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Epigenetically Upregulated MicroBNA-602 Is
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MicroRNA is an endogenous, small RNA controlling multiple
target genes and playing roles in various tumorigenesis pro-
cesses. In this study, our results revealed that miR-602 expres-
sion levels in tumor tissues and preoperative serum from
esophageal squamous cell carcinoma (ESCC) patients were
higher than those in non-tumorous tissues and healthy volun-
teers. miR-602 overexpression was closely related to lymph
node metastasis and TNM stages and correlated short overall,
and it acted as an independent prognostic marker of ESCC.
The methylation status of the miR-602 gene indicated more
frequent hypomethylation of the CpG sites located upstream
of the miR-602 gene in the ESCC tissues than in the adjacent
normal tissues, and the methylation status of miR-602 corre-
lated inversely with its expression levels. Subsequently,
miR-602 overexpression promoted ESCC proliferation and
metastasis and regulated cell cycles in vitro and in vivo. Mech-
anistically, a dual-luciferase experiment validated that Fork
head box (FOX)K2 (FOXK2) was a direct target of miR-602.
More importantly, systemic delivery of formulated miR-602
antagomir could reduce tumor growth and increased FOXK2
protein expression in nude mice. This work provides novel
insight into the molecular pathogenesis of ESCC.

INTRODUCTION

Esophageal squamous cell carcinoma (ESCC) is a serious health prob-
lem in China with 375,000 new deaths in 2015.! Due to the lack of
typical clinical symptoms and effective techniques for early diagnosis,
ESCC is typically at late stage and the 5-year survival rate is still less
than 15%. Therefore, it is very important to understand the mecha-
nisms of the occurrence and development of ESCC at the molecular
level and to explore diagnostic options and effective treatment targets
for early diagnosis and treatment of ESCC.”

MicroRNAs (miRNAs), a group of small, single-stranded non-coding
RNAs with 18-25 nt in length, can negatively regulate gene expression
by binding to the 3’ UTR of the corresponding target mRNAs at a post-
transcriptional level.” Emerging evidence has demonstrated that
miRNA dysfunction is involved in various physiological and patholog-
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ical processes, including cell proliferation, apoptosis, drug resistance,
and tumor metastasis."”” miRNAs have been reported to have prom-
ising roles in cancer diagnosis, treatment, and prognosis.*” Variations
in the expressions of miRNAs have been identified in lung cancer tissues
compared to their normal counterparts. For example, the reduced ex-
pressions of miRNAs such as miR-15a and miR-21 have been noted
in two common types of non-small-cell lung cancer (NSCLC)."’
However, miR-106a, miR-146, miR-150, miR-155, miR-17-3p, miR-
191, miR-197, miR-192, miR-21, miR-203, miR-205, miR-210, miR-
212, and miR-214 have been reported to be upregulated in lung can-
cer."! miR-195 expression was shown to be lower in ESCC tissues and
associated with poor survival outcome.'> In colorectal cancer, high
expression levels of miR-135b and low levels of miR-590-5p expression
are associated with clinical stages and survival progression.™"”

Recently, many studies demonstrated that miRNAs were detectable in
plasma or serum and could act as non-invasive biomarkers for the
diagnosis or prognosis of cancer."*'” Endogenous circulating miR-
NAs have attracted significant attention regarding the diagnosis,
prognosis, and metastasis of cancer. In fact, accumulating reports
also suggest the potential of miRNAs in the early detection of patients
with several malignancies, such as lung cancer,'® breast cancer,'” and
gastric cancer.'® However, the results were not consistent among the
studies, partly due to different research methods and tested popula-
tions. Also, most studies only focused on some specific miRNAs,
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Figure 1. In Situ Hybridization to Detect miR-602

L Expression in 93 Paired ESCC and Adjacent
Non-cancerous Tissue Samples

(A) Scrambled miRNA negative control (no expression). (B)
UB snRNA positive control (strong expression). (C) miR-602
expression in adjacent esophageal tissues (no or low
expression). (D) miR-602 expression in ESCC tissues (left
and middle, low or moderate expression; right, strong
expression).

tissues; miR-602 was significantly upregulated in
ESCC tissues compared to normal adjacent tissues
(Figure S1). We further analyzed the expression of

while few studies comprehensively explored circulating miRNA
profiles in ESCC.

The coding gene of miR-602 is located in chromosome region 9q34.3.
The Cancer Genome Atlas (TCGA) database (https://www.cancer.
gov/about-nci/organization/ccg/research/structural-genomics/) and
recent research demonstrated that the expression of miR-602 was
identified to be significantly upregulated in ESCC tissues. However,
the biological function of miR-602 in esophageal cancer and the mo-
lecular mechanisms remain unclear. In the present study, we exam-
ined the expression status and prognostic value of miR-602 in
ESCC. Particularly, the correlation between miR-602 expression
and ESCC progression and the role of serum miR-602 as a non-inva-
sive biomarker in ESCC were further evaluated. In addition, the roles
of miR-602 in promoting multiple aspects of tumor development,
including tumor growth and metastasis, as well as the underlying mo-
lecular mechanisms were investigated.

RESULTS

miR-602 Expression in Human ESCC Was Increased and
Significantly Correlated with Poor Survival

To determine the potential functions of miR-602 in ESCC pathogen-
esis, we used TCGA database to analyze miR-602 expression in ESCC

miR-602 in 93 ESCC tissue samples compared
with their adjacent normal esophageal tissues.
miR-602 staining was negative or weak relative
to normal adjacent esophageal tissues that ex-
hibited light to dark staining (Figure 1A). In
contrast, miR-602 signals were confined to posi-
tive images in esophageal tissues (Figure 1B).
In situ hybridization also showed that miR-602
expression was significantly upregulated in tumor
tissue samples compared with control samples,
especially for ESCC stages III and IV (Figures
1C and 1D; Table 1, discovery group; p < 0.05).

Moreover, we analyzed the relationship between
clinicopathologic features and miR-602 expres-
sion levels in ESCC cases. Importantly, we found
that the upregulation of miR-602 expression was associated with
lymph node metastasis and advanced clinical stages (Table 1, discov-
ery group; p < 0.05). Clinically, the Kaplan-Meier test indicated that
patients with miR-602 overexpression exhibited significantly poor
survival times (Figure 2A; p = 0.01). Age, gender, T stage, tautological
type, N stages, clinical stages, and the miRNA signature were used as
covariates. Multivariate Cox regression analyses were used to investi-
gate the independent prognostic value of the miR-602 signature
(Table S1; p < 0.01).

To validate whether miR-602 expression is increased in ESCC, qRT-
PCR was used to examine mature miR-602 levels in human ESCC
tissues and normal esophageal tissues. We found that miR-602 levels
in 108 ESCC tissues were markedly higher than those in normal
esophageal tissues (Figure 2B; Table 1, validation group; p < 0.05),
particularly in tissues with lymph node metastasis and advanced
clinical stages of ESCC (Figures 2C and 2D; Table 1, validation
group; p < 0.05). Kaplan-Meier survival analysis also revealed that
miR-602 overexpression was associated with poor prognosis in
patients with ESCC (Figure 2E; p < 0.01). The miRNA signatures
were observed to be independent prognostic factors related to
overall survival (OS) by multivariate Cox regression analysis
(Table S1; p < 0.01).
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Table 1. Correlation between miR-602 Expression and Clinicopathological Parameters of ESCC Patients

Discovery Group (n = 93)

Validation Group (n = 108)

Characteristic Low (n =19) High (n = 74) p Value Low (n = 31) High (n = 77) p Value
Gender
Male 15 (19.5%) 62 (80.5%) 24 (26.7%) 66 (73.3%)

0.618 0.295
Female 4 (25.0%) 12 (75.0%) 7 (38.9%) 11 (61.1%)
Age (Years)
<60 6 (22.2%) 21 (77.8%) 8 (21.1%) 30 (78.9%)

0.784 0.195
>60 13 (19.7%) 53 (80.3%) 23 (32.9%) 47 (67.1%)
Tumor Size (cm)
<5 10 (19.6%) 41 (80.4%) 18 (25.7%) 52 (74.3%)

0.828 0.351
>5 9 (21.4%) 33 (78.6%) 13 (34.2%) 25 (65.8%)
Tumor Stage”
T1 + T2 7 (31.8%) 15 (68.2%) 8 (30.8%) 18 (69.2%)

0.146 0.789
T3 + T4 11 (17.2%) 53 (82.8%) 23 (28.0%) 59 (72.0%)
Histological Grade
Well and moderate 16 (21.6%) 58 (78.4%) 24 (27.3%) 64 (72.7%)

0.574 0.490
Poor and NS 3 (15.8%) 16 (84.2%) 7 (35.0%) 13 (65.0%)
Lymph Node Metastasis
Negative 15 (33.3%) 30 (66.7%) 26 (43.3%) 34 (56.7%)

0.003 0.000
Positive 4 (8.3%) 44 (91.7%) 5 (10.4%) 43 (89.6%)
Clinical Stage®
I+11 15 (31.2%) 33 (68.8%) 25 (41.7%) 35 (58.3%)

0.006 0.001
I + IV 3 (7.5%) 37 (92.5%) 6 (12.5%) 43 (87.5%)

“Numbers do not equal to the total number due to missing data.

Finally, we used the QRT-PCR method to assess the expression level of
serum miR-602. The expression of the miRNA was significantly
higher in ESCC patients than in the normal controls (Figure 2F;
Table S2; p < 0.01). The results also revealed that serum miR-602
was positively associated with lymph node metastasis and advanced
clinical stages of ESCC (Figures 2G and 2H; Table S2; p < 0.01).
We then produced receiver operating characteristic (ROC) curves
for ESCC diagnosis by serum miR-602, and we calculated the area un-
der the curve, as well as the sensitivity and specificity of all thresholds.
The area under the curve for plasma miR-602 was 0.895, indicating
that there was a statistically significant difference in ESCC diagnosis
by serum miR-602 marker (Figure 2I).

DNA Hypomethylation Results in miR-602 Overexpression in
ESCC

The MassARRAY System allows quantitative high-throughput detec-
tion and analysis of a single CpG site methylation within a target frag-
ment. A single CpG site or a combination of CpG sites forms a CpG
unit. The miR-602 promoter is located in a typical CpG site, suggest-
ing a possible involvement of DNA methylation in the regulation of
miR-602 transcription (Figure S2). The amplicon detected in the pro-
moter regions of miR-602 was 599 bp in length and contained 28 CpG
sites that could be divided into 16 CpG units. The patterns observed in
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the cluster analysis indicated that the methylation status of miR-602
in ESCC tissues was notably different from that of normal esophageal
cancer (Figure 3A). CpG methylation levels of the samples could be
identified based on color for each miR-602 CpG unit in each sample.
An obvious hierarchical clustering analysis was used to provide an
equitable view of the relationships between ESCC and CpG units.
We found that the densities of methylated CpG dinucleotides were
higher in normal tissues than in ESCC tissues (Figure 3B).

Lastly, we assessed the methylation level of each CpG unit within the
miR-602 promoter, and we found that 16 CpG units (except for
CpG_1, CpG_3, and CpG_17) were more highly methylated in
normal esophageal tissues than in ESCC tissues (Figure 3C;
p < 0.05 or p < 0.01, respectively). Nonparametric test showed that,
apart from CpG_1, CpG_3, and CpG_17, the mean methylation levels
at CpG_2, CpG_4, CpG_5, CpG_6, CpG_7, CpG_8.9, CpG_10,
CpG_11.12.13.14.15, CpG_16, CpG_18.19, CpG_20.21, CpG_22.23,
CpG_24, CpG_25, CpG_26.27, and CpG_28 were all significantly
higher in normal esophageal tissues (mean methylation = 92.22%,
93.83%, 41.72%, 76.11%, 75.00%, 80.11%, 48.22%, 95.33%, 96.06%,
80.72%, 97.61%, 94.06%, 95.67%, 86.67%, 90.17%, and 98.56%,
respectively) than in ESCC (mean methylation = 43.50%, 49.89%,
29.28%, 35.94%, 47.17%, 41.83%, 35.33%, 35.33%, 42.28%, 51.22%,
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Figure 2. Relative miR-602 Expression Levels in ESCC Tissues and Serum and Their Clinical Significance

(A) Kaplan-Meier overall survival curves by high and low miR-602 expressions in 93 patient cases with ESCC. (B) Quantitation of miR-602 was performed using gRT-PCR in
108 paired ESCC (T) and corresponding normal tissues (N). The fold changes were calculated by relative quantification (22!, U6 as the internal control). (C and D) miR-602
expression was detected in lymph node metastasis (C) and different clinical stages (D) of ESCC. (E) Kaplan-Meier curves depicting overall survival according to the expression
of miR-602 as validation. (F) The expression level of serum miR-602 in 122 ESCC patients and 60 healthy controls was measured by qRT-PCR and normalized to U6.
(G and H) miR-602 expression was detected in lymph node metastasis (G) and different clinical stages (H). (I) Receiver operating characteristic (ROC) curve analysis of the

miR-602 assay ratio for detecting ESCC patients.

41.22%, 42.17%, 40.00%, and 51.56%, p < 0.05 or p < 0.01,
respectively).

For the purpose of the result, 5-aza-2'-deoxycytidine (5-aza-CdR), the
demethylation agent, was used to reverse methylation. The methylation
level of miR-602 was obviously inactivated in KYSE150 (81.59%) and
KYSE450 (85.52%) cell lines compared with two corresponding un-
treated cell lines (22.11% and 18.89%, respectively), with the downregu-
lation of methylation status treated with 5-aza-CdR (Figure 3D;
p < 0.01). Correspondingly, there were higher expression levels of
miR-602 in KYSE150 and KYSE450 cells treated with 5-aza-CdR
compared to two untreated cell lines, which were negatively correlated
with methylation status in ESCC cell lines (Figure 3E; p < 0.01). This
showed direct evidence that the overexpression of miR-602 in the
ESCC tissues was correlated with promoter hypomethylation and
demethylation of the promoter genes could upregulate the expression
of miR-602.

miR-602 Showed Positive Effects on ESCC Cell Growth and
Metastasis

Owing to their lower expression of miR-602 among seven ESCC cell
lines (Figure 4A), the KYSE150 and KYSE450 cell lines were

selected in a later overexpression study. To further investigate the
role of miR-602 in the regulation of ESCC cell proliferation, colony
formation, invasion, and migration, KYSE150 and KYSE450 cells
were transfected with a miR-602 mimic, and miR-602 levels were
then examined using QRT-PCR. The efficiency of transfection was
verified by a significant increase in miR-602 expression in
KYSE150 and KYSE450 cells, which was determined by qRT-PCR
(Figure 4B; p < 0.01). We found that high exogenous expression
of miR-602 remarkably promoted proliferation, colony formation,
migration, and invasion of KYSE150 and KYSE450 cells (Figures
4C-4H; p < 0.05 or p < 0.01). We further observed that forced
expression of miR-602 could decrease the number of cells in
GI1 phase and increase the numbers of cells in S and M phases
(Figures 4I and 4]).

Next, we transfected ESCC cells with inhibitors of miR-602 to
confirm the opposite results of mimic transfection (Figure S3A;
p < 0.01). As expected, downregulation of miR-602 using the inhibi-
tors could decrease the malignant phenotype of KYSE180 and
KYSE510 cells in vitro, including cell growth (Figures S3B and S3C;
p < 0.01), colony formation (Figures S3D and S3E; p < 0.01), as
well as cell migration and invasion (Figures S3F and S3G; p < 0.05
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Figure 3. DNA Methylation Status of the miR-602

(A) Methylation profile of CpG sites for the miR-602 gene. The color of the circles is related to the percentage of methylation in each CpG site. Boxes indicate the different
methylation patterns between 18 ESCC samples and corresponding normal tissues. (B) Hierarchical cluster analysis of CpG sites’ methylation profiles of miR-602 promoter
region in esophageal squamous cell carcinoma (n = 18) and normal esophageal tumors (n = 18). The color gradient between blue and red indicates methylation of each miR-
602 unit in each sample ranging from 0% to 100%. Gray represents technically inadequate or missing data. (C) Evaluation of CpG methylation within the miR-602 promoter.
The distribution of 16 analyzed CpG units within miR-602 is shown. (D) DNA methylation levels of the miR-602 promoter region in 5-aza-CdR-treated KYSE150 and KYSE450
cells by BSP assay. (E) Quantitation of the miR-602 level after treatment with 5-aza-CdR in KYSE150 and KYSE450 cell lines. Data are presented as the mean value + SD from

triplicate experiments. ®p < 0.05, ®®p < 0.01, "™ ®p > 0.05.

or p < 0.01). Moreover, upon the downregulation of miR-602, the cell
GI1 percentages of KYSE180 and KYSES510 cells clearly increased
compared with the percentages measured in controls (Figures S3H
and S3I; p < 0.05), indicating that miR-602 downexpression resulted
in cycle conversion in ESCC cells.

miR-602 Targets FOXK2 to Contribute Proliferation and
Metastasis

To explore the mechanism through which miR-602 regulates ESCC
cell progression, we searched for potential downstream regulatory
targets of miR-602 using several bioinformatics methods, including
miRDB, miRTarBase, TargetScan, and miRWalk (Figure 5A). Then,
several candidate genes involved in proliferation, cell cycle, and

1800 Molecular Therapy Vol. 27 No 10 October 2019

invasion-metastasis were detected by gene ontology (GO) terms
and gqRT-PCR. We found that the 3’ UTR of Fork head box (FOX)
K2 (FOXK2) mRNA contains sequences that are complementary to
being potential targets of miR-602 (Figure 5B; p < 0.01).

To verify whether FOXK2 was a direct target of miR-602, we trans-
fected KYSE150 and KYSE450 cells with miR-602 mimic, and we
found it could remarkably downregulate the mRNA and protein
levels of FOXK?2, respectively (Figure 5C; p < 0.01). We also trans-
fected KYSE180 and KYSE510 cells with inhibitors of miR-602 to
confirm the results of mimic transfection. As expected, downregu-
lation of miR-602 using inhibitors could enhance the FOXK2
mRNA and protein levels in KYSE150 and KYSE510 cells
(Figure 5D; p < 0.01).
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Figure 4. miR-602 Overexpression Regulated Cell Proliferation, Metastasis, and Cell Cycles

(A) RNA level of miR-602 in 7 ESCC cell lines. (B) Quantitation of the miR-602 level after transfection of miR-602 mimic in KYSE150 and KYSE450 cell lines. (C and D) The cell
growth curve was measured by MTS after transfection of the miR-602 mimic in KYSE150 (C) and KYSE450 (D) cell lines, and the OD 570 was normalized to the star point (O h).
(E and F) Representative images and quantitation of colony formation were performed after transfection of miR-602 mimic in KYSE150 (E) and KYSE450 (F) cell lines. (G and
H) Representative images and quantitation of the transwell assay were performed after transfection of the miR-602 mimic in KYSE150 (G) and KYSE450 (H) cell lines. (land J)
miR-602 induced cell-cycle arrest at the G1/S phase in KYSE150 () and KYSE450 (J) cell lines. Data are presented as the mean value + SD from triplicate experiments.

®p <0.05 ®®p<0.01.

We next applied the dual-luciferase reporter assay to reveal the regu-
lation of miR-602 by FOXK2. The fragments containing the miR-602-
binding sequence or -mutated sequence in the 3’ UTR regions of
FOXK?2 were cloned into the pmiR-RB-REPORT vector luciferase re-
porter. These reporter constructs were co-transfected with miR-602
mimic or miR-negative control (NC) into KYSE150 and KYSE450
cells, and the luciferase activities were subsequently measured. The
miR-602 mimic significantly suppressed the luciferase activity of
pmiR-RB-REPORT-FOXK2-3' UTR (Figure 5E; p < 0.01), while
miR-NC had no inhibitory effect on pmiR-RB-REPORT-FOXK2-3'
UTR. The miR-602 inhibition of pmiR-RB-REPORT-FOXK2-3'
UTR was sequence specific because the luciferase activities of
pmiR-RB-REPORT-FOXK2-MUT did not decrease in the presence
of miR-602. Taken together, the results suggest that miR-602 can
directly target the 3’ UTR of miR-602.

A rescue experiment was performed to confirm that FOXK2 was the
functional target of miR-602 in KYSE150 cells. The evidence was ob-
tained from the observation that the FOXK2 mRNA and proteins
(endogenous) in ESCC cell were abolished by mimic transfection
and recovered by transfection of both pEGFP-N1-FOXK2 expression
constructs, respectively (Figures 6A and 6B; p < 0.01). The results

showed that migration and invasion created by mimic transfection
were reversed by the transfection of both expression constructs (Fig-
ure 6C; p < 0.05 or p < 0.01). Furthermore, the expression of FOXK2
was silenced by small interfering RNA (siRNA) transfection in
KYSE150 cells, which showed that its expression was significantly
attenuated at the mRNA and protein levels (Figure 6D; p < 0.01).
Post-FOXK?2 silencing, migration and invasion abilities were signifi-
cantly increased (Figure 6E; p < 0.05 and p < 0.01). These results
further prove that FOXK2 may be a downstream target of miR-602.

miR-602 Accelerates Tumor Growth and Metastasis In Vivo

Finally, we evaluated the effects of miR-602 on the growth and metas-
tasis of ESCC in nude mice. KYSE450 cells were transfected
with either a lentiviral expression vector to increase miR-602
(Lenti-mimic) or a NC lentiviral vector (Lenti-vector). Efficient over-
expression of miR-602 in the KYSE450 cells following lentiviral infec-
tion was verified by qRT-PCR (Figure 7A; p < 0.01). Then, we injected
these KYSE450 cells into mice subcutaneously to build transplanted
tumors in 6 BALB/c nude mice. Beginning on day 7 after implanta-
tion, the tumor lengths and widths were measured every 5 days to
produce 6 measurements. The tumor growth curve revealed a signif-
icant acceleration in the miR-602-overexpressing group compared
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expression levels of FOXK2 mRNA and protein were measured by gRT-PCR and western blot analysis using GAPDH as the loading control, after transfection of miR-602
mimic in the KYSE150 and KYSE450 cell lines, respectively. (D) The expression levels of FOXK2 mRNA and protein were measured by gRT-PCR and western blot analysis
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®5<0.05 ®®p<0.01.

with the control group (Figure 7B; p < 0.05 or p < 0.01). Subsequently,
the tumors were dissected, and the exact sizes and weights were eval-
uated. Compared with those of the control group, the mean volume
and mass of the tumors in the miR-602-overexpressing group were
significantly larger and heavier (Figures 7C and 7D; p < 0.01).

In the tail vein of 6 nude mice, 10° luciferase-labeled cells were in-
jected intravenously for 6 weeks. Luciferase activity was used to eval-
uate tumor burden in nude mice. The lung, liver, bone, and adrenal
gland metastases were significantly higher in the mice injected with
cells featuring the miR-602-overexpressing group compared with
those in the control group (Figures 7E and 7F). All these results ob-
tained for the mouse models suggest that miR-602 plays important
roles in ESCC growth and metastasis.
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To determine whether miR-602 antagomir could inhibit the growth of
ESCC in nude mice, we established a BALB/c nude mouse tumorigenic
model using KYSE180 cells. After 7 days, miR-602 antagomir or miR
antagomir NC was directly injected into the implanted tumor every
5 days. The tumor volume was measured every 5 days until day 42.
The tumor volume and weight of mice treated with miR-602 antagomir
were significantly lower than those of mice treated with miR antagomir
NC (Figures 7G-71I; p < 0.01). This result indicated that miR-602 has
the therapeutic characteristics in ESCC cells of the nude mouse model.

Additionally, the proliferative activities of the tumor cells were assessed
by immunohistochemical staining for Ki67 in formalin-fixed paraffin-
embedded (FFPE) tissues of xenograft tumors. The Ki67 staining inten-
sities were decreased in tumors from the miR-602 antagomir group
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(Figure 7J). Moreover, a distinct increase in FOXK2 expression was
observed in xenograft tumors of the miR-602 antagomir group
compared with the expression observed for the miR antagomir NC
group (Figure 7]). In an analysis of 80 paired tumor and adjacent
non-tumor tissue samples, we found that FOXK2 expression was
significantly lower in tumor tissues than in adjacent non-tumor tissues
(Figure 7K; Table S3). We also conducted a Spearman correlation co-
efficient analysis to determine the association of miR-602 expression
level and FOXK2 expression in 80 ESCC tissue samples. miR-602
expression levels were inversely correlated with the downregulation
levels of FOXK?2 in the 80 ESCC specimens (Figure 7L; p < 0.05).

DISCUSSION

Accumulating evidence has shown that miRNAs could function as
critical modulators in tumorigenesis, having emerged as tumor onco-
genes and suppressors by different target genes.'”*° Specific miRNAs
in blood or tissue samples could serve as novel biomarkers, and detec-
tion of these could contribute to cancer diagnosis and clinical
outcome prediction.”’ ** In the current research, we analyzed the
expression of miR-602 in ESCC tumors compared with that in the
corresponding non-cancerous esophageal tissues. It is the first time
to identify miR-602 expression in ESCC. We found that miR-602
was significantly upregulated in ESCC compared with corresponding

O@ @ @

FOXK2 b e
3 " KYSE 150

GAPDH _ - -

Confirm that FOXK2 Was the Functional Target of
miR-602

(A and B) The mRNA (A) and protein (B) levels of FOXK2 in
KYSE150 cell lines co-transfected with miR-602 mimic
and pEGFP-C1 plasmid containing the FOXK2 CDS
sequence. (C) Transwell assay of cells co-transfected with
miR-602 mimic and FOXK2 plasmids. (D) The expression
of FOXK2 at the mRNA and protein levels after siRNA
silencing in KYSE150 cells. (E) Representative images and
quantification of transwell assay after the transfection of
FOXK2 siRNA into the KYSE150 cell lines. Data are pre-
sented as the mean value + SD from triplicate experiments.
®H<0.05 ®*®p<0.01.

normal tissue, and it increased along with ESCC

progression and was an independent risk prog-
nostic factor for ESCC patients. Importantly,
we first detected a high expression of miR-602
in preoperative ESCC serum, and the miR-602

Invasion

levels in serum and tissues were associated with
lymph node metastasis and TNM stages. These
- results implied that miR-602 may act as a tumor
oncogene, which might provide a possibility to
predict ESCC progression.

3 NC
-. EOXKZ siRNA

In fact, accumulating reports have suggested that
the presence of tumors tissues and circulating
miRNAs and their potential use as novel bio-
markers for cancers. The reduced expressions
of miRNAs such as miR-138 and miR-145 have
been noted in ESCC tissues.>**° Conversely, miR-21, miR-200c,
and miR-133a have been reported to be upregulated in esophageal
cancer.”®
ports on the role of circulating miRNAs in the plasma or serum of pa-
tients with ESCC.**° The serum-based approach is more advanta-
geous than biopsy, an invasive procedure that serves as the main
tool for ESCC risk assessment.”" Therefore, to the best of our knowl-
edge, our study is the first to report the diagnostic and prognostic

Migration Invasion

*7 Moreover, concerning ESCC, there have been three re-

values of tissue and serum miR-602.

It is well known that miRNAs usually function as oncogenes or tumor
suppressors to control many cellular events in tumor development
and progression.”" Similar to tumor suppressors, dysregulation of tu-
mor suppressor-type miRNAs by epigenetic silencing is often
observed in human cancers, such as miR-142-3p, miR-142-3p, and
miR-183.7>** We supposed that the upregulated miR-602 was epige-
netically activated by DNA hypomethylation. Correspondingly, CpG
site hypomethylation of miR-602 was observed in ESCC clinical sam-
ples, and this further verified that hypomethylation by 5-aza-CdR
could dramatically augment the expression of miR-602 in ESCC
cell lines. These data support not only the notion that DNA hypome-
thylation epigenetic amplification of miR-602 but also epigenetic
amplification of miR-602 actively occur during the tumor
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development and progression of ESCC cancer.”> " This is the first
study to reveal that the potential molecular alterations by DNA
methylation regulate miR-602 status.

To date, there have been no studies of the biological functions of
miR-602 in ESCC. We further investigated the function of miR-
602 in four representative cell lines: KYSE150, KYSEI80,
KYSE450, and KYSE510 cells. We transfected mimics or inhibitor
into cells, thus increasing or decreasing the miR-602 level. An in-
crease in miR-602 was found to promote the proliferation, migra-
tion, and invasion of KYSE150 and KYSE450 cells, while decreased
miR-602 expression inhibited the proliferation, migration, and in-
vasion of tumor cells. We further conducted fluorescence-activated
cell sorting analysis to confirm the role of miR-602 as a negative
regulator of the cell cycle, and we found that increased expression
of this miRNA resulted in significant GO/G1 reduction and S and
M phase arrest.
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Distant metastasis is the major reason for treatment failure in ESCC,
and, thus, early diagnosis and early treatment for metastasis are crit-
ical to improve the outcomes. In this study, we have demonstrated
the high expression of miR-602 in metastatic ESCC specimens in
contrast to non-progression ESCC or non-cancerous esophageal tis-
sues. Moreover, increased miR-602 expression induced tumor for-
mation and metastasis in nude mice. More importantly, the admin-
istration of miR-602 has significant efficacy in suppressing the
growth of transplantation tumor in vivo, suggesting miR-602 as a
potential therapeutic target for ESCC. These results indicated that
miR-602 plays a crucial role in the growth and metastasis of
ESCC. Therefore, therapies targeting miR-602, combined with exist-
ing conventional antitumor therapies, may serve as an effective
treatment approach for ESCC patients with high metastatic risk.
Understanding the underlying mechanisms responsible for miR-
602-related metastasis may reveal additional strategies for miR-
602 intervention.
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The specific mechanism of miR-602 involved in ESCC is still un-
known. To elucidate the underlying mechanism, we searched four
miRNA databases. We first identified FOXK2 as one of the direct
and functional targets for miR-602 based on several lines of evidence.
First, miR-602 directly bound to seed-complementary binding sites in
the 3 UTR of FOXK2 mRNA and repressed upstream luciferase ac-
tivity. Point mutations of several nucleotides in binding sites were
adequate to abolish the effect of miR-602. Second, the expressions
of miR-602 and FOXK2 were inversely correlated in xenograft tumors
and human ESCC tissue samples. Third, up- and downregulation of
miR-602 decreased and increased FOXK2, respectively. Last and
more importantly, decreased FOXK2 expression largely accelerated
the biological function mediated by the forced expression of miR-602.

FOXK2 is a member of the FOX transcription factor family.*® Recent
researchers discovered that overexpression of FOXK2 inhibits the
proliferation and metastasis of breast cancer, lung cancer, and hepa-
tocellular cancer and is related to the clinical prognosis.”® ** FOXK2
is involved in several signaling pathways, such as the mammalian
target of rapamycin-, WNT-, AKT-, and EMT-signaling pathways.
These signaling pathways regulate cell proliferation and death by
influencing the expression of important genes through the transcrip-
tion repressor FOXK2.*'** The ability of FOXK2 overexpression to
retard the invasion effects of miR-602 clearly indicates the impor-
tance of their relationship in ESCC metastasis. FOXK2 levels corre-
lated with lymph node metastasis ratio and advanced clinical stages.
These results were also consistent with a previous report that sug-
gested that lower FOXK2 expression significantly induced the migra-

tion of other cancer cell types.”®*

In summary, our study reported, for the first time, that increased
expression of miR-602 caused by its promoter hypomethylation is
functionally associated with the potency of growth and metastasis
in ESCC by regulating FOXK2. Moreover, serum miR-602 might pro-
vide a novel and stable marker and act as an independent predictor of
OS for patients with ESCC. Our findings suggest that miR-602 func-
tions as a tumor oncogene in ESCC and holds promise as a prognostic
biomarker and potential therapeutic target for ESCC.

MATERIALS AND METHODS

Tissue Samples and Ethics Statement

An organized chip array including 93 cases of ESCC tissues and non-
neoplastic esophageal tissues was purchased from Outdo Biotech
(HEs0-Squ180Sur-02 and HEso-Squl80Sur-03, Shanghai, China;
http://www.superchip.com.cn/). Another 108 paired frozen paraffin
ESCC tissues and matched adjacent non-cancerous tissues were ob-
tained from North China University of Science and Technology Affil-
iated People’s Hospital, from 2009 to 2013. Serum samples from 122
ESCC patients and 60 healthy controls were obtained from the above-
mentioned hospital. All serum specimens were transported at 4°C
and stored at —80°C until RNA extraction. This study was carried
out after approval by the ethics committee of the hospital and after
obtaining informed consent from all subjects. All patient samples
were obtained with full written consent, and all samples were

collected from tissues that remained after the completion of diagnosis
from pathology.

Cell Lines and Cell Culture

Human ESCC cell lines TE-1, EC-109, KYSE-30, KYSE-150, KYSE-
180, KYSE-450, and KYSE-510 were obtained from the Cell Culture
Center of Peking Union Medical College (Beijing, China) and Typical
Culture Cell Bank of Chinese Academy of Sciences (Shanghai, China).
The HEK293T cells were obtained from ATCC (Manassas, VA).
Human ESCC cell lines were cultured in RPMI-1640 medium, and
HEK293T cells were maintained in DMEM supplemented with 10%
fetal bovine serum (Gibco BRL, Grand Island, NY) in a humidified at-
mosphere of 5% CO, at 37°C.

In Situ Hybridization of miR-602

In situ hybridization (ISH) was performed according to the manufac-
turer’s instructions (Roche, Pleasanton, CA, USA). The miR-602
(5'-CAGCTGTCGCCCGTGTC-3') was tagged with 3" and 5’ digox-
igenin (http://redlandbio.biomart.cn/, Guangzhou, China). U6 small
nuclear RNA (snRNA) (5'-CACGAATTTGCGTGTCATCCTT-3')
and scrambled probes (5-GTGTAACACGTCTATACGCCCA-3')
were used as positive and NCs, respectively. The probe-target com-
plex was detected using an antidigoxigenin-alkaline phosphate conju-
gate and nitro-blue tetrazolium and 5-bromo-4-chloro-3’-indoly-
phosphate as the chromogen. The blue color of staining was
defined as positive expression of miR-602 by using in situ hybridiza-
tion. All the images were observed and diagnosed by two clinical pa-
thologists independently. At least five random fields in one sample
were scanned and evaluated by pathologists blinded to grouping
and clinical features. The stainings were classified as follows: (1)
low expression, the positive cells <50%; and (2) high expression, the
positive cells > 50%.

DNA Extraction and Bisulfite Modification

Genome DNA was prepared from ESCC cell lines and 18 paired
frozen fresh ESCC tissues and matched adjacent non-cancerous tis-
sues. Purified genomic bisulfite-converted DNA samples were also
successfully tested by PCR with human miR-602 primers 5 -aggaaga-
gagGTTTTAGTGAGAGTTGGGGGAGA-3' (forward) and 5'-cag-
taatacgactcactatagggagaaggctCTAAATAAAACCCTAAAATCCCC
AA-3/(reverse) to show that the samples could be used for follow-up
experiments. A NanoDrop 2000 spectrophotometer was used to mea-
sure the converted DNA (Thermo Fisher Scientific). Then, trans-
formed DNA was PCR amplified using the TaKaRa rTaq Kit
(RO01B, TaKaRa, Dalian, China).

Quantitative Analysis of DNA Methylation

The University of California, Santa Cruz (UCSC) Genome Browser
(http://genome.ucsc.edu) was used to identify the sequence of
the CpG sites. Primer sets for the methylation analysis of the miR-
602 promoter were designed using EpiDesigner (http://www.
epidesigner.com/start.html). For each reverse primer, an additional
T7 promoter tag was added for in vivo transcription, and a 10-mer
tag was added to the forward primer to adjust for the melting
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temperature. Methylation of miR-602 was quantitatively analyzed by
the MassARRAY platform (Agena Bioscience). MALDI-TOF mass
spectrometry (MS), a new type of high-throughput quantitative
methylation detection method, was combined with the base
specificity of the enzyme reaction to test the methylation level of
DNA. Mass spectra were collected by MassARRAY Compact
MALDI-TOF (Agena Bioscience), and the methylation proportions
of individual units were generated by EpiTyper 1.0.5 (Agena Biosci-
ence). Non-applicable readings and their corresponding sites were
eliminated from analysis. Methylation level was expressed as the per-
centage of methylated cytosines over the total number of methylated
and unmethylated cytosines.

Cell Line Treatment with Epigenetic-Modulating Drug
5-Aza-20-deoxycytidine treatment of the ESCC cell lines were treated
with 1.5 mmol/L 5-aza-20-deoxycytidine (Sigma A3656) for 96 h. At
24 h before harvest, 0.5 mmol/L Trichostatin A (Sigma T8552) was
added. DNA, RNA, and protein were extracted and analyzed for
the methylation status of the miR-602 promoter, as well as expression
of miR-602 and its targeted proteins.

miRNA Transfection

All endogenous mature miRNA mimics, inhibitors, and agomirs were
purchased from RiboBio (Guangzhou, China). For transfection,
experimental protocols were performed according to the manufac-
turer’s protocols. miRNA mimics, miRNA inhibitors, and miRNA
NC were transfected into cells using Lipofectamine 2000 (Invitrogen,
Carlsbad, USA), according to the manufacturer’s instructions. After
48 h of transfection, cells were used for further experiments.

siRNA Knockdown

The siRNA for FOXK2 (5'-GUUAUCAGUCUGAGCCAGG-3') was
synthesized by RiboBio (Guangzhou, China). siRNA was transfected
individually into cells at the indicated concentrations using Lipofect-
amine RNAIMAX (Invitrogen), according to the manufacturer’s in-
structions. For concurrent inhibition of a target gene, mixtures of
siRNAs (in total 70 nmol/L of each 10 nmol/L) or nonspecific control
siRNAs (in 70 nmol/L) were transfected into ESCC cells, respectively.

Plasmid Construction

pDonR223-FOXK?2 plasmids carrying the human FOXK2 gene were
purchased from Changsha Axybio Bio-Tech (Changsha, China). The
complete coding sequences of human FOXK2 were amplified from
pDonR223-FOXK2 plasmids. FOXK2 products and pEGFP-N1
plasmid were digested with Xho I and Hind III; fragments were puri-
fied and ligated with T4 DNA ligase. The ligated product was trans-
formed into TOP10-competent cells, and the positive clone was
named pEGFP-N1-FOXK2.

Quantitative Real-Time PCR

Total miRNA was extracted from frozen tissues or cultured cells using
TRIzol total RNA isolation reagent (Invitrogen), according to the
manufacturer’s instructions. cDNA was synthesized from total
RNA or purified small RNAs using gene-specific primers or random
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hexamers with the SUPERSCRIPT III Reverse Transcriptase Kit
(Invitrogen), according to the manufacturer’s instructions. miRNAs
were detected with stem-loop primers purchased from RiboBio as
described (Guangzhou RiboBio). GAPDH and U6 small nucleolar
RNA were used for normalization. qPCR was conducted using a
QuantiTect SYBR Green PCR Kit (TaKaRa Bio, Japan) on a StepOne
Real-Time PCR System (Applied Biosystems, CA). Relative expres-
sion levels were calculated using the 27**“* method (Bio-Rad CFX
manager software 3.1). To evaluate the expression of FOXK2, total
RNAs were used for the RT reactions, and qPCR) was performed
on a Step One Plus real-time system (Applied Biosystems, Carlsbad,
CA). All the primers used in this research are listed in Table S4.

Target Prediction and Luciferase Reporter Assays

Bioinformatics analysis was performed using the following programs:
miRWalk, miRDB, and miRTarBase. The 3’ UTR of human FOXK2
was amplified from human genomic DNA and individually inserted
into the pmiR-RB-REPORT (Ribobio, Guangzhou, China) using
the Xhol and NotI sites. Similarly, the fragment of FOXK2 3’ UTR
mutant was inserted into the pmiR-RB-REPORT control vector at
the same sites. For reporter assays, ESCC cells were co-transfected
with wild-type reporter plasmid and miR-602 mimic. Firefly and
Renilla luciferase activities were measured in cell lysates using the
Dual-Luciferase Reporter Assay system. Luciferase activity was
measured 48 h post-transfection using the dual-glo luciferase reporter
system, according to the manufacturer’s instructions. Firefly lucif-
erase units were normalized against Renilla luciferase units to control
for transfection efficiency.

In Vitro Cell Proliferation Assays

For cell proliferation assays, cells were seeded into each well of a 96-
well plate (5 x 10%/well), and the cell proliferation ability was deter-
mined by MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium), according to the manu-
facturer’s instructions. MTS solution was added (20 pL/well) to
each well and incubated at 37°C for 2 h. The optical density of
each sample was immediately measured using a microplate reader
(Bio-Rad, Hercules, CA, USA) at 570 nm.

Colony Formation Assay

ESCC cells were transfected with miR-602 mimic, miR mimic NC,
miR-602 inhibitor, or miR inhibitor NC. Then 24 h later, transfected
cells were trypsinized, counted, and replated at a density of 1 x 10°
cells/10-cm dish. Then 10 days later, colonies resulting from the sur-
viving cells were fixed with 3.7% methanol, stained with 0.1% crystal
violet, and counted. Colonies containing at least 50 cells were scored.
Each assay was performed in triplicate.

Transwell Migration and Invasion Assay

In vitro cell migration assays were performed as per the manufac-
turer’s instructions using transwell chambers (8 puM pore size;
Costar). Cells were allowed to grow to subconfluency (~75%-80%)
and were serum starved for 24 h. After detachment with trypsin, cells
were washed with PBS and resuspended in serum-free medium. Next,
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a 100 pL cell suspension (5 x 10 * cells/mL) was added to the upper
chamber. Complete medium was added to the bottom wells of the
chambers. For the screen, the cells that had not migrated after 24 h
were removed from the upper face of the filters using cotton swabs,
but the cells that had migrated were fixed with 5% glutaraldehyde so-
lution to determine the number of migratory cells. The lower surfaces
of the filters were stained with 0.25% trypan blue. Images of six
different x10 fields were captured from each membrane, and the
number of migratory cells was counted. The mean of triplicate assays
for each experimental condition was used. Similar inserts coated with
Matrigel were used to evaluate the cell invasive potential in the inva-
sion assay.

Flow Cytometry Analysis

Fluorescence-activated cell sorting (FACS) analysis was performed at
48 h post transfection. The cells were harvested, washed with cold PBS,
fixed into 70% ethanol at —20°C for 24 h, stained with 50 pg/mL
propidium iodide (PI) (4ABio, China), and analyzed using a FACS
Calibur flow cytometer (BD Biosciences, USA). The results were
analyzed using ModFit software (BD Biosciences, USA). Assays were
conducted three independent times.

Western Blot Analysis

For western blot analyses, RIPA buffer containing protease inhibitors
and phosphatase inhibitors (Roche) was used to prepare whole-cell
lysates. Briefly, equal amounts of lysate were separated by SDS-
PAGE and then transferred to polyvinylidene fluoride (PVDF) mem-
branes (Millipore). After blocking with 5% BSA, the membranes were
probed with anti-FOXK2 and anti-GAPDH (ab84761, 83286, and
ab8425, Abcam, Cambridge, UK), followed by incubation with a
horseradish peroxidase-conjugated secondary antibody goat-anti-
mouse immunoglobulin G (IgG; 1:2,000) and goat-anti-rabbit IgG
(1:3,000). Proteins were visualized by Image Reader LAS-4000
(Fujifilm) and analyzed by the Multi Gauge version (v.)3.2 software.

Generation of Stable Cell Lines

Recombinant lentiviral vectors containing miR-602 overexpression
and irrelevant sequences were purchased from XIEBHC Biotech-
nology (Beijing, China). In addition to the lentivirus expression vec-
tors, there was a luciferase and puromycin reporter gene driven by the
EFla promoter to indicate the infection efficiency in a timely manner.
To construct lentiviral vectors, the precursor sequence for miR-602
and the irrelevant sequence (NC) were inserted into pHBLV-U6-
MCS- EFla-Luc-T2A-puromycin lentiviral vectors. The recombi-
nant lentiviruses were packaged by co-transfection of HEK293T cells
with pSPAX2 and pMD2.G with LipoFiter reagent. The supernatants
with lentivirus particles were harvested at 48 and 72 h after transfec-
tion and filtered through 0.45-um cellulose acetate filters (Millipore,
USA). Recombinant lentiviruses were concentrated by ultracentrifu-
gation. To establish stable cell lines, ESCC cells were transduced with
lentivirus with an MOI of approximately 5 in the presence of 5 ug/mL
polybrene. The supernatant was removed after 24 h and replaced with
fresh complete culture medium. Infection efficiency was confirmed by

RT-PCR at 96 h after infection, and the cells were selected with
2 pg/mL puromycin for 2 weeks.

Tumorigenicity and Metastasis Assay In Vivo

All animals received humane care in compliance with the Guide for
the Care and Use of Laboratory Animals prepared by the Institute
of Laboratory Animal Resources published by the NIH and according
to the Animal Experiment Guidelines of Biomedical Research Insti-
tute. The effect of miR-602 on the tumorigenic and metastatic poten-
tial of ESCC cells was analyzed in subcutaneous and systemic metas-
tasis in vivo models by right subcutaneous tissue and tail vein
injection, respectively. For the subcutaneous model, 4- to 6-week-
old BALB/c nude mice were injected subcutaneously in the right
hip with 1 x 10° transfected cells. For the experimental metastasis
in vivo model, transfected cancer cells (1 x 10° in 100 pL HanK’s
balanced salt solution [HBSS]) were directly injected into the tail
vein. About 5 weeks later, tumor colonies in subcutaneous tissue
were observed by H&E staining and histology examination. Biolumi-
nescence images were collected to assess the growth and metastasis of
implanted tumor cells. To quantify the in vivo bioluminescence
signal, mice were anesthetized with isoflurane before in vivo imaging,
and D-luciferin solution (in vivo imaging solutions, PerkinElmer,
150 mg/kg in PBS) was injected intravenously for systemic xenografts.
Bioluminescence images were acquired with the IVIS Spectrum imag-
ing system (PerkinElmer) 2-5 min after injection, and the captured
images were quantified using the Living Image Software package
(PerkinElmer/ Caliper Life Sciences) by measuring the photon flux
(photons/s/cmz/steradian) within a region of interest (ROI) drawn
around the bioluminescence signal.

Antagomir Treatment

The antagomir and the miRNA NC were synthesized by RiboBio
(Guangzhou, China) and implemented per the manufacturer’s in-
structions. A 10-nmol miR-602 antagomir as well as the miRNA
NC in 0.1 mL saline buffer were locally injected into the ESCC cell-
forming tumor mass once every 5 days for 6 weeks. After the treat-
ment, the ESCC cell-forming tumors were applied for the immuno-
histochemistry assay. The tumor size was monitored by measuring
the length (L) and width (W) with calipers every 5 days, and the vol-
umes were calculated using the formula (L x W?)/2. Mice were killed
by cervical dislocation on day 42, and the tumors were excised and
snap-frozen for protein and RNA extraction.

Evaluation of Inmunohistochemical Staining

The section was de-paraffinized and boiled in 10 mM citrate buffer
(pH 6.0) for antigen retrieval. Endogenous peroxidase was blocked
by 3% H,0,. Slides were then blocked in serum, incubated with the
indicated antibodies at 4°C overnight, incubated with anti-rabbit sec-
ondary antibody, and visualized with diaminobenzadine (Sigma). An
NC experiment was also performed.

Statistical Analysis
All values reported in the paper are expressed as means + SD, and all
error bars represent the SD of the mean. Student’s t test, the 2 test,
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and repeated-measures ANOV A were used to determine significance.
The log rank test was used to analyze the effect of clinical variables
and miRNAs on patients’ OS. The Cox regression model was used
to analyze the effect of the related factors on the survival time of pa-
tients with ESCC. ROC curves and the area under the ROC curve
(AUC) were used to assess the feasibility of using serum miRNA as
a diagnostic tool for detecting ESCC. The CpG unit methylation
data of miR-602 from 18 pairs of ESCC tissues were used for stratified
cluster analysis by Cluster 3.0 and Tree View software. Wilcoxon test
was also conducted to compare the miR-602 expression between
ESCC and normal esophageal cancer tissues. p < 0.05 was considered
statistically significant. Statistical analyses were performed using SPSS
16.0 software (SPSS, USA).
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