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Podoplanin - a small glycoprotein with many faces
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Abstract: Podoplanin is a small membrane glycoprotein with a large number of O-glycoside chains and therefore it
belongs to mucin-type proteins. It can be found on the surface of many types of normal cells originating from vari-
ous germ layers. It is present primarily on the endothelium of lymphatic vessels, type | pneumocytes and glomerular
podocytes. Increased levels of podoplanin or its neo-expression have been found in numerous types of human carci-
nomas, but it is especially common in squamous cell carcinomas, such as cervical, larynx, oral cavity, skin and lung
cancer. This small sialomucin is also seen on the surface of cancer-associated fibroblasts (CAFs) in lung adenocar-
cinomas, as well as in breast and pancreatic tumors. In most cancers, a high level of podoplanin expression, both in
cancer cells, as well as in CAFs, is correlated with an increased incidence of metastasis to lymph nodes and shorter
survival time of patients. Little is known about the biological role of podoplanin, however research carried out on
mice with a knock-out gene of this glycoprotein shows that the presence of podoplanin determines normal develop-
ment of lungs, the lymphatic system and heart. Podoplanin on cancer cells and CAFs seems to play an important
role in the development and progression of various cancers. However, its role in these processes is both unclear and
controversial. In this review, the role of podoplanin in both physiological processes and carcinogenesis is discussed.
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Introduction

Podoplanin is a small membrane glycoprotein
with a large number of O-glycoside chains and
therefore it belongs to mucin-type proteins.
Since it was discovered independently and
almost simultaneously in human [1] and sever-
al mammal species in various cells and tis-
sues, it has been given many names. In humans
it is also known as gp36 [2] and Tla [3]. Its
homologues in mice are known as OTS-8 [4],
gp38 [B], aggrus [6], antigen PA2.26 [7] and
RANDAM-2 (retinoic acid-induced neuronal dif-
ferentiated-associated molecule-2) [8], in rats
as Tla protein [9], E11 antigen [10] or podo-
planin [11], in canine cells as gp40 [12] or
aggrus [13], and in hamsters and cows also as
aggrus [13].

Structure

Human podoplanin is an integral membrane
protein composed of 162 amino acid residues

[2, 14]. In its structure there is an extracellular
domain rich in O-glycoside type carbohydrate
chains, a transmembrane domain and a short
intracellular domain having only 9 amino acids
[15] (Figure 1). As a type-I| membrane glycopro-
tein, its N-terminus is directed outside the
cell. A comparison of podoplanin amino acid
sequences from various species showed them
to be conservative [2, 13, 15].

In the intracellular domain, there is a character-
istic sequence of three basic amino acids (Fig-
ure 1) which also occur in other membrane pro-
teins. It is known to be responsible for their
binding to ezrin-radixin-moesin complex (ERM
proteins, see section 4.2) [16]. On the other
hand, within the extracellular domain three
adjacent (tandem repeats) conservative amino
acid sequences (EDxxVTPG) have been found.
In humans, the first of those sequences inter-
acts directly with podoplanin receptor CLEC-2
present on platelets (see section 4.2) [13]. This
single sequence was named platelet aggrega-
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Figure 1. A. Schematic represen-
tation of podoplanin molecule; B.
Structure of O-glycan. EC - extracel-
lular domain, TM - transmembrane
domain, IC - intracellular domain,
PLAG - platelet aggregation-stimu-
lating domain.

tion-stimulating domain (subdomain PLAG)
[14]. A comparison of amino acid sequences
of those subdomains from various species
showed that they are conservative [2, 13, 15].
PLAG subdomain functions as a carrier for the
O-glycosidic chain attached to threonine at
position 52 in a polypeptide chain, which has
the structure of a type-1 core with two sialic
acid residues (Figure 1) [6, 17, 18], with which
CLEC-2 interacts directly [19]. The participation
of a second O-glycosidic chain attached to thre-
onine at position 34 in those interactions was
suggested by Kunita et al. [20].

Podoplanin in normal cells
Occurrence

Podoplanin was discovered for the first time in
rat and mice lungs and on the surface of stro-
mal cells in T-dependent zones of peripheral
lymphatic tissues (e.g. lymph nodes) in mice
[4, B, 21]. Later it was seen on the surface of
many types of normal cells originating from
various germ layers. It is present primarily on
the endothelium of lymphatic vessels [11, 22],
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type-l pneumocytes [2, 9, 10, 21, 23] and glo-
merular podocytes [1]. It was also found on the
cells of the basal layer of human sweat glands
and the external layer of hair follicles [24], peri-
toneal mesothelial cells [25, 26], ependymo-
cytes (cells of the lining) of mouse and the
human central nervous system [22, 26], rat
and human osteocytes [10, 26], reticular cells,
dendritic cells of lymphatic organs, granular
cells of rat ovarian follicles [26] and mouse
fibroblasts [7]. This glycoprotein was also seen
on the epithelial cells of oral cavity mucous
membrane and teeth during mouse embryonic
development [7], as well as on glutaminergic
neurones of mouse cerebrum [8].

Podoplanin expression changes during embry-
onic development. During initial lung morpho-
genesis, it is commonly present on the epithe-
lium of pulmonary alveoli, whereas in the final
stage, its expression is limited to type-l pneu-
mocytes only and its level increases significant-
ly together with the differentiation of those
cells in the last stage of embryogenesis (see
section 3.2) [9, 27]. During nervous system
development, initially it is common and high
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podoplanin expression decreases along with
fetus growth, and in the brain of adults it is
limited to choroid plexus [10, 23, 27].

Physiological role

The biological role of podoplanin is still poorly
understood. However, observations made on
knock-out mice show that the presence of
podoplanin determines normal development
and functioning of lungs, the lymphatic system
and heart. Mice with PDPN gene knock-out die
immediately after birth due to respiratory fail-
ure because their lungs can not be filled by air
up to the necessary volume, and the structure
of terminal respiratory units in the lungs is
abnormal. Without podoplanin, differentiation
of type-l pneumocytes is inhibited, causing
underdevelopment of pulmonary alveoli [23].
It is possible that podoplanin regulates the
proliferative potential of lung cells, which in
turn determinates appropriate differentiation
into type-l pneumocytes [23]. Moreover, it was
shown that in type-l pneumocytes podoplanin
is present together with caveolin-1 in lipid rafts
found preferentially in protrusions localized
on the apical side of the cell, which, as the
authors believe, may be linked to unspecified
biological activity of this glycoprotein [28]. In
the lymphatic system of mice with PDPN gene
knock-out, expanded malfunctioning lymphatic
vessels were found, which causes lymphede-
ma and may be linked with the fact that in in
vitro assays podoplanin increased haptotactic
migration and adhesion of endothelial cells to
fibronectin and type-I collagen. It also acceler-
ated the formation of capillary vessels [29]. The
relation between podoplanin, migration and
lymphatic vessel formation was also indicated
in experiments showing that inhibition of podo-
planin expression in the endothelial cells of
lung lymphatic vessels reduced their mobility
and prevented capillary tube formation [30].
Their adhesion, migration and formation of
capillary tubes in vitro and capillary vessels
in vivo were also reduced by a blocking funct-
ion of podoplanin expressed by lymphatic ves-
sel endothelium using fusion protein made
of podoplanin extracellular domain and Fc
fragment of IgG [31]. The important role of
podoplanin in the formation of a normal lym-
phatic system during embryonic development
is indicated by studies with knock-out mice
model lacking expression of C1galtl gene only
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in endothelial and hematopoietic cells [32].
The lack of expression of this gene encoding
core 1 B-1,3-galactosyltransferase (antigen T-
synthase), responsible for synthesis of type-1
core O-glycans [33], was accompanied by a
significant reduction of podoplanin expression
in lymphatic endothelial cells. Interestingly, in
embryos of such mice, blood-filled lymphatic
vessels and partial lymphatic vessels separa-
tion from blood vessels was observed. The key
role of podoplanin in this process was con-
firmed by further studies, where one more
PDPN gene knock-out mouse model was used
[34]. Based on that model, it was suggested
that podoplanin occurring at the surface of
cells of lymphatic endothelium induces forma-
tion of blood platelets aggregates (see section
4.2), which either mechanically close the aper-
ture between the lymphatic sac and cardinal
vein or are the source of factors causing vaso-
constriction of blood vessels, which conse-
quently lead to lymphatic - blood vessel separa-
tion. Podoplanin involvement in the formation
of normal lymphatic vessels and their proper
function to, among other things, activate and
aggregate blood platelets was also revealed in
the studies where the above mentioned fusion
protein composed of podoplanin extracellular
domain and Fc fragment of IgG was used to
block podoplanin function [31].

In mice with podoplanin gene knock-out, in-
creased fetus mortality was observed, which
was linked to disorders in normal heart devel-
opment [35]. Such embryos had underdevel-
oped structures which were differentiating into
epicardium and changes in adhesion of epicar-
dium cells together with impairment in their dif-
fusion and migration. Embryos without podo-
planin also showed hypoplasia and ventricular
septal defect, as well as endocardial cushion
hypoplasis leading to abnormalities in the
structure of the atrio-ventricular valve. Abnor-
malities in the structure of coronary vessels
were also found. The observed disorders are
probably caused by the decreased ability of
cells to the epithelial-mesenchymal transition
(see section 4.2) due to an increased amount
of cadherin E, which may be regulated by
podoplanin. This mucin-type glycoprotein pos-
sibly takes part in the regulation of the shape
of podocyte protrusions, which determinates
proper blood filtration within glomeruli [1, 36].
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Podoplanin is expressed by mouse keratino-
cytes during wound healing, which indicates
its potential role in tissue regeneration [7].
Similarly, induction of podoplanin expression
was observed on the cells of human epidermis
damaged as a result of injury and on the epider-
mis from patients with psoriasis [24]. Since
podoplanin expression increased in such kera-
tinocytes under the influence of TGF-B1, IFN-y,
IL-6, the authors suggest that it may be involv-
ed, as in mice, in wound healing and pathogen-
esis of psoriasis. However, there is very little
information regarding the role of podoplanin in
the above processes on the molecular level. In
this context, it has been proposed that podo-
planin plays a significant role in the process of
adhesion, on the one hand as an anti-adhesion
molecule, and on the other hand as an adhe-
sion-promoting molecule e.g. by interaction
with CLEC-2 protein (see section 4.2). Another
protein interacting with podoplanin is chemo-
kine CCL21. The biological role of such interac-
tions is to facilitate recruitment of lymphocytes
expressing CCR7 receptor for this chemokine
by lymphatic vessels that produce and secrete
protein complexes composed of podoplanin
and CCL21 chemokine [37]. Podoplanin is also
bound by animal lectin, galectin-8 [38]. Since
galectin-8 facilitates adhesion and haptotactic
migration of lymphatic endothelial cells, it was
suggested that interactions between podo-
planin and galectin-8 promote endothelial cells
anchoring into the surrounding extracellular
matrix. It should be noted that all podoplanin
interactions with other proteins into which ex-
tracellular domain is engaged, depend on its
correct glycosylation. Therefore, it should not
be surprising that it also is the main receptor
for influenza type C virus due to the presence of
9-0-acetylated sialic acid residues [12].

Besides extracellular domains, both intracellu-
lar and transmembrane domains are engaged
in interactions with other proteins, and this is
linked to the role of podoplanin in cell migra-
tion, where such interactions have been ana-
lyzed mainly for their role in carcinogenesis and
cancer progression (see section 4.2).

Podoplanin in cancers
Occurrence

Induction of podoplanin expression was ob-
served in animal tumors generated experimen-
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tally. For example, significant amounts of this
glycoprotein were found both on the surface of
transformed mouse keratinocytes and on the
stromal cells of tumors developed as a result
of treating animals with 7,12-dimethylbenz[a]
anthracene (DMBA) or 12-O-tetradecanoylphor-
bol-13-acetate (TPA) [7]. Increased levels of
podoplanin or its neo-expression were shown
in many types of human cancers. It occurs
in several squamous cell carcinomas, such as
oral cavity, tongue and pharynx [15, 39, 40],
skin [26] and lung cancer [41, 42] (Figure 2A
and 2B). In oral cavity and tongue cancers, a
high level of podoplanin expression was corre-
lated with an increased incidence of metasta-
sis to lymph nodes and shorter survival time
of patients [39, 40], and in lung squamous
cell carcinoma - with shorter survival time of
patients [42]. Similarly, high podoplanin expres-
sion on the cells of squamous cell esophageal
cancer was correlated with the severity of the
disease, increased cancer cell invasion into
lymphatic and blood vessels and a higher inci-
dence of metastasis into regional lymph nodes,
disease recurrences and shorter patients’ sur-
vival [43, 44]. Wicki et al. [45] showed that
generally in squamous cell carcinomas, includ-
ing esophageal, skin, larynx, uterine cervix and
lung cancers, as well as in some adenocarcino-
mas, such as lobular breast cancer, podoplanin
expression was limited to cancer cells forming
an external layer of invasion front. Shimada et
al. [46] observed similar localization of the cells
expressing podoplanin in squamous cell lung
cancer. However according to these authors,
as well as Ito et al. [47], and in contradiction to
previous studies, the presence of podoplanin
in primary tumors was correlated with the
lack of invasion to lymphatic vessels and with
better patients’ survival. Low podoplanin ex-
pression was also an unfavorable prognostic
factor in squamous cell uterine cervix cancer
and it was associated with an increased infiltra-
tion of cancer cells into lymphatic vessels,
an increased incidence of metastasis into
regional lymph nodes and worse patients’ sur-
vival [48]. Those results were confirmed by
Longatto-Filho et al. [49], who linked the lack
of podoplanin expression on cancer cells with
an increased incidence of metastasis into
regional lymph nodes and distant organs, as
well as with shorter survival time of patients
with mixed, glandular-epithelial form of uterine
cervix cancer.
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Figure 2. Immunohistochemistry method: podoplanin membrane staining of squamous cancer cells of skin (A) and
lung (B) cancers; podoplanin expression in the cancer-associated fibroblasts (CAFs) of lung adenocarcinoma (C) and

invasive ductal breast carcinoma (D) in tumor stroma.

In addition to squamous cell carcinomas, podo-
planin expression was shown in germ cell
tumors of the ovary [26], angiosarcomas [11],
osteosarcomas, where its level was significant-
ly higher in metastases in comparison to pri-
mary tumors [50], mesotheliomas [25, 51, 52],
basal cell carcinomas of the skin [53], and
follicular dendric cell tumors [54]. Podoplanin
was also found in certain adenocarcinomas,
such as colorectal [14] and stomach [55] carci-
nomas. In the latter case, it was related to high-
ly invasive cancers with high metastatic poten-
tial. Increased amounts of podoplanin were
also observed in some carcinomas of the cen-
tral nervous system, such as germinoma-type
tumors [56], as well as in glioblastoma multi-
forme in comparison to anaplastic astrocyto-
mas [57].

The presence of podoplanin in hemangioblas-
tomas facilitates and sometimes even enables
its distinction from clear cell renal cell carcino-
ma [58]. Similarly, the presence of this glyco-
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protein on the cells of mesothelioma helps to
distinguish it from lung adenocarcinoma [51],
and in testicular germ cell tumors facilitates
the distinction of seminomas from embryonal
carcinoma [59, 60].

In human A431 cell line, podoplanin is a marker
of cells with stem-cell-like properties, which are
characterized by their high efficiency to form
colonies in vitro and high tumorigenicity in nude
mice model [61]. Based on these results, it
is possible that podoplanin can be a marker
of cancer stem cells in squamous cell skin
carcinoma.

The role of podoplanin in carcinogenesis and
cancer progression

In early studies on podoplanin it was shown
that its presence on the surface of murine
colon cancer cells and melanoma cells corre-
lated with their ability to aggregate blood plate-
lets and metastatic potential [6, 62, 63]. The
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association between podoplanin expression
and platelet aggregation, as well as the ability
to metastasize, was confirmed by further stud-
ies which showed that antibodies directed
against podoplanin inhibit both the formation
of aggregates between murine colon cancer
cells and platelets, as well as the formation of
experimental lung metastases [64]. Ectopic
podoplanin expression in Chinese hamster
ovary cells (CHO) increased their ability to form
experimental metastases in nude mice model,
which was directly associated with the aggre-
gation of platelets by those cells [19, 20]. It
should be remembered that one of the neces-
sary stages of metastasizing cascade is cancer
cell infiltration into the blood vessels, where
the majority of them is eliminated, due to either
the activity of the immune system or mechani-
cal damages caused by various factors associ-
ated with blood flow. One of the mechanisms
of cancer cell protection, both against their
recognition by the immune system, as well as
haemodynamic factor influence, is an aggrega-
tion resulting from adhesion between cancer
cells themselves and/or from adhesion bet-
ween cancer cells and morphotic blood com-
ponents, particularly platelets [65-67]. Aggre-
gation is also supposed to increase the chance
of metastasis by facilitated adhesion of cancer
cell clusters to vascular endothelium. More-
over, platelet-derived factors increase the pro-
liferation potential of cancer cells and facilitate
their extravasation by retraction of endothelial
cells. Podoplanin is bounded by blood platelets
with the help of a “non-classical” C-type lectin
receptor named CLEC-2 (C-type lectin-like re-
ceptor 2), which does not need Ca*? ions for its
activity [19, 68, 69]. The interaction between
podoplanin and CLEC-2 causes blood platelets
degranulation and their activation as the re-
sult of CLEC-2 oligomerisation [70], thus pro-
moting formation of further platelet aggregates
[68]. CLEC-2 is also present on the surface of
leukocytes, including human dendric cells (DC)
[74]. 1t was recently shown that interactions
between CLEC-2 expressed by dendric cells
and podoplanin expressed by lymphatic endo-
thelial and fibroblastic reticular cells are neces-
sary for DCs to spread and migrate along stro-
mal surfaces and are sufficient to induce mem-
brane protrusions [72]. Activation of dendric
cells via podoplanin binding includes down-
regulation of RhoA activity, phosphorylation of
myosin light-chain and formation of actin F rich
protrusions.
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In contrast to podoplanin binding by CLEC-2,
which promotes metastases formation by can-
cer cells, its interaction with protein CD9 de-
creases their metastatic potential [73]. Protein
CD9 belongs to the tetraspanin family of pro-
teins, which regulate cell migration and are
engaged in signaling pathways by forming in
cell membranes multi-molecular complexes
called tetraspanin-enriched microdomains or
tetraspanin web [74]. Protein CD9 itself is
known as a metastasis suppressor [75]. CD9
was shown to interact with podoplanin, with
its transmembrane domains T1 and T2 being
directly engaged in this process, and formation
of such complexes on the surface of CHO cells
results in a reduced number of experimental
lung metastases in nude mice model [73]. The
activity of CD9 as molecule inhibiting metasta-
sis formation is most probably caused by low-
ered aggregation of blood platelets with the
participation of podoplanin and CLEC-2.

For the first time the possible involvement of
podoplanin in cancer formation and progres-
sion, other than the formation of aggregates
by cancer cells and platelets, was taken into
account during studies on carcinogenesis pro-
cesses occurring in mouse skin. It was demon-
strated that podoplanin appears on the sur-
face of epidermis and dermis cells during
processes associated with tissue remodeling
e.g. wound healing, as well as carcinogenesis
caused by chemical agents (see section 3.1)
[7]. Expression of podoplanin as a result of
treatment with 12-O-tetradecanoylphorbol-13-
acetate (TPA) was also observed in murine
osteoblastic cells transformed with Ras onco-
gene [4]. This glycoprotein accumulated in cel-
lular protrusions, suggesting its association
with the ability of those cells to migrate [7].
Therefore, its engagement in migration proper-
ties was evaluated in further studies with
the use of immortalized mouse keratinocytes
showing ectopic podoplanin expression [22].
It was shown that the occurrence of this glyco-
protein in keratinocytes is associated with
changes in their morphology i.e. formation of
actin-enriched phyllopodia and lamellipodia, in
addition to previously found actin-rich protru-
sions [7]. The accumulation of podoplanin mol-
ecules was observed on the surface of those
protrusions where ezrin, radixin and moesin are
also found. These so-called ERM proteins are
believed to be universal linkers binding actin
cytoskeleton with integral membrane proteins,
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and therefore they are engaged in signaling
pathways associated with cell adhesion and
migration [76]. Furthermore, these studies
showed that the intracellular domain of podo-
planin directly interacts with ezrin and moesin.
The occurrence of cellular protrusions was
associated with profound changes in cytoskel-
eton organization and alterations in ezrin local-
ization, which accumulated in those protru-
sions. Most importantly, morphological chang-
es caused by podoplanin were associated with
increased migration properties of keratino-
cytes. Motility is one of the key properties
acquired by tumor cells during cancer progres-
sion. Therefore, in the next research stage the
role of podoplanin in skin cancer development
was analyzed [77]. Neo-expression of this gly-
coprotein in mouse MCA3D keratinocytes led
to epithelial-mesenchymal transition (EMT)
characterized by a loss of polarity and adhesion
by epithelial cells, with a simultaneous acquire-
ment of the migratory properties, which is a
characteristic feature of fibroblasts [78, 79].
In embryonic development, EMT accompanies
tissue formation and remodeling, as well as
organogenesis. In pathology, EMT is observed
during wound healing, inflammation and can-
cer progression, when cancer cells acquire the
ability to infiltrate surrounding tissues and
form metastasis. Various factors, from cyto-
kines to transcription factors, are engaged in
acquiring properties of mesenchymal cells by
epithelial cells. In keratinocytes, podoplanin
neo-expression led to reduced expression of
characteristic cytokeratins, with a simultane-
ous increase in the expression of vimentin and
cytokeratin K8. Additionally, the disappearance
of adherens junctions was observed, which
was associated with a decrease in the amount
of E- and P-cadherins. In such cells the occur-
rence of actin-enriched phyllopodia and lamel-
lipodia was observed, while the loss of actin fil-
aments in cortical cytoplasm was also visible.
These cells, in contrast to native and control
cells (transfected with vector only), after being
grafted to nude mice grew to form a tumor and
metastasized into regional lymph nodes. These
experimental data were supported by immuno-
histochemical studies on tissue sections from
oral squamous cell carcinomas, which showed
that reduced expression of E-cadherin corre-
lated with podoplanin occurrence at those
sites, where ezrin was also present [15]. A simi-
lar phenomenon was observed for HelLa cells
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and human immortalized keratinocytes trans-
fected with podoplanin cDNA. Ectopic expres-
sion of podoplanin was accompanied by an
increased number of longer cell protrusions
associated with the transfer of ezrin into sites
next to the plasma membrane, where podo-
planin was localized (as described above). It
was associated with lowered adhesive proper-
ties of cells and the phenomenon called “cell
scattering” - diffused growth of epithelial cells
in culture. Therefore it was suggested that
changes in intercellular adhesion triggered by
podoplanin are caused directly by the reorgani-
zation of actin cytoskeleton as a result of
changes in ezrin localization. Direct interaction
of podoplanin with ezrin and moesin was
suggested based on the results of studies
on canine MDCK cells, where ectopic expres-
sion of this sialomucin was observed [80].
Interestingly, although MDCK cells are non-
cancerous, expression of human podoplanin
caused a change in phenotype typical for
epithelial-mesenchymal transition, which was
associated with acquiring the ability to migrate
and invade. It is quite surprising, because
human immortalized non-cancerous keratino-
cytes transfected with podoplanin cDNA
changed their phenotype to a limited degree
only, in contrast to malignantly transformed
mouse keratinocytes, which, similarly to canine
MDCK cells, were fully subjected to EMT [15].
By using various mutated forms of podoplanin
it was shown that for the change of phenotype
of MDCK cells its cytoplasmic domain is respon-
sible, and specifically a group of three basic
amino acids responsible for binding ERM pro-
teins (see section 2). Since GTP-binding pro-
teins from the Rho family (RhoA, Racl, Cdc42)
are engaged in cells acquiring the ability to
migrate and invade [81], their expression was
analyzed in native and control MDCK cells, as
well as in MDCK cells with ectopic podoplanin
expression. It was found that the activity of
RhoA protein is significantly increased in the
latter ones, suggesting that podoplanin is
engaged in the activation of this GTP-ase. In
order to explain, how podoplanin activates
RhoA protein, a mechanism similar to the one
described for CD44 antigen and RhoA was sug-
gested [82, 83]. According to this hypothesis,
podoplanin-ERM protein complex binds activat-
ing GDP/GTP exchange protein (GEP) and this
complex interacts in turn with the Rho-GDP
dissociation inhibitor associated with RhA pro-
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Figure 3. A model for the activation of RhoA protein by podoplanin and the role of activated RhoA protein in PDPN-
ERM protein interaction. PDPN - podoplanin, ERM - ERM proteins, GEP - GDP/GTP exchange protein, Rho-GDI - Rho-

GDP dissociation inhibitor, ROCK - RhoA-associated kinase.

tein with GDP molecule bounded (RhoA-GDP)
(Figure 3). It causes the release of RhoA-GDP,
which simultaneously allows for its activation
by the GDP exchange for GTP with the engage-
ment of GDP-GTP exchange factor. An increase
in the activity of RhoA protein leads to the
activation of RhoA-associated kinase (ROCK),
which phosphorylates ERM proteins. This then
stabilizes their active conformation [84] and
enhances interactions between podoplanin
and a cell's cytoskeleton. Therefore, podo-
planin interactions with ERM proteins are
engaged in EMT by not only binding it physically
to a cell’'s cytoskeleton, but also by the activa-
tion of RhoA protein. Recent studies have
shown that podoplanin on the surface of MDCK
cells is localized within lipid rafts and both
transmembrane and cytoplasmic domains are
responsible for this [85]. This localization is
necessary for podoplanin to actively participate
in epithelial-mesenchymal transition and cell
migration.

By its extracellular domain, podoplanin present
on the surface of cancer cells interacts not only
with CLEC-2 protein localized on platelets, but
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also it specifically binds to CD44 protein ex-
pressed on the same cancer cell. As shown in
the studies of Martin-Villar et al. [86], the so-
called standard form of CD44 antigen (CD44s)
[87] and podoplanin are subjected to an in-
creased expression on the same cells during
the progression of mouse squamous cell skin
cancer. In cancer cells, both glycoproteins are
present on the cellular protrusions, where they
directly interact with each other, and their car-
bohydrate chains are most probably engaged in
this process. The interactions with CD44 are
required for podoplanin to facilitate directed
movement of cancer cells (directional migra-
tion).

Podoplanin engagement in cancer progression,
mainly by increasing migration and invasive-
ness of cancer cells, was also suggested by
Wicki and Chrstofori [88]. However, their hy-
pothesis on podoplanin’s role in this process
differs significantly from the one proposed
above. While analyzing podoplanin expression
in tissue sections from squamous cell carcino-
mas of lung, uterine cervix, larynx, skin and
esophagus, they showed expression of podo-
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planin only on cancer cells forming the tumor
invasion front and only those which were in
direct contact with stroma and normal tissues
[45]. Interestingly, in addition to podoplanin,
these cells expressed E-cadherin on their sur-
face, so despite their ability to migrate and
infiltrate surrounding tissues, they were not
subjected to EMT. In cancer progression, EMT
is crucial for invasion of single-cells or small
groups of cells and early cancer cell spreading
[78], while it seems to play a less significant
role in the case of massive invasion with collec-
tive cell invasion [89]. In the latter form of
invasion observed in the analyzed clinical sam-
ples, despite maintenance of epithelial-specific
adhesion molecules, cancer cells invade sur-
rounding tissues. Thus, in further studies, the
function of podoplanin in this form of invasive
infiltration was addressed using transgenic
Rip1Podo mice expressing podoplanin under
the control of the rat insulin promoter in the
B cells of islets of Langerhans, which were
crossed into the RiplTag2 mice representing
mouse model of pancreatic B cell cancer [90].
The transition from benign adenoma to malig-
nant cancer in RiplTag2 mice is associated
with the loss of E-cadherin expression by 3
cells of islets of Langerhans and the occur-
rence of N-cadherin. However, podoplanin
expression in those cells caused the develop-
ment of malignant cancer without changes in
cadherin expression and EMT. It was associat-
ed with changes in cancer invasiveness and
instead of invasion with single cells of modified
morphology, invasion of large groups of cells
was observed in the absence of EMT [45, 88].
Localization of actin fibres was significantly
affected by the presence of podoplanin and
they were displaced from the subcortical layer
of the cell into phyllopodia-type protrusions.
The results obtained from animal models were
confirmed in in vitro studies, where human
breast cancer MCF7 cells with ectopic expres-
sion of podoplanin were used [45]. As in the
case of other cells with ectopic expression of
podoplanin (see above), its presence caused
significant changes in their appearance and
migration abilities, which were associated with
the formation of multiple protrusions (phyllopo-
dia) and ezrin re-localization. However, in con-
trast to previous studies, no loss of E-cadherin
expression was observed in such cells, despite
the occurrence of N-cadherin and vimentin,
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which indicates that they were subjected to
EMT. MCF7 cells with podoplanin over-expres-
sion were characterized by significantly higher
migration and invasion potential in comparison
to parental cells and control cells transfected
with vector alone. Besides ERM proteins, podo-
planin also affected the activity of RhoA pro-
tein, which can be connected with higher migra-
tion capabilities of those cells too. Contradicting
previous studies [80], expression of this sialo-
mucin decreased the activity of RhoA [40, 45].

In certain carcinomas, such as breast cancer,
tumor cell spreading leading to metastasis
occurs mainly in the lymphatic system, howev-
er, the molecular basis of these processes
are poorly understood. Podoplanin engage-
ment in this phenomenon is indicated by the
studies of Suzuki et al. [91]. They showed that
ectopic podoplanin expression in squamoid
cancer EBC-1 cells inhibits lymphangiogenesis
and attenuates formation of metastases to
regional lymph nodes in nude mice model. The
inhibitory effects of podoplanin expression was
associated with activation of the JNK signaling
pathway, which in turn inhibits the production
of vascular endothelial growth factor-C (VEGF-
C) playing a key role in lymphangiogenesis
stimulated by cancer cells [92]. These results
are supported by clinical data showing that the
presence of podoplanin in lung squamous cell
carcinoma is a favorable prognostic factor, and
correlates with a lack of invasion into lymphatic
vessels and better survival of patients [46, 47].
In contrast to the above studies, Cueni et al.
[40] showed that podoplanin present on breast
cancer cells induces lymphangiogenesis and
promotes metastases to regional lymph nodes,
which was shown in nude mice model following
orthotopic engraftment of MCF7 cells express-
ing this glycoprotein. A comparison of gene
expression profiles in podoplanin-expressing
MCF7 cells and control MCF7 cells showed
that lymphangiogenic activity of podoplanin is
associated with an increased expression of
endothelin-1 (ET-1), which binds to lymphatic
endothelial cells through specific B receptor
(ENDRB). It should be stressed that podoplanin
is only rarely expressed by breast cancer cells,
and in breast cancer it is mainly found on stro-
mal cells [93]. Therefore it raises doubts about
the appropriateness of such a cellular model,
especially in in vivo studies.
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As already mentioned, expression of podo-
planin by cancer cells increases their migration
and invasion capabilities, which raises ques-
tions about the regulation of its expression in
those cells. Src oncogen, whose role in carcino-
genesis is well-documented [94], was shown to
be responsible for podoplanin expression in
mouse cells [95]. Src kinase induces podo-
planin expression by the phosphorylation of
Cas adaptor protein (Crk-associated substrate),
which promotes cancer cell migration [96]. It
may also happen through stimulatory activity
of Src oncogen on AP-1 transcription factor,
whose component is Fos protein increasing
podoplanin expression in mouse keratinocytes
and fibroblasts during carcinogenesis [97].

Podoplanin on cancer-associated fibroblasts
(CAF) is involved in tumor progression

In early studies regarding the role of podoplanin
in carcinogenesis, the presence of podoplanin
was confirmed not only on the surface of malig-
nantly transformed mouse keratinocytes, but
also in mouse fibroblasts [7]. Podoplanin ex-
pression was also observed in fibroblasts from
chronically inflamed tissues and organs [98].
Furthermore, this small sialomucin was found
on the surface of cancer-associated fibroblasts
(CAF) in lung adenocarcinomas, where it was
also detected on cancer cells, but in a signifi-
cantly smaller number of cases (30.5% v. 5.1%)
[99]. The presence of podoplanin-expressing
fibroblasts was positively correlated (statisti-
cally significant) with tumor size, metastases to
regional lymph nodes, clinical stage, the degree
of differentiation, cancer cell invasion into ves-
sels and pleura, as well as patients’ survival
[99-101]. The above studies have been expand-
ed by additional cases and additional types of
cancers, such as breast, kidney, bile ducts, thy-
roid, liver, colon, stomach, prostate, pancreas,
urinary bladder and uterus [102]. Generally
podoplanin expression in tumor stromal myofi-
broblasts (cells belonging to cancer-associated
fibroblasts) (Figure 2C and 2D) significantly cor-
related with the size of the tumor, lymph node
metastases and lymphatic and blood vessel
invasion by cancer cells. However, in the case
of lung cancers, the correlation between podo-
planin expression and patients’ survival was
observed only in adenocarcinomas, but not in
squamous cell carcinomas. Based on these
results it was suggested that podoplanin pro-
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duced by myofibroblasts induces lymphangio-
genesis, and therefore promotes metastases
formation by lymphatic means, and its pres-
ence is an unfavorable prognostic factor corre-
lating with shorter patients’ survival. However,
there is no direct experimental evidence to con-
firm it. These authors own research confirmed
the significance of podoplanin on the surface
of CAF as an unfavorable prognostic marker
in invasive forms of ductal breast cancer [93].
Fibroblasts expressing podoplanin were posi-
tively correlated (statistically significant) with
tumor size, degree of malignancy, lymph node
metastases, invasion into lymphatic and blood
vessels, expression of Ki67 antigen, shorter
patients’ survival, and VEGF-C expression [93,
103]. Schoppmann et al. [104] confirmed these
results and also showed that in invasive breast
cancer, the presence of podoplanin-expressing
CAF correlates with poor patients’ prognosis.
Similar results were recently obtained in inva-
sive forms of ductal pancreatic cancer [105].
Expression of podoplanin found only on the
surface of cancer-associated fibroblasts, just
as in breast cancer, was positively correlated
with tumor size, the degree of malignancy, inva-
sion of lymphatic and blood vessels, as well
as shorter patients’ survival. Podoplanin was
also present on the surface of myofibroblasts
found in tissue sections of liver cancer originat-
ing from bile ductules [106]. The percentage of
podoplanin-expressing myofibroblasts was cor-
related with metastases into regional lymph
nodes.

Contradicting the above studies on the role of
podoplanin present on CAF in cancer progres-
sion, which see podoplanin as an unfavourable
prognostic factor in a few types of cancer, its
expression on the CAFs in colon cancer is sup-
posed to indicate (statistically significant) lon-
ger survival of patients with this cancer [107].
Podoplanin was limited to cancer-associated
fibroblasts and co-cultures of CAF with sup-
pressed expression of podoplanin with colon
cancer cells increased the invasive potential of
the latter. Based on these results it was sug-
gested that podoplanin-expressing fibroblasts
limit invasiveness of cancer cells in this type
of cancer. Studies by Carvalho et al. [108] also
indicated that podoplanin expressed by stro-
mal cells in squamous cell uterine cervix can-
cer was a favorable prognostic marker. They
showed that podoplanin expression by the cells
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with fibroblast phenotype was negatively corre-
lated with metastasis into lymph nodes. How-
ever, this conclusion should be treated with
caution, because fibroblasts expressing podo-
planin were found only in a small number of
patients (n=27) relative to the total number of
cases (n=143). Moreover, they are incompati-
ble with the results of studies done by Kitano
et al. [102], which, interestingly, are not cited in
this publication.

CAFs in the tumor stroma may promote cancer
growth by secretion of chemokines, growth fac-
tors, induction of angiogenesis and recruitment
of progenitor endothelial cells from bone mar-
row, or extracellular matrix remodeling [109,
110]. Thereby, they affect proliferation, survival
and invasive properties of cancer cells [111,
112]. Thus the question arises regarding the
role of podoplanin present on the surface of
CAFs in these processes. In order to answer
that question, Hoshino et al. [100] used human
vascular adventitial fibroblasts (hVAFs), which
come in contact with cancer cells during their
migration into the lumen of blood vessels
(intravasation), as well as human lung fibro-
blasts (hLFs), and human lung adenocarcinoma
cells. With the use of nude mice model it was
shown that hVAFs increase the ability of cancer
cells to develop tumors to a greater degree in
comparison to hLF. These differences in bio-
logical properties of fibroblasts originating from
the same organ, but from different tissues,
were correlated with the level of podoplanin
expression in those cells, which was significant-
ly higher in hVAF than in hLF. Direct involvement
of podoplanin in increasing tumorigenicity, as
well as metastatic potential of lung cancer
cells was confirmed by experiments, where
hVAF with inhibited podoplanin expression or
its over-expression were used. Based on exper-
iments, as well as the results of in vitro studies
regarding the ability of cancer cells to form col-
onies in the presence and absence of hVAF, it
was suggested that podoplanin-enriched fibro-
blasts affect the development of cancer cells in
early stages of tumor growth, before the stage
of cancer vascularisation. No direct interaction
between those fibroblasts and cancer cells
affected the proliferative potential and apop-
totic properties of the latter. Therefore, based
on the above studies, it was not possible to
explain how podoplanin present on the surface
of CAFs stimulates cancer growth on the molec-
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ular level. Taking into account the fact that
A549 cells used in these studies do not have
CLEC-2 protein on their surface (see section
4.2), the same group of researchers focused
on the role of podoplanin’s intracellular domain
in cancer progression, using a mutated form of
podoplanin lacking this domain [113]. Based
on these studies, it was found, firstly, that
human fibroblasts expressing wild type podo-
planin promote subcutaneous tumor formation
by A549 cells, which is associated with incre-
ased activity of RhoA protein in comparison
to control podoplanin-negative fibroblasts.
Secondly, the absence of cytoplasmic domain
in podoplanin molecules decreases the effect
of podoplanin overexpressing fibroblasts on
cancer cells. Since RhoA protein is engaged in
cancer migration processes and extracellular
matrix remodeling [114, 115], it was proposed
that enhanced RhoA activity facilitates podo-
planin-positive-fibroblasts to create a micro-
environment promoting cancer growth. Recent-
ly, Shindo et al. [105] analyzed the role of podo-
planin-expressing CAFs in their interactions
with pancreatic cancer cells. They showed that
fibroblasts with high podoplanin expression
increase migration and invasiveness of can-
cer cells, but on the other hand, inhibition of
expression of this glycoprotein with siRNA did
not affect their migration or invasiveness. This
suggests that the presence of podoplanin on
the surface of CAFs does not have a direct,
functional link with changes in biological prop-
erties of pancreatic cancer cells. Rather it is a
marker of a specific CAF subpopulation, which
interacts with cancer cells. The above studies
are contrary to the results obtained for colon
cancer, where it was shown that inhibition of
podoplanin expression in fibroblasts co-cul-
tured with colon cancer cells increases their
invasiveness [107]. This suggests that CAFs
with expression of podoplanin may not so much
promote, as inhibit cancer progression.

Summary

In spite of more than 30 years of research,
questions regarding the role of podoplanin,
both in physiological processes, as well as in
cancer development and progression, are still
far from being answered. The lack of consis-
tency and often contrary results obtained by
different research teams are troublesome. For
example, based on the available literature, it is
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impossible to clearly answer the question as
to the role of podoplanin in such phenomenon
as EMT (discussed in section 4.2) or its role in
CAFs (discussed in section 5). In contrast to
others, in these authors own research it was
impossible to show that ectopic expression of
podoplanin changes the phenotype and activity
of breast cancer cells or that its presence on
the surface of fibroblasts has any impact on
biological properties of cancer cells (manu-
script in preparation). Therefore, further stud-
ies regarding this protein, which is undoubtedly
important for the proper functioning of many
cells and tissues, are still necessary.
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