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Recent evidence suggested that nonirradiated cancer-associated fibroblasts (CAFs) promoted aggressive
phenotypes of cancer cells through epithelial-mesenchymal transition (EMT). Hepatoma-derived growth
factor (HDGF) is a radiosensitive gene of esophageal squamous cell carcinoma (ESCC). This study aimed to
investigate the effect of irradiated fibroblasts on EMT and HDGF expression of ESCC. Our study

Keywords: demonstrated that coculture with nonirradiated fibroblasts significantly increased the invasive ability of
lFl,Lad';lnot“ ESCC cells and the increased invasiveness was further accelerated when they were cocultured with
1broblasts

irradiated fibroblasts. Scattering of ESCC cells was also accelerated by the supernatant from irradiated
fibroblasts. Exposure of ESCC cells to supernatant from irradiated fibroblasts resulted in decreased E-
cadherin, increased vimentin in vitro and B-catenin was demonstrated to localize to the nucleus in tumor
cells with irradiated fibroblasts in vivo models. The expression of HDGF and B-catenin were increased in
both fibroblasts and ESCC cells of irradiated group in vitro and in vivo models. Interestingly, the tumor
cells adjoining the stromal fibroblasts displayed strong nuclear HDGF immunoreactivity, which sug-
gested the occurrence of a paracrine effect of fibroblasts on HDGF expression. These data suggested that

Epithelial-mesenchymal transition
Esophageal squamous cell carcinoma
Hepatoma-derived growth factor

irradiated fibroblasts promoted invasion, growth, EMT and HDGF expression of ESCC.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Radiotherapy is a primary treatment of ESCC and the 5-year
survival rate of it has still remained to be less than 20% [1].
Recently, several studies suggested that the presence of activated
CAFs was associated with an unfavorable outcome [2], local
recurrence after definitive chemoradiation for ESCC [3]. The classic
paradigm of radiation as a cancer initiator is broadened by studies
showing that radiation also influences cancer processes through
promoting effects on the stromal microenvironment that are
mediated by radiation [4]. These data suggest that targeting stro-
mal fibroblasts may be an attractive approach for ESCC therapy
strategies and the precisely mechanism still need to be explored.
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Recently, HDGF, an acidic polypeptide with mitogenic activity
for fibroblasts and a negative prognostic marker for survival in
cancer progression [5], has attracted much attention and been
proved to be involved in the regulation of a myriad of cancer cell
activities during cancer transformation, apoptosis, angiogenesis
and metastasis. HDGF played an important role in radiosensitivity
and correlated with tumor recurrence of ESCC [6,7]. CAFs have been
linked to a number of prometastatic capabilities, including induc-
tion of EMT [8], which endows cells with migratory and invasive
properties and induces stem cell properties [9]. Subsequently, in-
teractions between cancer cells and surrounding stromal fibro-
blasts have been suggested to play a critical role in tumor invasion
and metastasis through EMT [10—14]. Previous reports have shown
that y-ray irradiation to fibroblasts are involved in carcinogenesis
and invasive growth of cancer cells that are not exposed to irradi-
ation [15—20]. However, to our knowledge, it's absent whether X-
ray irradiation to stromal fibroblasts could facilitate ESCC invasion
and metastasis through EMT.


Delta:1_-
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:qlcyf1965@126.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2015.02.001&domain=pdf
www.sciencedirect.com/science/journal/0006291X
www.elsevier.com/locate/ybbrc
http://dx.doi.org/10.1016/j.bbrc.2015.02.001
http://dx.doi.org/10.1016/j.bbrc.2015.02.001
http://dx.doi.org/10.1016/j.bbrc.2015.02.001

442 C.-H. Bao et al. / Biochemical and Biophysical Research Communications 458 (2015) 441—447

In the present study, we used X-ray source to irradiate fibro-
blasts and then investigated the proactive influence of irradiated
CAFs on their ESCC cells counterparts and further identified the role
of the HDGF and EMT program in this pathological process. The
increasing knowledge of the relationship between fibroblasts and
response to irradiation could help developing innovative strategies
for potentially improve antitumor effect of radiotherapy.

2. Materials and methods
2.1. Culture of ESCC cell lines and antibodies

Two established human ESCC cell lines (Eca1l09 and Eca9706)
were used for this study. Both of the two cell lines were cultured in
DMEM (Hyclone) supplemented with 10% fetal bovine serum (FBS),
100 U/ml penicillin G and streptomycin in a 37 °C incubator with
humidified atmosphere and 5% CO,.

Antibodies used were anti-HDGF mouse monoclonal antibody,
anti-a-smooth muscle actin(a-SMA) rabbit polyclonal antibody,
anti-B-catenin rabbit polyclonal antibody (Proteintech Group, Inc.,
Chicago, USA), anti-fibronectin goat polyclonal antibody, anti-f-
actin mouse monoclonal antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), anti-vimentin mouse monoclonal antibody (Boster
Biologicals, China) and anti-E-cadherin monoclonal antibody
(Novus Biologicals, USA).

2.2. Isolation and culture of fibroblasts

Primary ESCC tissues and normal fibroblasts (NFs) derived from
primary prepuce were collected at the time of surgical resection at
the Qilu Hospital of Shandong University (QLHSDU; Jinan, China).
The two cancer patients (both male, >50 years old, poorly differ-
entiated ESCC with lymphatic vessel invasion and lymphatic
metastasis) have not received adjuvant therapy before surgery.
Specimens used in this study were approved by the Ethics Com-
mittee of QLHSDU and written consent was obtained from
participants.

The tissue specimens were divided into two parts for histo-
pathological diagnosis and isolation of fibroblasts. CAFs were iso-
lated from primary ESCC as described previously [21]. The fresh
tissues were sliced and digested with 0.1% collagenase type IV
(Sigma) at 37 °C for 30 min. Then the cells were collected and
cultured in 75 cm? culture flask in 12 ml DMEM (Hyclone, USA)
supplemented with 20% FBS, 100 U/ml penicillin G and strepto-
mycin at 37 °C with humidified 90% air and 10% CO, until cells grew
into a confluent monolayer. The method of isolating NFs was
similar to CAFs.

2.3. Immunofluorescence cell staining

Cells were grown on gelatin-coated coverslips for 24 h and then
fixed in 4% paraformaldehyde at room temperature for 20 min. Cells
were incubated with 5% BSA (Sigma) solution at 37 °C for 30 min to
block nonspecific interactions and stained with primary antibodies
targeting fibronectin at 4 °C overnight. After several washes in PBS,
cells were incubated with optimal concentrations of FITC-labelled
rabbit anti-goat IgG (H + L) secondary antibody (Zhong-
shanGoldenbridge Biological Technology, Beijing, China) at room
temperature for 1 h. Anti-fade DAPI solution was added and images
were obtained (Olympus BX53, Tokyo, Japan).

2.4. Radiation

Cells were irradiated with different doses at room temperature
using X-rays source (6 MV; Varian 23 EX; Varian, Ltd., USA) with a

delivering rate of 400 cGy/min. Fibroblasts were seeded at a density
of 1.5 x 108 cells in 10-cm dishes and irradiated. Nonirradiated
controls were removed from the cell culture incubator for the same
period as irradiated samples. To prepare conditioned medium of
cultured CAFs (CAF-CM) for ESCC cell treatments, stromal fibro-
blasts isolated from two tissue specimens were mixed and cultured
for 48 h, then collected and centrifuged for 30 min at 1500 r.p.m. to
remove cell debris.

2.5. Invasion assay

Invasion of ESCC cells was measured by the number of cells
invading through matrigel-coated transwell inserts (BD Biosci-
ence). Briefly, transwell inserts (Corning) with 8-um pores were
coated with matrigel (matrigell DMEM = 8:1; 60 pl/well; BD
Bioscience). Fibroblasts were initially seeded on a 24-well plate at a
density of 2—5 x 10%/well and cultured in DMEM supplemented
with 10% FBS for 24 h. These fibroblasts were then irradiated at 4 or
8 Gy, and the medium was immediately replaced with 600 pul of
fresh medium. Cancer cells were seeded at a density of 1 x 10°/well
in the upper chambers with 250 pl of DMEM supplemented
without FBS. After 24 h of incubation, cells that had invaded to
lower surface of the matrigel-coated membrane were fixed with
methanol, stained with 0.1% crystal violet, and counted in five
randomly selected fields under a light microscope (Olympus BX51,
Tokyo, Japan).

2.6. Scattering assay

ESCC cells were plated at a density of 1500 cells/well in DMEM
containing 10% FBS into 6-well plates. After cultivation for 7 days,
cells were stimulated by CM of irradiated and nonirradiated fi-
broblasts. Scattering of cells was evaluated under a phase-contrast
microscope (Olympus BX51) at 24 h after stimulation.

2.7. Western blotting

ESCC cells were cultured with supernatant of irradiated or
nonirradiated fibroblasts for the indicated hours. Proteins expres-
sion of fibroblasts was also detected using western blotting. Protein
extraction and western blotting were conducted as described pre-
viously [22]. Specific antigen—antibody interactions were detected
with enhanced chemiluminescence (Image Quant LAS 4000mini).

2.8. In vivo model

ESCC cells (Eca-109, 1.2 x 10% Eca-9706, 1.5 x 10°) and
0.5 x 10° 4Gy- or non-irradiated fibroblasts were mixed well and
implanted subcutaneously into the right flank of 4—5 week-old fe-
male nude mice (BALB/c nu/nu; Beijing HFK Bio-Technology.co., LTD,
China). Six mice were used in each group. Tumor size was measured
every 3 days with the use of a caliper. The tumor volume was
calculated according to the formula volume = (length x width?)/2.
Tumors were excised and weighted after 24 days and then fixed in
4% paraformaldehyde for 24 h and embedded in paraffin according
to standard histological procedures. All animal studies were
approved by the Ethics Committee of QLHSDU and conducted in
compliance with UKCCCR guidelines.

2.9. Immunohistochemistry

Tissue sections were deparaffinized in xylene and rehydrated in
graded alcohols and distilled water. Slides were processed for an-
tigen retrieval by a standard microwave heating technique. Speci-
mens were incubated with anti-HDGF or anti-B-catenin antibodies
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(1:100 dilution). The immunoreactions were visualized with dia-
minobenzidine as a chromogen and counterstained with hema-
toxylin. The slides were washed in tap water, dehydrated in alcohol,
and mounted (Olympus BX53). Stained sections were evaluated in a
blinded manner without prior knowledge of the clinical informa-
tion. Nuclear and cytoplasmic HDGF expression was independently
evaluated. Tumor cells showing nuclear staining that was equal to
or stronger than the staining intensity in endothelial cells were
considered nuclear positive. The same process was followed for
cytoplasmic staining. Cases with >90% of tumor cells showing nu-
clear positive staining and >90% of tumor cells showing cyto-
plasmic positive staining were categorized as level 1 HDGF staining,
and the remaining cases as level 0 HDGF staining [7].

2.10. Statistical analysis

All data were shown as mean + SD. Comparisons between three
or more groups were done by one-way ANOVA and by the Student's
t test for comparison between two groups. Differences with P value
<0.05 were considered statistically significant.

3. Results
3.1. Isolation, characterization and purity of fibroblasts
To characterize stromal fibroblasts in the microenvironment of

ESCC, we isolated and cultured stromal fibroblasts from primary
ESCC tissues. In the primary ESCC tissues, we observed that stromal

fibroblasts surrounding cancer cells highly expressed activated
fibroblast marker a-SMA, present characteristics of CAFs (Fig. 1A).
The stromal cells separated from primary ESCC tissues were het-
erogeneous mixture of a variety of cells in the primary culture, with
fibroblasts being the main component. After culturing for 30 min at
37 °C, unadherent cells (mainly tumor cells) were removed to
obtain pure fibroblasts because the adhesion time needed for fi-
broblasts is much shorter (~20—30 min) than that for tumor cells
(usually >1 h) [21]. After 2—3 passages, uniform fibroblasts started
to grow (Fig. 1B). To confirm that CAFs were pure fibroblasts
without other cells contamination, the fibroblast marker fibro-
nectin was used to distinguish fibroblasts from ESCC cells (Fig. 1C)
[21]. The primary cultured stromal fibroblasts were detected by
western blotting and expressed a-SMA highly but did not express
E-cadherin, presenting characteristics of CAFs. These results indi-
cated that the isolated and cultured fibroblasts in vitro from ESCC
tissues maintained the features of CAFs. All the fibroblasts used in
the experiments were at less than 10 passages and showed spindle-
like morphology (Fig. 1B). E-cadherin was not expressed in any fi-
broblasts after 3 passages, which indicated that the fibroblasts at
low passages cultured in vitro retained the features of fibroblasts.

3.2. The supernatant from irradiated fibroblasts promotes
scattering of ESCC cells

Because the scattering of epithelial colonies possesses charac-
teristics of EMT, such as the loss of epithelial cell—cell junctions and
the acquisition of a motile mesenchymal cell phenotype, the scatter

1 2 3
Samples NFs CAFs

Fig. 1. Stromal fibroblasts isolated from patients exhibit characteristics of CAFs. (A) Stromal fibroblasts surrounding cancer cells highly expressed activated fibroblast marker a-SMA,
present characteristics of CAFs (original magnification, 100 x ). (B) Representative cell morphology of CAFs. (C) CAFs expressed fibroblast marker fibronectin (original magnification,
200 x ). (D) All the primary cultured stromal fibroblasts expressed a-SMA highly but did not express E-cadherin, presenting characteristics of CAFs.
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assay has been used for studying EMT and for detecting factors able
to induce migratory behavior of cells [23]. We then examined the
effect of the supernatant derived from irradiated fibroblasts on cell
scattering. Exposure to the supernatant from irradiated fibroblasts
accelerated the scattering of ESCC cells in a dose-dependent
manner (Fig. 2A).

3.3. Irradiated fibroblasts enhanced invasiveness of ESCC cells

Using in vitro invasion assay, we examined the invasiveness of
ESCC cells (Eca-109 and Eca-9706) cocultured with non-, 4Gy- and
8Gy-irradiated fibroblasts (NFs and CAFs). Only a small number of
ESCC cells invaded through matrigel when they were cultured
alone, whereas coculture with fibroblasts increased the invasive
ability of ESCC cells, which is consistent with previous data in other
cancer cells [20,24]. Surprisingly, coculture with fibroblasts after
irradiation further enhanced the invasiveness of ESCC cells in a
dose-dependent manner. Moreover, coculture with irradiated CAFs
(at 4 and 8 Gy) compared with NFs showed significantly larger
number of invading cells compared with coculture with nonirra-
diated counterparts in all two ESCC cell lines tested (Fig. 2B—D).

3.4. Irradiated fibroblasts promote EMT of ESCC cells in vitro and
in vivo

To determine whether the effect of irradiated fibroblasts on cell
migration and invasion was associated with EMT, expressions of E-
cadherin (epithelial marker), vimentin (mesenchymal marker) and
B-catenin were compared between irradiated fibroblasts-CM and
control-CM cultured ESCC cells at the 24hr time point by western
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blotting (Fig. 3A and B).The results showed that the expression of all
the tested E-cadherin was significantly downregulated, whereas
vimentin was slightly upregulated and highly expression in former
irradiated groups in a dose-dependent manner. The expression of
all the tested B-catenin was upregulated in ESCC cells with irradi-
ated fibroblasts in vitro and in vivo. Remarkably, enhanced B-cat-
enin was demonstrated to localize to the nucleus in tumors with
irradiated fibroblasts in vivo (Fig. 3C).

3.5. Irradiation enhanced HDGF expression in both ESCC cells and
fibroblasts in vitro and in vivo

Irradiated fibroblasts promoted tumor growth of ESCC cells,
especially in Eca-9706 groups (Fig. 4A). The expression of all the
tested HDGF was upregulated in irradiated fibroblasts and homol-
ogous ESCC cells in a dose-dependent manner (Fig. 4B and C).
Because 4Gy-irradiated NFs CM cultured ESCC cells represented
most enhanced invasiveness and showed significantly larger vari-
ation of proteins expression compared with non-irradiated con-
trols. Thus, ESCC cells admixed with either 4Gy- or non-irradated
NFs were inoculated subcutaneously into the right flank of 4—5
week-old female nude mice. As shown in Fig. 4D, clearly enhanced
expression of HDGF was found in tumors with irradiated NFs as
compared with controls. Moreover, seven (58.3%, Eca-109, 4/6; Eca-
9706, 3/6) tumor tissues of mice of irradiated group showed HDGF
level 1 staining, while one (8.3%, Eca-109, 1/6; Eca-9706, 0/6) of
nonirradiated group showed HDGF level 1 staining. The tumor cells
adjoining the stromal fibroblasts displayed strong HDGF immuno-
reactivity, whereas those tumor cells residing in the central part of
tumor region expressed a relatively low level of HDGF, which
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Fig. 2. Irradiated fibroblasts enhanced invasiveness and scattering of ESCC cells. (A) Scattering of Eca-109 before and after exposure to the supernatant from nonirradiated (0 Gy) or
irradiated CAFs at 4 or 8 Gy. (B) Photomicrographs of in vitro invasion assay in Eca-109 cocultured with non- 4Gy- or 8Gy-irradiated CAFs (Scale bar = 200 um). Invasive potential of
two ESCC cell lines (Eca-109 and Eca-9706) cocultured with irradiated CAFs (C) and NFs (D). Each value represents the mean + SD (n = 4) of triplicate measurements. *P < 0.01,

**P < 0.05, ***P < 0.001.
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Fig. 3. Irradiated fibroblasts promote EMT of ESCC cells. (A) Exposure of ESCC cells to supernatant from irradiated CAFs resulted in decreased E-cadherin, increased B-catenin
in vitro. (B) Immunoblot analysis of E-cadherin and B-catenin expression in ESCC cells at 24 h after exposure to the conditioned medium (CM) from either nonirradiated or irradiated
CAFs or NFs. All the value in bar graph represents a band intensity of E-cadherin and B-catenin (means + SD of three independent experiments) relative to the intensity at
nonirradiated control after normalization by the corresponding B-actin expression. *P < 0.05, **P < 0.01, ***P < 0.001. (C) B-catenin was demonstrated to localize to the nucleus in

tumor cells with irradiated fibroblasts in vivo models.

suggested the occurrence of a paracrine effect of NFs on HDGF
expression. Taken together, the data showed that irradiation
enhanced HDGF expression in both ESCC cells and fibroblasts
in vitro and in vivo.

4. Discussion

Isolation of stromal fibroblasts from poorly differentiated ESCC
tissues followed by low-passaged cultures in vitro is the main
approach to investigate the biological characteristics of nonirradi-
ated or irradiated CAFs and their effects on tumor cells [16—18,25].
Fibronectin and a-SMA are commonly used as myofibroblast for-
mation to identify CAFs of ESCC [2,3,21]. Evidence has shown that
stromal fibroblasts isolated from cancer tissues such as breast
cancer [13] retain the characteristics of CAFs, with high levels of a-
SMA expression. As poorly differentiated ESCC has high malignant
potential, we isolated and cultured fibroblasts from those special
patients, and conformed that the fibroblasts expressed high levels
of a-SMA, which is a typical characteristic of CAFs. Moreover, CAFs
at low passages cultured in vitro retained their original features,
which was consistent with the Yu's report [13].

Numerous studies suggested that CAFs could promote tumor
invasion and metastasis through EMT [10—14]. Moreover, several
reports indicated that radiation to fibroblasts could promote cancer
cells invasion and metastasis in vivo and in vitro [15—20].0ur study
also showed that irradiated fibroblasts promoted ESCC cells

invasion and scattering abilities (a well-characterized behavior
activated by HGF/c-Met system [16]), which was consistent with
the Patel's report that ionizing radiation enhanced esophageal
epithelial cell migration and invasion through a paracrine mecha-
nism involving stromal-derived HGF [20]. And we speculated that
X-rays source and y-ray had some commen effects in process of
tumor—stromal interactions to some extent. Furthermore, we
found that exposure of ESCC cells to supernatant from irradiated
fibroblasts resulted in decreased E-cadherin, increased vimentin
in vitro and B-catenin was demonstrated to localize to the nucleus
in tumor cells with irradiated fibroblasts in vivo models. As we
known, the most important event of EMT is loss of E-cadherin,
which was demonstrated to be a prerequisite for epithelial tumor
cell invasion. E-cadherin has dual functions in epithelial cells: as
cell—cell adhesion molecule and as negative regulator of the ca-
nonical WNT signaling cascade, in particular of its central mediator
B-catenin [26]. On the contrary, B-catenin activation increases cell
proliferation, directed differentiation and promoted elements of
early EMT, including increased Snail transcription and reduced E-
cadherin expression [27]. Nuclear f-catenin induces a gene
expression pattern favoring tumor invasion, and mounting evi-
dence indicates multiple reciprocal interactions of E-cadherin and
B-catenin with EMT-inducing transcriptional repressors to stabilize
an invasive mesenchymal phenotype of epithelial tumor cells [26].
Recently, Fu L et al. demonstrated that CAFs-secreted Wnt2 could
enhance esophageal cancer cell motility and invasiveness by
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Fig. 4. Irradiated fibroblasts promote HDGF expression of ESCC cells. (A) Tumor growth curves in nude mice after inoculation of ESCC cells with non- or 4Gy-irradiated fibroblasts.
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considered positive.

inducing EMT. The expression of p-catenin and E-cadherin was
significantly downregulated and B-catenin was translocated into
the nucleus [24]. Evidences for EMT were absence of E-cadherin,
increased vimentin, B-catenin nuclear relocalization, increased
migratory capacity, spindle-shape morphology and loss of polarity
and phenotype stable upon removal of inducing stimulus [28]. All
the data suggested that irradiated stromal fibroblasts-induced EMT
might be the common mechanism underlying the acquisition of
metastatic potential in different ESCC subtypes.

HDGF is a new multifunctional protein [29] and involved in
numerous biological processes in fibroblasts and cancer cells [5].
HDGF overexpression promoted EMT in cancer progression [30,31]
and the expression status of HDGF was associated with sensitivity
to X-ray irradiation in both cell lines and clinical ESCC [6]. In our
study, we first found that X-ray irradiation induced enhanced HDGF
expression in fibroblasts and ESCC cells of irradiated group in vitro
and in vivo. HDGF was localized mainly in the nucleus of all the
tumor tissues of 24 nude mice. Moreover, the tumor cells adjoining
the stromal fibroblasts displayed strong HDGF immunoreactivity,
whereas those tumor cells residing in the central part of tumor
region expressed a relatively low level of HDGF, which suggested
the occurrence of a paracrine effect of fibroblasts on HDGF
expression. Besides, ionizing radiation enhances esophageal
epithelial cell migration and invasion through a paracrine mecha-
nism involving stromal-derived HGF [20]. HGF contributed to the
HDGF-associated aggressive behavior of cancer cells [32]. Our study
also showed that irradiated fibroblasts promoted ESCC cells scat-
tering abilities, which was a well-characterized behavior activated
by HGF/c-Met system [16]. All the data suggest that radiation to

fibroblasts can activate ESCC cells with enhanced HDGF, which was
suggested to be a radiosensitive protein of ESCC. In order to make
better use of HDGF in clinical, our further studies will investigate
the effect of enhanced HDGF on ESCC xenografts during radio-
therapy in vivo.

In conclusion, our studies showed that irradiated fibroblasts
promoted malignant tendency of ESCC, such as invasion, growth
and EMT. Meanwhile, it could also enhance HDGF, a radiosensitive
protein, expression of ESCC. These may have important clinical
implications during radiotherapy of ESCC.
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