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Concordant podoplanin expression in cancer-associated
fibroblasts and tumor cells is an adverse prognostic
factor in esophageal squamous cell carcinoma
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Abstract: There is growing evidence that cancer-associated fibroblasts (CAFs) interact with tumor cells and play im-
portant roles in tumor progression and invasion. Podoplanin is a type-1 transmembrane glycoprotein expressed in a
variety of normal human tissues, including lymphatic endothelium. Tumor cell expression of podoplanin correlates
with nodal metastasis and poor prognosis in squamous cell carcinoma (SCC) of oral cavity and esophagus. Recently,
podoplanin-positive CAFs have been shown to exert adverse or beneficial prognostic effect on different cancer types.
However, the significance of podoplanin-positive CAFs in esophageal SCC has not been investigated. This is the first
study to investigate podoplanin expression in CAFs and tumor cells by immunohistochemistry in 59 cases of surgi-
cally resected esophageal SCC. We found significant association of podoplanin expression between CAFs and tumor
cells (P =0.031). Although the abundance of podoplanin-positive CAFs per se had no prognostic effect, concordant
podoplanin expression in CAFs and tumor cells (both high or both low) was strongly associated with short survival (P
= 0.00088). Multivariate analysis showed that concordant podoplanin expression was the strongest independent
adverse prognostic factor (hazard ratio: 3.62; 95% confidence interval: 1.69-7.77; P = 0.00094). Our data suggest
that interaction between podoplanin-positive CAFs and tumor cells is important in tumor biology of esophageal SCC.
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Introduction ynx, skin and uterine cervix [10, 14-16]. Tumor
cell expression of podoplanin has been demon-
strated to play a role in lymphangiogenesis,
nodal metastasis [17], carcinogenesis [18, 19],
cell motility, tumor invasiveness [14], platelet

aggregation and hematogenous metastasis

Podoplanin is a type 1 transmembrane mucin-
like glycoprotein, which was originally named
due to its expression in renal glomerular podo-
cytes of rats [1]. It was later found in a variety of

normal human tissues, including lymphatic
endothelial cells, glomerular podocytes, heart,
lung, placenta, skeletal muscle, myoepithelial
cells, myofibroblasts, mesothelial cells, osteo-
blasts, Schwann cells, follicular dendritic cells,
and occasionally in the basal layer of epidermis
and esophageal mucosa [2-11]. The physiologi-
cal functions and pathways of podoplanin are
largely unknown. They are probably involved in
regulation of renal glomerular filtration and lym-
phangiogenesis [12, 13].

Podoplanin has been observed to be variably
expressed in SCC of esophagus, oral cavity, lar-

[20]. High podoplanin expression in tumor cells
has been found to correlate with nodal metas-
tasis and poor prognosis in esophageal SCC
[10, 21-23].

Podoplanin has also been found to be expressed
in some cancer-associated fibroblasts (CAFs).
Abundance of podoplanin-positive CAFs has
been shown to correlate with poor prognosis
and/or nodal metastasis in a number of can-
cers, including intrahepatic cholangiocarcino-
ma [24], pulmonary adenocarcinoma [25-27],
pulmonary SCC [28], invasive ductal breast car-
cinoma [29, 30], pancreatic ductal carcinoma
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Figure 1. Podoplanin-positive cancer-associated fibroblasts (CAFs) in tumor stroma of esophageal squamous cell
carcinoma. The area percentage of CAFs is as follows: (A) 0%; (B) 15%; (C) 65%; (D) 95%. Lymphatic endothelial cells

(arrows) serve as internal positive control.

[31], malignant melanoma [32] and esophageal
adenocarcinoma [33]. In contrast, abundance
of podoplanin-positive CAFs has been noted to
be associated with favorable prognosis or less
nodal metastasis in other cancers, such as
colorectal carcinoma [34, 35] and uterine cer-
vical carcinoma [36]. However, the prognostic
significance of podoplanin-positive CAFs in
esophageal SCC remains unknown.

Here we investigate podoplanin-positive CAFs
in 59 surgically resected esophageal SCC by
immunohistochemistry. The result is correlated
with clinicopathologic features and patient sur-
vival to determine the prognostic significance.

Materials and methods
Patients
Atotal of 59 cases of surgically resected esoph-

ageal SCC were recruited for this study. These
cases had been previously studied for tumor
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cell expression of podoplanin [10]. Forty-three
of the patients received pre-operative concur-
rent chemoradiotherapy (CCRT). Pathologic an-
d pre-operative clinical staging was performed
according to the 7" edition of AJCC Cancer
Staging Manual [37].

Immunohistochemistry

Resected esophageal SCC and adjacent nor-
mal tissue were fixed in 10% buffered neutral
formalin, dehydrated and embedded in paraf-
fin. Tissue sections were stained for hematoxy-
lin and eosin for morphologic evaluation.
Additional 4-um-thick sections were taken,
deparaffinized and rehydrated for immunohis-
tochemical study. We used a mouse anti-
human D2-40 monoclonal antibody (Dako,
Glostrup, Denmark, 1:100) as the primary anti-
body and followed a previously published proto-
col for immunohistochemical study [15].
Positive staining for lymphatic endothelial cells
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Table 1. Clinicopathologic characteristics of cases grouped by abun-
dance of podoplanin-positive cancer-associated fibroblasts

o Podoplanin-positive CAFs P-
Characteristic - Total (n = 59)
Low (n =28) High (n=31) value
Podoplanin in tumor cells (%)
High 9(32) 16 (52) 25 (42) 0.13
Low 19 (68) 15 (48) 34 (58)
Age at diagnosis
Mean + SD 59+ 14 55+ 11 57 +13 0.19
Median (min; max) 59 (38; 100) 56 (38; 78) 56 (38; 100)
Gender (%)
Female 1(4) 0(0) 1(2) 0.96
Male 27 (96) 31 (100) 58 (98)
Pre-operative CCRT (%)
Yes 20 (71) 22 (71) 42 (71) 0.96
No 8 (29) 9 (29) 17 (29)
Tumor grade (%)
Grade 1 2(7) 1(3) 3(5) 0.96
Grade 2 22 (79) 22 (71) 44 (75)
Grade 3 4 (14) 8 (26) 12 (20)
Lymphatic vessel invasion (%)
Yes 13 (46) 12 (39) 25 (42) 0.55
No 15 (54) 19 (61) 34 (58)
PT (%)
pT1-2 6 (21) 3(10) 9 (15) 0.37
pT3-4 22 (79) 28 (90) 50 (85)
PN (%)
pNO 11 (39) 18 (568) 29 (49) 0.15
pN1-3 17 (61) 13 (42) 30 (51)
pPM (%)
pMO 27 (96) 27 (87) 54 (92) 0.41
pM1 1(4) 4 (13) 5 (8)
Pathologic stage (%)
/1 11 (39) 15 (48) 26 (44) 0.48
/v 17 (61) 16 (51) 33 (56)
cT (%)*
cT1-2 9 (36) 7 (28) 16 (32) 0.54
cT3-4 16 (64) 18 (72) 34 (68)
cN (%)*
cNO 6 (26) 8(33) 14 (30) 0.59
cN1-3 17 (74) 16 (67) 33(70)
cM (%)*
cMO 21 (95) 21 (91) 42 (93) 0.96
cM1 1(5) 2(9) 3(7)
Clinical stage (%)*
/1 10 (40) 10 (38) 20 (39) 0.91
/v 15 (60) 16 (62) 31(61)

*Some cases excluded due to incomplete pre-treatment clinical staging; CAFs = cancer-
associated fibroblasts; SD = standard deviation; CCRT = concurrent chemoradiotherapy.
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in sections served as
internal control.

The immunostained sli-
des were evaluated by
two pathologists (W.-Y. C.
and C.-J. Y.) under a dual-
head microscope with-
out knowing the clinico-
pathologic information.
The area percentage of
podoplanin-positive
CAFs within total tumor
stroma was estimated
directly under microsco-
pe (Figure 1). The tumor
cell expression of podo-
planin had been evaluat-
ed in a previous study
using an immunoreactive
score by multiplying sta-
ining intensity and quan-
tity [10].

Statistical analysis

Differences in categori-
cal data were assessed
by a chi-square test, and
Yates’ correction was per-
formed if expected fre-
quencies less than 5
were encountered. Differ-
ences in percentage of
podoplanin-positive
CAFs and age between
groups were assessed by
the Mann-Whitney U-te-
st. Overall survival was
analyzed by the Kaplan-
Meier method and com-
pared by log-rank tests.
The influence of parame-
ters on survival was first
analyzed using univari-
ate Cox regression, and
statistically  significant
parameters were further
analyzed by multivariate
Cox regression. A P-value
less than 0.05 was con-
sidered statistically sig-
nificant. All statistical
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(Figure 4A; P = 0.75).
'|' Interestingly, when the
level of podoplanin expres-

sion in tumor cells was

taken into consideration,
opposite prognostic effect
of podoplanin-positive CAF-
s was found in podoplanin-
high vs. podoplanin-low tu-
————— mors. In patients with po-

J_ doplanin-low tumor cells,
abundance of podoplanin-

podoplanin-low
tumors

Figure 2. The abundance of podoplanin-positive CAFs correlates with tumor cell
expression of podoplanin (P = 0.031; Mann-Whitney U-test).

analyses were performed using the WinSTAT®
for Excel (R. Fitch Software, Bad Krozingen,
Germany).

Results

Podoplanin-positive CAFs and clinicopatho-
logic characteristics

The area percentage of podoplanin-positive
CAFs within tumor stroma was between 0% and
95%, with a median of 25%. A percentage of
25% or higher was considered high podoplanin
expression in CAFs, whereas a percentage
lower than 25% was considered low expres-
sion. The clinicopathologic features of patients
grouped by podoplanin-positive CAFs were list-
ed in Table 1. We found no correlation of podo-
planin-positive CAFs with age at diagnosis, gen-
der, preoperative CCRT, tumor grade, lymphatic
vessel invasion, pT classification, pN, pM,
pathologic stage, cT, cN, cM or clinical stage.

Podoplanin expression in CAFs and tumor cells

Abundance of podoplanin-positive CAFs in tu-
mor stroma was associated with high podo-
planin expression in tumor cells (Figure 2; P =
0.031 with Mann-Whitney U-test). Thirty-five
cases (59.3%) had concordant podoplanin ex-
pression (both high or both low) in tumor cells
and CAFs, whereas the expression was discor-
dant in 24 cases (40.7%) (Figure 3).

Survival

The abundance of podoplanin-positive CAFs
per se had no significant influence on survival
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podoplanin-high
tumors

positive CAFs was a favor-
able prognostic factor (Fi-
gure 4B; P = 0.014). Con-
versely, in patients with
podoplanin-high tumor ce-
lls, abundance of podo-
planin-positive CAFs was an adverse prognostic
factor (Figure 4C; P = 0.018). In addition, con-
cordant expression of podoplanin in CAFs and
tumor cells (both high or both low) was strongly
associated with short survival in esophageal
SCC patients (Figure 4D; P = 0.00088).

The hazard ratios (HRs) and P-values of inde-
pendent clinicopathologic parameters using
univariate and multivariate Cox regression
analyses were listed in Table 2. In univariate
analyses, concordant podoplanin expression
(HR: 2.63; 95% confidence interval: 1.44-4.79;
P = 0.0017), advanced pT classification (HR:
3.79; 95% confidence interval: 1.47-9.76; P =
0.0058) and clinical nodal metastasis (HR:
2.41; 95% confidence interval: 1.17-4.98; P =
0.017) were statistically significant adverse
prognostic factors. Further multivariate analy-
sis of these three parameters showed that con-
cordant podoplanin expression was the stron-
gest independent adverse prognostic factor
(HR: 3.62; 95% confidence interval: 1.69-7.77;
P = 0.00094). Advanced pT classification was
the other independent adverse prognostic fac-
tor (HR: 3.45; 95% confidence interval: 1.27-
9.35; P = 0.015), whereas clinical nodal metas-
tasis had only a trend of poor prognosis (HR:
1.94; 95% confidence interval: 0.92-4.11; P =
0.084) in multivariate analysis.

Discussion
Our study showed that simultaneously high or

low podoplanin expression in CAFs and tumor
cells was an independent adverse prognostic
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Figure 3. Concordant podoplanin expression in tumor cells and cancer-associated fibroblasts (CAFs): (A) both high;
(B) both low. Discordant podoplanin expression in tumor cells and CAFs: (C) high in tumor cells and low in CAFs; (D)
low in tumor cells and high in CAFs. Lymphatic endothelial cells (arrows) serve as internal positive control.

factor in esophageal SCC patients. Unlike other
tumor types in which the level of podoplanin-
positive CAFs alone serves as an adverse [24-
33] or favorable [34-36] prognostic factor, our
finding suggests that the interaction of podo-
planin expression between CAFs and tumor
cells has significant impact on the biological
behavior of esophageal SCC.

Podoplanin is variably expressed in esophageal
squamous cell carcinoma (SCC) [10, 14]. Pre-
viously, we found that high podoplanin expres-
sion of esophageal SCC tumor cells correlates
with clinical nodal metastasis, which is associ-
ated with short survival [10]. We also found an
adverse prognostic effect in a cohort of esoph-
ageal SCC patients after chemoradiotherapy
[21]. Subsequent studies showed that high
podoplanin expression of tumor cells correlates
with poor prognosis and nodal metastasis in
other cohorts of esophageal SCC patients as
well [22, 23].

4851

Podoplanin-positive CAFs have been demon-
strated to induce lymphangiogenesis and cor-
relate with lymphatic invasion and nodal metas-
tasis in human tumors [27]. In an animal study
using subcutaneous injection of A549 human
lung adenocarcinoma cells into SCID mice,
simultaneous injection of isolated podoplanin-
positive fibroblasts enhanced tumor formation,
nodal metastasis and pulmonary metastasis
[26]. Knockdown of podoplanin in fibroblasts
decreased the augmenting effect of tumor for-
mation and in vitro colony formation, whereas
overexpression of podoplanin in fibroblasts
hastened the tumor formation [26]. These find-
ings may explain the association of podoplanin-
positive CAFs with nodal metastasis and short
survival in several types of cancers, including
cholangiocarcinoma, pulmonary adenocarcino-
ma, pulmonary SCC, invasive ductal breast car-
cinoma, pancreatic ductal carcinoma, malig-
nant melanoma and esophageal adenocar-
cinoma [24-33]. Similar adverse prognostic

Int J Clin Exp Pathol 2014;7(8):4847-4856
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Figure 4. The abundance of podoplanin (PDPN)-positive cancer-associated fibroblasts per se has no prognostic ef-
fect (A). The prognostic effect of PDPN-positive fibroblasts is opposite in PDPN-low (B) and PDPN-high (C) tumors.
Concordant PDPN expression (both high or both low) in fibroblasts and tumor cells is significantly associated with

short survival (D).

effect of podoplanin-positive CAFs was also
observed in our cases of esophageal SCC with
high tumor cell expression of podoplanin
(Figure 4C).

In contrast, podoplanin-positive CAFs have
been found to be associated with favorable
prognosis or less nodal metastasis in colorec-
tal carcinoma and uterine cervical carcinoma
[34-36]. It has been shown that in co-cultured
colorectal cancer cell lines and fibroblasts,
transfection of CAFs with podoplanin siRNA sig-
nificantly increased tumor invasion in a Matrigel
model [34]. This finding supports a favorable
prognostic effect of podoplanin-positive CAFs
in certain cancer types. Such association was
also observed in our esophageal SCC with low
tumor cell expression of podoplanin (Figure
4B).

The contradictory effects of podoplanin-posi-
tive CAFs in different cancer types were seen in
esophageal SCC by our study when there was
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different level of podoplanin expression in tu-
mor cells. It implicates that the complex inter-
action between CAFs and cancer cells has pro-
nounced effect in tumor microenvironment.
The correlation of podoplanin expression bet-
ween CAFs and tumor cells in our present study
(Figure 2) also supports the presence of inter-
action. The communication between tumor
cells and CAFs has been shown by few earlier
studies. For example, oral SCC cells were found
to secrete interleukin-1p (IL-1B), which stimu-
lates fibroblasts to secrete transforming growth
factor-B1 (TGF-B1), which in turn induces podo-
planin expression in oral SCC cells, resulting in
cancer progression [38]. The IL-1B secreted by
SCC cells also has an autocrine effect and can
stimulate SCC cells to secrete tumor necrosis
factor o (TNFa), which acts as a paracrine sig-
nal to promote the activity of CAFs and thereby
to enhance cancer cell invasion [39].

In the previous studies on podoplanin-positive
CAFs, tumor cell expression of podoplanin was

Int J Clin Exp Pathol 2014;7(8):4847-4856
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Table 2. Univariate and multivariate survival analyses using Cox regression

Univariate analysis Multivariate analysis

Parameter n HR 95% ClI P-value HR 95% ClI p-value
PDPN in CAFs

High/low 31/28 0.92 (0.53-1.57) 0.75

PDPN in TCs

High/low 25/34 0.90 (0.52-1.56) 0.71

Concordant PDPN

Yes/no 35/24 2.63 (1.44-4.79) 0.0017 3.62 (1.69-7.77) 0.00094
pT

13-4/T1-2 50/9 3.79 (1.47-9.76) 0.0058 3.45 (1.27-9.35) 0.015
pN

N1-3/NO 30/29 1.22 (0.71-2.10) 0.47

pM

M1/MO 5/54 1.48 (0.58-3.81) 0.41

cT

13-4/T1-2 34/16 1.38 (0.72-2.64) 0.33

cN

N1-3/NO 33/14 2.41 (1.17-4.98) 0.017 1.94 (0.92-4.11) 0.084
cM

M1/MO 3/42 0.91 (0.28-2.98) 0.87

Tumor grade

G3/G1-2 12/47 0.82 (0.42-1.59) 0.55

Age at diagnosis

>56/< 56 33/26 0.80 (0.46-1.39) 0.43

Pre-Op CCRT

Yes/no 42/17 1.12 (0.61-2.08) 0.72

HR = hazard ratio; 95% Cl = 95% confidence interval; PDPN = podoplanin; CAFs = cancer-associated fibroblasts; TCs = tumor
cells; Concordant PDPN = concordant expression of podoplanin in cancer-associated fibroblasts and tumor cells; Pre-Op CCRT

= pre-operative concurrent chemoradiotherapy.

either rare as in pulmonary adenocarcinoma
[25], invasive ductal breast carcinoma [29] and
esophageal adenocarcinoma [33] or absent as
in pancreatic ductal carcinoma and colorectal
carcinoma [31, 34, 35]. On the other hand, sig-
nificant proportions of podoplanin-positive
tumor cells were found in pulmonary SCC [28],
uterine cervical carcinoma [36] and malignant
melanoma [32], but no correlation of podo-
planin expression between tumor cells and
CAFs was mentioned. Our study is the first to
investigate the interaction of podoplanin
expression between tumor cells and CAFs and
its possible influence on prognosis. Moreover,
we found for the first time that concordant
podoplanin expression in both tumor cells and
CAFs has significant prognostic implication.

Recently, two distinct subtypes of CAFs with dif-
ferent tumor-promoting capabilities were found
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in oral SCC [40]. One subtype has a transcrip-
tome and secretome closer to normal fibro-
blasts (CAF-N), whereas the other has a more
divergent expression pattern (CAF-D). Using an
animal model of tumor xerografting, both sub-
types of CAFs supported higher tumor inci-
dence and deeper invasion, but CAF-N was
more efficient than CAF-D in enhancing tumor
incidence. CAF-N included more intrinsically
motile fibroblasts maintained by autocrine pro-
duction of hyaluronan, and the motility of CAF-N
was essential for invasion of adjacent SCC
cells. In contrast, CAF-D included fewer motile
fibroblasts but synthesized higher levels of
TGF-B1. TGF-B1 did not stimulate CAF-D migra-
tion but enhanced invasion and expression of
epithelial-mesenchymal transition (EMT) mark-
ers in SCC cells. Interestingly, they found that
podoplanin was underexpressed in CAFs (as a
whole) compared with normal oral fibroblasts,

Int J Clin Exp Pathol 2014;7(8):4847-4856
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but the expression levels of podoplanin in two
subtypes of CAFs were not clearly described. It
appears that the role CAFs play in tumor cell-
stromal cell interactions is very sophisticated
and remains to be defined.

In conclusion, this is the first study to show that
concordant podoplanin expression in CAFs and
tumor cells is an independent adverse prognos-
tic factor in esophageal SCC patients. The prog-
nostic impact is highly significant only when
podoplanin expression in tumor cells and CAFs
is simultaneously assessed. Our result sug-
gests that interaction between podoplanin-pos-
itive CAFs and tumor cells is important in tumor
biology of esophageal SCC. Additional studies
on large cohorts of patients and further func-
tional investigations are warranted.
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