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Abstract
Cancer cells associated with radioresistance are likely to give rise to local recurrence and distant metastatic relapse.
However, it remains unclear whether specific miRNAs have direct roles in radioresistance and/or prognosis. In this study, we
find that miR-339-5p promotes radiosensitivity, and is downregulated in radioresistant subpopulations of esophageal cancer
cells. Notably, miR-339-5p was selectively secreted into blood via exosomes, and that higher serum miR-339-5p levels were
positively associated with radiotherapy sensitivity and good survival. Moreover, miR-339-5p expression was downregulated
in the T3/T4 stage compared with T1/T2 stage in esophageal squamous cell carcinoma (ESCC) patients (P= 0.04), and low
miR-339-5p expression in tissue was significantly associated with poor overall survival (P= 0.036) and disease-free survival
(P= 0.037). Overexpression of miR-339-5p enhanced radiosensitivity in vitro and in vivo. Mechanistically, miR-339-5p
enhances radiosensitivity by targeting Cdc25A, and is transcriptionally regulated by Runx3. Correlations were observed
between miR-339-5p levels and Cdc25A/Runx3 levels in tissue samples. Intriguingly, combined analysis of miR-339-5p
expression with Runx3 increased the separation of the survival curves obtained for either gene alone in the TCGA datasets
(P= 0.009). Overall, exosome-derived miR-339-5p mediates radiosensitivity through downregulation of Cdc25A, and
predicts pathological response to preoperative radiotherapy in locally advanced ESCC, suggesting it could be a promising
non-invasive biomarker for facilitating personalized treatments.

Introduction

Esophageal cancer remains one of the most virulent
malignancies with a 5-year overall survival (OS) rate of

under 20% [1, 2]. Surgery is a standard treatment for
patients with resectable tumors, but surgery alone is
inadequate therapy for patients with T3 & T4 or node-
positive diseases [3]. Neoadjuvant radiotherapy or che-
moradiation therapy (CRT) has emerged as a promising
strategy for locally advanced esophageal squamous cell
carcinoma (ESCC) [4, 5]. Approximately 25% of patients
are highly sensitive to chemoradiation, resulting in patho-
logic complete response (pCR). pCR was achieved in
38.7% of patients with stage II and 20% of patients with
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stage III ESCC [6, 7]. However, some patients do not derive
clinical benefit from it because their tumors are con-
stitutively insensitive to radiotherapy. Without a prior
knowledge of whether patients are sensitized to radio-
therapy, there is inevitable overtreatment with agents
associated with toxic side effects. Therefore, it would be
advantageous to obtain more information on radiotherapy
response before treatment initiation, which tends to stratify
ESCC into different response categories, eventually opti-
mizing a response-based therapeutic option.

MicroRNAs (miRNAs) bind to the 3′-untranslated region
of particular (target) mRNAs, which leads to translational
repression or reduced stability of the specific mRNAs [8]. Of
note, miRNAs have previously been shown critical in gen-
ome integrity and stability via the regulation of DNA
damage response (DDR) [9, 10]. Restoration of tumor-
suppressive miRNAs reduces tumorigenic properties
including cell growth and invasion by promoting apoptosis
and sensitivity to therapy [11]. MiR-205 inhibits DNA
damage repair and radiosensitizes cancer cells by targeting
ZEB1 and Ubc13 in breast cancer [12]. Thus, the delivery of
miR-205, in combination with radiotherapy may represent a
new strategy for cancer treatment. It was recently reported
that several miRNAs were associated with therapeutic
response and clinic outcomes in ESCC. Both miR-192 and
miR-194 expression were significantly correlated with
pathologic response in locally advanced ESCC [13]. These
two miRNAs were transcriptionally regulated by p53 and
induced cell-cycle arrest by targeting a number of transcripts
that regulate the G1/S and G2/M checkpoints [14, 15].

However, whether specific miRNAs can regulate radio-
resisitance and could be used as tumor radiosensitizers in
ESCC remains unclear. In this study, we find that miR-339-5p
promotes radiosensitivity through downregulation of Cdc25A,
and is transcriptionally regulated by Runx3. Notably, miR-
339-5p was selectively secreted into blood via exosomes, and
that higher serum miR-339-5p levels were positively asso-
ciated with radiotherapy sensitivity. MiR-339-5p expression in
tumor tissue and serum significantly associated with clinical
outcomes. Our findings suggest that exosome-derived miR-
339-5p can serve as a non-invasive biomarker for predicting
response to radiotherapy and prognosis in ESCC.

Results

Differential miRNA expression profiling in
radioresistant cancer cells

To establish a radioresistant cell model, we treated human
ESCC cell lines (KYSE30, KYSE70 and KYSE180) by
applying continuous 2 Gy fractionated irradiations to 60 Gy,

and finally obtained a radioresistant subpopulation (desig-
nated as KYSE30R, KYSE70R and KYSE180R) (Fig. 1a).
The clonogenic survival curves for the two pairs of cell
lines at different doses are shown in Fig. 1b. A significant
increase of radioresistance in KYSE30R, KYSE70R and
KYSE180R cells was observed compared to the parental
KYSE30, KYSE70 and KYSE180 cells, respectively.

Radiation is known to cause DNA double-strand breaks
(DSBs), which lead to the formation of γH2AX foci, and
γH2AX is required for DNA damage signaling and DNA
repair [16, 17]. At 72 h after X-irradiation (X-IR), γH2AX
foci remained in the parental cells, but reduced in the
radioresistant cells (Supplementary Fig. S1a), suggesting
that the radioresistant cells have an enhanced ability to clear
DNA breaks. Radiation affects cells by generating DSBs
resulting in a cellular response including DNA replication,
DNA repair, and programmed cell death. We observed that
the radioresistant cells decreased the activity of Caspase-3
and PARP cleavage, and inhibited cellular apoptosis via
DNA damage response in vitro (Fig. 1c, Supplementary
Fig. S1b, c).

To investigate miRNAs that regulate radiosensitivity, we
performed a human miRNA expression array analysis to
identify miRNAs upregulated or downregulated in the
radioresistant cells, and found that a small subset of miR-
NAs were differentially expressed (Fold change > 2 or <
0.5) between the radioresistant cells and their parental cells
(GSE124784). To further confirm the results, we selected 4
candidate miRNAs according to the fold change and func-
tion of miRNAs, and detected their expression levels in
KYSE30 and KYSE30R cells using qRT-PCR (Fig. 1d). To
further investigate whether the differentially expressed
miRNAs contribute to cellular apoptosis, we transiently
transfected these 4 candidate miRNAs mimics into KYSE30
cells. After 24 h, the cells were subsequently exposed to
6 Gy of X-IR. As shown in Fig. 1e, overexpression of these
miRNAs increased the activity of PARP and caspase-3 in
DNA damage response. Among all the interrogated miR-
NAs, miR-339-5p enhanced the activation of cleaved PARP
and Caspase-3 to a much greater extent. Jansson et al.
showed that miR-339-5p, by directly targeting MDM2,
regulates p53 and impacts p53-governed cellular response
such as proliferation arrest and senescence in several types
of cancer cells [18]. Thereby, we selected miR-339-5p for
further investigation.

MiR-339-5p exhibits tumor-suppressive effects and
mediates radiosensitivity in ESCC

To determine the clinical relevance of miR-339-5p in
ESCC, we examined the expression levels of miR-339-5p
using in situ hybridization (ISH) in ESCC samples (Fig. 2a),
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but did not find any significant differences between tumor
and adjacent normal mucosa tissues (Fig. 2b). However, we

observed miR-339-5p downregulation in T3/T4 stage
compared with T1/T2 stage (P= 0.04, Fig. 2c). MiR-339-
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5p expression was associated with esophageal cancer
recurrence (P= 0.039, Fig. 2d). But, there was no sig-
nificant association between miR-339-5p expression and the
metastasis status of esophageal cancer patients (P= 0.890,
Supplementary Fig. S2). We further assessed whether miR-
339-5p mediated radiosensitivity in vivo. As shown in Fig.
2e–g, overexpression of miR-339-5p and PLVX-control
grew similarly without X-IR treatment. It significantly
decreased tumor growth compared with the control on X-IR
treatment. Together, these findings indicate that miR-339-5p
exhibits tumor-suppressive effects, and overcomes resis-
tance of esophageal cancer to radiation therapy.

MiR-339-5p mediates radiosensitivity

To further investigate the function of miR-339-5p in
radiosensitivity, we first examined miR-339-5p expression
in ESCC cell lines (Fig. 3a). Indeed, cells with lower levels
of miR-339-5p exhibited higher clonogenic survival after
X-IR (Fig. 3b). Next, we performed gain-of-function and
loss-of-function analysis with miR-339-5p, and found that
miR-339-5p overexpression sensitized KYSE30 cells to
radiation. Conversely, miR-339-5p inhibition conferred
radioresistance (Fig. 3c). MiR-339-5p expression does not
impair cell viability as detected by the Cell Counting Kit-8
(Supplementary Fig. S3a). We attempted to understand how
miR-339-5p promotes radiosensitivity and showed that
overexpression of miR-339-5p in KYSE30 cells drastically
increased the activation of cleaved PARP and Caspase-3 in
DNA damage response (Fig. 3d). Similar effects were also
observed in KYSE180 cells (Supplementary Fig. S3b).

Moreover, KYSE30 cells were also transiently transfected
with miR-339-5p mimic or negative control and then treated
with or without X-IR. MiR-339-5p also increased the
activity of Caspase-3 and PARP cleavage (Fig. 3e). We
observed more γH2AX foci in miR-339-5p-overexpressing
cells than in control cells at 72 h after exposure to 6 Gy (Fig.
3f–h), suggesting that miR-339-5p might be involved in
DNA damage response. Similar behaviours were observed
in KYSE180 cells (Supplementary Fig. S3c–f). Our results
indicate that miR-339-5p promotes radiosensitivity through
DNA damage-induced cellular apoptosis.

MiR-339-5p directly targets Cdc25A

miRNAs are known to induce degradation of specific target
mRNA molecules or inhibit their translation. To identify
putative targets of miR-339-5p responsible for radio-
sensitivity, we analyzed the target of miR-339-5p using
TargetScan and PicTar. Interestingly, among the targets,
Cdc25A phosphatase inactivates cyclin-dependent kinase 2
(Cdk2) which is needed for DNA synthesis, but is degraded
in response to DNA damage or stalled replication [19]. One
conserved miR-339-5p recognition site was found in the
Cdc25A 3′-UTR, and mutation sites were colored red (Fig.
4a). Moreover, Cdc25A mRNA and protein expression
were increased in KYSE30R and KYSE180R cells (Sup-
plementary Fig. S4a). On the contrary, miR-339-5p was
downregulated in the radioresistant cells. Thus, we spec-
ulate miR-339-5p might be involved in the regulation of
Cdc25A expression.

To determine whether Cdc25A is a direct target of miR-
339-5p, we used the dual-luciferase reporter assay system.
The activity of luciferase reporter fused to a wild-type
Cdc25A 3′-UTR, but not that of the mutant Cdc25A 3′-
UTR, was significantly reduced by miR-339-5p in KYSE30
and KYSE180 cells (Fig. 4b), thereby confirming that miR-
339-5p can directly bind to the 3′-UTR of Cdc25A, and
repress its expression (Fig. 4c). Furthermore, we observed a
significant increase in Cdc25A in ESCC tumor tissues
compared with adjacent normal tissues at both RNA and
protein levels (Fig. 4d, e, Supplementary Fig. 4b). Cdc25A
expression was significantly upregulated in the ESCC
tumors in the Gene Expression Omnibus (GEO) database
GSE23400 (P= 5.9E-8) and GSE20347 (P= 4.88E-5;
Supplementary Fig. S4c). Notably, miR-339-5p expression
was inversely correlated with Cdc25A protein expression in
tumor and adjacent normal mucosa tissues (R= -0.363,
P= 0.023; Fig. 4f). These results suggested that miR-339-
5p directly targets Cdc25A, and inversely correlated with
Cdc25A in ESCC.

Fig. 1 Radioresistant cell model was established and the differentially
expressed miRNAs were identified using miRNA microarray. a The
schematic representation of the generation of radioresistance sublines
(KYSE30R, KYSE70R and KYSE180R) from the parental cells
(KYSE30, KYSE70 and KYSE180, respectively). b Clonogenic sur-
vival assays from the radioresistant and parental cells. n= 3 wells per
group. c The radioresistant and parental cells were treated with or
without 6 Gy of X-IR, and allowed to recover for 72 h. The PARP and
Caspase-3 protein levels were examined by Western blot. d qRT-PCR
assay validated miRNA microarray findings that miR-181a-2-3p, miR-
193b-5p, miR-339-5p and miR-491-5p in the radioresistant cells
(KYSE30R) and parental cells (KYSE30). U6 small nuclear RNA was
used as an internal control. n= 3 samples per group. e KYSE30 cells
were transiently transfected with 4 candidate miRNA mimics and
negative control (NC) respectively. 24 h after transfection, cells were
exposed to 6 Gy of X-IR, and allowed to recover for the indicated
time. The PARP and Caspase-3 protein levels were detected by
Western blot. The data (b, d) are the mean of biological replicates a
representative experiment, and error bars indicate S.E.M. Statistical
significance was determined by a two-tailed, unpaired Student’s t test.
The experiments were repeated three times. *P < 0.05
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MiR-339-5p promotes radiosensitivity by targeting
Cdc25A

To determine whether miR-339-5p promotes apoptosis by
directly repressing Cdc25A, we found that Cdc25A over-
expression inhibited DNA damage-induced apoptosis
(Supplementary Fig. S4d–f). Additionally, we ectopically
overexpressed Cdc25A using an expression vector con-
taining the entire Cdc25A coding sequence but lacking its
3′-UTR in miR-339-5p-overexpressing KYSE30 cells.
Cdc25A overexpression partially rescued miR-339-5p-
induced cellular apoptosis and radiosensitivity in DNA
damage response (Fig. 4g–i). Moreover, overexpression of
miR-339-5p partly inhibited Cdc25A protein expression in
DNA damage response. Conversely, inhibition of miR-339-
5p could increase Cdc25A protein expression. MiR-339-5p
overexpression could increase p-Chk2 expression in DNA
damage response. In contrast, a decrease in p-Chk2 was
observed in miRzip-339-5p cells, suggesting that miR-339-
5p may be involved in the ATM-Chk2-Cdc25A pathways
(Fig. 4j, Supplementary Fig. S4g). Moreover, miR-339-5p
still could regulate Cdc25A expression after Chk2 inhibi-
tion in KYSE30 cells (Supplementary Fig. S4h). Collec-
tively, these results suggest that Cdc25A is a functional
target of miR-339-5p, and that miR-339-5p promotes
radiosensitivity in part by targeting Cdc25A.

Runx3 activates miR-339-5p transcription

DNA hypermethylation in miRNA CpG islands contributes
to transcriptional downregulation in human tumors [20, 21].
In this study, we found miR-339-5p was downregulated in
the radioresistant cells. However, whether DNA methyla-
tion regulates miR-339-5p expression remains unclear. We

found that human miR-339-5p on chromosome 7p22.3 is
embedded in a CpG island using the UCSC database.
Analysis of the TCGA esophageal cancer datasets revealed
that 9 CpG sites were consistently methylated in miR-339-
5p promoter region, which illustrates that expression of
miR-339-5p may not depend on the extent of DNA
methylation (Supplementary Fig. S5a). Moreover, we
observed that miR-339-5p expression was slightly increased
in ESCC cell lines treated with the DNA methyltransferases
inhibitor 5-Aza-2-dC (Supplementary Fig. S5b). Thereby,
we further explore the transcriptional regulation mechanism
of miR-339-5p.

Shen et al. indicated that a CpG island of the promoter
region of miR-339-5p (–155 to+ 187 bp, containing 27
CpG sites), and the epigenetic regulation might be a
potential mechanism for miR-339-5p downregulation [22].
To further determine the miR-339-5p promoter region, we
constructed a reporter plasmid by inserting a proximately
1000 bp promoter region fragment into pGL3-basic. This
sequence significantly increased luciferase activity compared
with the empty vector (Fig. 5a), suggesting that this region
could be miR-339-5p promoter. By using bioinformatics
analysis and the UCSC database, we verified the involve-
ment of Runx3 in the transcriptional regulation of miR-339-
5p. We also examined the genomic sequences flanking for
the human miR-339-5p stem-loop (pre-miR-339-5p) and
found five DNA binding sites for Runx3 located at upstream
of miR-339-5p (Supplementary Fig S5c).

To determine whether Runx3 is indeed a transcriptional
activator of miR-339-5p, Runx3 was transfected in
KYSE30 and KYSE180 cells, and examined by qRT-PCR
and Western blot. Runx3 overexpression increased both
pre-miR-339-5p and miR-339-5p expression levels (Fig.
5b–d). Conversely, Knockdown of Runx3 decreased pre-
miR-339-5p and miR-339-5p expression levels in both cell
lines Supplementary Fig. S5d, e). To verify the direct
binding of Runx3 to the miR-339-5p promoter, we designed
PCR amplicons to test for the presence of the two putative
binding sites by chromatin immunoprecipitation (ChIP).
The results revealed that the endogenous Runx3 protein
bound to these sites upstream of the pre-miR-339-5p tran-
scription start site (Fig. 5e). Furthermore, luciferase reporter
assays demonstrated that overexpression of
Runx3 significantly enhanced the activity of the putative
miR-339-5p promoter. The mutations of DNA binding sites
of Runx3 (-193 - -198bp, -201 - -207bp) dramatically
suppressed the induction of transcriptional activity of miR-
339-5p promoter, suggesting the two DNA binding sites
might be play a vital role in the transcriptional regulation of
miR-339-5p (Fig. 5f). Our results indicated that Runx3 was
involved in the transcriptional regulation of miR-339-5p.
Moreover, a previous study revealed that frequent silencing
of Runx3 in ESCC is associated with radioresistance and

Fig. 2 Expression status of miR-339-5p in human clinical specimens
and ectopic expression of miR-339-5p enhanced radiosensitivity. a In
situ hybridization (ISH) was used to detect mature miR-339-5p in
cancer (C) and adjacent normal tissues (N) using LNA-miRNA probes.
Positive control (U6 snRNA) and negative control (scrambled
miRNA) were included in each hybridization reaction. b MiR-339-5p
levels in 25 paired tumor and adjacent normal mucosa was analyzed
using paired sample t tests. c MiR-339-5p levels in different TNM
stages of ESCC (n= 180). d Association of miR-339-5p expression
with recurrence in ESCC patients (n= 129). e KYSE30 cells (2 × 106/
mouse) stably infected with a miR-339-5p overexpression vector or a
control lentiviral vector, and were subcutaneously injected into the
right leg of 5-week-old BALB/C nude mice. When tumors reached
approximately 5 mm in diameter, the tumors were irradiated with a
single 12 Gy dose of X-IR (dashed arrow indicates the time of irra-
diation). Each group was composed of 5 mice. Tumor sizes were
measured every 3 days. Data are presented as tumor growth curves. f
The tumor was shown after X-IR treatment. g Tumor was harvested
and weighed, and analyzed by a two-tailed, unpaired Student’s t test
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poor prognosis [23]. Consistent with this previous study,
Runx3 was downregulated in radioresistant cells
(KYSE30R) compared to parental cells (Supplementary

Fig. S6a). Runx3 was decreased in a time-dependent man-
ner in KYSE30 and KYSE180 cells (Supplementary
Fig. S6b, c).
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To investigate the correlation between Runx3 and miR-
339-5p in clinical samples, we examined the Runx3
expression by qRT-PCR and Western blot in 30 paired
tumor and matched normal tissue samples, and observed a
significant downregulation of Runx3 in the tumor samples
at both mRNA and protein levels (Fig. 5g, h). Moreover, we
found a positive correlation between miR-339-5p and
Runx3 expression in ESCC (R= 0.343 P= 0.04; Fig. 5i).
Notably, the inverse correlation between Runx3 and
Cdc25A expression was also found in ESCC specimens (R
=−0.359, P= 0.031; Fig. 5j). These results suggest that
Runx3 is involved in the transcriptional regulation of miR-
339-5p.

MiR-339-5p expression is associated with survival in
ESCC

MiR-339-5p inhibited cell metastatic potential and mediated
radiosensitivity, thus we further explore the correlation
between miR-339-5p expression and survival of ESCC
patients. We found that low miR-339-5p expression in tis-
sue was significantly associated with poor overall survival
(n= 138, P= 0.036; Fig. 6a) and disease-free survival (n=
122, P= 0.037; Fig. 6b). To validate our results, we
checked the expression of miR-339-5p and Runx3 in The
Cancer Genome Atlas (TCGA) data set containing 94 eso-
phageal cancer patients with stages II/III, and found that
patients with low miR-339-5p expression had shorter
overall survival (OS) compared with those with high miR-
339-5p levels (n= 94, P= 0.037; Fig. 6c); Moreover, the
Runx3 low expression group had a significantly shorter OS
compared with the Runx3 high expression group (n= 94, P
= 0.019; Fig. 6d). Combined analysis of miR-339-5p with

Runx3 expression increased the separation of the survival
curves obtained by either gene alone, and patients with
miR-339-5p (low)/Runx3 (low) had a significantly shorter
survival than those with miR-339-5p (high)/Runx3 (high)
(n= 49, P= 0.009; Fig. 6e). All these data suggest under-
lying Runx3 expression for offering a more accurate prog-
nosis and even predicting recurrence.

MiR-339-5p is found in exosomes

Our findings suggested that miR-339-5p is associated with
patient survival, we speculated whether miR-339-5p can be
secreted in the circulation. Villarroya-Beltri et al. demon-
strated that sumoylated hnRNPA2B1 controls miRNAs
sorting into exosomes through binding to specific motifs
[24]. We found that miR-339-5p contains Exomotif
sequence: GGAG (Fig. 7a). To determine whether miR-
339-5p is a secretory miRNA, we examined the presence of
miR-339-5p in culture medium. Exosomes were isolated
from conditioned medium from three different ESCC cell
lines using ultracentrifugation and examined via the Wes-
tern blot detection of several exosome markers, including
heat shock protein70 (HSP70), CD81, and TSG101. Both
Western blot and transmission electron microscopy (TEM)
confirmed the isolation of exosomes (Supplementary Fig.
S7a, b). Using qRT–PCR, we found that miR-339-5p
expression was decreased in exosome-depleted supernatants
(Fig. 7b). Similarly, miR-339-5p was contained within
exosomes derived from cells, and that its expression was
directly proportional to culture duration and cell number
(Fig. 7c, d). Furthermore, we blocked exosome formation
by treating KYSE30 and KYSE180 cells with GW4869, a
drug that hinders exosome biogenesis by blocking neutral
sphingomyelinase 2 (nSMase2) and miRNA content in
exosomes [25]. GW4869 blocked exosome secretion (Fig.
7e), and statistically significantly reduced miR-339-5p
levels (Fig. 7f). Collectively, our data suggest that miR-
339-5p is contained within exosomes.

Serum miR-339-5p as a non-invasive biomarker for
pathological response to preoperative radiotherapy

To further determine whether miR-339-5p can be secreted
into blood by exosomes, we obtained serum from 5 ESCC
patients, purified the exosomes, and performed Western blot
to confirm the presence of the exosomes (Supplementary Fig.
S7c). As shown in Fig. 8a, miR-339-5p was detected in
exosomes isolated from serum of ESCC patients. We further
investigated the correlation between serum miR-339-5p
expression and clinical pathological parameters, but did not
observe any statistically significant differences in the serum
miR-339-5p expression between ESCC patients and healthy

Fig. 3 MiR-339-5p promotes radiosensitivity through DNA damage-
induced apoptosis. a MiR-339-5p expression in ESCC cell lines and
human normal esophageal epithelial cells (Het-1A) was examined by
qRT-PCR. b Radiation clonogenic survival assays was performed in
ESCC cell lines. c KYSE30 cells were infected with PLVX-miR-339-
5p, PLVX (left panel) and miRzip-miR-339-5p or GFP-control (right
panel) lentivirus, and screened by G418 at 72 h after infection. Clo-
nogenic survival assays were performed on stable miR-339-5p over-
expression or inhibition cells after increasing doses of X-IR. d MiR-
339-5p overexpressing or inhibiting KYSE30 cells were treated with a
single dose of 6 Gy of X-IR. After 72 h, PARP and Caspase-3 were
detected by Western blot. e KYSE30 cells were transiently transfected
with miR-339-5p mimics or negative control (NC), after 24 h, and
treated with 6 Gy of X-IR. PARP and Caspase-3 were evaluated by
Western blot. f KYSE30 cells were exposed to 6 Gy of X-IR. Then,
72 h after recovery, γH2AX was detected by western blot. g γH2AX
and DAPI staining of KYSE30-miR-339-5p and KYSE30-PLVX
control cells at 72 h after 6 Gy of X-IR. h γH2AX foci was count, and
analyzed by a two-tailed, unpaired Student’s t test. The picture is
representative of one experiment in (a, b, d–f). Statistical significance
was performed on three independent experiments. *P < 0.05
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control subjects (P= 0.874; Fig. 8b). Of note, we observed
that ESCC patients that were non-responsive to radiotherapy
had significantly lower mean serum miR-339-5p levels

(P= 6.82E-5; Fig. 8c). Additionally, patients with low
miR-339-5p expression had significantly shorter survival than
those with higher miR-339-5p expression (P= 0.012; Fig.
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8d). These results suggest that serum miR-339-5p is a pro-
mising non-invasive biomarker for predicating the response to
radiotherapy and prognosis in ESCC.

Discussion

In cancer cells, in response to DNA damage, cell cycle
checkpoints and DNA repair pathways become activated.
These mechanisms may ultimately promote radioresistance
and cell survival [26, 27]. Many groups are dedicated to
identify the agents that target DNA damage response
pathways and mediate radioresistance; however, it still
remains unclear whether these agents have direct roles in
sensitivity or offer prognostic value to clinicians. This study
demonstrates the potential role of exosome-derived miR-
339-5p as a non-invasive biomarker for determining patient
prognosis and predicting response to radiotherapy.

By establishing a radioresistant cell model, we found a
set of significantly differentially expressed miRNAs asso-
ciated with radioresistance (or radiosensitivity), and some of
these miRNAs have been previously studied. Among them,
miR-339-5p, which is known to be a putative tumor sup-
pressor that modulates the expression of multiple cancer-
related target genes such as MDM2, BACE1 and ICAM1,
has been shown to inhibit cellular proliferation, migration
and invasion in various human tumors. [18, 28–30] MiR-

339-5p-5p expression was inversely associated with
metastasis to lymph nodes, clinical stages and survival in
breast cancer [31]. Our findings showed that miR-339-5p
expression levels in ESCC tissue samples from patients with
T1/T2 stage were significantly higher than those from
patients with T3/T4 stage, and its expression was inversely
correlated with recurrence. Likewise, analysis of the TCGA
datasets revealed that miR-339-5p expression was posi-
tively correlated with survival. Our findings demonstrate
that miR-339-5p may be a predicator for prognosis and
recurrence in ESCC.

Accumulating data in recent years have convincingly
demonstrated that circulating miRNAs reflect physiological
and pathological alterations in patients, and may be used as
promising biomarkers for the non-invasive detection of
cancer at early stages [32, 33]. Circulating exosomic miR-
NAs, which are similar to those, originating from cancer
cells, were found to be associated with therapy resistance or
progression. Challagundla et al. indicated that a unique role
for exosomic miR-21 and miR-155 in the cross-talk
between neuroblastoma and human monocytes in che-
moresistance through a novel miR-21/TLR8-NF-кB/miR-
155/TERF1 signaling pathway [34]. In ESCC, exosomic
miRNAs also showed potential as biomarkers for diagnoses.
MiR-21 and miR-1246 could be secreted by cancer cells to
exosomes. These two miRNAs were upregulated in serum
and positively correlated with tumor progression and patient
survival [35, 36]. However, with regards to ESCC, only a
few circulating miRNAs have been reported to potentially
play a role in radioresistance. A previous study illustrated
that miRNAs are not randomly loaded into exosomes.
Sumoylated hnRNPA2B1 specifically binds to miRNAs
containing the ‘shuttling’ motif GGAG, leading to their
upload into exosomes [24]. In this study, we systematically
investigated miR-339-5p as a secretory miRNA. Firstly,
miR-339-5p contains the Exomotif sequence GGAG, and
secreted into the culture medium by exosome isolation, thus
establishing its secretory potential. Subsequently, miR-339-
5p expression level in exosomes was increased in a cell
number- and time-dependent manner. To the best of
knowledge, our results, for the first time, demonstrate that
serum miR-339-5p was associated with overall survival and
predicted the response to radiotherapy in locally advanced
ESCC. Recent studies indicated that exosomes, carrying
cancer cell-derived miRNAs, act as natural nano-sized
membranous vesicles, and provide benefit of mediating
gene delivery without inducing adverse immune reactions
and pro-inflammatory response [37–39]. Thereby, future
studies aim to investigate whether these miRNAs examined
in our study act as potential therapeutic targets and to also
understand if exosome-derived miRNAs could be a poten-
tial biomarker panel for predicting therapeutic response
in ESCC.

Fig. 4 Cdc25A is a direct target of miR-339-5p, and Cdc25A protein
expression and miR-339-5p expression was inversely correlated in
ESCC. a The 3′ UTR sequence of Cdc25A contains miR-339-5p
binding site. The mutant sites were colored red. b KYSE30 and
KYSE180 cells were transfected with wild- or mutant-Cdc25A 3′-
UTR, miR-339-5p (50 nM), negative control (NC, 50 nM) and pRL-
TK as indicated. 24 h after transfection, dual luciferase activity was
recorded. c KYSE30 and KYSE180 cells were stably infected with
miR-339-5p (overexpression) or miRzip-339 (inhibition) lentivirus,
and Cdc25A expression was determined by Western blot. d Cdc25A
expression was detected by qRT-PCR in 30 pairs of tumor (T) and
adjacent normal tissues (N). e Cdc25A expression was detected in 18
pairs of tumor and adjacent normal tissues by Western blot (ten
representative pairs). f Cdc25A protein expression was quantified
using ImageJ and normalized against β-actin. The correlation between
miR-339-5p expression and Cdc25A protein expression in 18 pairs of
ESCC tumor and adjacent normal tissues was analyzed using
SPSS17.0. Statistical analysis was performed on -ΔCt of triplicates of
one experiment. g KYSE30 cells were infected with miR-339-5p,
negative control, Cdc25A (open reading frame lacking 3′-UTR) and
pCMV3 as indicated. 24 h later, they were treated with 6 Gy of X-IR.
PARP, Caspase-3 and Cdc25A were evaluated by Western blot. h
Cellular apoptosis was detected by Annexin V-FITC staining. i Clo-
nogenic survival assays for the indicated cells were performed. j
Cdc25A expression were examined by Western blot in miR-339-5p
overexpressed or inhibited KYSE30 cells after treatment with 6 Gy of
X-IR. The data (b, h, i) are the mean of biological replicates a
representative experiment, and error bars indicate S.E.M Statistical
significance was determined by a two-tailed, unpaired Student’s t test.
The experiments were repeated three times. *P < 0.05
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Radiation affects cells by generating DSBs resulting in a
cellular response including DNA replication, DNA repair,
and programmed cell death [26]. Radiation-induced pro-
grammed cell death is a major form of death in tumors

derived from lymphoid, hematopoietic and germ cells [40].
However, epithelial tumors show wide resistance to apop-
tosis induced by ionizing radiation. In our study, we found
that miR-339-5p overexpression or inhibition does not
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impact esophageal cancer cell proliferation. However, miR-
339-5p overexpression markedly enhances DNA damage-
induced apoptosis in esophageal cancer cells. Likewise,
miR-339-5p suppression inhibits its effect. Thus, our results
demonstrate that miR-339-5p promotes radiosensitivity
mainly through DNA damage-induced cellular apoptosis in
ESCC cells.

Runx3 acts as a tumor suppressor and was associated
with prognosis and radio- or chemosensitivity in several
cancers. Frequent silencing of Runx3 was associated with
radioresistance and poor prognosis in ESCC [23]. Runx3
facilitates p53 phosphorylation through the ATM/ATR
pathway and p53 acetylation by p300 in DNA damage
response [41, 42]. Moreover, the expression of miR-339-5p
was positively correlated with Runx3 in ESCC specimens.
Notably, our analysis of the TCGA datasets revealed a
combination of miR-339-5p with Runx3 expression
increased the separation of the survival curves. Our results

Fig. 5 Runx3 activates miR-339-5p transcription. a Luciferase reporter
assays were performed to identify the miR-339-5p promoter. b, c
Runx3 expression was detected in KYSE30 and KYSE180 cells
transiently transfected with pCMV3-Runx3 by Western blot (b) and
qRT-PCR (c). d Pre-miR-339-5p (left panel) and mature miR-339-5p
expression (right panel) was examined using qRT-PCR in Runx3
overexpressing cells. e ChIP assays were performed in KYSE30 and
KYSE180 cells, and examined by PCR with primers specific for the
Runx3 DNA binding sites. f KYSE30 cells were transfected with
pGL3-Luc, miR-339-5p-wt, miR-339-5p-mt1-4, pCMV3 and Runx3
as indicated. The dual luciferase activity was detected after 24 h. g
Runx3 expression in 30 paired tumor and adjacent normal tissues was
detected by qRT-PCR. h Runx3 expression was determined in 20
paired tumor tissues and adjacent normal tissues by Western blot (ten
representative pairs). i Pearson’s correlation analysis was used to
determine correlation between miR-339-5p expression and Runx3
expression in ESCC specimens. j Correlation between Runx3 and
Cdc25A protein expression was analyzed using SPSS17.0. The data
(a, c–f are the mean of biological replicates a representative experi-
ment, and error bars indicate S.E.M Statistical significance was
determined by a two-tailed, unpaired Student’s t test. The experiments
were repeated three times. *P < 0.05

Fig. 6 Kaplan–Meier survival analysis for miR-339-5p expression in
tissue specimens from ESCC patients. a Overall survival of patients
with ESCC based on tissue miR-339-5p expression using
Kaplan–Meier curves (n= 138). b Disease-free survival of patients
with ESCC based on miR-339-5p expression (n= 122). c Association
of miR-339-5p and the overall survival in the TCGA datasets (n= 94).

The group was defined according to the mean of miR-339-5p
expression. d Association of Runx3 expression and the overall survi-
val in the TCGA datasets (n= 94). The group was defined according
to the mean of Runx3 expression. e Patient overall survival was ana-
lyzed according to the expression of miR-339-5p and Runx3 in the
TCGA datasets (n= 49). Cum survival: cumulative survival
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demonstrate that Runx3 expression, in combination with
miR-339-5p, may serve as potential prognostic markers
in ESCC.

In conclusion, our findings identify that miR-339-5p as a
radiosensitizing miRNA, can be released into circulation,
and serves as a promising non-invasive biomarker for
facilitating personalized treatments.

Fig. 7 miR-339-5p is contained
in exosomes. a The predicted
Exomotif sequences for miR-
339-5p. b MiR-339-5p was
detected in culture medium or
exosome-depleted medium of
KYSE30 cells using qRT-PCR.
c, d MiR-339-5p expression was
detected in exosomes from
culture medium of three
different ESCC cell lines
(KYSE30, KYSE180 and
KYSE510) by
ultracentrifugation for the
indicated time periods (c) and
cell number (d). e KYSE180
cells were treated with 10 μM
GW4869 or DMSO (as a
control). After 72 h, culture
medium was collected.
Exosomes were isolated by
ultracentrifugation (100,000 g),
and detected by Western blot
using exosome markers. f MiR-
339-5p expression was detected
in using qRT-PCR exosomes
from KYSE30 cells culture
medium with or without
GW4869 treatment. The data
(b–d, f) are the mean of
biological replicates, and error
bars indicate S.E. Statistical
significance was determined by
a two-tailed, unpaired Student’s
t test. The experiments were
repeated three times. *P < 0.05
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Materials and methods

Establishment of radioresistant cell model

The ESCC cell lines (KYSE series) were kindly provided
by Dr. Yutaka Shimada [43]. Cells were cultured in
RPMI1640 medium supplemented with 10% fetal bovine
serum and 1% penicillin and streptomycin. The radio-
resistant cells were established according the following
scheme. Cells (KYSE30, KYSE70 and KYSE180) were
grown to 50% confluence, treated with 2 Gy of X-IR, and
then incubated. Upon reaching 90% confluence, the cells
were trypsinized and then incubated. When the cells
reached 50% confluence, they were irradiated again (second
fraction), and then this process repeated a total of 30 times
to reach 60 Gy. The parental cells were subjected to iden-
tical trypsinization and culture conditions but were not
irradiated. For all assays, there was at least a 4 or 5 months

interval between the last 2 Gy fractionated irradiation. The
irradiated cells were required to recovery for 2–3 weeks
after the last irradiation, and used to functional assay.

Clinical specimens

Serum from patients with locally advanced ESCC treated
with preoperative radiotherapy followed by surgery from
2013 to 2016 (n= 48) or radiotherapy alone (n= 100) and
42 healthy individuals from 2006 to 2010 at the Cancer
Hospital Chinese Academy of Medical Sciences. 30 pairs of
primary ESCC and adjacent normal tissue specimens were
obtained from patients who were treated with surgical
resection alone in 2014 at the Cancer Hospital Chinese
Academy of Medical Sciences. All of patients never
received any chemotherapy before radiotherapy. The clin-
ical characteristics of the patients are summarized in Sup-
plementary Table S1. This study was approved by the

Fig. 8 Serum miR-339-5p serves as a non-invasive biomarker for
pathological response to preoperative radiotherapy in ESCC. a Exo-
somes were isolated from 5 serums of ESCC patients by ultra-
centrifugation. MiR-339-5p expression was examined in serum,
exosomes and exosome-depleted serum by qRT-PCR. Cel-miR-39 was
used as an internal control. Each reaction included three technical

replicates, and error bars indicate s.d. b Serum miR-339-5p level in 42
healthy control subjects and 41 ESCC patients was detected by qRT-
PCR. c Comparison of miR-339-5p expression levels in 48 serum
samples between non-response group and response group. d
Kaplan–Meier analysis of overall survival of 59 patients with ESCC
stratified according to admission serum miR-339-5p level
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Institutional Review Board of the Cancer Hospital Chinese
Academy of Medical Sciences.

Tissue microarray and in situ hybridization

Tissue microarray containing 180 tumor samples (duplicate
1.5 mm tissue cores for each ESCC) were constructed by
Zhejiang Cancer Hospital (Supplementary Table S2). For
in situ hybridization analysis, the tissue microarrays were
hybridized with a miR-339-5p probe (locked nucleic acid
(LNA)-modified and 5′-DIG-labelled and 3′-DIG-labelled
oligonucleotide; Exiqon, Woburn, Massachusetts, USA) as
described previously [44]. Positive (U6 snRNA) and
negative controls (scrambled miRNA) were included in the
hybridization reaction. After hybridization, the sections
were scanned and imaged by a single investigator who was
not informed of the clinical characteristics. The integral
intensity value was measured with Aperio’s ImageScope
software (Aperio, Vista, CA, USA).

Transfection and western blot

Transfections were performed using HiperFect (Qiagen,
Valencia, CA) for miRNA mimics or Runx3 siRNAs (#E-
012666-00-0005, Dharmacon, USA), and Lipofectamine
2000 (Thermo Fisher Scientific, Australia) for plasmids
according to the manufacturers’ recommendations. Western
blot was performed according to the standard protocol.
β-actin was used as loading control. The intensity of protein
bands was quantified by ImageJ. The antibodies were listed
in Supplementary Table S3.

Radiation clonogenic survival assay

Cells were seeded in triplicate in six-well plates. After 24 h,
the cells were exposed to different doses of X-IR (2, 4 or 6
Gy), followed by incubation at 37 °C for 9–12 days until the
development of visible colonies. Colonies were stained with
crystal violet staining solution and counted. The survival
fraction was calculated as: (number of colonies / number of
cells plated) irradiated / (number of colonies / number of cells
plated) non-irradiated.

Exosomes isolation and transmission electron
microscopy

A total of 6 × 106 Cells were grown in 10% exosome-
depleted FBS medium. After 72 h, 30 ml supernatant was
collected, and subsequently subjected to centrifugation at
3,500 g for 30 min. This resulting supernatant was then
filtered using 0.22 μm filters, and ultracentrifuged at
100,000 × g for 2 h. Exosomes were wicked off to create a
thin layer before addition of a thin layer of 2% urany acetate

in water. Grids were allowed to dry overnight, and trans-
mission electron microscopy (JEM-1400, 80KV) performed
the next day.

Luciferase reporter assay and chromatin
immunoprecipitation

A Muta site Directed Mutagenesis kit was used to generate
mutant constructs for Cdc25A 3′-UTR and for the promoter
of miR-339-5p. Cells were seeded, and transiently
cotransfected with Cdc25A 3′-UTR (wild or mutant type),
pGL3-miR-339-5p (wild or mutant type), pGL3-Basic,
pCMV3-Runx3, pCMV3, miR-339-5p mimcs and negative
control (NC) as indicated. Details of luciferase reporter
assays were performed according to the manufacturer’s
protocol, and normalized for transfection efficiency by
cotransfecting with pRL-TK Renilla. KYSE30 and
KYSE180 cells were cross-linked in 1% formaldehyde for
10 min at 37 °C. DNA from the fixed-chromatin cells were
then subjected to chromatin immunoprecipitation according
to the manufacturer’s instructions (Thermo Fisher Scien-
tific, Australia).

Animal studies

Male BALB/c Nude mice 5 weeks of age were sub-
cutaneously injected into the right leg with miR-339-5p-
overexpressing cells or PLVX-control cells (2 × 106). When
the diameter of tumor reached approximately 5 mm, tumors
were irradiated with a single 12 Gy dose of X-IR. Each
group was composed of 5 mice, randomly chosen. Tumor
sizes were measured with a digital caliper interval of two
days after X-IR, and tumor volume was determined by the
formula [length x width2] x 0.5. Data are presented as tumor
growth curves. The tumor was harvested and weighed, and
analyzed by a two-tailed, unpaired Student’s t test. The
experimental procedures were approved by Institutional
Animal Care and Use Committee of Chinese Academy of
Medical Sciences Cancer Hospital.

Statistical analysis

Statistical analysis was performed using two-tailed, two
independent or paired Student’s t tests with SPSS17.0.
Correlations were analyzed using Pearson’s correlation
coefficient. Survival curves were calculated by
Kaplan–Meier method and compared using the log-rank
test. An F-test was used to compare the variances between
groups, and we found no significant difference. All the data
meet normal distribution, and no samples were excluded.
The high and low sets were defined according to the mean
of miR-339-5p expression in ESCC and TCGA-ESCC data
set. High (n= 42) and low group (n= 17) were defined
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according to the mean of miR-339-5p expression. P < 0.05
was considered statistically significant (*).
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