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Abstract

Purpose: Our study aimed to investigate whether CAF
(cancer-associated fibroblasts) were involved in long noncod-
ing RNAs (lncRNA)-regulated radioresponse in esophageal
squamous cell carcinoma (ESCC).

Experimental Design: By use of lncRNAs PCR array, 38
lncRNAs were screened in esophageal cancer cells and in
normal esophageal epithelial cells Het-1A. LncRNADNM3OS
was detected in tumor tissues of patients with ESCC and in
matched normal esophageal epithelial tissues by qRT-PCR
analysis and in situ hybridization assay. The association of
DNM3OS and tumor radioresistance was investigated in vitro
and in vivo. The influences of DNM3OS on DNA damage
response (DDR) was investigated by Western blotting, immu-
nofluorescence imaging, and comet assay. Themechanisms by
which CAFs promoted DNM3OS expression was investigated
by kinase inhibitors' screening, luciferase assay, and chromatin
immunoprecipitation.

Results: Among the 38 lncRNAs tested, DNM3OS was
found to have a much higher expression level in esophageal
cancer cells than inHet-1A. In tumor tissues of 16patientswith
ESCC, the expression level of DNM3OS showed an average
increase of 6.3429-fold compared with that in matched nor-
mal tissues. DNM3OS conferred significant radioresistance
in vitro and in vivo by regulating DDR. CAFs promoted the
expression ofDNM3OSwith a 39.2554-fold and 38.3163-fold
increase in KYSE-30 and KYSE-140, respectively. CAFs pro-
moted the expression of DNM3OS in a PDGFb/PDGFRb/
FOXO1 signaling pathway–dependent manner. FOXO1, a
transcription factor downstreamof PDGFb/PDGFRb signaling
pathway, initiated the transcription ofDNM3OSby binding to
DNM3OS promoter.

Conclusions: Our study highlighted CAF-promoted
DNM3OS as an attractive target to reverse tumor radioresis-
tance in ESCC.

Introduction
The 5-year survival rate of patients with esophageal squamous

cell carcinoma (ESCC) treated with radiotherapy, one major
curative treatment choice for patients with ESCC, is less than
20% due to radioresistance (1). Accumulating evidences have
suggested that tumor microenvironment, especially its major
component cancer-associated fibroblasts (CAF), were closely
associated with tumor initiation and progression (2, 3). The
complicated interaction between tumor cells and their host
microenvironment has important influences on their biological
behavior. Tumor cells promote the growth and survival of stromal

fibroblasts; in parallel, the microenvironment potentiates the
activation of signaling pathways that are involved in proliferation,
invasion, and survival of tumor cells (4–6). Our previous study
revealed that the cross-talk of esophageal cancer cells and CAFs
induced TGFb1 expression in an autocrine/paracrine signaling
loop, which resulted in the development of chemoresistance (7).
Furthermore, we found CAF-secreted CXCL1 conferred ESCC-
significant radioresistance in vitro and in vivo by regulating DNA
damage response (DDR) in a reactive oxygen species–dependent
manner (8).

Long noncoding RNAs (lncRNA) are a group of transcripts
comprising more than 200 nucleotides and lacking protein-
coding potential (9). LncRNAs exerted their functions through
chromatin modification, transcriptional regulation, and post-
transcriptional regulation. Aberrant expressions of lncRNAs
were associated with human diseases such as cancer (10).
LncRNAs were involved in many cellular biological processes
including cell-cycle progression, apoptosis, and pluripotency of
stem cells. Recent studies showed that lncRNAs were involved
in DDR by sensing DNA damage, transducing damage signals,
repairing damaged DNA, activating cell-cycle checkpoints, and
inducing apoptosis (11). Our study aimed to investigate wheth-
er lncRNAs were involved in DNA damage repair following
irradiation in ESCC and whether CAFs regulated the expres-
sions of those functional lncRNAs in esophageal cancer cells. By
screening lncRNAs PCR array, we found lncRNA DNM3OS
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conferred significant radioresistance by regulating DDR in
ESCC. More importantly, we found CAFs significantly promot-
ed the expression of DNM3OS in esophageal cancer cells by
activating the PDGFb/PDGFbR/FOXO1 signaling pathway.

Materials and Methods
Isolation and culture of CAFs

To isolate stromal CAFs, tumor tissues were obtained with the
permission of patients with ESCC who had not been treated with
any preoperative chemoradiotherapy before esophagectomy. The
use of tumor tissues was in accordance with the guidelines of the
Committees for Ethical Review of Research at Hangzhou Cancer
Hospital (Hangzhou, China). The isolation of CAFs in ESCC was
accomplished according to the method described in our previous
study (8). CAFs were cultured in RPMI1640medium supplemen-
ted with 10% FBS.

Preparation of the conditioned medium
CAFs were seeded into 75-cm2 culture flask. Forty-eight hours

later, when the cells were grown at approximately 80% conflu-
ence, the culture medium was collected and centrifuged at 3,000
rpm at 4�C for 30 minutes. The supernatant was collected as
conditioned medium and kept at �80�C until use. The condi-
tionedmedium fromCAFswas defined as CAFsmedium. Normal
medium was fresh RPMI1640 medium with 10% FBS.

Culture of ESCC cells
The human ESCC cells KYSE-30, KYSE-140, KYSE-150, KYSE-

180, and KYSE-450, as well as normal esophageal epithelial cells
Het-1A were kindly provided by Dr. Xiaonan Sun of Zhejiang
University Medical College, Zhejiang University (Hangzhou, Chi-
na) in2015. The radioresistant esophageal cancer cells KYSE-150R
had been established from the parental KYSE-150 cells by mul-
tiple fractionated irradiations (12). Cells were cultured in
RPMI1640 medium (Gibco, Life Technologies Inc.) supplemen-
ted with 10% FBS (Gibco, Life Technologies Inc.) at 37�C in 5%

CO2/95% air. All of the cells were authenticated and routinely
tested for Mycoplasma contamination with the MycoAlert Myco-
plasma Detection Kit (Lonza). The use of cells was no longer than
2 months after thawing early-passage cells.

Animals and tumor tissues of patients with ESCC
Six-week-old female BALB/c nude mice were purchased from

Vital River and maintained under standard conditions in Exper-
imental Animal Center in Zhejiang Chinese Medicine University
(Zhejiang, China). All of animal protocols in our study were in
accordance with the institutional animal welfare guidelines of
Zhejiang Chinese Medicine University (Zhejiang, China). Tumor
tissues of patientswith ESCCused inour studywere collectedwith
the informed consent of each patient. All of human studies in our
study were in accordance with Declaration of Helsinki and the
guidelines of the Committee for Ethical Review of Research at
Hangzhou Cancer Hospital (Hangzhou, China).

In vivo tumor experiments
To develop xenograft tumors in mice, in vitro growing KYSE-30

cells and KYSE-150R cells transfected with lentivirus vectors
containing DNM3OS siRNA-1 or scrambled siRNA were har-
vested by treatment with trypsin-EDTA, washed with ice-cold PBS
twice, and implanted into the right flanks of female BALB/c nude
mice (1.0� 105 cells in 100 mL PBS). When xenograft tumors had
reached a mean diameter of approximately 0.5 cm, the mice were
randomly assigned into different groups (7 mice in each group).
Tumorswere treatedwith fractionated irradiation at a total dose of
12 Gy, once every 2 days with 2 Gy per fraction for 12 days
(experimental group). The tumors without exposure to irradia-
tion were chosen as a control. Each animal was earmarked and
followed individually throughout the experiments. Tumor vol-
ume (mm3)was calculated using the following formula:V (mm3)
¼ A (mm) � B (mm)2/2, where A and B were the longest and
widest diameter of tumor, respectively, andmeasured every 2 days
with a caliper. The day when fractionated irradiation was deliv-
ered for thefirst timewasdefined as day 1 and the treatment ended
on day 12. When the experiment ended, all of the mice were
sacrificed according to the institutional guidelines and the tumors
were resected and weighted. The tumor inhibition rates (IR) were
calculated using the following equation: IR ¼ 100% � (mean
tumor weight of control group � mean tumor weight of exper-
imental group)/mean tumor weight of control group.

Statistical analysis
All of the experiments in our study were independently per-

formed in triplicate and the data were presented as mean � SD.
Statistical analyses of 138 patients were performed with x2 good-
ness-of-fit test and the others with Student t test unless otherwise
specified using SPSS software 16.0. Differences were considered
statistically significant at a level of P < 0.05.

Results
LncRNA DNM3OS was highly expressed in esophageal cancer
cells by screening lncRNAs PCR array

Because lncRNAs were involved in tumor initiation and pro-
gression, our study investigatedwhich lncRNAshadhigher expres-
sion levels in esophageal cancer cells than in normal esophageal
epithelial cells Het-1A. By screening lncRNA PCR array, we
detected 38 lncRNAs expressions in three esophageal cancer cells

Translational Relevance

Radiotherapy is one of major curative treatment modalities
for patients with esophageal squamous cell carcinoma
(ESCC). However, the 5-year survival rate of patients with
ESCC treated with radiotherapy is less than 20% due to
radioresistance. By screening long noncoding RNAs (lncRNA)
PCR array, our study identified that lncRNA DNM3OS had a
muchhigher expression level in esophageal cancer cells than in
normal esophageal epithelial cells Het-1A. DNM3OSwas also
highly expressed in tumor tissues of ESCC patients than in
matched normal esophageal epithelial tissues. CAFs, as one
major component of tumormicroenvironment, promoted the
expressionofDNM3OS in esophageal cancer cells in a PDGFb/
PDGFRb/FOXO1 signaling pathway–dependent manner.
CAF-promoted DNM3OS conferred significant radioresis-
tance in vitro and in vivo by regulating DNA damage response.
These findings highlighted CAF-promoted DNM3OS as an
attractive therapeutic target to reverse tumor radioresistance in
ESCC and might provide novel insights into CAF-induced
tumor radioresistance.
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including KYSE-30, KYSE-150, and KYSE-180, which were often
adopted in the literature (13–15), and in normal esophageal
epithelial cells Het-1A. As shown in Fig. 1A, among the lncRNAs
tested, we found lncRNADNM3OShad amuch higher expression
level in esophageal cancer cells than in normal esophageal epi-
thelial cells Het-1A. In KYSE-30 cells, the expression level of
DNM3OS showed a 39.4553-fold increase compared with that
in Het-1A (Fig. 1B). In KYSE-180 cells, the expression level of
DNM3OS showed a 28.5365-fold increase compared with that in
Het-1A (Fig. 1B). In KYSE-150 cells, DNM3OS exhibited a
35.8426-fold increase compared with that in Het-1A (Fig. 1B).
Furthermore, DNM3OSwas also highly expressed in other esoph-
ageal cancer cells compared with that in Het-1A (Fig. 1B). Because
DNM3OS was highly expressed in esophageal cancer cells, we
then investigated its pathologic roles. We compared the expres-
sion of DNM3OS in parental KYSE-150 cells and radioresistant
KYSE-150R cells, which had been established by multiple frac-
tionated irradiations and used in our previous study (12). The

result showed that the expression level of DNM3OS exhibited a
4.3169-fold increase in radioresistant KYSE-150R cells compared
with that in parental KYSE-150 cells (Fig. 1B), suggesting that
DNM3OS was possibly associated with tumor radioresistance.

LncRNA DNM3OS was highly expressed in tumor tissues of
patients with ESCC and associated with tumor stage

To further define the association of DNM3OS and esophageal
cancer, we examined the expression of DNM3OS in tumor tissues
and matched normal esophageal epithelial tissues of 16 patients
with primary ESCC who had not been treated with any chemor-
adiotherapy before surgery. As shown in Fig. 2A, by use of in situ
hybridization assay, we found DNM3OS had a much higher
expression level in tumor tissues of patients with ESCC than in
matched normal esophageal epithelial tissues. By qRT-PCR anal-
ysis, DNM3OSwas found to be expressedwith an average 6.3429-
fold increase in tumor tissues compared with that in matched
normal esophageal epithelial tissues (Fig. 2B). We further
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Figure 1.

The screening of lncRNAs PCR array revealed DNM3OSwas highly expressed in esophageal cancer cells.A, The expressions of 38 lncRNAs in esophageal cancer cells
including KYSE-150, KYSE-30, and KYSE-180 compared with that in normal esophageal epithelial cells Het-1A by qRT-PCR analysis, and the heatmap
of these lncRNAs expressionswas generated with the log2-transformed data. Blue (red) coloring indicates expressions levels of the genes (log2 transformed).B, The
fold change of DNM3OS expression in esophageal cancer cells including KYSE-30, KYSE-180, KYSE-150, KYSE-140, and KYSE-450 compared with that in
normal esophageal epithelial cells Het-1A, and in radioresistant KYSE-150R cells compared with that in parental KYSE-150 cells by qRT-PCR analysis.
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investigated the clinical significance of DNM3OS in patients with
ESCC. By use of in situ hybridization assay, we detected the
expression of DNM3OS in tumor tissues of 138 patients with
ESCC with the patients' information shown in Supplementary
Table S1. The results showed that the expression level ofDNM3OS
in tumor tissueswas significantly associatedwith tumor stage (P¼
0.018), suggesting that DNM3OS was closely associated with
tumor progression.

LncRNADNM3OS conferred significant radioresistance in vitro
and in vivo

By clonogenic survival assay, we investigated the effect of
DNM3OSon the radiosensitivity of esophageal cancer cells.When
DNM3OS was stably downregulated by transfection with lenti-
virus vectors containing DNM3OS siRNA-1, the radiosensitivity
of KYSE-30 cells and KYSE-140 cells was significantly increased
(Fig. 3A and B; Supplementary Fig. S1). The dose enhancement

ratios (DER10) defined as the ratio of doses required to achieve
10% surviving fraction for indicated cells were determined. The
DER10 for KYSE-30 cells without or with siRNA-1 transfectionwas
3.4492 (Fig. 3A). The DER10 for KYSE-140 cells without or with
siRNA-1 transfection was 2.589 (Fig. 3B). Because DNM3OS was
involved in the radioresponse of KYSE-30 cells and KYSE-140
cells, we then investigated whether irradiation affected the expres-
sion of DNM3OS in these cells. As shown in Supplementary Fig.
S2, 24 hours after exposure to irradiation, the expression level of
DNM3OS showed an increase of 1.0396-fold and 3.7442-fold in
KYSE-30 cells and in KYSE-140 cells, respectively, suggesting that
irradiation had differential influences on DNM3OS expression in
cancer cells, and irradiation-induced high DNM3OS expression
may also be involved in the radioresponse of KYSE-140 cells. In
addition toKYSE-30 cells andKYSE-140 cells, we also investigated
the radiosensitivity of KYSE-150 cells, KYSE-150R cells, KYSE-450
cells, and Het-1A cells in which the expression levels of DNM3OS
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Figure 2.

DNM3OS was highly expressed in tumor tissues of patients with ESCC. A, One representative result of DNM3OS expression in tumor tissues of patients with ESCC
compared with that in matched normal esophageal epithelial tissues by in situ hybridization assay. B, The fold change of DNM3OS expression in tumor tissues of 16
patients with ESCC compared with that in matched normal esophageal epithelial tissues by qRT-PCR analysis.
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DNM3OS conferred significant radioresistance in vitro and in vivo. Radiation survival curves are shown for KYSE-30 cells (A) and KYSE-140 cells (B) which were
transfected with lentivirus vectors containing DNM3OS siRNA-1 or scrambled siRNA (Control). � , P < 0.05, using ANOVA. The DER10 was defined as the ratio
of doses required to achieve 10% surviving fraction for cells without or with siRNA transfection. C,Radiation survival curves are shown for KYSE-150 cells, KYSE-150R
cells, KYSE-450 cells, and Het-1A cells. � , P < 0.05, using ANOVA. D and E, Radiation survival curves are shown for KYSE-150 cells and KYSE-150R cells with
or without siRNA transfection. � , P < 0.05, using ANOVA. F, The growth curve of xenograft tumors implanted with KYSE-30 cells which were transfected with
lentivirus vectors containing DNM3OS siRNA-1 or scrambled siRNA (Control). The day when fractionated irradiation (FIR) was delivered for the first time was
defined as day 1 and the treatment ended on day 12. G, The weight of xenograft tumors in F at the end of experiment. H, The tumor inhibition rate of fractionated
irradiation in xenograft tumors transfected with DNM3OS siRNA-1 or scrambled siRNA (Control).
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were significantly different. As shown in Fig. 3C, the expression
levels of DNM3OS were negatively correlated with the radiosen-
sitivity. KYSE-150R cells with the highest expression level of
DNM3OS showed the most radioresistance, whereas Het-1A cells
with the lowest expression level of DNM3OS were the most
radiosensitive. The DER10 was 3.1742, 19.9795, 6.2943, and
3.3456 for KYSE-150R versus KYSE-150, KYSE-150R versus
Het-1A, KYSE-150 versus Het-1A, and KYSE-450 versus Het-1A,
respectively.When lentivirus vectors containingDNM3OS siRNA-
1 or siRNA-2 were transfected, the radiosensitivity of KYSE-150
cells and KYSE-150R cells was both significantly increased (Fig.
3D and E; Supplementary Fig. S1). TheDER10 for KYSE-150R cells
without or with DNM3OS siRNA-1/siRNA-2 transfection was
2.6399 and 2.6165, respectively. The DER10 for KYSE-150 cells
without or with DNM3OS siRNA-1/siRNA-2 transfection was
4.1698 and 5.0445, respectively. These results suggested that
DNM3OS conferred esophageal cancer cells significant radiore-
sistance in vitro.

Our study further investigated the effect of DNM3OS on the
radiosensitivity in vivo by the establishment of xenograft tumor
models in BALB/c nudemice. As shown in Fig. 3F, when lentivirus
vectors containing DNM3OS siRNA-1 were transfected, KYSE-30
xenograft tumors grew slower than control group after fraction-
ated irradiation (Fig. 3F). At the end of experiment, the tumors
were weighted (Fig. 3G). The tumor IR of fractionated irradiation
in siRNA-transfected groupwas 76.5900%, whichwas significant-
ly higher than 47.0330% in control group (Fig. 3H). We also
investigated the radiosensitivity of KYSE-150R xenograft tumors
in which DNM3OS was stably downregulated by transfection
with DNM3OS siRNA. As shown in Supplementary Fig. S3A,
when lentivirus vectors containing DNM3OS siRNA-1 were trans-
fected, KYSE-150R xenograft tumors grew slower than control
group after fractionated irradiation. At the end of experiment, the
tumorswereweighted (Supplementary Fig. S3B) and the tumor IR
was calculated. As shown in Supplementary Fig. S3C, the tumor IR
of fractionated irradiation in siRNA-transfected group was signif-
icantly higher than control group. These results suggested that
DNM3OS conferred esophageal cancer cells significant radiore-
sistance in vivo.

LncRNADNM3OS regulated cellularDDR in esophageal cancer
cells

Because DDR directly regulates cell fate in response to death
stimuli, our study investigated whether DDR was involved in
DNM3OS-regulated radioresponse. DNA double-strand breaks
(DSB) are the major form of cellular damage induced by irradi-
ation. Herein, we detected the expression of gH2AX, a marker of
DSBs following irradiation inKYSE-30 cells and inKYSE-140 cells,
whichwere transfectedwithDNM3OS siRNAor scrambled siRNA
(negative) before the exposure to irradiation. As shown in Sup-
plementary Figs. S4 and S5, when DNM3OS siRNA-1 was trans-
fected, KYSE-30 cells and KYSE-140 cells showed increased
gH2AX expression following irradiation, suggesting that the inhi-
bition of DNM3OS expression enhanced irradiation-induced
DNA damage. As shown in Fig. 4A and B and Supplementary
Fig. S6, whenDNM3OS siRNA-1 was transfected, KYSE-30, KYSE-
140, and KYSE-150R exhibited increased expressions of DNA
damage markers gH2AX and cleaved PARP, but decreased expres-
sions of DNA repair proteins including p-ATM, Rad50, p-Chk2,
Ku80, MRE11, NBS1, DNA-PKcs, and P53 following irradiation.
These results suggested that the inhibition of DNM3OS expres-

sion enhanced irradiation-induced DNA damage, but attenuated
DNA repair response. By the comet assay, we also confirmed
DNM3OS regulated DDR in KYSE-30 cells and KYSE-140 cells. As
shown in Fig. 4C andD,whenDNM3OS siRNA-1was transfected,
the DNA repair ability of KYSE-30 cells and KYSE-140 cells was
significantly inhibited following irradiation. These results sug-
gested that DNM3OS regulated DDR in esophageal cancer cells.

CAFs significantly increased the expression of lncRNA
DNM3OS in a PDGFb/PDGFbR/FOXO1 signaling pathway–
dependent manner in esophageal cancer cells

CAFs, as one major component of tumor microenvironment,
were involved in tumor radioresponse as evidenced by our pre-
vious study (8). In this study, we investigated whether CAFs
regulated the expression of DNM3OS in esophageal cancer cells.
When KYSE-30 cells and KYSE-140 cells were cultured in the
conditioned medium (CM) of CAFs for 48 hours, the expression
of DNM3OS was significantly upregulated, with a 39.2554-fold
and 38.3163-fold increase, respectively, compared with that cul-
tured in normalmedium (Fig. 5A).We then investigated the effect
of CAFs-induced high DNM3OS expression on the radiosensitiv-
ity of KYSE-30 cells and KYSE-140 cells. As shown in Fig. 6, after
the treatment with CAFCM for 48 hours, KYSE-30 cells and KYSE-
140 cells displayed significant radioresistance comparedwith that
cultured in normal medium. The DER10 was 3.3015 for KYSE-30
cells cultured in CAFmedium versus cultured in normalmedium.
The DER10 was 1.8368 for KYSE-140 cells cultured in CAF medi-
umversus cultured innormalmedium. In contrast,whenKYSE-30
cells and KYSE-140 cells were transfected with DNM3OS siRNA
before the treatment with CAF CM, their increase of radioresis-
tancewas partially reversed. TheDER10was 2.6687 and3.2615 for
KYSE-30 cells without or with DNM3OS siRNA-1/siRNA-2 trans-
fection before the treatment with CAF CM, respectively. The
DER10 was 1.7127 and 1.7268 for KYSE-140 cells without or
with DNM3OS siRNA-1/siRNA-2 transfection before the treat-
mentwithCAFCM, respectively. These results suggested thatCAFs
conferred esophageal cancer cells significant radioresistance by
promoting DNM3OS expression.

We then explored the molecular mechanisms by which CAFs
promoted DNM3OS expression in esophageal cancer cells. As
shown in Fig. 5B andC and Supplementary Table S2, by screening
14 kinds of small-molecule kinase inhibitors that target multiple
critical kinases, we found crenolanib, an inhibitor of PDGFRa/b
signaling, had potent ability of inhibiting DNM3OS expression.
When KYSE-30 cells and KYSE-140 cells were cultured in CAFs
CM,which contained crenolanib, the expression ofDNM3OSwas
decreased to 42.19% and 37.15%, respectively, compared with
cells cultured in CAF CM without crenolanib (Fig. 5B and C). We
then examined the expressions of PDGFRa, PDGFRb, PDGFa,
and PDGFb in KYSE-30 cells and in KYSE-140 cells, which were
cultured in CAFs CM for 48 hours. The results showed that the
expressions of PDGFRb andPDGFbwere highly upregulated,with
a 6.5812-fold and 8.1062-fold increase, respectively, in KYSE-30
cells, which were cultured in CAF CM for 48 hours (Fig. 5D).
Similarly, PDGFRb andPDGFbwere expressedwith a 5.1694-fold
and 6.4225-fold increase, respectively, in KYSE-140 cells, which
were cultured in CAF CM for 48 hours (Fig. 5E).

To further confirm whether the PDGFb/PDGFRb signaling
pathway was associated with CAF-induced DNM3OS upregula-
tion, we detected the expression ofDNM3OS inKYSE-30 cells and
KYSE-140 cells, which were transfected with PDGFRb or PDGFb
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CAFs promoted the expression of DNM3OS in esophageal cancer cells in a PDGFb/PDGFRb/FOXO1 signaling pathway–dependent manner. A, qRT-PCR analysis of
DNM3OS expression in KYSE-140 cells and in KYSE-30 cells that were cultured in normal medium or CAFs medium for 48 hours. �� , P < 0.01; ##, P < 0.01,
compared with KYSE-140 cells and KYSE-30 cells that were cultured in normal medium, respectively. B and C, qRT-PCR analysis of DNM3OS expression in KYSE-30
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siRNAbefore the treatment with CAFCM. As shown in Fig. 5F and
Supplementary Fig. S7, when KYSE-30 cells were transfected with
PDGFRb siRNAbefore the treatmentwithCAFCM, the increase of
DNM3OS expression was decreased from 39.106-fold to 11.732-
fold compared with cells transfected with scramble siRNA. When
KYSE-30 cells were transfected with PDGFb siRNA before the
treatment with CAF CM, the increase of DNM3OS expression was
decreased from 39.106-fold to 15.642-fold compared with cells
transfected with scramble siRNA (Fig. 5F; Supplementary Fig. S7).
WhenKYSE-140 cellswere transfectedwithPDGFRb siRNAbefore
the treatment with CAF CM, the increase of DNM3OS expression
was decreased from 38.204-fold to 15.282-fold compared with
cells transfected with scramble siRNA (Fig. 5G; Supplementary
Fig. S7). When KYSE-140 cells were transfected with PDGFb
siRNA before the treatment with CAF CM, the increase of
DNM3OS expression was decreased from 38.204-fold to
14.518-fold compared with cells transfected with scramble siRNA
(Fig. 5G; Supplementary Fig. S7). However, transfection with
siRNA against PDGFRa or PDGFa had no significant reversal
effects on CAF-induced DNM3OS upregulation in KYSE-30 cells
and in KYSE-140 cells (Fig. 5F and G; Supplementary Fig. S7).

There were several transcription factors downstream of the
PDGFb/PDGFRb signaling pathway (16). By use of promoter
prediction tool eGPMiner, FOXO1, a transcription factor down-
stream of the PDGFb/PDGFRb signaling pathway, was predicted
to have high affinity with two regions in the DNM3OS promoter.
Our previous study had confirmed the expression of FOXO1 was
obviously increased at protein level in esophageal cancer cells,
which were cultured in CAF CM (7). Herein, we investigated
whether FOXO1 was involved in CAF-induced DNM3OS upre-

gulation. When KYSE-30 cells were transfected with FOXO1
siRNA before the treatment with CAF CM, the increase of
DNM3OS expression was decreased from 38.162-fold to
19.261-fold compared with cells transfected with scrambled
siRNA (Fig. 5H). When KYSE-140 cells were transfected with
FOXO1 siRNA before the treatment with CAF CM, the increase
of DNM3OS expression was decreased from 37.251-fold to
14.902-fold compared with cells transfected with scrambled
siRNA (Fig. 5H). These results suggested that FOXO1 was
involved in CAF-induced DNM3OS upregulation. By chromatin
immunoprecipitation (ChIP) assay, we analyzedwhether FOXO1
regulated the transcription of DNM3OS by binding to its pro-
moter region. As shown in Fig. 7A and B, FOXO1 exhibited strong
ability to bind to two regions in the DNM3OS promoter in KYSE-
30 cells and in KYSE-140 cells. We further investigated whether
FOXO1 initiated the transcription of DNM3OS when binding to
the promoter regions of DNM3OS using luciferase reporter gene
assay. As shown in Fig. 7C, when FOXO1 cDNA was transfected,
the transcription activity of DNM3OS promoter in HEK293 cells
was obviously increased, suggesting FOXO1 could initiate the
transcription of DNM3OS upon binding to its promoter regions.
Together, these results suggested that CAFs promoted DNM3OS
expression in a PDGFb/ PDGFRb/FOXO1 signaling pathway–
dependent manner in esophageal cancer cells.

Discussion
During the past few years, oneof themost importantfindings of

the genomics era of biology is that less than 2% of the human
genome is coding sequences, whereas more than 90% of the
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genome is transcribed into nonprotein-coding RNA (17). This
suggests those nonprotein-coding RNAs such as lncRNAs, and
miRNAs exist mainly as regulatory RNAs in human. LncRNAs are
endogenous RNAs with more than 200 nucleotides in length.
These RNAs control many cellular functions by interaction with
chromatin-modifying complex, regulation of transcriptional
enhancers, and posttranscriptional regulation (18). LncRNAs
were found to be involved in DDR by regulating the expressions
of DDR relevant genes, and the inhibition of lncRNAs expressions

improved the radiosensitivity of some cancers (19–22).Our study
investigated whether lncRNAs were involved in the radioresponse
in esophageal cancer cells for the first time. By PCR screening of 38
cancer-related lncRNAs, we found DNM3OS had a much higher
expression level in esophageal cancer cells and tumor tissues of
patients with ESCC than in normal esophageal epithelial cells
Het-1A andmatched normal esophageal epithelial tissues, respec-
tively. Furthermore, we showed thatDNM3OShad amuch higher
expression level in radioresistant KYSE-150R cells than in parental
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FOXO1 regulated the expression of DNM3OS by binding to
the promoter as a transcription factor. A and B, The binding
activity of FOXO1 and p-FOXO1 to two regions (�352 �
�364;�951��971) in the DNM3OS promoter was assessed
by ChIP assay. The antibodies against IgG and Histone H3
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Relative luciferase activity in HEK293 cells transfected with
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or in their combinations.
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KYSE-150 cells, suggesting that DNM3OS may be involved in
tumor radioresponse.

Loss-of-function studies showed that the downregulation of
DNM3OS expression significantly enhanced the radiosensitivity
of esophageal cancer cells both in vitro and in vivo. DNA DSBs are
the major form of irradiation-induced DNA damage (23). Fol-
lowing irradiation, gH2AX, a marker of DNA DSBs, is highly
expressed and initiates the activation of DDR in cancer cells.
gH2AX interacts with theMRE11-RAD50–NBS1 (MRN) complex,
leading to the activation of ataxia telangiectasia–mutated (ATM)
kinase and/or ataxia telangiectasia andRad3-related (ATR) kinase.
ATM and ATR kinases phosphorylate their downstream target
genes such as BRCA1, p53, Chk1, and Chk2 to induce cell-cycle
arrest and/or cell apoptosis (24). Our study revealed that the
downregulation of DNM3OS expression significantly increased
irradiation-induced DNA damage, but inhibited DNA repair
response by decreasing the expressions of DNA repair proteins.
Therefore, we proposed that DNM3OS conferred ESCC radio-
resistance possibly through regulating DDR.

The members of tumor microenvironment, such as CAFs,
transfer energy and biomass to support tumor cells growth and
survival in response to death stimulus (3). In parallel, tumor
cells facilitate the transformation of normal fibroblasts into
CAFs, which in turn enhance the malignant ability of tumor
cells (4, 25). Our previous studies revealed that CAFs were
involved in tumor chemoradioresponse by secretion of che-
mokines and cytokines (7, 8). We found that the cross-talk
between CAFs and tumor cells caused the expressions of CXCL1
and TGFb1 in an autocrine/paracrine signaling loop. These
findings suggest that the crosstalk between CAFs and tumor
cells exerted significant influences on the expression patterns of
genes. Previous studies focused on the pathologic roles of
lncRNAs that were expressed in tumor cells or CAFs. However,
whether CAFs regulated the expressions of functional lncRNAs
in tumor cells has never been studied. Our study revealed that
CAFs upregulated the expression of lncRNA DNM3OS in KYSE-
30 cells and KYSE-140 cells with an increase of 39.2554-fold
and 38.3163-fold, respectively, suggesting that CAFs were the
major reason for the high expression of DNM3OS in esoph-
ageal cancer cells.

By screening 14 types of kinase inhibitors that target many
critical kinases, we found crenolanib, an inhibitor of PDGFRa/b
signaling pathway, significantly attenuated CAF-induced
DNM3OS upregulation in esophageal cancer cells. We further
explored the direct evidence that the PDGFRa/b signaling path-

way was involved in CAF-induced DNM3OS upregulation. Upon
inhibition of PDGFb or PDGFRb expression in tumor cells by
transfection with specific siRNAs, CAF-induced DNM3OS upre-
gulation was significantly attenuated, suggesting that the PDGFb/
PDGFRb pathway played a direct role in CAF-induced DNM3OS
upregulation. FOXO1, a transcription factor downstream of
PDGFb/PDGFRb signaling pathway, activated the transcription
of DNM3OS by binding to the promoter regions of DNM3OS.
These results suggested that CAFs promoted the expression of
DNM3OS in esophageal cancer cells in a PDGFb/ PDGFRb/
FOXO1 signaling pathway–dependent manner. Taken together,
our study highlighted CAF-promoted DNM3OS as an attractive
therapeutic target to reverse radioresistance in ESCC and these
findings might provide novel insights into CAF-induced tumor
radioresistance.
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