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Abstract

5-Fluorouracil (5-FU) is a chemotherapeutic agent commonly used to treat esopha-
geal squamous cell carcinoma (ESCC), but acquisition of chemoresistance frequently
occurs and the underlying mechanisms are not fully understood. We found that mi-
croRNA (miR)-338-5p was underexpressed in ESCC cells with acquired 5-FU chemore-
sistance. Forced expression of miR-338-5p in these cells resulted in downregulation
of Id-1, and restoration of both in vitro and in vivo sensitivity to 5-FU treatment. The
effects were abolished by reexpression of Id-1. In contrast, miR-338-5p knockdown
induced 5-FU resistance in chemosensitive esophageal cell lines, and knockdown of
both miR-338-5p and Id-1 resensitized the cells to 5-FU. In addition, miR-338-5p had
suppressive effects on migration and invasion of ESCC cells. Luciferase reporter assay
confirmed a direct interaction between miR-338-5p and the 3’-UTR of Id-1. We also
found that miR-338-5p was significantly downregulated in tumor tissue and serum
samples of patients with ESCC. Notably, low serum miR-338-5p expression level was
associated with poorer survival and poor response to 5-FU/cisplatin-based neoadju-
vant chemoradiotherapy. In summary, we found that miR-338-5p can modulate 5-FU
chemoresistance and inhibit invasion-related functions in ESCC by negatively regu-
lating Id-1, and that serum miR-338-5p could be a novel noninvasive prognostic and

predictive biomarker in ESCC.
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1 | INTRODUCTION

Esophageal squamous cell carcinoma constitutes more than 80% of
esophageal cancer cases worldwide.>? Preoperative chemoradio-
therapy with 5-FU and cisplatin has become a standard treatment
for advanced resectable ESCC. However, resistance to therapy is
a key factor responsible for the overall low survival rate.®> The un-
derlying mechanisms of chemoresistance in ESCC are still not fully
understood.

Recent studies highlight the involvement of miRNAs as tumor
suppressors or oncogenes in tumor progression,4 MicroRNAs form
a double-stranded complex with target mRNAs by binding to the
3'-UTR, and consequently reduce the target protein expression ei-
ther by suppressing gene translation or by degrading the mRNA.’
MicroRNAs are increasingly recognized as useful diagnostic and
prognostic biomarkers. Circulating miRNAs, in particular, are ideal
biomarkers for continuous monitoring of cancer progression and
cancer surveillance because they are present in a cell-free form as-
sociated with lipids or lipoproteins in the blood, and are therefore
protected from degradation.®” Increasing evidence supports the
involvement of miRNAs in chemoresistance. For example, gain of
miR-241-3p expression enhanced sensitivity of ESCC cells to cispla-
tin,® whereas loss of miR-445-3p had a similar effect.” It was also
reported that modulation of miR-130a-3p and miR-148a-3p in both
directions increased the sensitivity of ESCC cells to 5-FU and cis-
platin.’® We found that ectopic overexpression of miR-377, which
targeted CD133 and suppressed cancer stemness, had a chemo-
sensitizing effect on ESCC cells.!* More recently, we identified the
miR-29¢c-3p/FBX031-p38 axis as a key regulator of chemoresistance
in ESCC.'2 Our previous studies also showed that Id-1 and its down-
stream PI3K/Akt pathway play an essential role in promoting chemo-
resistance in ESCC.2%'° The significance of 1d-1 in ESCC is evident
from its frequent aberrant overexpression in ESCC tumors, and the
association between its expression level and poor prognosis.*>*¢ As
little is known about the mechanisms that regulate Id-1 expression
and the strategies by which Id-1 can be inhibited, this study aimed
to identify novel and clinically relevant miRNA(s) that can suppress
Id-1 and regulate chemoresistance in ESCC. Herein, we present data
based on in vitro and in vivo functional experiments, as well as anal-
yses of clinical samples, to show that miR-338-5p is downregulated
in ESCC, and that it regulates chemoresistance and invasion-related
functions in ESCC cells by negatively regulating Id-1. The potential of

circulating miR-338-5p as a noninvasive biomarker was also explored.

2 | MATERIALS AND METHODS

2.1 | Celllines and transfections

Esophageal squamous cell carcinoma cell lines KYSE410, KYSE150,
and KYSE270,Y obtained from DSMZ, were maintained in
RPMI-1640 (Sigma) supplemented with 10% FBS (Invitrogen). The
293T cell line, and the ESCC cell line T.Tn'® obtained from Dr Hitoshi
Kawamata (Dokkyo University School of Medicine, Tochigi, Japan),

were maintained in DMEM/F12 (Invitrogen) supplemented with
10% FBS. All cell lines were authenticated using short tandem re-
peat analysis. The FR sublines KYSE410FR and KYSE150FR were
generated from parental cell lines (KYSE410 and KYSE150 cells, re-
spectively) by exposing them gradually to increasing concentration
of 5-FU (up to 80 pmol/L) over a period of 18 months.'® Transfection
and transduction were carried out as described previously.'®
Vectors for transient expression of miR-338-5p (ie, pcDNA6.2-GW/
EmGFP-miR-338-5p) and scrambled miRNA (ie, pcDNA6.2-GW/
EmGFP-Ctrl) were constructed using the Block-iT Pol Il miR RNAi
expressing vector kit (Invitrogen). The pLenti-CMV-miR-338-5p
and pLenti-CMV-miR-Ctrl constructs for stable miRNA overexpres-
sion were established using the Gateway system (Invitrogen). The
pLenti-CMV-puro-DEST empty vector was obtained from Addgene
(#17452). Vectors for stable miR-338-5p knockdown (pmiRZip-
338-5p) and scrambled control (pmiRZip-Ctrl) were purchased from
System Biosciences. For transfection, Lipofectamine 2000 reagent
(Invitrogen) was used according to the manufacturer’s instructions.
Stable overexpressing and knockdown cell lines were established
using lentivirus infection. The virus was packaged using 293T, which
was transfected with lentiviral plasmids and packaging mix. The sta-

ble cell lines were selected with puromycin.

2.2 | Clinical samples

Two sets of tissue samples, each consisting of paired ESCC tissue
and nonneoplastic mucosa, were used for analysis of miR-338-5p ex-
pression. Set A included 30 cases of ESCC patients treated at Queen
Mary Hospital, Hong Kong, from 2003 to 2007. Set B consisted of an
additional 42 pairs of samples from patients who underwent surgical
resection of primary ESCC at Queen Mary Hospital between 2011
and 2012, or at the First Affiliated Hospital, Zhengzhou University
in Zhengzhou. In addition, pretreatment serum samples of an inde-
pendent cohort of 104 patients with ESCC who underwent neo-
adjuvant chemoradiotherapy (with 5-FU and cisplatin) followed by
esophagectomy, and serum samples of 50 healthy individuals, col-
lected from Queen Mary Hospital and Shantou University Medical
College (Guangdong, China) were used for determination of circulat-
ing miR-338-5p. The pathological response to chemoradiotherapy
was assessed based on the percentage of viable residual tumor cells
in the resected esophagus, categorized into 4 groups according to
the guidelines of the Japanese Society for Esophageal Disease.’ All
human samples were obtained with informed consent and approval
from the Institutional Review Boards of the respective institutions
(Queen Mary Hospital, IRB# UW13-300; Zhengzhou University,
IRB# 2017-09-142; Shantou University Medical College, IRB#
2015042419).

2.3 | Quantitative real-time PCR

Total RNA was extracted using TRIzol reagent according to the man-
ufacturer’s protocol (Invitrogen). For serum and Set A tissue sam-
ples, cDNA was generated using the miScript Il RT Kit (Qiagen) based
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on the oligo(dT) primer method. Quantitative PCR was undertaken
using the miScript SYBR Green PCR Kit (Qiagen). The forward prim-
ers used were miR-338-5p-Fwd (5'-gccgaacaatatcctggtgetgagt-3'),
RNU6B-Fwd (5'-tgcgggtgctegettcggeage-3'), and miR-16-Fwd (5'-
tagcagcacgtaaatattggcg-3’). The universal downstream primer was
5'-ccagtgcagggtccgaggt-3'. The amounts of miRNAs in ESCC cell
lines and Set B tissue samples were quantified using TagMan miRNA
assays (stem-loop primer method). Reverse transcription reaction
was carried out with the TagMan MicroRNA Reverse Transcription
Kit (Applied Biosystems) and gRT-PCR was carried out by amplifying
the cDNA with TagMan Universal PCR Master Mix Il (2x), no UNG
(Applied Biosystems), and miRNA-specific PCR probes. Quantitative
PCR was run on an iQ5 Real-Time PCR Detection System (Bio-Rad).
For in vitro experiments, the mean Ct values of miR-338-5p were
normalized to that of the internal reference gene or endogenous
control to obtain ACt, and then to that of the corresponding control
or parental cell line to obtain the 2722 value as fold change. The
absolute expression value of miR-338-5p in clinical samples was ex-
pressed as 274t

2.4 | Western blot analyses

Preparation of whole-cell lysates and immunoblotting were under-
taken as described previously.20 Primary Abs against Id-1, p-actin
(Santa Cruz Biotechnology), caspase-3 and cleaved caspase-3
(Abcam), and PARP and cleaved PARP (Cell Signaling Technology)
were used at 1:1000 dilution. Chemiluminescent signals were de-
veloped using the ECL Plus Western blotting detection system
(Amersham Biosciences) and visualized by exposure to BioMax Light

64 Film (Kodak) or using myECL Imager (Thermo Fisher Scientific).

2.5 | Dual luciferase reporter assays

The 3'-UTRs of Id-1 containing WT and Mut miR-338-5p binding
sites were synthesized by Integrated DNA Technologies. The WT-
or Mut-3'-UTR was then ligated into psiCHECK-2 vector between
Xhol and Notl to generate luciferase reporter vector (psiCHECK-
1d-1-3"-UTR-WT/Mut). The luciferase reporter assay was carried
out using KYSE150 cells. Briefly, cells were seeded in 24-well
plates, and then cotransfected with pcDNA-6.2-miR-338-5p or
pcDNA-6.2-miR-Ctrl and psiCHECK-1d-1-3’'UTR-WT or -Mut vec-
tor using Lipofectamine 2000 after 24 hours. The activities of fire-
fly and Renilla luciferases were determined using Dual-Luciferase
Reporter Assay System (Promega). The luciferase signals were de-
tected using Victor3 Multilabel Counter (Perkin Elmer), and the
values were normalized to that of cells transfected with nontar-
geting control miRNA and calculated as the means of 3 independ-

ent experiments.

2.6 | Cell viability assay

Parental ESCC cells and FR cells with manipulated miR-338-5p ex-
pression were treated with 20 and 40 pumol/L 5-FU (Calbiochem),
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respectively, for 48 hours. Cell viability was measured using MTT
assay as previously described.?! Relative proliferation was calculated

by normalizing to the corresponding miR-Ctrl or miRZip-Ctrl cells.

2.7 | Migration and invasion assays

Wound healing assay was used to monitor migration of ESCC cells.?°

Invasion assay was carried out using Transwell Matrigel-coated in-
vasion chambers with 8-pm pore size polycarbonate filters (BD

Biosciences) as described previously.20

2.8 | Apoptosis assay

Cells were incubated with 5-FU (40 pmol/L for FR cells and 20 pmol/L
for parental ESCC cells). Approximately 1 x 10° cells were harvested
48 hours later and stained with propidium iodide (50 pg/mL)/RNase
solution (10 pg/mL RNase in PBS) at 37°C for 30 minutes for flow
cytometry analysis (BD FACS Canto Il Analyzer; BD Biosciences).
The percentage of sub-G, population, indicative of cell death, was

analyzed with FlowJo.??

2.9 | Animal experiments

Approximately 1 x 10° modified ESCC cancer cells (KYSE150FR-miR-
338-5p, KYSE150FR-miR-338-5p-Id-1, and KYSE150FR-miR-Ctrl)
were suspended in 50 uL PBS and mixed with 50 pL Matrigel (BD
Biosciences). The mixtures (100 pL/animal) were then s.c. injected
into the flanks of 3 different groups of nude mice (12 mice per group)
to establish tumor xenografts. When the tumors reached approxi-
mately 5 mm in diameter, each group of animals was randomly di-
vided into 2 subgroups (n = 6/group) which were either given an i.p.
injection of 5-FU (20 mg/kg, every 3 days) or DMSO as control for
60 days. The tumor volume, calculated according to the equation
Volume = (length x width?)/2, was determined at the end of the experi-
ment. All the animal experiments were carried out in accordance with
the relevant guidelines and regulations of the Committee on the Use of

Live Animals in Teaching and Research of the University of Hong Kong.

2.10 | Analysis of public datasets

The expression values of miR-338-5p in the ESCA data cohort were
downloaded from the Genomic Data Commons Data Portal, NCI
(https://portal.gdc.cancer.gov/). Kaplan-Meier plots were used to
compare overall survival using the University of California Santa
Cruz's Xena browser (https://xenabrowser.net). The expression val-
ues of miR-338-5p in colon cancer and rectal cancer (GSE115513)
and gastric cancer (GSE93415 and GSE63121) were downloaded
from NCBI's GEO.

2.11 | Statistical analysis

The data were analyzed using PRISM 5.0 software (GraphPad

Software). All the quantitative values were expressed as


https://portal.gdc.cancer.gov/
https://xenabrowser.net
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE115513
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE93415
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE63121
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mean + SEM. For the in vitro and in vivo experiments, the statistical
significance between 2 groups was determined using the unpaired
t test. All in vitro experiments were repeated at least 3 times. For
quantitative miR-338-5p expression in our clinical samples and in
public datasets, differences between 2 groups with nonparametric
data (as determined using one-sample Kolmogorov-Smirnov test for
normality) were compared using the Mann-Whitney U test. The Xz
test was used to analyze the association between miR-338-5p ex-
pression levels in serum samples and clinicopathological parameters.
Pearson’s correlation analysis was used to analyze the relationship
between miR-338-5p and Id-1 expression levels in tumor samples.
The association between miR-338-5p expression level and patient
survival was plotted using the Kaplan-Meier method, and statistical
differences were compared using the log-rank test. Statistical sig-

nificance level was set at P < .05.

3 | RESULTS

3.1 | MicroRNA-338-5p directly targets 3"-UTR of
Id-1 and modulates Id-1 expression in 5-FU-resistant
ESCC cell lines

TargetScanHuman 6.2 and miRanda algorithms were used to look
for novel miRNAs that might target the 3'-UTR of Id-1. The pre-
diction results showed that there were 2 putative binding sites
for miR-338-5p within the 3'-UTR of Id-1 (Figure 1A). The lucif-
erase reporter vectors containing WT and Mut Id-1 3’-UTR were
then constructed accordingly (Figure 1A), and dual-luciferase
reporter assay was carried out to confirm the direct binding of
miR-338-5p to the Id-1 3'-UTR. Cotransfection of miR-338-5p and
the WT psiCHECK-1d-1 3’-UTR into KYSE150 cells led to a signifi-
cant decrease (P = .004) of the luciferase signal when compared
with scrambled miRNA control (Figure 1B). This inhibitory effect
was rescued by mutating the 2 predicted miR-338-5p binding
sites (Figure 1B). These data indicated that Id-1 3'-UTR is a direct

(A)

target of miR-338-5p. We determined the miR-338-5p expression
level in 42 pairs of esophageal tumor and nonneoplastic tissues
(Set B samples), which were previously analyzed for Id-1 protein
expression.15 Pearson’s correlation analysis showed an inverse
relationship (r = -0.214, P = .050) between miR-338-5p and Id-1
(Figure 1C).

Our group previously reported that Id-1 can induce chemore-
sistance in ESCC.**'> We therefore speculated that targeting Id-1
using miR-338-5p could help ESCC cancer cells overcome 5-FU re-
sistance. We found that miR-338-5p was downregulated, whereas
Id-1 was upregulated, in KYSE410FR and KYSE150FR cells in com-
parison with their parental ESCC cell lines (Figure 2A,B). We then
undertook miR-338-5p knockdown in parental ESCC cell lines
using miRZip-338-5p (Figure 2C) and found elevation of Id-1 pro-
tein expression levels in both cell lines (Figure 2D). In contrast,
stable miR-338-5p overexpression decreased |d-1 protein levels
in KYSE410FR and KYSE150FR cells when compared with their
corresponding control cell lines (Figure 2E,F), thus indicating that
miR-338-5p can modulate Id-1 function in 5-FU-resistant ESCC

cells.

3.2 | MicroRNA-338-5p overexpression sensitizes
5-FU-resistant ESCC cells to 5-FU treatment
in vitro and in vivo

Gain-of-function experiments were carried out to investigate the
role of miR-338-5p in 5-FU resistance. The results of MTT cell vi-
ability assays showed that overexpression of miR-338-5p sensitized
KYSE410FR and KYSE150FR cells to 5-FU treatment, and that this
effect was abolished by overexpression of 1d-1 (Figure 3A). Western
blot analyses showed that miR-338-5p expression increased the sen-
sitivity of KYSE410FR and KYSE150FR cells to 5-FU-induced apop-
tosis, as indicated by the increase in cleaved caspase-3 and cleaved
PARP; overexpression of ld-1 reversed this effect (Figure 3B).
Flow cytometry of the sub-G, apoptotic cell population confirmed

Id-1 UTRWT 5’... GAGGAAAUUGCUUUGUAUUGUAUAUUACAAUGAUCACCGACUGAAAAUAUUGUU...3

ELLELL
miR-338-5p GUGAGUCGUGGUCCL}/I\UAIACAI\A

[ (AN
GUGIAGUC(IS—LIJCISG—LIJCCU/IXU?ACAIA

1d-1 3'UTR Mut 5’... GAGGAAAUUGCUUUGUCUGAUAUAUUACAAUGAUCACCGACUGAAAAUCUGAUU...3’

(B) KYSE150 ()
Hm miR-Ctrl
== miR-338-5p
1.5 1
> P=.004 c
> — o
B~ 7
o 1.0 g
3 s a
g2 X
8% °
S 0.5 ~
3 k=]
0.0

FIGURE 1 MicroRNA (miR)-338-5p is
a novel suppressor of 1d-1. A, Schematic
representation of seed region matching
between miR-338-5p and the WT and
mutant (Mut) sequences of 1d-1 3'-UTR.
B, miR-338-5p repressed the expression
of a luciferase reporter containing WT
Id-1 3"-UTR but not the Mut sequence. C,
Correlation between miR-338-5p and Id-1
in esophageal squamous cell carcinomas

Id-1 3’UTR binding site

WT Mut 0.0 0.1 0.2
miR-338-5p expression

0'3 0'4 and nonneoplastic esophageal mucosae
. . as determined with linear regression. Ctrl,
control
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FIGURE 2 Effects of microRNA (A) mm Parental (B)
(miR)-338-5p manipulation on Id-1 = FR
expression in parental and 5-fluorouracil-
resistant (FR) esophageal cancer cell 1.5 - KYSE410 KYSE150
lines. A, Downregulation of miR-338-5p ,_% P< 001 P= 002 N
in KYSE410FR and KYSE150FR cells 2 — — @ R
. . < Q,(\ Q&
compared with respective parental cell 2 _% Q'& QQ~ Qq§ <<Q'
lines, as determined using quantitative = @
real-time (QRT)-PCR. B, Overexpression o S 1d-1 | c—— ——
of 1d-1 was detected in KYSE410FR 23
and KYSE150FR cells when compared % B-ACtin e——
with respective parental cell lines using o
western blot analysis. C, Knockdown KYSE410  KYSE150
of miR-338-5p by miRZip-338-5p in
esophageal squamous cell carcinoma (C) == MiRZip-Ctrl (D)
(ESCC) parental cell lines was confirmed . KYSE410 KYSE150
by gRT-PCR. Results are shown as fold miRZip-338-5p
change relative to the expression level 1.5 1 P< 001 P= 002 R R
in the control (miR-Ctrl) transfected ..?;‘ — — O\&\ "b(b%, O\\\ ’b%'
cells. D, Knockdown of miR-338-5p % c ,DQ' ,‘>Q’ ,{/\Q' ,\./\Q’
upregulated Id-1 in parental ESCC cells. E, E S 1.0 1 @Q‘ ({\\Q* 6‘\@* 6‘\@*
RT-PCR showing stable overexpression € §
of miR-338-5p in KYSE410FR and g % 054 1d-1 _—.- ——— d
KYSE150FR cells. F, Stable expression of £ o - ]
miR-338-5p led to downregulation of Id-1 © B-Actin H _'-
in FR ESCC cells “ ol
KYSE410 KYSE150
(E) ) (F)
mm miR-Ctrl
== miR-338-5p KYSE410FR KYSE150FR
15 1
a
§ C P<.001  P<.001 C}Q\ ’,,;2;3 G“\ :b,b'bQ
o % 10 @Q. @‘Q 6‘9 &\G
S %‘ 5 Id-1 -4 _-
5 ° B-Actin d-q m
E -
04

KYSE410FR KYSE150FR

increased apoptosis in the miR-338-5p-overexpressing FR cells,
which was abolished by ectopic overexpression of Id-1 (Figure 3C).
In contrast, data from MTT assays showed that knockdown of miR-
338-5p increased the viability of the 5-FU-sensitive parental esoph-
ageal cell lines under 5-FU treatment, and that this effect could be
abolished by Id-1 knockdown (Figure 3D). Western blot analysis of
cleaved caspase-3 and cleaved PARP, and flow cytometric analysis
of the sub-G, apoptotic cell population, indicated that knockdown
of miR-338-5p made the parental esophageal cells more resistant to
5-FU-induced apoptosis, whereas knockdown of Id-1 could restore
5-FU sensitivity (Figure 3E,F). Collectively, these data showed that
miR-338-5p can modulate 5-FU chemoresistance by downregulat-
ing Id-1.

Tumor xenograft experiments were undertaken to determine
whether miR-338-5p overexpression could render ESCC tumors
more sensitive to 5-FU treatment in vivo (Figure 4A). Comparison of

tumor size showed that miR-338-5p overexpression in KYSE150FR

cells significantly increased the sensitivity of the tumors to 5-FU
therapy, and that concomitant overexpression of Id-1 significantly
restored the 5-FU resistance (Figure 4B,C).

3.3 | MicroRNA-338-5p inhibits ESCC cell
invasion and migration by downregulating Id-1

Several studies reported that overexpression of Id-1 is associated with
tumor invasion and metastasis in different cancer types, including
ESCC.2%2324 As our data showed that miR-338-5p could downregulate
Id-1, we further speculated that miR-338-5p might play a role in regu-
lating invasion and migration of ESCC cells. The results of the Transwell
cell invasion assay indicated that forced expression of miR-338-5p sig-
nificantly inhibited the invasive activity of ESCC cells in vitro (Figure 5A).
MicroRNA-338-5p also reduced the migration activity of ESCC cells,
as shown by the wound healing assay (Figure 5B). Reoverexpression
of Id-1 attenuated these effects (Figure 5A,B). Conversely, silencing
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5-FU treatment
KYSE410FR_ KYSE150FR

FIGURE 3 MicroRNA (miR)-338-5p
increased sensitivity of 5-fluorouracil
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g 555 -

== miR-338-5p + Id-1

Id-1 -

+ o+ -+ o+

(5-FU)-resistant (FR) cells to 5-FU in vitro
by inhibiting Id-1. A, Overexpression

-+ - - o+

1.57 - - PARP | - S || w——— X -
ps4r  PROZ ‘ H ‘ of miR-338-5p sensitized KYSE150FR
g |P7020  P=.020 Cleaved PARP ‘_ EZ __”___( and KYSE410FR to 5-FU treatment, and
$ 101 Id-1 overexpression rescued the cells.
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miR-338-5p increased the abilities of KYSE270 and T.Tn cells to mi-
grate and invade, and the effects were ameliorated by Id-1 knockdown
(Figure 5C,D). These findings suggest that miR-338-5p has metastasis-
inhibiting functions that are mediated by downregulating Id-1.

3.4 | MicroRNA-338-5p is downregulated in
ESCC and other gastrointestinal cancers

The expression level of miR-338-5p in ESCC tumors and adjacent
nonneoplastic esophageal mucosae were examined using real-time
PCR. Among the 30 ESCC samples in Set A, 19 (approximately 63%)
had lower expression of miR-338-5p relative to their correspond-
ing nonneoplastic tissues (Figure 6A, upper panel). Similarly, analysis
of Set B samples showed that 29 of 42 cases (approximately 69%)
had lower expression of miR-338-5p in tumors than in their corre-
sponding nontumor tissues (Figure 6A, lower panel). In both sets
of samples, there was a significant downregulation of miR-338-5p
expression level in ESCC tumors compared with the nonneoplas-

tic esophageal tissues (Figure 6B). We also analyzed miR-338-5p

KYSE410

KYSE150 KYSE270

expression in other cancers of the gastrointestinal tract using pub-
lic sources including TCGA database and GEO datasets. In TCGA
data, the expression level of miR-338-5p in the ESCA data cohort
was significantly lower than that in nontumor tissues (Figure S1A).
Furthermore, comparison of data from paired ESCA tumor and non-
tumor tissues showed downregulation of miR-338-5p in the major-
ity (10 of 13) of ESCA samples (Figure S1B). Taken together, these
results suggest an association between miR-338-5p dysregulation
and esophageal cancer. In the GEO datasets, lower expression of
miR-338-5p was also found in other gastrointestinal cancers (Figure
S1C-F).

3.5 | High serum miR-338-5p predicts
better survival and response to neoadjuvant
chemoradiotherapy in patients with ESCC

Analysis of TCGA-ESCA data showed that ESCA patients with high
miR-338-5p expression in their tumors had longer overall survival

time (Figure S1G). To determine whether circulating miR-338-5p
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could serve as a noninvasive serum biomarker, we analyzed the
expression level of miR-338-5p in admission/pretreatment serum
samples of 104 patients with ESCC and 50 healthy individuals. The
validity of 2 commonly used endogenous controls, namely RNU6B
and miR-16,?° was first examined in order to minimize experimen-
tal variation and ensure accurate detection of biological differences
among samples. The results showed that there was no significant
difference in the serum miR-16 expression level between patients
with ESCC and normal subjects (Figure S2A). However, the serum
RNUG6B level was significantly lower in patients with ESCC (Figure
S2B). Therefore, miR-16 was selected as the endogenous control in
the analysis of serum miR-338-5p expression. We found that the
expression level of serum miR-338-5p in patients with ESCC was
significantly lower than that in healthy controls (Figure 6C). The co-
hort of 104 patients with ESCC was then divided into 2 dichotomous
groups of high and low serum miR-338-5p expressions using the me-
dian as the cut-off value. The patients with high serum miR-338-5p
expression had significantly (P = .013) better survival rates (median
survival = 58.00 months) than those with low miR-338-5p expres-
sion (median survival = 21.57 months) (Figure 6D). The advantage
of 5-FU and cisplatin-based neoadjuvant therapy in improving the
overall survival of ESCC patients is evident from Figure 6E, which
shows that patients with pathologic complete response had signifi-
cantly (P = .001) longer survival (median survival = 108.93 months)
than those who did not achieve a complete response (median sur-
vival = 30.06 months). Correlation with clinicopathologic parameters
showed that expression levels of miR-338-5p in pretreatment serum
were inversely correlated with posttherapy pathologic ypT-stage
(P = .034), ypM-stage (P = .014), overall pathologic stage (ypTNM;
P =.017), and histologic grade (P = .026) (Table 1). Furthermore, high

serum miR-338-5p expression was associated with lower percentage
of residual viable cells in the primary tumor collected during surgery,
and with complete response to therapy (Table 1), which indicated
that higher pretreatment serum miR-338-5p level could predict a
better response to chemoradiotherapy.

4 | DISCUSSION

Development of drug resistance is a major obstacle to the effective
treatment of human cancer. Despite 5-FU being an antimetabolic
agent widely used in treating gastrointestinal cancers, the response
rate of esophageal carcinoma to 5-FU is only 15%.2°2% Emerging
evidence indicates that miRNAs are associated with chemoresist-
ance, but relatively few miRNAs were experimentally validated to
have the ability to regulate the sensitivity of ESCC cells to 5-FU
treatment. 10122931 oyr present study found that miR-338-5p was
underexpressed in 5-FU-resistant ESCC cells, and that ectopic over-
expression of miR-338-5p in these cells could increase their sensitiv-
ity to 5-FU treatment both in vitro and in vivo. We further established
that miR-338-5p inhibits 5-FU chemoresistance as well as decreases
the invasive and migratory potential of ESCC cells through targeting
Id-1. Upregulation of Id-1 is a frequent event in chemoresistant and
metastatic tumors.323* The role of Id-1 in cisplatin chemoresistance
in esophageal cancer has not been elucidated, but previous studies
showed that targeting Id-1 can sensitize human colon cancer-initiat-
ing cells to oxaliplatin and suppress the metastatic ability of cancer
cells in vivo.’*% Thus, the miR-338-5p/Id-1 regulatory axis could
be worth exploring in developing new treatment strategies for 1d-1
overexpressing or 5-FU/cisplatin-resistant ESCC.
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FIGURE 5 MicroRNA (miR)-338-5p inhibited invasion and migration of esophageal squamous cell carcinoma (ESCC) cells in vitro by
inhibiting 1d-1. A, Representative images and quantification of Transwell cell migration assay showing inhibition of invasion of ESCC (KYSE270
and T.Tn) cells by miR-338-5p, and the attenuation of such effects by reexpression of Id-1. B, Wound healing assay showing the effects of
miR-338-5p overexpression, with and without ectopic expression of Id-1, on migration of ESCC cells. C, Transwell cell invasion assay of
KYSE270 and T.Tn cells transfected with miRZip-338-5p, miRZip-338-5p in combination with shld-1, or scrambled control (Ctrl). D, Wound
healing assay comparing the migration potential of KYSE270 and T.Tn cells following miR-338-5p silencing with and without Id-1 knockdown
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FIGURE 6 Aberrant expression of microRNA (miR)-338-5p in esophageal squamous cell carcinoma (ESCC) tumor and serum samples.

A, Results from real-time PCR showed that the majority of ESCC tumor samples had lower expression of miR-338-5p in comparison with
corresponding nonneoplastic esophageal mucosae. B, Expression levels of miR-338-5p were significantly lower in the ESCC tumors than in
nonneoplastic esophageal mucosae. C, Expression of miR-338-5p was downregulated in admission/pretreatment sera of patients with ESCC
(n = 104) in comparison with serum samples of healthy controls (n = 50). D, Kaplan-Meier overall survival curves of 104 patients with ESCC
who were dichotomized according to serum miR-338-5p expression level. E, Survival outcomes of patients stratified by pathologic response
(complete vs incomplete) to neoadjuvant chemoradiotherapy
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TABLE 1 Correlation between serum microRNA (miR)-338-5p
expression levels and clinicopathologic parameters in 104 patients
with esophageal squamous cell carcinoma®

Serum miR-338-5p

expression
No.
Parameters cases High Low P value
Age (years)
<55 21 9 12 464
>55 83 43 40
Gender
Male 93 45 48 .339
Female 11 7 4
Pathologic stage
ypT-stage
0 30 21 9 .034
1/2 29 14 15
3/4 23 8 15
ypN-stage
0 47 29 18 .090
1/2/3 35 15 20
ypM stage
0 76 43 33 .014
1 5 0 5
ypTNM
pCR® 19 15 4 017
Others® 11 6 5
171 30 16 14
/v 21 6 15
Grade
G1 38 25 13 .026
G2 25 12 13
G3 18 5 13
Residual tumor
yPVO (0%) 38 25 13 .007
yPV1 (1%-33%) 42 21 21
yPV2 (34%-66%) 8 2 6
yPV3 (67%-100%) 16 3 13
Response to chemoradiotherapy
Complete 19 15 4 .008
Incomplete 63 28 35
Recurrence
Yes 53 22 31 .077
No 51 30 21

@Pathologic staging not available for some of the cases.
PpCR, pathologic complete response (ie, ypTONOMO).
‘ypTO with lymph node and/or distant metastasis.

Although miR-338-5p had been reported to be downregulated

3738 \we have

in non-small-cell lung carcinoma®® and glioblastoma,
found that its expression was reduced in the majority of ESCC.

Analysis of GEO datasets showed the same phenomenon in gastric,

colon, and rectal cancers, thus suggesting that miR-338-5p has
tumor suppressor functions in the gastrointestinal tract. In addition
to Id-1, 2 other genes, namely survivin and fermitin family homolog
2 (FERMT2), had been reported to be direct targets of miR-338-5p in
ESCC.3%40 Intratumoral injection of miR-338-5p mimic could down-
regulate survivin expression and increase the sensitivity of ESCC
tumor xenografts to radiation therapy.*® Esophageal squamous
cell carcinoma cells transfected with miR-338-5p mimic showed
reduced cisplatin resistance and cell proliferation and migration.39
These findings together suggest that miR-338-5p replacement ther-
apy could be a potentially useful approach in esophageal cancer
therapy because miR-338-5p can concurrently target multiple ef-
fectors that are implicated in chemoradiotherapy resistance.

Circulating miRNAs are potentially useful minimally invasive bio-
markers for prognosis. Our results showed that low miR-338-5p levels
in serum on admission was significantly associated with poorer survival
and advanced posttherapy pathologic staging. Notably, the majority of
patients who achieved pathologic complete response to neoadjuvant
chemoradiotherapy had high pretreatment serum levels of miR-338-5p.
Taken together, serum miR-338-5p could be a useful predictive marker
for response to 5-FU/cisplatin-based neoadjuvant chemoradiation.
Further confirmation in a larger scale study is warranted.

In summary, by combining clinicopathologic and experimen-
tal approaches to study the role of miR-338-5p in ESCC, we have
provided evidence of its functions and mechanism in reversing 5-
FU chemoresistance as well as suppressing cancer cell invasion and

migration.
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