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Abstract. Podoplanin and fibroblast growth factor (FGF) 1 
have been detected more frequently in lung squamous cell 
carcinoma (SQCC) compared with lung adenocarcinoma. 
Furthermore, it has been previous demonstrated that FGF1 
is located on the edge of tumor nests in certain lung SQCC 
sections, which resembles the characteristic expression pattern 
of podoplanin. Podoplanin and FGF1 have roles in lymphangi-
ogenesis and angiogenesis. Based on their consistently specific 
expression in lung SQCC and similar localization patterns, 
the present study aimed to investigate whether the expres-
sion of podoplanin in tumor cells is correlated with FGF1 
expression in lung SQCC and whether their co‑expression has 
clinicopathological significance, particularly for lymphangio-
genesis/angiogenesis. The correlation between podoplanin and 
FGF1 expression in tumor cells of 82 lung SQCC cases was 
investigated by immunohistochemical staining and the asso-
ciation between the co‑expression of podoplanin and FGF1, 
and clinicopathological factors such as microvessel density 
(MVD), was examined in these samples. In addition, the prog-
nostic value of co‑expression of podoplanin and FGF1 in tumor 
cells was determined, and the regulation of FGF1 expression 
and angiogenesis by podoplanin was examined in vitro in a 
human lung SQCC cell line. Immunohistochemical analysis 
demonstrated that there was a significant correlation between 
podoplanin and FGF1 expression in lung SQCC tumor cells 

(R=0.591; P<0.0001). Co‑expression of podoplanin and FGF1 
was significantly associated with larger primary tumor size, 
advanced TNM stage and higher intratumoral MVD. Survival 
analysis demonstrated that cases with podoplanin and FGF1 
double‑positive staining had a significantly lower survival rate 
compared with cases with double‑negative staining. In vitro 
experiments revealed that podoplanin regulated FGF1 expres-
sion and affected tube formation of human umbilical vein 
endothelial cells. Combined, the results demonstrated that 
podoplanin was co‑expressed with FGF1 in lung SQCC and 
this co‑expression was correlated with poor prognosis.

Introduction

Lung cancer is the leading cause of cancer‑associated death 
worldwide, ~85% of which is non‑small cell lung cancer 
(NSCLC) (1). The two major histological subtypes of NSCLC 
are adenocarcinoma (30‑50% of cases) and squamous cell 
carcinoma (SQCC; ~30% of cases) (2). There have been 
advances in molecularly‑targeted agents for the treatment of 
lung adenocarcinoma (3,4), however, progress in the treatment 
of lung SQCC has been limited. An increasing number of 
studies have supported the notion that adenocarcinoma and 
SQCC are not a homogeneous group of tumors and that they 
should be examined separately to identify potential molecular 
targets (5,6). Thus, the identification of novel, potential thera-
peutic targets for lung SQCC is required to improve treatment 
of this type of cancer.

Podoplanin is a mucin‑like transmembrane glycoprotein 
that is highly and specifically expressed in lymphatic endo-
thelial cells (7). Multiple studies have demonstrated that 
podoplanin is upregulated in a number of cancers, including 
NSCLC (8) and it has been identified as a candidate cancer stem 
cell marker (9). Notably, podoplanin is frequently detected in 
lung SQCC tumor cells, however, it is rarely observed in lung 
adenocarcinoma tumor cells (8).

Our previous study demonstrated that the expression level 
of fibroblast growth factor (FGF) 1 was also significantly 
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higher in lung SQCC compared with lung adenocarcinoma, 
and FGF1 was associated with poor prognosis in lung 
SQCC, which was not the case in lung adenocarcinoma (10). 
Furthermore, our previous study indicated that FGF1 
was predominantly located on the edge of tumor nests in 
certain lung SQCC sections, which resembles the charac-
teristic expression pattern of podoplanin (11). Based on the 
consistently specific expression of podoplanin and FGF1 in 
lung SQCC tissues and their similar location pattern, the 
present study investigated whether tumor‑cell expression 
of podoplanin is correlated with that of FGF1, and whether 
co‑expression is associated with clinicopathological factors 
and prognosis in lung SQCC. To the best of our knowledge, 
the correlation between podoplanin and FGF1 expression and 
the clinicopathological significance of their co‑expression has 
not been previously investigated.

As a potent mitogenic growth factor, FGF1 promotes 
the proliferation, migration and survival of vascular (12) 
and lymphatic endothelial cells (13), which are essential for 
angiogenesis and lymphangiogenesis, respectively. Similarly, 
podoplanin has certain roles in tumor lymphangiogenesis and 
angiogenesis. Researchers have previously demonstrated that 
podoplanin regulates the expression of vascular endothelial 
growth factor C (VEGFC)  (14) and endothelin‑1 (15), which 
affects lymphangiogenesis. Pula et al (16) reported that podo-
planin expression in cancer‑associated fibroblasts (CAFs) was 
positively correlated with intratumoral microvessel density 
(MVD), which suggested a role for podoplanin in angiogenesis. 
However, clinical correlations between podoplanin expression 
and lymphangiogenesis/angiogenesis in human lung SQCC 
tissues have not previously been reported. Therefore, the 
present study aimed to investigate whether podoplanin may 
regulate the expression of FGF1 to influence tumor lymphan-
giogenesis and/or angiogenesis in lung SQCC.

The current study examined the correlation between podo-
planin and FGF1 expression in cancer cells of 82 lung SQCC 
cases (stage I‑IV) by immunohistochemical (IHC) staining 
and investigated the association between podoplanin/FGF1 
co‑expression and clinicopathological factors, such as MVD in 
these samples. In addition, the prognostic value of co‑expres-
sion of podoplanin and FGF1 in lung SQCC tumor cells was 
examined, and the potential regulation of FGF1 expression and 
angiogenesis by podoplanin in vitro in a human lung SQCC 
cell line was investigated.

Materials and methods

Patients. Tumor specimens were obtained from 82 patients 
with primary lung SQCC who underwent surgery at the 
Jinan Central Hospital of Shandong University (Jinan, China) 
between January 2006 and May 2009. Patients had not received 
radiation therapy or chemotherapy prior to biopsy or surgical 
resection. Written informed consent was obtained from each 
patient. The study was approved by the Institutional Review 
Board of Jinan Central Hospital of Shandong University. 
Patients included 74 men and 8 women with a median age of 62 
(range, 41‑82) years at the time of diagnosis. The tumor, node, 
metastasis (TNM) classification was performed according to 
the Union for International Cancer Control 7th edition staging 
system for NSCLC (17). Patients were followed up for a 

median follow‑up period of 19.5 months (range, 3‑60 months) 
following surgery.

Cell lines and cell culture. NCI-H226 human lung SQCC cell 
line and human umbilical vein endothelial cells (HUVECs) 
were obtained from American Type Culture Collection 
(Manassas, VA, USA). NCI‑H226 SQCC cells were cultured 
in RPMI‑1640 medium supplemented with 10% fetal bovine 
serum (both from Hyclone; GE Healthcare Life Sciences, 
Logan, UT, USA) and 100 U/ml penicillin‑streptomycin. 
HUVECs were cultured in endothelial cell medium (ScienCell 
Research Laboratories, Inc., Carlsbad, CA, USA). Cells were 
maintained at 37˚C with 5% CO2 in a humidified incubator.

Gene silencing. Small interfering RNAs (siRNAs; 21‑nucle-
otides‑long) targeting podoplanin (siRNA‑1 and siRNA‑2; 
Shanghai GenePharma Co., Ltd., Shanghai, China) were 
transfected into NCI‑H226 cells using Lipofectamine® 2000 
transfection reagent (Invitrogen; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) according to the manufacturer's 
instructions. Scrambled siRNA was used as a negative control 
(NC). siRNA sequences were as follows: siRNA‑1, 5'‑GCG 
CAA GAA CAA AGU CCA ATT‑3'; siRNA‑2, 5'‑GAC CCU 
GGU UGG AAU CAU ATT‑3'; and NC, 5'‑UUC UCC GAA CGU 
GUC ACG UTT‑3'. Transfected cells were harvested after 48 
and 72 h, the effect on podoplanin expression was assessed 
and cells were subsequently used for further experiments.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was isolated from cultured cells using 
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and 
reverse transcription was performed using the RevertAid First 
Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.). 
qPCR was performed using Maxima SYBR‑Green qPCR 
Master Mix (Thermo Fisher Scientific, Inc.) on a CFX96™ 
Real‑Time PCR Detection System (Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA). The following primers were used for 
qPCR: Human podoplanin, 5'‑GAT GGA GAC ACA CAG ACA 
ACA GT‑3' (forward) and 5'‑TTT TCG CAT AAC CAC AAC 
GAT‑3' (reverse); human FGF1, 5'‑GTG GAT GGG ACA AGG 
GAC AG‑3' (forward) and 5'‑GGC AGG GGG AGA AAC AAG 
AT‑3' (reverse); and human GAPDH 5'‑AGA AGG CTG GGG 
CTC ATT TG‑3' (forward) and 5'‑AGG GGC CAT CCA CAG 
TCT TC‑3' (reverse). The reaction conditions consisted of 50˚C 
for 2 min and 94˚C for 10 min (initial denaturation), followed 
by 40 cycles of 94˚C for 15 sec and 60˚C for 60 sec. This was 
followed by melting curve analysis to verify the specificity and 
identity of the PCR product. Amplification results for qPCR 
were calculated using the 2-ΔΔCq method (18) and expression 
was normalized to that of GAPDH. The experiments were 
repeated at least three times.

Western blot analysis. Cells were lysed with lysis buffer 
(Beyotime Institute of Biotechnology, Haimen, China) 
containing protease inhibitor phenylmethane sulfonyl fluoride 
(Beyotime Institute Biotechnology), and the supernatant of 
the lysed cells was recovered. Protein concentrations were 
quantified using a bicinchoninic acid protein assay. Protein 
samples (50 µg per lane) were separated by 10% SDS‑PAGE 
and transferred onto polyvinylidene difluoride membranes. 
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Non‑specific binding was blocked with 5% skim milk in 
TBS containing 0.1% Tween‑20 for 1 h at room temperature. 
Subsequently, blotted membranes were incubated overnight at 
4˚C with specific primary antibodies. The following primary 
antibodies were used: Monoclonal rabbit anti‑human 
podoplanin antibody (1:1,000; cat. no. 9047; Cell Signaling 
Technology, Inc., Danvers, MA, USA); monoclonal mouse 
anti‑human FGF1 antibody (1:500; cat. no. H00002246‑M02; 
Abnova Corporation, Taipei, Taiwan); and monoclonal 
mouse anti‑human α‑tubulin antibody (1:5,000; cat. 
no. 66031‑1‑Ig; ProteinTech Group, Inc., Chicago, IL, USA) as 
a loading control. Detection was performed using horseradish 
peroxidase‑conjugated secondary antibodies (1:5,000; cat. 
nos. SA00001‑1 and SA00001‑2; ProteinTech Group, Inc.). 
Finally, blots were immersed in ECL detection reagent (EMD 
Millipore, Billerica, MA, USA) and exposed to a ChemiDoc™ 
XRS+ system (Bio‑Rad Laboratories, Inc.).

Preparation and concentration of culture supernatants. To 
prepare culture supernatants, 2.5x105 NCI‑H226 cells were 
plated in 6‑well plates and transfected with podoplanin 
siRNAs as described above. Culture medium was replaced 
with serum‑free medium at 12 h after transfection and cells 
were cultured for a further 60 h. Subsequently, supernatants 
were harvested and centrifuged at 1,000 x g for 10 min. For 
western blot analysis, culture supernatants were concentrated 
with Amicon Ultra‑0.5 Centrifugal Filter Unit with Ultracel‑3 
membrane (EMD Millipore) according to the manufacturer's 
instructions.

Capillary tube formation assay. For investigation of capillary 
tube formation, 96‑well plates were coated with 60 µl growth 
factor‑reduced Matrigel (BD Biosciences, Franklin Lakes, NJ, 
USA) and incubated at 37˚C for 1 h to allow gelling. Tumor 
cell culture supernatants were prepared as described above. 
HUVECs were resuspended using supernatants collected from 
cultured tumor cells and seeded on Matrigel‑coated 48‑well 
plates at a density of 2x104 cells/well. HUVECs were incubated 
for 8 h. The branch points of the formed tubes, which represent 
the degree of angiogenesis in vitro, were imaged under a light 
microscope and quantified in 10 microscopic fields.

IHC analysis of tumor specimens. Formalin‑fixed, paraffin‑ 
embedded tissue sections (4 µm‑thick) were deparaffinized 
and rehydrated. For FGF1, antigen retrieval was performed 
by incubating specimens for 5 min in 1% SDS in TBS 
at room temperature. For podoplanin, CD34 and D2‑40, 
antigen retrieval was performed by heating specimens in a 
microwave oven for 10 min with 10 mmol/l sodium citrate 
(pH 6.0). Endogenous peroxidase activity was blocked with 
0.3% hydrogen peroxide for 10 min. Sections were blocked 
with 5% normal goat serum (cat. no. SP Kit‑B1; Fuzhou 
Maixin Biotech. Co., Ltd., Fuzhou, China) for 20 min at room 
temperature and were subsequently incubated overnight at 
4˚C with primary antibodies; monoclonal rabbit anti‑human 
podoplanin antibody (1:600; cat. no. 9047; Cell Signaling 
Technology), monoclonal mouse anti‑human FGF1 antibody 
(1:300; cat. no. H00002246‑M02; Abnova Corporation), 
monoclonal mouse anti‑human CD34 antibody (1:100; cat. no.
Kit‑0004; Fuzhou Maixin Biotech. Co., Ltd.) and monoclonal 

mouse anti‑human D2‑40 antibody (1:100; cat. no. MAB‑0567, 
Fuzhou Maixin Biotech Co., Ltd.). To detect primary anti-
body binding, sections were incubated with Elivision super 
Polymer horseradish peroxidase (Mouse/Rabbit) IHC kit (cat. 
no. Kit‑9922, Fuzhou Maixin Biotech Co., Ltd.) according to 
the manufacturer's protocol. Sections were visualized with 
3,3'‑diaminobenzidine solution and counterstained with hema-
toxylin. Human tonsil tissues and lymphatic vessels in tumors 
were selected as positive controls for FGF1 and podoplanin, 
respectively. Negative controls were prepared using normal 
mouse and rabbit IgG instead of the primary antibody. The 
expression was quantified simultaneously by two independent 
observers who were blind to the details of the patients. The 
percentage of stained cells was recorded at x400 magnification 
in ≤5 random fields. Evaluation of the cell staining reaction 
was performed using the immunoreactive score (IRS) as 
follows: IRS=staining intensity (SI) x percentage of positive 
cells (PP), as previously described (19). SI was assigned as 0, 
negative; 1, weak; 2, moderate; and 3, strong. PP was defined 
as 0, negative; 1, 1‑10% positive cells; 2, 11‑50% positive cells; 
3, 51‑80% positive cells; and 4, >80% positive cells. For statis-
tical analyses, cases with scores 0‑3 were defined as negative 
and all others were considered positive.

MVD and lymphatic MVD (LMVD) were assessed 
according to a modification of Weidner's method (20). MVD 
was detected by CD34 antibody and LMVD was detected by 
D2‑40 antibody. The immunostained sections were viewed 
using light‑microscopy at low magnification (x40) and the 
areas of tissue with the greatest number of distinctly high-
lighted microvessels (hotspots) were selected. MVD and 
LMVD were determined by counting all immunostained 
vessels at a total magnification of x400 from 5 areas for each 
case. Determination of the staining reaction was strictly 
confined to the hotspots and the mean number of the vessels in 
each case was evaluated.

Statistical analysis. SPSS version 18.0 (SPSS, Inc., Chicago, 
IL, USA) was used for statistical analyses. Spearman corre-
lation analysis was used to analyze the correlation between 
podoplanin and FGF1 expression. The association between 
co‑expression of podoplanin and FGF1, and clinicopatho-
logical variables were analyzed using the χ2 test. Associations 
between podoplanin/FGF1 expression and LMVD/MVD 
were analyzed by a two‑tailed Student's t‑test. Comparisons of 
mRNA expression in NC and siRNA groups were performed 
by two‑tailed Student t‑test. Overall survival time was defined 
as the period from the date of surgery to the date of death from 
any cause or the last day of follow‑up evaluation. Survival 
curves were produced using the Kaplan‑Meier method and 
compared with log‑rank test. For all tests, P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Expression of podoplanin and FGF1 in human primary lung 
SQCC tissues. The expression of podoplanin and FGF1 was 
examined by IHC staining in 82 human lung SQCC specimens. 
Consistent with previous reports, expression of podoplanin 
was detected on the membrane and/or cytoplasm of tumor 
cells (Fig. 1A and B). Negative cases were determined by the 
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Figure 1. Expression of podoplanin and FGF1 in human primary lung squamous cell carcinoma tissues. (A) Diffuse expression of podoplanin in the entire 
cancer nest. (B) Peripheral expression of podoplanin in the cancer nest. (C) Negative expression of podoplanin in peritumoral normal lung tissue. (D) Peripheral 
expression of FGF1 in the cancer nest. (E) Diffuse expression of FGF1 in the entire cancer nest. Higher magnification of boxed areas are shown on the right. 
FGF1, fibroblast growth factor 1.
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staining of lymphatic vessels as an internal control. In addi-
tion, podoplanin expression was observed in stromal spindle 
cells that were morphologically identified as fibroblasts. There 
was negative or weak staining for podoplanin in peritumoral 
normal lung tissues (Fig. 1C). Positive expression of podo-
planin (IRS >3) in tumor cells was detected in 73.17% (60/82) 
cases. Higher than previously reported (11), 38.3% (23/60) of 
positive cases exhibited diffuse immunoreactions in almost 
the entire cancer nest (Fig. 1A). Other positive cases exhibited 
a peripheral expression pattern; expression was restricted to 
the outer cell layer of tumor nests (Fig. 1B).

Immunostaining of FGF1 in the majority of cases was 
cytoplasmic, while a few cases exhibited nuclear and/or 
perinuclear staining in cancer cells. Positive expression of 

FGF1 in tumor cells was detected in 70.73% (58/82) lung 
SQCC samples. Notably, 34.48% (20/58) cases with positive 
FGF1 expression exhibited a non‑homogeneous peripheral 
expression pattern (Fig. 1D), which is similar to the expression 
pattern of podoplanin. The remaining positive cases exhibited 
diffuse expression of FGF1 in the entire cancer nest (Fig. 1E). 
In addition, there was frequent expression of FGF1 in lung 
SQCC tumor stromal cells.

Co‑expression of podoplanin and FGF1 in primary lung 
SQCC tissues, and the association between co‑expression 
and clinicopathological factors. Podoplanin and FGF1 
were demonstrated to be co‑expressed in lung SQCC tumor 
cells (Fig. 2A and B), and there was a significant, positive 

Figure 2. Consecutive sections of lung squamous cell carcinoma were stained for podoplanin, FGF1 and CD34. Representative images of sections of cancer 
tissue with (A) positive podoplanin expression and (B) negative podoplanin expression stained for podoplanin, FGF1 and CD34. (C) Significant correlation 
between podoplanin and FGF1 expression in tumor cells by Spearman correlation analysis (R=0.591, P<0.0001). (D) Comparison of intratumoral MVD among 
patients with P+F+, P+F‑, P‑F+ and P‑F‑. MVD in P+F+ group was significantly higher than that in P‑F‑ group.  **P<0.01. FGF1, fibroblast growth factor 1; 
MVD, microvessel density; P+F+, podoplanin‑positive/FGF1‑positive; P+F‑, podoplanin‑positive/FGF1‑negative; P‑F+, podoplanin‑negative/FGF1‑positive; 
P‑F‑, podoplanin‑negative/FGF1‑negative.
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correlation between podoplanin and FGF1 expression in tumor 
cells (R=0.591, P<0.0001; Fig. 2C). The cohort of patients was 
classified into 4 groups according to the expression of podo-
planin and FGF1 in the same patient. As presented in Table I, 
60.98% (50/82) had positive expression of podoplanin and 
FGF1 (P+F+), 12.20% (10/82) had positive expression of podo-
planin but negative expression of FGF1 (P+F‑), 9.76% (8/82) 
patients had positive expression of FGF1 but negative expres-
sion of podoplanin (P‑F+), and 17.07% (14/82) patients had 
negative expression of podoplanin and FGF1 (P‑F‑). The P+F+ 
group was significantly associated with larger primary tumor 
size (P=0.042) and advanced TNM stages (P=0.042) compared 
with the P‑F‑ group. Whereas, no clinicopathological factors 
were demonstrated to be associated with the P+F‑ or P‑F+ 
groups when compared with the P‑F‑ group (Table I).

Co‑expression of podoplanin and FGF1 are associated 
with intratumoral MVD in primary lung SQCC tissues. 

Given the reported effects of podoplanin and FGF1 on 
lymphangiogenesis and angiogenesis, the present study evalu-
ated the association between their separate expression, and 
MVD and LMVD in samples. The intratumoral MVD was 
significantly lower in podoplanin‑negative cases compared 
with podoplanin‑positive cases, and the same was observed 
for FGF1 (data not shown). However, there was no significant 
difference in intratumoral or peritumoral LMVD between 
the podoplanin‑positive group and podoplanin‑negative 
group, as was also the case for FGF1 (data not shown). The 
association between co‑expression of podoplanin and FGF1, 
and intratumoral MVD was also investigated; intratumoral 
MVD (observed by CD34 staining) was demonstrated to 
be associated with the co‑expression of podoplanin and 
FGF1. The mean MVD was 33.32±8.01 in P+F+ specimens, 
28.72±5.93 in P+F‑specimens, 29.35±9.30 in P‑F+ speci-
mens and 26.64±6.22 in P‑F‑ specimens. The MVD in the 
P+F+ group was significantly higher compared with the 

Table I. Association between podoplanin and FGF1 co‑expression and clinicopathological factors in lung squamous cell 
carcinoma patients.

 P+F+  P+F‑  P‑F+  P‑F‑
Variables n P‑value  n P‑value n P‑value n

Age, years
  ≤60 22 0.299 4 0.673 3 1 4
  >60 28  6  5  10
Sex
  Male 44 0.976 9 1 8 1 13
  Female 6  1  0  1
Smoking index, packs/year
  ≤400 17 0.568 1 0.615 1 1 3
  >400 33  9  7  11
Differentiation
  Well/moderate 26 0.545 5 1 5 0.659 6
  Poor 24  5  3  8
Primary tumor size, cm
  ≤5 24 0.042a 7 0.665 5 0.624 11
  >5 26  3  3  3
Lymph node metastasis
  Yes 35 0.061 6 0.68 4 1 6
  No 15  4  4  8
Vascular invasion 
  Yes 9 0.201 0 NA 1 0.364 0
  No 41  10  7  14
Pleural metastasis
  Yes 9 0.201 1 0.417 1 0.364 0
  No 41  9  7  14
TNM stage
  I‑II 28 0.042a 7 0.615 6 0.602 12
  III‑IV 22  3  2  2

All P‑values are vs. the P‑F‑ group. aP<0.05. P+F+, podoplanin‑positive/FGF1‑positive cases; P+F‑, podoplanin‑positive/FGF1‑negative cases; 
P‑F+, podoplanin‑negative/FGF1‑positive cases; P‑F‑, podoplanin‑negative/FGF1‑negative cases; TNM, tumor node metastasis.
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P‑F‑ group (Fig. 2D). No significant difference was identified 
between other pairwise comparisons.

Association between podoplanin/FGF1 co‑expression and 
overall survival of lung SQCC patients. The prognostic 
value of podoplanin and FGF1 expression in the samples 
was assessed. The was a difference in the overall survival 
rate between podoplanin‑positive and podoplanin‑negative, 
however, the P‑value was marginally above that considered 
to be significant (P=0.051; Fig. 3A), which was also observed 
for FGF1 (P=0.060; Fig. 3B). Subsequently, the prognostic 
significance of co‑expression of podoplanin and FGF1 for 
lung SQCC patients was investigated. Survival analyses 
demonstrated that the P+F+ group exhibited a significantly 
lower survival rate compared with the P‑F‑ group (P=0.017; 
Fig. 3C). No significant differences were observed between all 
other pairwise comparisons.

Podoplanin regulates the expression of FGF1 and angio‑
genesis in vitro. Based on the proven effect of podoplanin 
on VEGFC and endothelin‑1 (14,15), which are established 
lymphangiogenic and angiogenic factors, we hypothesized 
that the clinicopathological association between podoplanin 
and FGF1 may be due to the regulatory effect of podoplanin 
on FGF1 expression. To investigate whether podoplanin regu-
lates the expression of FGF1 in vitro, the present study used 
siRNA transfection to transiently suppress the expression of 
podoplanin in the NCI‑H226 lung SQCC cell line (Fig. 4A 

and B). Subsequently, the expression level of FGF1 in 
podoplanin‑knockdown (podoplanin‑KD) and NC NCI‑H226 
cells was investigated. RT‑qPCR and western blotting revealed 
that the expression level of FGF1 mRNA and protein were 
reduced in podoplanin‑KD NCI‑H226 cells compared with 
NC NCI‑H226 cells (Fig. 4B and C). As FGF1 is a secreted 
protein, the level of FGF1 protein in cell culture superna-
tants was also determined. Compared with NC NCI‑H226 
cells, podoplanin‑KD cells secreted a reduced amount of 
FGF1 (Fig. 4D).

Considering the association between podoplanin expression 
and intratumoral MVD, the present study further investi-
gated whether podoplanin affected angiogenesis in vitro. As 
presented in Fig. 4E and F, HUVECs cultured with tumor 
cell‑conditioned medium from podoplanin‑KD NCI‑H226 
cells exhibited reduced tube formation and a reduced number 
of branch points compared with the control group.

Discussion

Podoplanin is upregulated in tumor cells in several cancer 
types and has been identified as a useful prognostic 
biomarker to determine the malignancy of tumors (8,21,22). 
Anti‑podoplanin monoclonal antibodies have been validated 
to suppress the growth and hematogenous metastasis of podo-
planin‑expressing tumors (23). Researchers have identified 
several potential pathways that may be invoked by podoplanin 
to promote tumor progression, including the promotion of 

Figure 3. Associations between the expression of podoplanin and FGF1, 
and overall survival of patients with lung squamous cell carcinoma. 
(A) Differences in the overall survival rates of podoplanin‑positive and 
podoplanin‑negative patients were analyzed. (B) Differences in the overall 
survival rates of FGF1‑positive and FGF1‑negative patients were analyzed. 
(C) Differences in the overall survival rates among P+F+, P+F‑, P‑F+ 
and P‑F‑ patients were analyzed. P+F+ had a significantly lower survival 
rate compared with the P‑F‑ group. PDPN, podoplanin; FGF1, fibroblast 
growth factor 1; P+F+, podoplanin‑positive/FGF1‑positive; P+F‑, podo-
planin‑positive/FGF1‑negative; P‑F+, podoplanin‑negative/FGF1‑positive; 
P‑F‑, podoplanin‑negative/FGF1‑negative.
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epithelial‑to‑mesenchymal transition (EMT) (24), inducing 
collective cell migration (25), triggering platelet activation and 
aggregation (26‑28) and enhancing lymphangiogenesis (15). 
The present study demonstrated that podoplanin was 
co‑expressed with FGF1 in cancer cells and was associated 
with intratumoral MVD in primary lung SQCC tissues. 
In addition, knockdown of podoplanin downregulated the 
expression of FGF1 and decreased the formation of tubular 
networks by HUVECs in vitro. Co‑expression of podoplanin 
and FGF1 was significantly associated with larger primary 
tumor size, advanced TNM stage, higher intratumoral MVD 
and worse overall survival. Combined, the results indicate 
that podoplanin was implicated in tumor progression in lung 
SQCC when co‑expressed with FGF1.

Podoplanin‑/‑ mice exhibit systemic edema due to aplasia of 
lymphatic vessels during fetal development and neonatal death 
due to respiratory failure (29,30), indicating an important 
role of podoplanin in normal lymphatic vessel development. 
Furthermore, a previous study demonstrated podoplanin 
expression was significantly decreased in preeclamptic 
placental tissues compared with normotensive placental 
controls, indicating that podoplanin may support fetal vessel 
angiogenesis during placental development (31). However, 
several studies concerned with the involvement of podoplanin 
in lymphangiogenesis/angiogenesis in malignant tumors have 
produced inconsistent results in different experimental models. 
Research by Cueni et al (15) demonstrated that podoplanin 
upregulated endothelin‑1 to enhance lymphangiogenesis 
and metastasis to regional lymph nodes in breast carcinoma 
xenografts (15). In addition, Suzuki et al (14) reported that 
podoplanin attenuated lymphogenous metastasis and lymphan-
giogenesis by downregulating VEGFC in a lung squamous 
cancer cell line, with no impact observed on angiogenesis (14). 

The present study did not demonstrate a significant association 
between the expression of podoplanin in cancer cells and intra-
tumoral/peritumoral LMVD in human lung SQCC tissues. 
This inconsistency may be due to the specificity of different 
cancer types. As demonstrated by previous studies, podo-
planin does not exert the same function in all cell types. For 
example, although podoplanin upregulates RhoA activity and 
induces EMT in MDCK cells (24), it attenuated RhoA activity 
and did not induce EMT in a breast carcinoma cell line (25). In 
fact, Suzuki et al (14) demonstrated that podoplanin decreased 
the area and perimeter of lymphatic vessels, however, it had 
no significant effect on the number of lymphatic vessels in an 
animal model (14), which was consistent with the results of the 
present study.

The present study, in contrast to the results of 
Suzuki et al (14), demonstrated that podoplanin was associated 
with intratumoral MVD and was co‑expressed with FGF1 in 
primary lung SQCC tissues. Similarly, Pula et al (16) observed 
that podoplanin expression in CAFs was positively correlated 
with cancer cell VEGFC expression and intratumoral MVD 
in invasive ductal carcinoma of breast by immunohisto-
chemistry (16). These experimental results indicated that 
podoplanin may participate in tumor angiogenesis mediated 
by specific angiogenic growth factors. VEGFC, a regulator 
of lymphangiogenesis, also contributes to angiogenesis (32). 
The present study validated the regulation FGF1 expression 
and angiogenesis by podoplanin in vitro and hypothesized 
that podoplanin may exert angiogenic action through FGF1, 
an established angiogenic growth factor. However, the current 
study did not demonstrate any direct evidence proving 
the association between the podoplanin‑FGF1 axis and 
podoplanin‑dependent angiogenesis, which requires further 
research. Furthermore, it was previously reported that FGF1 

Figure 4. Podoplanin regulated FGF1 expression and angiogenesis in vitro. Confirmation of podoplanin knockdown by siRNA in NCI‑H226 cells using 
(A) RT‑qPCR. (B) Western blot analysis showed podoplanin knockdown and FGF1 expression in NCI‑H226 cells. (C) RT‑qPCR was used to demonstrate the 
effect of podoplanin knockdown on FGF1 mRNA. (D) Cell supernatants were subjected to western blotting for FGF1. Cell counts and α‑tubulin of the lysates 
of the same batch cells was used as loading control. (E) Effect of podoplanin on the formation of tube‑like structures by human umbilical vein endothelial 
cells. Original magnification, x200. (F) Comparison of the numbers of branch points of endothelial tubes in podoplanin‑knockdown and NC groups. Each 
experiment was repeated at least three times. *P<0.05 and **P<0.01. FGF1, fibroblast growth factor 1; siRNA, small interfering RNA; RT‑qPCR, reverse 
transcription‑quantitative polymerase chain reaction; NC, negative control.
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induced the expression of CD44s (33), and podoplanin inter-
acted with CD44s to drive directional cell migration in tumor 
cells (34). Therefore, the association between podoplanin and 
FGF1 may not be confined to tumor angiogenesis, they may 
also work together to regulate tumor cell motility.

Consistent with the results of our previous study, FGF1 
expression was detected at the periphery of cell nests in certain 
lung SQCC specimens, which was similar to podoplanin and 
CD44, which are candidate cancer stem cell markers (11). 
FGF1 has been reported to be upregulated in cancer stem cells 
of small cell lung cancer (35) and it contributes to sustaining 
neural stem cell growth and self‑renewal capacity in glioblas-
toma (36). Therefore, FGF1 may be a candidate cancer stem 
cell marker, and the double‑positive expression of podoplanin 
and FGF1 may have potential as a more accurate screening 
method for the detection of cancer stem cells. However, the 
current study did not investigate the molecular pathway by 
which podoplanin regulated the expression of FGF1, which 
requires further investigation.

According to the survival analysis performed in the 
present study, the overall survival was lower in patients with 
podoplanin‑positive lung SQCC compared with patients with 
podoplanin‑negative lung SQCC, although not to a significant 
extent. In fact, previous studies have produced controversial 
results regarding the prognostic role of podoplanin in lung 
SQCC. Kadota et al (8) reported tumor cell podoplanin 
immunoreactivity to be a significant indicator of poor prog-
nosis in NSCLC patients, particularly in lung SQCC patients, 
which was consistent with the results of the present study. By 
contrast, other studies have demonstrated that low podoplanin 
expression in tumor cells predicts poor prognosis in lung 
SQCC (11,37,38). The reason behind the conflicting results 
remains unclear; differences in the way that a positive or high 
expression of podoplanin is defined across different studies 
may be one of the reasons behind this discrepancy. However, a 
significant correlation has been observed between the pattern 
of podoplanin expression and tumor grade, that is, diffuse 
infiltrating positivity was detected in undifferentiated tumors 
and a peripheral pattern in well‑differentiated ones (22,39). In 
the current study, a higher proportion of lung SQCC patients 
exhibited positive reactions in the majority of the cancer cell 
nest than previously reported. This may partially explain the 
disagreement between results of previous studies. Furthermore, 
the present study demonstrated that cases with double‑positive 
podoplanin and FGF1 staining had significantly shorter 
survival times compared with those with double negative 
staining, indicating that integrated assessment of podoplanin 
and FGF1 may more accurately predict the prognosis of lung 
SQCC patients compared with either of them alone.

In conclusion, the present study confirmed that podo-
planin was co‑expressed with FGF1 in lung SQCC and that 
co‑expression was associated with higher intratumoral MVD 
and poor prognosis of patients with lung SQCC. In vitro 
experiments demonstrated that podoplanin regulated the 
FGF1 expression and tube formation of HUVECs. The results 
indicate that podoplanin may participate in angiogenesis and 
tumor progression mediated by FGF1 in lung SQCC. Further 
investigated is necessary to establish the mechanism by which 
podoplanin regulates FGF1 expression and the synergistic 
effect mechanism of the two molecules.
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