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ABSTRACT
Cancer-associated fibroblasts (CAFs) are believed to influence tumor behavior
and clinical outcomes. We previously showed that conditioned medium (CM) from CAFs
induces proliferation and motility of esophageal squamous cell carcinoma (ESCC) cells.
Here, we investigated the molecular mechanisms by which the CAF-secreted proteins
induce ESCC development and progression. Using antibody arrays, we identified
urokinase plasminogen activator (uPA) as one of the main proteins whose release
was increased in CAFs compared to normal fibroblasts (NFs). Immunohistochemical
analysis of pathological sections showed that uPA-positive cells were localized at
the boundaries of tumor and stroma tissues, in stroma between tumor nests, and
within the tumors. Increased stromal uPA levels (132/146 cases) correlated with
tumor invasion (p < 0.05) and overall survival of ESCC patients (p < 0.05). In vitro
assays showed that uPA promotes ESCC cell proliferation, migration, and invasion via
PI3K/AKT and ERK signaling pathways. In vivo, anti-uPA antibody suppressed tumor
growth in ESCC xenografts. These results suggest that uPA released from stroma, and
especially from CAFs, might be a predictive marker for ESCC diagnosis and prognosis,
as well as an effective therapeutic target.

tissue below the basal lamina that directly surrounds the
tumor cells [2]. Multiple components, including fibroblasts,
extracellular matrix (ECM) and immune cells, form the
cancer stroma [3, 4]. Cancer-associated fibroblasts (CAFs)
are the activated form of fibroblasts in the tumor stroma
[5] and are considered as the predominant cell type of the
stroma [6]. Via paracrine manner, CAFs secrete a variety of

INTRODUCTION
Esophageal carcinoma (EC) is one of the most common
cancers, with a poor prognosis. The major histological
subtype of EC is esophageal squamous cell carcinoma
(ESCC) [1]. The stroma of a carcinoma is the connective
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soluble factors that promote tumor growth and invasion [7],
enhance angiogenesis [8], and activate endothelial cells and
pericytes [6, 9].
Urokinase plasminogen activator (uPA) is a serine
protease that converts plasminogen into the active serine
protease plasmin. uPA mediates proteolysis of ECM
by binding to a specific cell surface receptor, urokinase
plasminogen activator surface receptor (uPAR) [10, 11]. uPA
also participates in the initiation of epithelial–mesenchymal
transition (EMT), angiogenesis, tumor invasion, and
metastasis, as well as in signal transduction pathways [10,
12]. Among breast cancer patients without lymph-node
involvement, high levels of uPA correlate with poor prognosis.
According to the American Society of Clinical Oncology,
uPA may be a key factor in risk assessment and a possible
treatment target [13, 14]. In clinics, a strong correlation has
been found between cellular levels of uPA and aggressive
behavior of ESCC [15–18]. However, the mechanism how
uPA contributes to ESCC progression is unknown.
Our previous study has shown that CAFs induce a
suitable microenvironment for ESCC development and
progression compared with normal fibroblasts (NFs);
however, the molecular mechanisms were unknown. In this
study, an antibody array was used to identify the effectors
released from ESCC-derived CAFs versus NFs that promote

tumorigenesis. The results show that the high uPA expression
is one of the major differences between CAFs and NFs.
uPA derived from CAFs promotes ESCC cell proliferation,
migration, and invasion in vitro. When uPA is blocked by
anti-uPA antibody, the primary tumor growth is suppressed,
and PI3K/AKT and ERK signaling pathways are deactivated.
Immunohistochemistry analysis demonstrates a high uPA
expression in ESSC stroma, including CAFs, had a reverse
correlation between uPA levels and overall survival rates.

RESULTS
Expression of uPA is higher in CAFs than in NFs
Antibody array analysis of conditioned medium (CM)
was performed from 4 pooled CAFs and their matched NFs,
by using the RayBiotech L507 antibody array (Figure 1A).
Compared with CM from NFs, 43 up-regulated proteins
(8.48%) and 31 down-regulated proteins (6.11%) were
detected in CM of CAFs using an arbitrary cutoff line of
signal ratio of >1.50 or <-1.50 (Supplementary Table 1).
Figure 1B shows the original normalization values of
several candidate proteins. Compared to CM from NF
controls, the uPA levels in CM from CAFs were more than
two times higher. The uPA concentration in CAF CM was

Figure 1: Expression of uPA is increased in ESCC CAFs. A. The fluorescent figures of antibody array. B. Representative images

of original values of secreted proteins from CAFs and NFs. C. ELISA of secreted uPA in CAFs and NFs (n=6). D. qRT-PCR of uPA mRNA
levels in CAFs and NFs (n=6). qRT-PCR data were normalized to the housekeeping gene β-actin. Experiments in C and D were done in
triplicates. Error bars, mean ± SD.
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confirmed by ELISA; the average uPA concentration in
CAF CM was 7.26 times higher than in NFs (Figure 1C).
In addition, the uPA mRNA expression in CAFs was
5.28 times higher than in NFs (Figure 1D).

positive cells were located at the boundary between tumor
and stroma tissues, in stroma between tumor nests, and
within tumor tissues; however, uPA-positive cells were
almost undetectable in adjacent non-tumorous esophageal
tissues (Figure 2A). Our previous results have indicated
that uPA is increased in fibroblast growth factor receptor
2-positive cells, which is identified as CAFs, but not NFs
[7]. We performed tissue double immunofluorescence
using two-color (green vimentin; red uPA) staining and
confirmed that uPA and vimentin were co-expressed in
the same cells, suggesting that the uPA-positive cells were
fibroblasts (Figure 2B). We then separated fibroblast cells
from the primary tumors and their matched para-tumors,
and performed immunocytochemistry. According to the
immunocytochemistry results, uPA was expressed in
cytoplasm of CAFs, but not in NFs (Figure 2C).

uPA is expressed in primary ESCC tissues
To find out the distribution of uPA-positive
cells in primary ESCC tissues, we performed
immunohistochemistry (IHC) staining in a panel of tissue
microarrays (TMAs) consisting of 300 matched pairs of
primary ESCC and non-tumor specimens. Informative
results of IHC staining of uPA were collected in 142
primary ESCC cases. Non-informative samples, such as lost
samples, samples with too few cells, and inappropriately
stained samples, were not used as valid data. The uPA-

Figure 2: Distribution of uPA positive cells in primary ESCC tissues. A. Representative image of uPA-positive cells in human

ESCC tissue and normal esophagus. In ESCC tissue, uPA-positive cells are frequently observed at the tumor/stroma boundary, in stroma
between tumor nests, and within tumor tissue. The arrows indicate uPA-positive cells in tissues. Scale bar 100um. B. Representative images
of CAFs labeled by antibodies against vimentin (green) and uPA (red). Nuclei were counterstained with DAPI (blue). Scale bar 200um. C.
Immunocytochemistry with anti-uPA antibody for uPA expression in CAFs and NFs isolated from clinical samples. Vimentin was used as
the fibroblast cell specific marker. Scale bar 100 um.
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Table 1: Association of uPA expression levels in ESCC stroma and tumor nest with clinicopathological features in
146 clinical ESCC cases
uPA in stroma
Clinicopathologic
features
Age
Gender
Depth of
invasion

T status
LNM
Clinical
stage

uPA in tumor nest

Total cases
(n)

Stroma
positive (n)

χ2

P-value

Moderate
and high
(n)

χ2

P-value

≥57

90

83

0.0450

0.8320

40

0.0138

0.9064

<57

56

49

Female

66

58

0.4110

0.5215

Male

80

74

32

1

8

1

1

2

6

1

1.8620

0.6016

3

32

32

14

4

100

98

47

T1–2

51

39

0.5506

0.4581

T3–4

95

93

N0

78

69

0.0016

0.9680

N1

68

63

30

I

6

1

1

II (a, b)

89

83

0.8960

0.6390

III–IV

51

48

24
0.0450

8.3520

0.9186

0.8321

0.0393*

0.3379

32

2

19
45

0.0369

3.1747

0.8476

0.2045

34

40
23

*Statistical significance (p < 0.05) is shown in bold.

uPA stroma expression correlates with ESCC
invasion and poor prognosis

uPA tumor expression (Supplementary Figure 1). Together,
these data indicate a reverse correlation between uPA stroma
expression and ESCC prognosis.

IHC analysis revealed that 90% (132/146) of primary
ESCC cases were uPA-positive in ESCC stroma. The uPA
stroma expression was associated with tumor invasion
(Fisher’s exact test, P = 0.0393) (Table 1). Kaplan–Meier
analysis was used to determine the survival curves of
patients with uPA-positive and uPA-negative expression
in stroma. The results showed that the overall survival was
significantly shorter in patients with uPA-positive stroma
expression (n = 132, median survival time 20 months)
compared with patients with uPA-negative expression (n =
14, median survival time 36 months) (Figure 3).
We have also investigated the uPA expression in
tumor tissues of 146 informative ESCC cases. Our results
showed no correlation between clinicopathologic features
and patients with moderate and high uPA expression in
tumor tissues (Table 1). Kaplan-Meier analysis of survival
curves indicated that there was no statistical difference in the
overall 5-year survival rates between patients with moderate/
high uPA tumor expression and patients with negative/low
www.impactjournals.com/oncotarget

uPA secreted by CAFs increases proliferation
and migration of ESCC cells
The increased uPA mRNA and protein levels in
CAFs compared to NFs suggested that the uPA released
from CAFs might regulate ESCC cells via a paracrine
manner. To analyze the effect of uPA on ESCC tumor
progression, we treated ESCC cell lines EC109 and
KYSE30 with uPA, or with CAF CM containing high
levels of uPA (CAF4). Cells treated with 20 ng/ml of uPA
or CAF CM had significantly accelerated growth rates
than cells treated with DMEM control or NF CM. After
neutralizing uPA with anti-uPA antibody, the proliferation
rate decreased compared to cells treated with IgG control
(Figure 4A). Moreover, when EC109 and KYSE30
cells were treated with 20 ng/ml uPA or CAF CM, they
exhibited increased migration and invasive potential
compared to cells treated with DMEM or NF CM.
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Furthermore, anti-uPA antibody co-incubation with uPA or
CAF CM decreased the migration and invasive potential
of these cells (Figure 4B, C).

(Figure 6). However, when EC109 or K30 cells were treated
with 1 μM LY294002 or U0126 without uPA or CAF CM
treatment, proliferation, migration, and invasion rates were
not significantly changed (Supplementary Figure 3). These
results indicate that the uPA-mediated ESCC progression
depends on PI3K/AKT and ERK signaling pathways.

uPA secreted by CAFs contributes to ESCC
progression by activating PI3K/AKT and ERK
signaling pathways

Inhibition of uPA suppresses tumor formation
in vivo

To investigate the uPA-mediated signaling in ESCC
cells, we treated EC109 and KYSE30 cells with 20 ng/ml
uPA, and analyzed the activity of PI3K, AKT, GSK3β, and
ERK1/2. PI3K, AKT, GSK3β, and ERK1/2 were activated
during 10–30 min (Supplementary Figure 2A–2D). To
investigate whether uPA promotes ESCC progression via
PI3K/AKT or ERK signaling pathways, we treated EC109
and KYSE30 cells for 30 min with 10 μM LY294002, PI3K
inhibitor, or U0126, MEK inhibitor, before uPA or CAF CM
treatment. Our results show that uPA and CAF CM activate
AKT, GSK3β, and ERK1/2. When uPA was neutralized
with anti-uPA antibody, AKT, GSK3β, and ERK1/2
phosphorylation levels were reduced. When LY294002 or
U0126 was added, phosphorylation levels of AKT, GSK3β,
and ERK1/2 were reduced; when both inhibitors were
combined, their effects were cooperative (Figure 5A, 5B). In
the in vitro function assays, we added 1 μM LY294002 and/or
U0126 to inhibit PI3k/AKT and/or ERK signaling pathway
before treating cells with uPA or CAF CM. Proliferation,
migration, and invasion rates were significantly weakened in
EC109 and KYSE30 cells activated with uPA or CAF CM

To investigate the effects of uPA in vivo, we
used nude mice implanted with KYSE30 cells. Mice
bearing KYSE30 tumors (approximately 100 mm3) were
randomized into two groups (n = 5). One group was
treated with control IgG (0.3 mg/kg), and the other was
treated with anti-uPA antibody (0.3 mg/kg), by intra-tumor
injection every 3 days. After 4 weeks of therapy, the antiuPA antibody significantly decreased the tumor weight
compared with the control IgG group (end-stage tumor
weight: 0.1838 ± 0.06376 g in anti-uPA group versus
0.4698 ± 0.05184 g in IgG control group) (Figure 7A,
B). The tumor volumes were also significantly reduced
in the group treated with anti-uPA antibody compared to
the control IgG group (end-stage tumor volume: 488.5 ±
64.36 mm3 in anti-uPA group versus 898.3 ± 21.15 mm3
in IgG control group) (Figure 7C). Further histologic
analysis revealed that anti-uPA antibody reduced tumor
protein level of the proliferation marker Ki67, and
phosphorylation levels of AKT and ERK (Figure 7D).

Figure 3: Stroma uPA expression correlates with poor ESCC prognosis, determined by Kaplan–Meier analysis. Dotted
line, patients with uPA-negative expression (n = 14, median survival 36 months); solid line, patients with uPA-positive expression (n = 132,
median survival 20 months; *p<0.05, log-rank test).
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Figure 4: uPA secreted from CAFs functions as oncogenic protein during ESCC progression. A. Cell growth rates of EC109

and KYSE30. Cells were seeded into 96-well plate at a density of 3×103 per well. After 6 h, cells were treated with either DMEM control
or NF CM or 20 ng/ml uPA or CAF CM or 20 ng/ml uPA with 6 ug/ml IgG or CAF CM with 6 ug/ml IgG or 20 ng/ml uPA with 6 ug/ml
anti-uPA antibody or CAF CM with 6 ug/ml anti-uPA antibodies. Cell growth rates were compared by WST-8 assays 48 h later. B. and C.
Representative images of migratory and invasive cells per field with indicated treatment. Cells were seeded in the upper compartment at a
density of 5×104 per chamber. After 6 h, cells were treated with either DMEM control or NF CM or 20 ng/ml uPA or CAF CM or 20 ng/ml
uPA with 6 ug/ml IgG or CAF CM with 6 ug/ml IgG or 20 ng/ml uPA with 6 ug/ml anti-uPA antibody or CAF CM with 6 ug/ml anti-uPA
antibodies. Migrated and invaded cells were counted after 36 h. Before the experiments, EC109 and KYSE30 cells were serum-starved for
24 h, acid-washed to remove bound endogenous uPA, and then neutralized. CTL: DMEM control, u+IgG: uPA+IgG, uPA+A: uPA+AntiuPA antibody, NFs: NF CM, CAFs: CAF CM, C+IgG: CAF CM+IgG, C+A: CAF CM+Anti-uPA antibody. Experiments in A–C were
repeated at least thrice. Error bars, mean ± SD. Scale bar 50 um.
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Quantitative analysis of Ki67, pAKT, and pERK staining
is shown in Supplementary Figure 4. These results indicate
that the uPA-mediated tumor growth can be arrested by
blocking uPA.

of uPA compared to NFs; this is in an agreement with our
previous results demonstrating that the uPA mRNA levels
are increased in CAFs compared to NFs. We demonstrate
that the uPA-positive CAFs are present at the boundary
of ESCC tumor and stroma, in the stroma between tumor
nests, and within the tumor tissues (Figure 2A). The uPA
ESCC stroma levels correlate with the tumor invasion,
and negatively correlate with the overall survival rates.
In contrast, there is no correlation between pathological
features and expression levels of uPA in tumor tissues.
However, even in the absence of uPA in tumor tissues,
uPA could be still detected in the stroma samples. These
findings suggest that it is the uPA expression in stroma,
rather than in tumors, that is more directly related to tumor
behavior in ESCC.
Previous studies have indicated that uPA activates
ERK1 and ERK2 to promote migration of breast cancer
cells [28]. In addition, uPA promotes migration of smooth
muscle cells by activating PI3K, AKT/GSK3β, and ERK
signaling pathways [29]. The down-regulation of uPA
inhibits PI3K/AKT-dependent migration of glioblastoma
cells [29, 30]. In the present study, in vitro analysis
showed that uPA secreted from CAFs could induce ESCC
proliferation, migration, and invasion, and these promotive
functions were dependent on the PI3K/AKT and ERK
signaling pathways. Targeting uPA by anti-uPA antibody
could effectively neutralize uPA and subsequently
deactivate the PI3K/AKT and ERK signaling pathways.

DISCUSSION
Previous studies have indicated that CAFs stimulate
tumor growth that provides suitable microenvironment
for proliferation, angiogenesis, and invasion of ESCC
via secreting various pro-oncogenic factors [6, 8, 19–
24]. Most up-regulated genes in CAFs have oncogenic
functions, including growth factors FGF18 and HEBGF,
transcription factors TFAP2A and TFAP2C, and the Wnt
family members WISP1, WNT2, WNT5A, and LEF1.
In this study, the antibody array analysis showed that in
addition to uPA, CAFs also produce various growth factors
and cytokines, such as the TGF-β superfamily (TGF-β3,
Activin A, GDF8, and GDF11), VEGF, and interleukins
IL-1 and IL-10 (Supplementary Table 1).
Expression of uPA by cancer cells or CAFs depends
on the cancer type. uPA is expressed by cancer cells in
skin squamous cell carcinoma, whereas in ovarian,
breast and colon cancers, it is expressed mainly by
fibroblasts [25, 26]. Pyke et al have shown that uPA is
localized predominantly in CAFs at the invasive front
of tumors in colon adenocarcinoma [27]. In the present
study, our results show that CAFs release higher levels

Figure 5: uPA activates PI3K/AKT and ERK signaling pathways in ESCC cells. A. and B. EC109 and KYSE30 cells were

incubated in the absence (-) or presence (+) of either DMEM control or NF CM or 20 ng/ml uPA or CAF CM or 20 ng/ml uPA with 6 ug/ml
IgG or CAF CM with 6 ug/ml IgG or 20 ng/ml uPA with 6 ug/ml anti-uPA antibody or CAF CM with 6 ug/ml anti-uPA antibody or 20 ng/
ml uPA with 10um LY294002 or CAF CM with 10um LY294002 or 20 ng/ml uPA with 10um U0126 or CAF CM with 10um U0126 or 20
ng/ml uPA with 10um LY294002 and 10um U0126 or CAF CM with 10um LY294002 and 10um U0126 for 20 min to assess activation of
AKT, GSK-3β, and ERK. In the presence of LY294002 or U0126, cells were pretreated with these inhibitors for 30min. Cell lysates were
immunoblotted with anti-phospho- and anti-total-antibodies to AKT, GSK-3β, and ERK. β-actin was used as a loading control. Before all
of these experiments, EC109 and KYSE30 cells were serum-starved for 24 h, acid-washed to remove bound endogenous uPA, and then
neutralized. Experiments in A, B were repeated at least thrice.
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Figure 6: uPA-mediated ESCC progression depends on PI3K/AKT and ERK signaling pathways. A. Cell growth rates of

EC109 and KYSE30. Cells were seeded into 96-well plate at a density of 3×103 per well. After 6 h, cells were treated with 20 ng/ml uPA or
CAF CM or 20 ng/ml uPA with 1um LY294002 or CAF CM with 1um LY294002 or 20 ng/ml uPA with 1um U0126 or CAF CM with 1um
U0126 or 20 ng/ml uPA with 1um LY294002 and 1um U0126 or CAF CM with 1um LY294002 and 1um U0126. Cell growth rates were
compared by WST-8 assays 48 h later. B. and C. Representative images of migratory and invasive cells per field with indicated treatment.
Cells were seeded in the upper compartment at a density of 5×104 per chamber. After 6 h later, cells were treated with 20 ng/ml uPA or CAF
CM or 20 ng/ml uPA with 1um LY294002 or CAF CM with 1um LY294002 or 20 ng/ml uPA with 1um U0126 or CAF CM with 1um U0126
or 20 ng/ml uPA with 1um LY294002 and 1um U0126 or CAF CM with 1um LY294002 and 1um U0126. Migrated and invaded cells were
counted after 36 h. Before all of these experiments, EC109 and KYSE30 cells were serum-starved for 24 h, acid-washed to remove bound
endogenous uPA, and then neutralized. u+LY: uPA+LY294002, u+U: uPA+U0126, u+LY+U: uPA+LY294002+U0126, CAFs: CAF CM,
C+LY: CAF CM+LY294002, C+U: CAF CM+U0126, C+LY+U: CAF CM+LY294002+U0126. Experiments in A–C were repeated at least
thrice. Error bars, mean ± SD. Scale bar 50 um.
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These findings provide mechanism of uPA function in
ESCC.
The prognosis of ESCC patients is poor and the
overall 5-year survival rates range between 15% and 25%.
At the time of diagnosis, ESCC is often metastasized to the
lymph nodes and distant organs. Therefore, establishing

effective detection and treatment strategies for ESCC
is essential to improve ESCC diagnosis and prognosis.
Our results suggest that uPA secreted from the stroma,
especially CAFs, might be used as a predictive marker
for ESCC diagnosis and prognosis as well as an effective
therapeutic target.

Figure 7: Inhibition of uPA with anti-uPA antibody suppresses tumor formation in vivo. A. Tumor weights in nude mice

were compared between mice treated with anti-uPA antibody and control IgG. Error bars mean ± SD. B. Representative images of tumors
formed in nude mice following injection with anti-uPA antibody or IgG control. Scale bar 1 cm. C. Tumor growth curves in nude mice in
the two treatment groups. Error bars, mean ± SD. D. Representative IHC images of Ki67, p-AKT, and p-ERK in mice treated with anti-uPA
antibody or IgG control. Scale bar 50 um.
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MATERIALS AND METHODS

subsequently washed and dried completely before scanning.
The data were analyzed with RayBio Analysis Tool software.

ESCC tumor specimens

Quantitative real-time PCR

CAFs and their matched NFs were isolated from
primary ESCC as described previously [31]. Cells were
maintained in DMEM medium supplemented with 20%
fetal bovine serum (FBS), 100 units/mL penicillin, and
10 mg/mL streptomycin. A total of 26 pairs of ESCC
specimens and their matched non-tumor tissues were
provided by Guangzhou Medical University Cancer
Institute and Hospital (Guangzhou, China). None of
the patients received preoperative chemotherapy and
radiotherapy. The study proposal was reviewed by Human
Subject Research Ethics Committee of Cancer Center
of Guangzhou Medical University, and was performed
according to the guidelines set forth by this committee.

Total RNA was isolated using RNAiso Plus
(Takara) according to manufacturer’s protocol. Firststrand cDNA was synthesized using a first-strand
reverse transcription kit (Takara), and qRT-PCR
reaction was performed on CFX96 Touch™ RealTime PCR Detection System with SYBR Green
Dye mix (TaKaRa). Primer sequences for qRT-PCR
were as follows: β-actin 5′-GCTTGTCCAAGAGT
GCATGGT-3′ and 5′-CAGGGCTGGTTCTCGATGG-3′;
uPA
5′-CCTGGCACCCAGCACAAT-3′
and
5′-GGGCCGGACTCGTCATAC-3′.
Amplification
parameters were as follows: 40 cycles of 94 °C for 15
s, 60 °C for 15 s, and 72 °C for 15 s. The results were
normalized to β-actin, and calculation was done by
comparative CT method (ΔΔ CT method).

Cell lines and reagents
Chinese ESCC cell line EC109 was kindly
provided by Professor Tsao (Department of Anatomy,
The University of Hong Kong). Japanese ESCC cell
line KYSE30 was acquired from DSMZ (Braunschweig,
Germany), the German Resource Centre for Biological
Material. The cell authenticities were tested by short
tandem repeat analysis technology. Cells were maintained
in DMEM medium supplemented with 10% FBS,
100 units/mL penicillin, and 10 mg/mL streptomycin.
Recombinant uPA protein was bought from Sino
Biological Inc. LY294002 and U0126 were obtained from
Selleck Chemicals. IgG was purchased from R&D system.

Sandwich ELISA
ELISA was performed using the ELISA kit for uPA
(Cloud-Clone Corp). Briefly, 100 µL of diluted CM was
added to each well and incubated for 2 h at 37 °C. CM
was then aspirated, and detection antibody was added and
incubated for 1 h at 37 °C. Wells were washed, incubated
with HRP-linked secondary antibody for 30 min at 37 °C,
and developed with 3, 3’, 5, and 5’-tetramethylbenzidine.

ESCC tissue microarray and
immunohistochemistry (IHC) staining

Preparation of conditioned medium (CM)

A panel of 300 formalin-fixed, paraffin-embedded
ESCC tumors and their paired non-tumor specimens
was obtained from Linzhou Cancer Hospital. The
clinicopathological summaries were collected between
2001 and 2005.
The ESCC tissue microarray (TMA) was constructed
as previously described [32]. For IHC analysis, all slides
were deparaffinized and rehydrated, and endogenous
peroxidase activity was blocked with 3% hydrogen
peroxide for 20 min. Antigen retrieval was performed by
heating the slides in a microwave oven for 10 min in 10
mmol/L sodium citrate buffer (pH 6.0). The slides were
then incubated with goat anti-human uPA polyclonal
antibody (R&D system) at 4 °C overnight. Subsequently,
the slides were incubated with biotinylated donkey
anti-goat immunoglobulin for 30 min at 37 °C. Isotopematched human IgG was used in each case as a negative
control. Finally, the 3, 30-diaminobenzidine (DAB)
substrate Kit (Dako Ltd.) was used for color development
followed by Mayer’s hematoxylin counterstaining.
The uPA immunoreactivities of the tumor nests and
stroma were assessed separately. When five or more uPA

CAFs and their matched NFs were seeded into
6-well plates at a density of 2 × 106 per well and grown
in serum-free DMEM for 48 h. Culture medium was then
collected from each well and centrifuged at 2,000 g for
5 min. The supernatant was collected as conditioned
medium (CM) for antibody array and further studies.

Antibody array
Antibody array (human L507 array, glass slide,
RayBiotech) was performed according to manufacturer’s
protocol. Samples were biotin-labeled and stored at -80 °C
before the assay. A glass chip was placed in laminar flow
hood to dry for 1–2 h. Blocking-buffer was added into each
well and incubated at room temperature (RT) for 30 min.
Equal volumes of biotin-labeled CM samples from four CAFs
(or their paired NFs) were pooled together, and 400 µL of
diluted samples was added into wells. Arrays were incubated
with gentle shaking overnight at 4 °C and then washed
briefly; 400 µL of Cy3-conjugated streptavidin was added to
each sub-array and incubated at RT for 2 h. The slides were
www.impactjournals.com/oncotarget
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Immunofluorescence

positive cells were observed in a 200× microscopy field,
it was defined as uPA-positive in ESCC stroma. Scoring
of uPA in tumor tissues was performed as follows: (a)
proportion of positively stained cells (0, <5%; 1, 6%–
25%; 2, 26%–50%; 3, 51%–75%; 4, >75%) and (b) the
intensity of staining (0, negative staining; 1, mild staining;
2, moderate staining; 3, strong staining). Scores were
measured as a × b; 0 points were defined as negative, 1–3
points were defined as weakly positive, 4–7 points were
defined as moderately positive, and 8–12 points were
defined as strongly positive. Upon analysis, 0–3 points
were considered as uPA-negative and low expression
level, and 4–12 points were considered as moderate and
high expression level. None of the patients received
preoperative chemotherapy and radiotherapy. All clinical
samples used in our investigation were approved by the
committees for ethical review of research involving human
subjects at Zhengzhou University (Zhengzhou, China) and
Jinan University.
IHC of mice tumor tissues was performed according
to published methods [33]. Ki67 (Sigma-Aldrich), p-AKT
and p-ERK (Cell Signaling Technology) positive cells
were counted at five arbitrarily selected fields from each
tumor at 200x magnification.

For double-labeling immunofluorescence, paraffin
block sections of ESCC were incubated with a mouse
antibody against vimentin and a goat antibody against
uPA simultaneously at 4 °C overnight. After brief
washing, slides were incubated with Alexa Fluor 594
conjugated donkey anti-goat (Invitrogen) and Alexa
Fluor 488 conjugated donkey anti-mouse (Invitrogen)
secondary antibodies at RT for 1 h. After brief washing,
slides were counterstained with DAPI in anti-fade
solution.

Cell migration and invasion assays
In migration and invasion assays, EC109
and KYSE30 cells were starved, acid-washed, and
neutralized as described above. In addition, 5×104
cells were suspended in serum-free medium DMEM
and plated in the upper compartment of each chamber
(BD Biosciences). For invasion assay, the upper
compartments of the chamber were coated with matrigel.
The lower compartments were filled with 20% FBS
DMEM. After 6 h, cells were treated, and after 36 h of
incubation, plates were fixed, stained, and counted under
a microscope. Three independent experiments were
performed in triplicates.

Immunocytochemistry
For immunocytochemistry, CAFs and NFs were
seeded into a 96-well plate and cultured in DMEM
medium with 10% FBS until 80% confluence. Cells were
fixed with 4% paraformaldehyde for 20 min, and the
endogenous peroxidase activity was blocked. Antigen
retrieval, antibody incubation, and color development
were performed as described in the IHC protocol. Mouse
antibody against vimentin was purchased from BD
Pharmingen.

Western blot analysis
Western blot analysis was performed as previously
described [34]. Densitometry was performed using
Quantity One analysis software (Bio-Rad Laboratories).
Three independent experiments were performed. The
following antibodies were used: β-actin (Sigma-Aldrich),
PI3K, AKT, GSK3β, ERK, phospho-PI3K, phospho-AKT,
phospho-GSK3β, and phospho-ERK (Cell Signaling
Technology).

Cell proliferation assay

In vivo mouse model

EC109 and KYSE30 cells were starved for 24 h
with serum-free DMEM medium, acid-washed (50 mM
glycine-HCl, 100 mM NaCl, pH 3.0) for 3 min to remove
bound endogenous uPA, and then neutralized (0.5 M
HEPES, 0.1 M NaCl, pH 7.5) for 10 min. The effect of
uPA on cell proliferation was evaluated by seeding 3×103
cells per well in 96-well plates. After 6 h, cells were
treated with 20 ng/ml uPA or CM for 48 h. Proliferation
rate was determined by WST-8 2-(2-methoxy4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)2H-(tetrazolium) assay using a cell counting kit8 (Dojindo Molecular Technologies) according to
manufacturer’s protocol. Three independent experiments
were conducted.
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The in vivo function of uPA was investigated
by tumor xenograft experiment. Approximately 2×106
KYSE30 cells were injected subcutaneously into the
right hind legs of 4-week-old nude mice. When tumors
grew up to 100 mm3, mice were randomized into anti-uPA
antibody (0.3 mg/kg) and control IgG (0.3 mg/kg) groups.
Antibodies were injected intra-tumor every 3 days. Tumor
growth in nude mice was monitored over a 4-week period.
The tumor volume was calculated by the formula V =
0.5 × L × W2 [35]. Animal experiments were performed
in compliance with the guidelines for the Welfare of
Experimental Animals in Sun Yat-Sen University.
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Statistical analysis

Administrative, technical, or material support (i.e.,
reporting or organizing data, constructing databases):
Changjun Nie, Ying Zhao, Xuan Tan, Yan Li, Hailong
Wang, Xin-Yuan Guan
Study supervision: An Hong, Xin-Yuan Guan

Statistical analysis was performed using SPSS19.0
and GraphPad Prism 5 software. Data are expressed as
mean ± SD from at least three independent experiments.
Significance was analyzed by Student’s t-test (twotailed). The correlation between uPA expression and
clinicopathologic characteristics was analyzed using
Fisher’s exact test. Survival curves were assessed by the
Kaplan–Meier method and compared by the log-rank test.
Differences were considered significant at p<0.05.*, p
<0.05; **, p < 0.01; ***, p <0.001.

REFERENCES
1. Tetreault MP. Esophageal Cancer: Insights From Mouse
Models. Cancer growth and metastasis. 2015; 8:37-46.
2. Hale MD, Hayden JD, Grabsch HI. Tumourmicroenvironment interactions: role of tumour stroma
and proteins produced by cancer-associated fibroblasts
in chemotherapy response. Cellular oncology. 2013;
36:95-112.

ACKNOWLEDGMENTS
The authors thank Yuying Zhou and Shujun Guo
(Institute of Biomedicine Jinan University) for guidance
of instrument usage.

3. Leyva-Illades D, McMillin M, Quinn M, Demorrow S.
Cholangiocarcinoma pathogenesis: Role of the tumor
microenvironment. Translational gastrointestinal cancer.
2012; 1:71-80.

CONFLICTS OF INTEREST

4. Sounni NE, Noel A. Targeting the tumor microenvironment
for cancer therapy. Clinical chemistry. 2013; 59:85-93.

The authors declare no potential conflicts of interest.

5. Tsuzuki S, Ota H, Hayama M, Sugiyama A, Akamatsu T,
Kawasaki S. Proliferation of alpha-smooth muscle actincontaining stromal cells (myofibroblasts) in the lamina
propria subjacent to intraepithelial carcinoma of the
esophagus. Scandinavian journal of gastroenterology. 2001;
36:86-91.

FUNDING
This work was supported by grants from the
National Natural Science Foundation of China (grants
81472337, 81473131, 81372583, 81360365), the National
Key Basic Research Program of China (973 Program)
(grant 2015CB553706), Science & Technology Program
of Guangdong province (grant 2016A020217012), and
Science & Technology Program of Guangzhou (grant
2016201604030039).
The costs of publication of this article were defrayed
in part by the payment of page charges. This article must
therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

6. Kalluri R, Zeisberg M. Fibroblasts in cancer. Nature
Reviews Cancer. 2006; 6:392-401.
7. Zhang C, Fu L, Fu J, Hu L, Yang H, Rong TH, Li Y,
Liu H, Fu SB, Zeng YX, Guan XY. Fibroblast growth
factor receptor 2-positive fibroblasts provide a suitable
microenvironment for tumor development and progression
in esophageal carcinoma. Clinical cancer research. 2009;
15:4017-4027.
8. Noma K, Smalley KSM, Lioni M, Naomoto Y, Tanaka
N, El-Deiry W, King AJ, Nakagawa H, Herlyn M. The
essential role of fibroblasts in esophageal squamous cell
carcinoma-induced angiogenesis. Gastroenterology. 2008;
134:1981-1993.

Author contributions
Conception and design: Baoqing Tian, Xiaojia
Chen, Huihua Zhang, An Hong, Xin-Yuan Guan
Development of methodology: Baoqing Tian,
Xiaojia Chen, Huihua Zhang
Acquisition of data (provided animals acquired and
managed patients, provided facilities, etc.): Baoqing Tian,
Xiaojia Chen, Huihua Zhang, Xiaoyan Li, Jiakang Wang,
Wei Han, Xuan Tan
Analysis and interpretation of data (e.g., statistical
analysis, biostatistics, computational analysis): Baoqing
Tian, Xiaojia Chen, Huihua Zhang, Li Fu, Li-Yi Zhang,
An Hong, Xin-Yuan Guan
Writing, review, and/or revision of the
manuscript: Baoqing Tian, Xiaojia Chen, Huihua Zhang,
Li Fu, An Hong, Xin-Yuan Guan

www.impactjournals.com/oncotarget

9. Shekhar MPV, Pauley R, Heppner G. Host
microenvironment in breast cancer development Extracellular matrix-stromal cell contribution to neoplastic
phenotype of epithelial cells in the breast. Breast Cancer
Research. 2003; 5:130-135.
10. Mekkawy AH, Pourgholami MH, Morris DL. Involvement
of Urokinase-Type Plasminogen Activator System in
Cancer: An Overview. Medicinal research reviews. 2014;
34:918-956.
11. Ellis V, Scully MF, Kakkar VV. Plasminogen activation
initiated by single-chain urokinase-type plasminogen
activator. Potentiation by U937 monocytes. The Journal of
biological chemistry. 1989; 264:2185-2188.

42311

Oncotarget

12. Jo M, Lester RD, Montel V, Eastman B, Takimoto S, Gonias
SL. Reversibility of Epithelial-Mesenchymal Transition
(EMT) Induced in Breast Cancer Cells by Activation of
Urokinase Receptor-dependent Cell Signaling. Journal of
Biological Chemistry. 2009; 284:22825-22833.

22. Saadi A, Shannon NB, Lao-Sirieix P, O’Donovan M, Walker
E, Clemons NJ, Hardwick JS, Zhang C, Das M, Save V,
Novelli M, Balkwill F, Fitzgerald RC. Stromal genes
discriminate preinvasive from invasive disease, predict
outcome, and highlight inflammatory pathways in digestive
cancers. Proceedings of the National Academy of Sciences
of the United States of America. 2010; 107:2177-2182.

13. Luporsi E, Bellocq JP, Barriere J, Bonastre J, Chetritt
J, Le Corroller AG, de Cremoux P, Fina F, Gauchez AS,
Lamy PJ, Martin PM, Mazouni C, Peyrat JP, et al. uPA/
PAI-1, Oncotype DX (TM), MammaPrint (R). Prognosis
and predictive values for clinical utility in breast cancer
management. B Cancer. 2015; 102:719-729.

23. Underwood TJ, Hayden AL, Derouet M, Garcia E, Noble
F, White MJ, Thirdborough S, Mead A, Clemons N,
Mellone M, Uzoho C, Primrose JN, Blaydes JP, Thomas
GJ. Cancer-associated fibroblasts predict poor outcome
and promote periostin-dependent invasion in oesophageal
adenocarcinoma. The Journal of pathology. 2015;
235:466-477.

14. Tang J, Wang JG, Fan L, Li XX, Liu N, Luo WX, Wang JH,
Wang YF, Wang Y. cRGD inhibits vasculogenic mimicry
formation by down-regulating uPA expression and reducing
EMT in ovarian cancer. Oncotarget. 2016; 7:24050-24062.
doi: 10.18632/oncotarget.8079.

24. Ozawa D, Yokobori T, Sohda M, Sakai M, Hara K, Honjo
H, Kato H, Miyazaki T, Kuwano H. TGFBI Expression in
Cancer Stromal Cells is Associated with Poor Prognosis and
Hematogenous Recurrence in Esophageal Squamous Cell
Carcinoma. Annals of surgical oncology. 2016; 23:282-289.

15. Zhao W, Wang X, Qu B, Huang X, Wang H. Clinical
significance of plasma tissue factor pathway and urokinasetype plasminogen activator system in cancer patients.
Chinese medical journal. 2002; 115:702-704.

25. Rasanen K, Vaheri A. Activation of fibroblasts in cancer
stroma. Experimental cell research. 2010; 316:2713-2722.

16. Hewin DF, Savage PB, Alderson D, Vipond MN.
Plasminogen activators in oesophageal carcinoma. The
British journal of surgery. 1996; 83:1152-1155.

26. Zhang J, Liu JS. Tumor stroma as targets for cancer therapy.
Pharmacol Therapeut. 2013; 137:200-215.

17. Sier CF, Verspaget HW, Griffioen G, Ganesh S,
Vloedgraven HJ, Lamers CB. Plasminogen activators in
normal tissue and carcinomas of the human oesophagus and
stomach. Gut. 1993; 34:80-85.

27. Pyke C, Kristensen P, Ralfkiaer E, Grondahl-Hansen
J, Eriksen J, Blasi F, Dano K. Urokinase-type
plasminogen activator is expressed in stromal cells and
its receptor in cancer cells at invasive foci in human colon
adenocarcinomas. The American journal of pathology.
1991; 138:1059-1067.

18. Shiomi H, Eguchi Y, Tani T, Kodama M, Hattori T. Cellular
distribution and clinical value of urokinase-type plasminogen
activator, its receptor, and plasminogen activator inhibitor-2
in esophageal squamous cell carcinoma. The American
journal of pathology. 2000; 156:567-575.

28. Nguyen DH, Hussaini IM, Gonias SL. Binding of
urokinase-type plasminogen activator to its receptor in
MCF-7 cells activates extracellular signal-regulated kinase
1 and 2 which is required for increased cellular motility.
The Journal of biological chemistry. 1998; 273:8502-8507.

19. Okawa T, Michaylira CZ, Kalabis J, Stairs DB, Nakagawa
H, Andl CD, Johnstone CN, Klein-Szanto AJ, El-Deiry
WS, Cukierman E, Herlyn M, Rustgi AK. The functional
interplay between EGFR overexpression, hTERT
activation, and p53 mutation in esophageal epithelial
cells with activation of stromal fibroblasts induces tumor
development, invasion, and differentiation. Genes Dev.
2007; 21:2788-2803.

29. Galaria, II, Nicholl SM, Roztocil E, Davies MG. Urokinaseinduced smooth muscle cell migration requires PI3-K and
Akt activation. The Journal of surgical research. 2005;
127:46-52.
30. Chandrasekar N, Mohanam S, Gujrati M, Olivero WC, Dinh
DH, Rao JS. Downregulation of uPA inhibits migration and
PI3k/Akt signaling in glioblastoma cells. Oncogene. 2003;
22:392-400.

20. Grugan KD, Miller CG, Yao Y, Michaylira CZ, Ohashi S,
Klein-Szanto AJ, Diehl JA, Herlyn M, Han M, Nakagawa
H, Rustgi AK. Fibroblast-secreted hepatocyte growth
factor plays a functional role in esophageal squamous cell
carcinoma invasion. Proceedings of the National Academy
of Sciences of the United States of America. 2010;
107:11026-11031.

31. Tan Xuan WJ, Han Wei, Zhang Huihua, Guang Wenhua,
Zhang Hang, Mai Disi, Chen Xiaojia. Isolating and
identifying the primary cancer associated fibroblasts of
esophageal squamous cell carcinoma. Chinese journal of
Histochemistry and Cytochemistry. 2015; 2.

21. Rahman FB, Kadowaki Y, Ishihara S, Tobita H, Imaoka
H, Fukuhara H, Aziz MM, Furuta K, Amano Y, Kinoshita
Y. Fibroblast-derived HB-EGF promotes Cdx2 expression
in esophageal squamous cells. Laboratory investigation;
a journal of technical methods and pathology. 2010;
90:1033-1048.

www.impactjournals.com/oncotarget

32. Xie D, Sham JS, Zeng WF, Lin HL, Che LH, Wu HX, Wen
JM, Fang Y, Hu L, Guan XY. Heterogeneous expression and
association of beta-catenin, p16 and c-myc in multistage
colorectal tumorigenesis and progression detected by
tissue microarray. International journal of cancer. 2003;
107:896-902.

42312

Oncotarget

33. Zhu YH, Fu L, Chen L, Qin YR, Liu H, Xie F, Zeng T, Dong
SS, Li J, Li Y, Dai Y, Xie D, Guan XY. Downregulation
of the novel tumor suppressor DIRAS1 predicts poor
prognosis in esophageal squamous cell carcinoma. Cancer
research. 2013; 73:2298-2309.

expression and cell cycle arrest. Oncogene. 2008;
27:1894-1904.
35. Qin YR, Tang H, Xie F, Liu H, Zhu Y, Ai J, Chen L, Li
Y, Kwong DL, Fu L, Guan XY. Characterization of tumorsuppressive function of SOX6 in human esophageal
squamous cell carcinoma. Clinical cancer research. 2011;
17:46-55.

34. Wang X, Pan L, Feng Y, Wang Y, Han Q, Han L, Han S,
Guo J, Huang B, Lu J. P300 plays a role in p16(INK4a)

www.impactjournals.com/oncotarget

42313

Oncotarget

