expressed in vascular endothelium. Biochem. J. 341: 277–284. [Medline]  [CrossRef]

1795–1799, 2021

http://www.ncbi.nlm.nih.gov/pubmed/9327748?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10027397?dopt=Abstract
http://dx.doi.org/10.1016/S0002-9440(10)65285-6
http://www.ncbi.nlm.nih.gov/pubmed/29394131?dopt=Abstract
http://dx.doi.org/10.1089/mab.2017.0067
http://www.ncbi.nlm.nih.gov/pubmed/20616339?dopt=Abstract
http://dx.doi.org/10.2353/ajpath.2010.090703
http://www.ncbi.nlm.nih.gov/pubmed/21610106?dopt=Abstract
http://dx.doi.org/10.1158/0008-5472.CAN-10-3228
http://www.ncbi.nlm.nih.gov/pubmed/29090969?dopt=Abstract
http://dx.doi.org/10.1089/mab.2017.0046
http://www.ncbi.nlm.nih.gov/pubmed/24588302?dopt=Abstract
http://dx.doi.org/10.1111/cup.12322
http://www.ncbi.nlm.nih.gov/pubmed/17944973?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20923309?dopt=Abstract
http://dx.doi.org/10.5858/2009-0114-OA.1
http://www.ncbi.nlm.nih.gov/pubmed/26940838?dopt=Abstract
http://dx.doi.org/10.1177/0300985816629713
http://www.ncbi.nlm.nih.gov/pubmed/29690886?dopt=Abstract
http://dx.doi.org/10.1186/s13028-018-0379-3
http://www.ncbi.nlm.nih.gov/pubmed/10408868?dopt=Abstract
http://dx.doi.org/10.1038/sj.bjc.6690393
http://www.ncbi.nlm.nih.gov/pubmed/15515019?dopt=Abstract
http://dx.doi.org/10.1002/ijc.20656
http://www.ncbi.nlm.nih.gov/pubmed/16596424?dopt=Abstract
http://dx.doi.org/10.1007/s00401-006-0063-y
http://www.ncbi.nlm.nih.gov/pubmed/28059107?dopt=Abstract
http://dx.doi.org/10.1038/srep39971
http://www.ncbi.nlm.nih.gov/pubmed/25648219?dopt=Abstract
http://dx.doi.org/10.1002/ijc.29464
http://www.ncbi.nlm.nih.gov/pubmed/12359739?dopt=Abstract
http://dx.doi.org/10.1146/annurev.genet.36.060602.145553
http://www.ncbi.nlm.nih.gov/pubmed/16670463?dopt=Abstract
http://dx.doi.org/10.1097/01.pap.0000213007.48479.94
http://www.ncbi.nlm.nih.gov/pubmed/23531849?dopt=Abstract
http://dx.doi.org/10.1097/PAI.0b013e31828a83c5
http://www.ncbi.nlm.nih.gov/pubmed/15891998?dopt=Abstract
http://dx.doi.org/10.1016/j.humpath.2005.01.019
http://www.ncbi.nlm.nih.gov/pubmed/18202698?dopt=Abstract
http://dx.doi.org/10.1038/nrc2273
http://www.ncbi.nlm.nih.gov/pubmed/29807498?dopt=Abstract
http://dx.doi.org/10.1177/0300985818777793
http://www.ncbi.nlm.nih.gov/pubmed/22350732?dopt=Abstract
http://dx.doi.org/10.1007/s10549-012-1984-x
http://www.ncbi.nlm.nih.gov/pubmed/30078599?dopt=Abstract
http://dx.doi.org/10.1016/j.vetimm.2018.06.011
http://www.ncbi.nlm.nih.gov/pubmed/23817087?dopt=Abstract
http://dx.doi.org/10.1038/labinvest.2013.86
http://www.ncbi.nlm.nih.gov/pubmed/20110424?dopt=Abstract
http://dx.doi.org/10.1182/blood-2009-04-216069
http://www.ncbi.nlm.nih.gov/pubmed/16616332?dopt=Abstract
http://dx.doi.org/10.1016/j.ccr.2006.03.010
http://www.ncbi.nlm.nih.gov/pubmed/20036813?dopt=Abstract
http://dx.doi.org/10.2741/3613
http://www.ncbi.nlm.nih.gov/pubmed/28737447?dopt=Abstract
http://dx.doi.org/10.1089/mab.2017.0027
http://www.ncbi.nlm.nih.gov/pubmed/24448671?dopt=Abstract
http://dx.doi.org/10.1177/0300985813516637
http://www.ncbi.nlm.nih.gov/pubmed/16804930?dopt=Abstract
http://dx.doi.org/10.1002/cncr.22061
http://www.ncbi.nlm.nih.gov/pubmed/10393083?dopt=Abstract
http://dx.doi.org/10.1042/bj3410277

