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Podoplanin expression in cancer-associated fibroblasts correlates with VEGF-C
expression in cancer cells of invasive ductal breast carcinoma
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Podoplanin (D2-40) was shown to be expressed in cancer-associated fibroblasts (CAFs) of various malignancies. The
study aimed at examining its impact on angiogenesis and lymphangiogenesis markers in invasive ductal carcinoma of the
breast (IDC). The studies were performed on 104 archival cases of IDC using immunohistochemical technique. Podo-
planin expression in CAFs correlated positively with cancer cell VEGEF-C expression (r=0.19, p=0.0495) and intratumoral
microvessel count (MVC) of CD31 positive vessels (r=0.30, p=0.0018), whereas negative correlations were observed with
peritumoral MVC of D2-40 and Lyve-1 positive lymphatic vessels (r=-0.26, p=0.008 and r=-0.27, p=0.0058, respectively).
Podoplanin expression in CAFs did not correlate with VEGF-A and VEGF-D expression in cancer cells, nor exerted any
prognostic significance. Podoplanin expression in CAFs may have impact on angio- and lymphangiogenesis processes

in IDC.
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Recent advances in cancer research in past decade led to
new discoveries highlighting the complexity of various ma-
lignancies [1]. Although, the process of tumor vascularization
stems from the pioneering work of Judah Folkman since the
70’s, it remains a crucial problem in cancer management [1,
2]. Tumor angiogensis and lymphangiogenesis were identified
as key processes in tumor progression, enabling oxygen and
nutrient supply, therefore allowing cancer cell growth and
metastatic dissemination [1].

Numerous lines of evidence suggest, that these processes
may be strongly affected by tumor stroma composed, in ad-
dition to cancer cells, of cancer-associated fibroblasts (CAFs),
endothelial cells, inflammatory cells and components of the
extracellular matrix [1, 3, 4]. CAFs were shown to promote
tumor growth and angiogenesis by recruitment of endothelial
progenitor cells via secretion of stromal derived factor-1 (SDF-
1) [5]. CAFs alter the tumor microenvironment by secreting
matrix metalloproteinases (MMPs), which promote cancer cell
growth and invasiveness [6, 7]. Moreover, CAFs secrete vari-
ous cytokines, such as transforming growth factor g (TGFf),
hepatocyte growth factor (HGF), epidermal growth factor

(EGF) and vascular endothelial growth factor A (VEGF-A),
affecting cancer cell biology [3, 5, 8].

Podoplanin (D2-40), first identified as a specific marker of
lymphatic endothelium, was recently shown to be expressed
in CAFs of various cancer types affecting patients clinical out-
come in majority of the studies [9-17]. In addition, this highly
O-glycosilated, mucin-type transmembrane glycoprotein is
expressed in various cancer cells, where depending on cell type,
influences cell growth and invasiveness [18-22]. Moreover, it
is suggested that it participates in the epithelial-mesenchymal
transition (EMT), which may be the source of CAFs [8, 23, 24].
Recent study of Suzuki et al. revealed, that podoplanin expres-
sion in lung squamous cancer cells decreases the expression
levels of VEGF-C and attenuates lymphangiogenic metastasis
of these cells by reducing lymphatic vessel densities [25].

Although, podoplanin is rarely expressed in cancer cells of
invasive ductal breast carcinoma (IDC), its expression is often
noted in CAFs, which were shown to promote tumor angio-
and lymphangiogensis [5, 12, 13]. Therefore, in this study we
aimed at examining the impact of podoplanin expression in
CAFs on angio- and lymphangiogenetic processes of IDC.
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Material and methods

Patients. The studies were performed on 104 IDC cases,
sampled in the years 1999-2002 during resection and biopsy
procedures in the Lower Silesian Oncology Centre in Wroclaw.
The clinical and pathological data were obtained from the
archives of the Lower Silesia Oncology Centre in Wroclaw
(Table 1). Patients age ranged from 30 to 83 years (mean 55.9
* 11.6 years), all the patients were female. All tissue specimens
used in this study were collected before the beginning of the
treatment. In total 87 (83.7%) patients had undergone Patey’s
mammectomy and 17 (18.3%) quadrantectomy followed by
subsequent lymph node resection. Each patient was treated
with suitable adjuvant therapy, according to the stage of the
disease. In cases of stage 3 and higher, neoadjuvant therapy
had been administered. In 70 (67.3%) cases tamoxifen was
administered. Radiotherapy was applied in 55 (52.9%) cases
The histological malignancy grade (G) was determined using
guidelines suggested by the criteria proposed by Elston and
Ellis [26]. In the analyzed patients cohort 11 (10.6%) cases
were classified as G1, 57 (54.8%) cases as G2 and 36 (34.6%)
cases as G3. The patients had been followed up for 59.3 + 38.8
months (range 1 - 125 months). In this period 20 (19.2%)
patients died of the disease.

Immunohistochemistry (IHC). Tissue samples were
fixed in 10% buffered formalin, dehydratated and embedded
in paraffin. Hematoxylin and eosin-stained (H&E) prepara-
tions were done on all the samples. Immunohistochemical
reactions were performed on 4-pm-thick paraffin sections in
an automated staining platform Autostainer Link48 (Dako,
Glostrup, Danemark). In order to deparaffinize, rehydrate
and unmask the antigens the sections were boiled in Target
Retrieval Solution buffer (pH 9; Dako) using Pre-Treament
Link Platform (Dako) and, subsequently, cooled in a rinsing
buffer (TBS). Then, the sections were incubated with follow-
ing murine primary antibodies directed against: podoplanin
(D2-40 ready-to-use, RTU; Dako), CD31 (1:100, Leica Mi-
crosystems, Wetzlar, Germany) and VEGF-A (1:50, Dako).
EnVision FLEX (Dako) was used to visualize the antigens. In
the case of VEGF-A, incubation with primary antibody was
extended from 20 min at room temperature (RT) to 18 hours
at the temperature of 4°C and reaction was amplified using the
EnVision™ FLEX+ Mouse LINKER system (Dako).

In order to examine the expression of VEGF-C, VEGF-D
and Lyve-1, murine antibodies directed against these antigens
were utilized (all obtained in ReliaTech GmbH, Braunschweig,
Germany). Briefly, the sections were deparaffinized in xylene,
rehydrated and boiled in a citrate buffer, pH 6 (for VEGF-C,
Lyve-1) or pH 9 (for VEGF-D). Subsequently, activity of
endogenous peroxidase was blocked by 5 min incubation in
3% H,0,. The sections were incubated with primary antibody
overnight at the temperature of 4°C (1:100, VEGF-C; 1:100,
VEGE-D) or for 30 min at room temperature (1:50, Lyve-1).
Then the antigens were visualized using the EnVision™ Detec-
tion Systems Peroxidase/DAB, Rabbit/Mouse (Dako).

Expression of estrogen (ER) and progesterone (PR) re-
ceptors were conducted according to the earlier described
procedure [27]. The sections were deparaffinized and rehy-
drated in Antigen Retrieval Solution (pH 6; Dako). Activity
of endogenous peroxidase was blocked by 5 min incubation
in 3% H,O,. Subsequently, primary antibodies to ER (clone
1D5, 1:100) and PR (clone PgR 636, 1:100) and incubated for
1h at RT. Following reaction stages were performed according
to the manufacturer’s instructions for the LSAB+ System-
HRP visualization system (Dako). 3,3’-diaminobenzidine
(DAB) was used as a chromogen. HER-2 expression status
was determined using the HercepTest™ kit (Dako), according
to the procedure recommended by the producer. HER2 FISH
pharmDx™ Kit was utilized to determine the HER2 ampli-
fication status of cases which were scored equivocal (+2) in
the HercepTest™. All slides were counterstained with Mayer’s
haematoxylin (Dako). Subsequently, the preparations were
mounted in SUB-X Mounting Medium (Dako).

Negative controls were performed by omitting the pri-
mary antibody, whereas tumor sections showing previously
high expression of the analyzed marker were used as positive
control. In case of podoplanin staining a positive reaction of
lymphatic endothelial cells served as internal positive control
of the staining.

Evaluation of IHC reactions. The IHC sections were
evaluated under a BX-41 light microscope (Olympus, Tokyo,
Japan). For podoplanin expression assessment in CAFs a semi-
quantitative immunoreactive score (IRS) method of Remmele
and Stegner was utilized, which was successfully used for
expression of markers in neoplastic cells [28]. The scale is
originally based on the percentage of positive cells showing
reaction in the whole section (0 pts: absence of cells with posi-
tive reaction, 1 pt: 1-10% cells, 2 pt: 11-50%, 3 pt: 51-80%, 4
pt: over 80% cells with positive reaction) and the intensity of
the colour reaction (0 pts: no reaction, 1 pt: low intensity of
the reaction product, 2 pt: moderate intensity of the reaction
colour, 3 pt: intense colour of the reaction). For the purpose
of this study, the percentage of podoplanin positive cells was
defined as clearly delineated podoplanin positive stromal area
to the overall stromal area noted in the whole IDC tissue sec-
tion (Figure 1). The final score represents the product of the
two values, ranging within the scope of 0 to 12.

The IRS method was also applied for the assessment of
VEGE-A, VEGF-C and VEGF-D in IDC cancer cells. In this
case, only cancer cells, but not the stromal area were taken into
account. Utilization of the IRS scale for podoplanin assessment
in CAFs and VEGFs expression in cancer cells would allow
their direct comparison in the statistical analysis.

Chalkley Point Array graticule (Pyser Sgi., Edenbridge,
UK) was utilized to determine the microvessel count (MVC)
in all CD31, D2-40 and Lyve-1 stained sections. Three intra-
tumoral and peritumoral hot-spots (areas of potentially the
highest vascular density) were examined. Briefly, the sections
were first scanned at low power (40x, 100x magnification) to
identify the hot-spots and subsequently examined under X200
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Figure 1. Differentiated expression of podoplanin in CAFs
of IDC. Sample cases scored in the IRS scale as 0 pts. (A), 2
pts (B), 4 pts. (C), 6 pts. (D), 8 pts. (E) and 12 pts. (F). Strong
podoplanin expression in lymphatic vessel endothelium served
as positive internal control of the podoplanin stained sections
(G). In contrast, no podoplanin expression is observed in blood
vessel endothelium. Magnification x40 (A-F), x200 (G).
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magnification using the point array. The Chalkley count was
the number of grid points that hit stained microvessels [29].
Average score was determined for both intratumoral and
peritumoral tumor compartments.

ER and PR expression assessment a four grade scoring
system based on tumor cell positivity was utilized: 0 (0% cells
stained), 1 (1-10% cells stained), 2 (11-50% cells stained), 3
(51-100% cells stained). ER and PR sections scored 1 and
higher were regarded as positive according to the criteria of
11 St. Gallen conference [30].

Statistical analysis. The results were analyzed using Prism
5.0 (GraphPad, La Jolla, CA, USA) and STATISTICA 8.0
(StatSoft, Krakow, Poland) software. The relationship between
the expression of the studied markers was determined by
Spearman’s rank correlation. Relationship between podo-
planin expression in CAFs and patients clinicopathological
parameters were analyzed using Fisher’s exact test. Overall
survival (OS) was examined by the Kaplan-Meier method
and the significance of the differences was determined by
a log-rank test. Multivariate analysis was performed using
the Cox proportional hazards model. The hazard ratio (HR)
and 95% confidence interval (95% CI) were estimated for
each variable. The differences were accepted as significant
at p<0.05.

Results

Podoplanin expression in cytoplasm of spindle cells re-
sembling the fibroblast-like phenotype of CAFs was noted
in 82 (82.7%) cases (Figure 1). Based on statistical analysis
and our previous observations, the cases scored IRS 0-2 were
regarded as podoplanin-low (27; 25.9%), whereas these with
IRS scores 3-12 were regarded as podoplanin-high (77; 74.1%)
[13]. When the categorized data were analyzed utilizing Fisher
exact test, higher podoplanin expression correlated with larger
primary tumor size (p=0.0271) and higher malignancy grade
(p=0.0006). No associations with patients age, menopausal
status, presence of lymph node metastasis, ER PR and HER2
status were noted (Table 1).

VEGEF-A, VEGF-C and VEGE-D expressions were noted in
the cytoplasm of cancer cells, whereas CD31, D2-40 and Lyve-
1 were expressed in endothelial cells of corresponding blood
(CD31) and lymphatic (D2-40 and Lyve-1) vessels. The cut-
oft values based on the medians after statistical analysis were
determined for these markers and summarized in Table 2.

Spearman correlation rank test revealed, that podoplanin
expression in CAFs showed a weak positive correlation with
VEGF-C expression in cancer cells (r=0.19, p=0.0495) and an
average positive correlation with intratumoral CD31 MVC
(r=0.30, p=0.0018) (Figure 2). Analysis of serial sections im-
munostained for D2-40 and VEGF-C confirmed the results of
statistical analysis (Figure 2). Moreover, podoplanin expression
in CAFs correlated negatively with peritumoral D2-40 MVC
(r=-0.26, p=0.008) and peritumoral Lyve-1 MVC (r=-0.27,
p=0.0058) (Figure 3).

Table 1. Relationship of podoplanin expression in CAFs with selected
clinicopathological parameters. Significant p values for the Fisher exact
test are marked bold.

Podoplanin CAFs - No. (%)

Parameters No. (%) p value
IRS 0-2 IRS 3-12

Age

<50 35(33.7) 12 (34.2) 23 (65.8) 0.4942

>50 69 (66.3) 18 (26.1) 51(73.9)

Menopause

Pre 37 (35.6) 12 (32.4) 25 (67.6) 0.6521

Post 67 (64.4) 18 (26.8) 49 (73.2)

pT

pT1 61 (58.6) 23 (37.7) 38 (62.3) 0.0271

pT2-pT4 43 (41.4) 7 (16.3) 36 (83.7)

pN

Negative 54 (51.9) 17 (31.5) 37 (68.5) 0.6655

Positive 50 (48.1) 13 (26.0) 37 (74.0)

Grade

G1,G2 68 (65.4) 27 (39.7) 41 (60.3) 0.0006

G3 36 (34.6) 3(8.3) 33 (91.7)

ER

Positive 84 (80.8) 27 (32.1) 57 (67.9) 0.1728

Negative 20 (18.2) 3 (15.0) 17 (85.0)

PR

Positive 72 (69.2) 24 (33.3) 48 (66.7) 0.1625

Negative 32(30.8) 6 (18.8) 26 (81.2)

HER2

Positive 17 (16.3) 3(17.6) 14 (82.4) 0.3829

Negative 87 (83.7) 27 (31.0) 60 (69.0)

IRS: immunoreactive score

Table 2. Distribution of analyzed IHC markers of angio- and lymphang-
iogenesis in the analyzed IDC patient cohort.

IHC Marker Cut-off value Low High
expression expression
No. (%) No. (%)
VEGF-A IRS 0-4 vs. 6-12 52 (50.0) 52 (50.0)
VEGF-C IRS 0-4 vs. 6-12 46 (44.2) 58 (45.8)
VEGF-D IRS0-4vs. 6-12 54 (51.9) 50 (48.1)
Intratumoral CD31 MVC <5ys. >5 49 (47.1) 55 (52.9)
Peritumoral CD31 MVC <6 vs. >6 44 (42.3) 60 (57.7)
Intratumoral D2-40 MVC <2 ys. >2 52 (50.0) 52 (50.0)
Peritumoral D2-40 MVC <4 vs. >4 54 (51.9) 50 (48.1)
Intratumoral Lyve-1 MVC <1ws. >1 97 (93.2) 7 (6.8)
Peritumoral Lyve-1 MVC <2 ys. >2 57 (54.8) 47 (45.2)

IRS: immunoreactive score
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Figure 2. Serial sections of IDC immunostained for podoplanin in CAFs (A, C) and VEGF-C in cancer cells (B, D) corresponding to the noted positive
correlation of both the analyzed markers. Cases characterized by low (A, B) and high (C, D) expression of these proteins. Magnification x100.

Medians of all the analyzed IHC markers were used to
define the cut-off values for the univariate and multivariate
survival analysis (Table 3). Mantel Cox test revealed that larger
primary tumor size (pT2-pT4; p=0.0156), presence of lymph
node metastasis (p=0.0006), grade 3 (G3) of malignancy
(p=0.0203) and high VEGF-C expression (p=0.0178) were
associated with patients poor OS. These significant factors
were entered in multivariate analysis. The Cox proportional
hazards model revealed, that only the presence of lymph node
metastasis was an independent marker of poor prognosis
(Table 3).

Discussion

Recent studies identified podoplanin as a novel activity
marker of tumor stroma of different malignancies [11-16,
31-33]. In majority of the examined tumors we and others
have shown that podoplanin expression in CAFs was associ-
ated with patients poor outcome, but in some, e.g. squamous
non-small cell lung cancer (SCC) and colorectal carcinoma
predicted patients favourable prognosis [11-16, 31, 32]. Using
IHC methods, Hoshino et al. demonstrated a positive correla-

tion between podoplanin expression in CAFs and lymphatic
vessel density [31]. Similar observations were noted in our
recent study performed on 117 cases of IDC, although no
such relationship was observed by Schoppmann et al. on
a larger patients cohort [12, 13]. In addition, podoplanin
overexpression in SCC cell line EBC-1 led to the attenuation
of prolymphangiogenic potential of these cells, but did not
alter their potential of inducing tumor angiogenesis [25].
Such actions of podoplanin might be explained by the ac-
tivation of c-jun-NH,-kinases (JNK) pathway in these cells
after podoplanin overexpression. This led to the subsequent
downregulation of VEGF-C expression in EBC-1 cells,
which could be responsible for reduced lymphangiogenesis
in the engrafted EBC-1-podoplanin-positive tumors [25]. In
recent studies, VEGF-C was shown to induce the activity of
the RhoA pathway, what resulted in formation of the capil-
lary like structures of the HUVEC (Human Umbilical Vein
Endothelial Cells) cells and points to possible proangiogenic
actions of VEGF-C aside from its prolymphangiogenic po-
tential [34, 35].

RhoA activity may be also regulated by podoplanin through
its ERM (ezrin-radixin-moesin) binding domain, what results
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Figure 3. Significant correlations (Spearman correlation rank test) of podoplanin expression in CAFs with VEGF-C expression in cancer cells (A),

intratumoral CD31 MVC (B), peritumoral D2-40 MVC (C) and peritumoral Lyve-1 MVC (D)

Table 3. Univariate (Mantel-Cox test) and multivariate (Cox proportional hazards model) overall survival analysis of 104 studied patients.

Clinicopathological parameter (cut-off) Univariate Multivariate

HR 95% CI p value HR 95% CI p value
Age (<50 vs. >50) 1.705 0.6857 — 4.237 0.2510
Menopausal status (Pre vs. Post) 1.165 0.4709 - 2.881 0.7414
Tumor size (pT1 vs. pT2-pT4) 3.145 1.242 - 7.964 0.0156 1.650 0.6338 - 4.2965 0.3048
Lymph node involvement (N- vs. N+) 4.745 1.959 - 11.49 0.0006 4.868 1.379 - 17.174 0.0138
Grade (G1, G2 vs. G3) 3.092 1.192 - 8.022 0.0203 1.818 0.7224 - 4.575 0.2041
Podoplanin CAFs (0-2 vs. 3-12) 2.082 0.7988 - 5.429 0.1335
VEGEF-A (0-4 vs. 6-12) 1.149 0.4760 - 2.772 0.7576
VEGEF-C (0-4 vs. 6-12) 2911 1.203 - 7.047 0.0178 2.669 0.8694 - 8.193 0.0862
VEGEF-D (0-4 vs. 6-12) 1.419 0.5879 - 3.425 0.4363
Intratumoral CD31 MVC (<5 vs. >5) 0.9621 0.3446 - 2.686 0.7813
Peritumoral CD31 MVC (<6 vs. >6) 1.902 0.7884 - 4.591 0.1525
Intratumoral D2-40 MVC (<2 vs.>2) 1.494 0.6189 - 3.605 0.3721
Peritumoral D2-40 MVC (<4 vs. >4) 0.8842 0.3660 - 2.136 0.7845
Intratumoral Lyve-1 MVC (<1 vs.>1) 1.407 0.2581 - 7.666 0.6932
Peritumoral Lyve-1 MVC (<2 vs. >2) 1.623 0.6719 - 3.923 0.2817

HR: hazard-ratio; CI: confidence interval; MVC: microvessel count
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in EMT in the MDCK (Madin-Darby Canine Kidney) cells
after podoplanin overexpression [23]. Similarly, Ito et al.,
demonstrated that introduction of podoplanin expression in
human fibroblasts led to elevated RhoA levels, what resulted
in enhanced tumor formation of A549 lung cancer cells, when
both cell types were co-injected into SCID mice [36]. The
above mentioned research demonstrate that actions of podo-
planin may vary depending on its expression in various cell
types and that this effect may be mediated by the expressions
of RhoA and VEGF-C [23, 25, 36].

Using IHC method we have investigated the relationship
between podoplanin expression and markers of angio- and
lymphangiogenesis. In our study a positive correlation
between podoplanin expression in CAFs and VEGF-C ex-
pression in IDC cancer cells was noted. Whether, induction
of podoplanin expression is mediated via paracrine action
of VEGF-C or an unidentified receptor remains to be clari-
fied. To note, earlier in vitro studies reported a relationship
between those two proteins in SCC EBC-1 cell line [25].
Moreover, podoplanin expression in CAFs or in EBC-1 cells
showed no impact on the expression levels of VEGF-A and
VEGEF-D, what is in agreement with our data obtained in
this study performed on IDC tissues [25]. Cancer cells could
stimulate podoplanin expression in CAFs via induction of
RhoA activity by VEGF-C expression [34, 35]. In addition,
VEGEF-C was also shown to induce moesin expression,
a protein of the ERM protein complex which also interacts
with podoplanin, via RhoA/ROCK2 pathway in the cervi-
cal carcinoma SiHa cell line [35]. This pathway may be in
part responsible for induction of podoplanin expression in
CAFs of IDC by VEGF-C, but this hypothesis would require
further research.

In contrast, to the study of Suzuki et al., we did not dem-
onstrate associations with the intratumoral lymphatic MVC
measured by the expression of Lyve-1 and D2-40 [25]. Interest-
ingly, a weak negative correlation of podoplanin expression in
CAFs with lymphatic MVC of both markers in the peritumoral
area was observed. As the data obtained by us are based only
on THC, we may not confirm the hypothetical induction of
podoplanin in CAFs by VEGE-C cancer cells expression as
well as the observed negative correlation between podoplanin
expression in CAFs and lymphatic MVC in the peritumoral
compartment. To note, VEGF-C expression in the analyzed
patient cohort did not show any impact on lymphatic MVCin
both intra- and peritumoral compartments, although VEGF-C
was shown to exert prolymphangiogenic properties in numer-
ous tumors [15, 37].

We demonstrated a positive correlation between podo-
planin expression in CAFs and MVC of CD31 positive vessels
in the intratumoral compartment, what may support the thesis
of local activity of podoplanin expressing CAFs on tumor
vascularity. CAFs of different malignancies were shown to
enhance tumor angiogenesis [3, 5, 6, 8].

Similar to our previous work and the work of Schoppmann
et al., podoplanin expression in CAFs was associated with

larger primary tumor size and higher malignancy grade [12,
13]. However, in this study we did not observe any relation-
ship of podoplanin expression in CAFs with the presence
of lymph node metastasis and patients overall survival. To
better assess the interactions of podoplanin expression and
expression of VEGFs in cancer cells, we utilized the scoring
system based on reaction intensity and percentage of positive
cells showing reaction product [28]. The use of the IRS scale
for assessment of podoplanin expression and VEGFs expres-
sion in cancer cells allowed for their reliable comparison and
statistical analysis. This relationship was the key point of
research in this study. Nevertheless, use of different assess-
ment scales could produce discrepant results due to cut-off
values used in the statistical analysis. Until now, no consensus
concerning the assessment methods of stromal markers was
achieved, what might render some studies incomparable
[11-16, 25, 31-33].

In summary, in this study we have showed that podoplanin
expression in CAFs may have impact on angio- and lymphang-
iogenesis processes in IDC via induction of VEGF-C, but
further research is required to define the interactions of these
two proteins. In addition, international guidelines concerning
stromal assessment scales should be corroborated, what would
allow direct comparison of studies assessing stromal markers
in different malignancies.
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