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Esophageal cancer (EC) is a highly aggressive disease, and its
progression involves a complex gene regulation network.
Transcription factor SOX2 is amplified in various cancers
including EC. A pathway involving SOX2 regulation of mi-
croRNAs (miRNAs) and their target genes has been previ-
ously revealed. This study aims to delineate the ability of
SOX2 to influence the EC progression, with the involvement
of miR-30e/USP4/SMAD4/CK2 axis. SOX2 expression was
first examined in the clinical tissue samples from 30 EC pa-
tients. Effects of SOX2 on proliferation, migration, and inva-
sion alongside tumorigenicity of transfected cells were exam-
ined by means of gain- and loss-of-function experiments. EC
tissues and cells exhibited high expression of SOX2, miR-30e,
and CK2 and poor expression of USP4 and SMAD4.
Mechanistically, SOX2 was positively correlated with miR-
30e and upregulated the expression of miR-30e. miR-30e spe-
cifically targeted USP4, which induced deubiquitination of
SMAD4 and promoted its expression. Meanwhile, SMAD4
was enriched in the CK2 promoter region and thus inhibited
its expression. SOX2 stimulated EC cell proliferative, inva-
sive, and migratory capacities in vitro and tumor growth
in vivo by regulating the miR-30e/USP4/SMAD4/CK2 axis.
Collectively, our work reveals a novel SOX2-mediated
regulatory network in EC that may be a viable target for
EC treatment.

INTRODUCTION
As one of the deadliest cancers, esophageal cancer (EC) ranks eighth on
the list of most frequently occurring cancers in association with great
mortality on a global scale.1 Currently, esophageal squamous cell can-
cer (ESCC) and esophageal adenocarcinoma constitute two major his-
tological types of EC, which together account for nearly 90% incidence
rate of EC.2,3 In addition, EC is influenced by various risk factors,
including genetic factors (such as tylosis) and infectious agents.4 More-
over, fast growth and invasion is a major trigger of the malignancy of
EC.5 Due to the involvement of a complex and important gene regula-
tion network in EC development,6 it is critical to figure out the molec-
ular mechanism underlying EC.
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Sex determining regionY-box 2 (SOX2) is referred to as a stemcell tran-
scription factor, which has been widely identified to correlate to normal
development and cancer.7 SOX2 has been documented to increase the
migration, invasion, and proliferation of cancer cells, thus being linked
to cancer progression.8 A prior study revealed that SOX2 downregula-
tion could decrease EC cell proliferation and stemness.9 Meanwhile,
another study unraveled that SOX2 acted as a tumor-promoter in
ESCC development by elevating cell proliferation.10 Moreover, SOX2
can regulate the expression of microRNA-30e-5p (miR-30e-5p) to pro-
mote breast cancer cell migration.11miR-30e is referred to as amember
of the miR-30 family that is involved in the regulation of cell differenti-
ation, senescence, apoptosis, and the pathogenesis of tumors.12miR-30e
upregulation canpromote glioma cell invasion byupregulatingEGFR.13

Furthermore, the expression ofmiR-30e has been determined in EC cell
lines and it is associated with shorter overall and disease-free survival in
patients succumbed toEC.14miRNAs are a kindof extremely conserved
small single-stranded non-coding RNA and have the potency tomodu-
late gene expression in a posttranscriptional fashion by interacting with
the 30 untranslated region (UTR) of specific target mRNAs.15 The Star-
base database used in our study predicted the targeting relationship be-
tweenmiR-30e and ubiquitin-specific protease 4 (USP4) in EC.USP4, a
member of USPs that engages in deubiquitination that is referred to as
an inverse event of ubiquitination, is capable of modulating multiple
cancer-related pathways, thus playing a prominent role in both physio-
logical and pathological processes such as tumor initiation and progres-
sion.16 Significantly increased expression ofUSP4 has been identified in
EC cancer tissues and USP4 shows a positive correlation with the pa-
thology grade and prognosis.17 USP4 participates in numerous
signaling pathways by promoting the cleavage of ubiquitin from serious
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. SOX2 Is Highly Expressed in EC Tissues

and Cells, which Is Negatively Correlated with EC

Patients’ Prognosis

(A) mRNA expression of SOX2 in EC tissues and adjacent

normal tissues detected by qRT-PCR (n = 30). (B)

Quantitation of SOX2 protein in EC tissues and adjacent

normal tissues by immunohistochemical assay. (C) Ka-

plan-Meier analysis showing the correlation of SOX2

expression with OS and DFS of EC patients. (D) SOX2

expression determined by qRT-PCR and western blot

analysis in EC cell lines (Eca109, EC9706, KYSE150, and

TE-1) and normal esophageal epithelial cells (HEEC). *p <

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Paired

t test was used for comparison between data of EC tis-

sues and adjacent normal tissues, and one-way ANOVA

was used for data comparison among multiple groups.

Data are shown as mean ± standard deviation of three

technical replicates.
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protein substrates.18 Of note, USP4 has been documented to decrease
Drosophila protein, mothers against decapentaplegic homolog 4
(SMAD4)monoubiquitination to sustain SMAD4 activity.19Moreover,
a research by Singhi et al.20 unraveled that SMAD4 downregulation
correlated to the promotion of disease recurrence and poor survival
of patients with esophageal adenocarcinoma. Additionally, SMAD4
has been acknowledged to decrease the expression of casein kinase 2
(CK2) to protect against flow induced arteriovenous malformations.21

Importantly, the promoting role of CK2 was identified in EC progres-
sionbyaprior study.22Considering the abovefindings,wehypothesized
Molecular The
that the SOX2/miR-30e/USP4/SMAD4/CK2
axis will play an important role in EC progres-
sion. Thus, this study was conducted involving
an array of in vitro and in vivo assays with the
purpose of verifying this hypothesis.

RESULTS
Upregulation of SOX2 Was Observed in EC

Tissues and Cells and Negatively

Correlated with Clinical Prognosis

Aiming at dissecting out the role of SOX2 in EC,
the expression of SOX2 in EC and adjacent
normal tissues was examined, which found that
SOX2was significantly overexpressed in ECclin-
ical tissues (Figure 1A). Immunohistochemical
results also showed that SOX2 expression was
obviously higher in EC tissues than that seen in
adjacent normal tissues (Figure 1B). Besides, pa-
tients with high SOX2 expression had shorter
osteoporosis (OS) and disease free survival
(DFS) than those with low expression of SOX2
(Figure 1C). Then, the expression of SOX2 was
determined in four EC cells (Eca109, EC9706,
KYSE150, and TE-1). As depicted in Figure 1D,
the results of qRT-PCR andwestern blot analysis
revealed that SOX2wasmuchhigher inECcell lines than that innormal
human esophageal epithelial cells (HEECs), with the lowest expression
shown in Eca109 cell lines and the highest expression in TE-1 cell lines.
Thus, the two cell lines were selected for subsequent experiments.

SOX2 Promoted Proliferative, Invasive, and Migratory

Capacities and Epithelial-Mesenchymal Transition (EMT) of EC

Cells via miR-30e Upregulation in Vitro

A prior study revealed that SOX2 promoted miR-30e expression in
breast cancer cells.11 Then, we aimed to verify whether SOX2 promoted
rapy: Nucleic Acids Vol. 23 March 2021 201
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Figure 2. SOX2 Promotes Proliferation, Migration, and Invasion, as well as EMT of Eca109 Cells via miR-30e Upregulation In Vitro

(A) Expression of miR-30e in EC tissues and adjacent normal tissues (n = 30) determined by qRT-PCR. (B) Expression of miR-30e in two EC cell lines (Eca109 and TE-1) and

normal esophageal epithelial cells detected by qRT-PCR. (C) Pearson correlation analysis of SOX2 expression withmiR-30e expression. (D) Expression of SOX2 andmiR-30e

in Eca109 cells transfected with oe-SOX2 detected by qRT-PCR. Eca109 cells were transfected with oe-SOX2 or in combination with miR-30e inhibitor. (E) Expression of

SOX2 and miR-30e in Eca109 cells measured by qRT-PCR. (F) Proliferation of Eca109 cells detected by EdU assay (�200). (G) Quantitation of migration of Eca109 cells

detected by scratch test. (H) Quantitation of invasion of Eca109 cells detected by Transwell assay. (I) Quantitative western blot analysis of EMT-related proteins (E-cadherin,

N-cadherin, and Vimentin) in Eca109 cells. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Paired t test was used for comparison between data of EC tissues and adjacent

normal tissues, while unpaired data between the other two groups were compared by unpaired t test. Comparisons among multiple groups were performed using one-way

ANOVA. Data are shown as mean ± standard deviation of three technical replicates.
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the occurrence of EC by increasing miR-30e expression. qRT-PCR re-
sults clarified that, miR-30e expression was strikingly high in EC tissues
(Figure 2A). Meanwhile, the expression of miR-30e was determined in
HEEC normal human esophageal epithelial cells and EC cells (Eca109
and TE-1), and the results manifested that miR-30e expression was
obviously higher in Eca109 and TE-1 cells than in HEEC cells, in which
the expression of miR-30e was lower in Eca109 cells than in TE-1 cells
(Figure 2B). Then, Pearson’s correlation coefficient displayed a positive
correlation between miR-30e expression and SOX2 expression (Fig-
ure 2C). SOX2 was overexpressed in Eca109 cells, and the expression
of miR-30e was determined by qRT-PCR. As demonstrated in Fig-
ure 2D, the expression of SOX2 andmiR-30e was appreciably increased
in Eca109 cells overexpressing SOX2 (Figure 2D). To further investi-
202 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
gate whether SOX2 affected the proliferative, invasive, and migratory
capacities of EC cells through miR-30e, we transfected Eca109 cells
with overexpression (oe)-SOX2 or in combination withmiR-30e inhib-
itor plasmids. In Eca109 cells, compared with the treatment with oe-
negative control (NC) + inhibitor-NC, the expression of SOX2 was
increased prominently following treatment with oe-SOX2 + miR-30e
inhibitor, but that of miR-30e did not change severely (Figure 2E). In
addition, Figures 2F–2H shows that overexpression of SOX2 elevated
cell proliferative, invasive, and migratory capacities, whereas further
treatment with miR-30e inhibitor reversed these effects in Eca109 cells.
Meanwhile, the results of western blot analysis exhibited that the oe-
SOX2 treatment enhanced the expression of N-cadherin and Vimentin
but diminished that of E-cadherin in Eca109 cells, which was reversed
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Figure 3. miR-30e Promotes Cell Proliferation, Migration, Invasion, and EMT in Eca109 Cells by Targeting USP4 In Vitro

(A) Putative miR-30e binding sites in the 30 UTR of USP4mRNA in the Starbase database. (B) A heatmap of DEGs in the EC gene expression profiling GSE89102, in which each

row represents a DEG, and each column represents a sample. (C) Expression of USP4 analyzed in the EC gene expression profiling GSE89102. (D) Expression of USP4 in EC

analyzed by the GEPIA website, where red represents cancer tissues and black represents normal control tissues. (E) mRNA expression of USP4 examined by qRT-PCR in EC

tissues and adjacent normal tissues (n = 30). (F) Quantitation of USP4 protein in EC tissues and adjacent normal tissues by immunohistochemistry analysis. (G) Expression of

USP4 examined by qRT-PCR in Eca109, TE-1, and HEEC cells. (H) Quantitative western blot analysis of USP4 protein in Eca109, TE-1, and HEEC cells. (I) Pearson correlation

analysis of USP4 expression with miR-30e expression. (J) miR-30e binding to USP4 confirmed by dual luciferase reporter assay in 293T cells. (K) Silencing efficiency of USP4

expression in Eca109 cellsmeasured by qRT-PCR. (L) Silencing efficiency of USP4 expression in Eca109 cellsmeasured by quantitative western blot analysis. Eca109 cells were

transfected with mimic-NC + vector, miR-30e mimic + vector, and miR-30e mimic + USP4. (M) Expression of USP4 and miR-30e determined by qRT-PCR in Eca109 cells. (N)

Quantitation of EdU-positive Eca109 cells. (O) Quantitation of migration of Eca109 cells detected by scratch test. (P) Quantitation of invasion of Eca109 cells detected by

Transwell assay. (Q) Quantitativewestern blot analysis of EMT-related proteins (E-cadherin, N-cadherin, and Vimentin) in Eca109 cells. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001. Paired t test was used for comparison between data of EC tissues and adjacent normal tissues, while unpaired data between the other two groups were compared by

unpaired t test. Comparisons among multiple groups were performed using one-way ANOVA. Data are shown as mean ± standard deviation of three technical replicates.
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following co-treatment with oe-SOX2 and miR-30e inhibitor (Fig-
ure 2I). Additionally, we treated TE-1 cells with short hairpin RNA
(shRNA)-SOX2 or in combination with miR-30e mimic, and then
repeated all the above-mentioned experiments in TE-1 cells, which ex-
hibited consistent results with those from Eca109 cells (Figure S1). The
aforementioned data supported that SOX2 increased miR-30e expres-
sion and consequently promoted cell proliferative, invasive, andmigra-
tory capacities, as well as EMT in EC cells.

Targeted Inhibition of USP4 by miR-30e Promoted Proliferative,

Invasive, and Migratory Capacities and EMT of EC Cells in Vitro

To further investigate the downstream target genes of miR-30e in EC,
the downstream target genes were predicted in the Starbase database,
which showed that USP4 had a targeting relationship with miR-30e
(Figure 3A). Analysis on an EC-related expression dataset
GSE89102 revealed 5,657 differentially expressed genes (DEGs),
which consisted of 3,574 upregulated and 2,083 downregulated genes.
Figure 3B is a heatmap illustrating the DEGs, among which, the
expression of USP4 gene was downregulated in EC tissues, which
was analyzed by the GSE89102 dataset (Figure 3C). Meanwhile, the
expression of USP4 was even lower in EC than that in normal controls
using the GEPIA website (Figure 3D). qRT-PCR and immunohisto-
chemistry documented that USP4 was indeed noticeably decreased
in EC tissues in contrast to that seen in adjacent normal tissues (Fig-
ures 3E and 3F). Also, it was found that USP4 was observably lowered
in Eca109 and TE-1 cells than that seen in HEEC cells, with higher
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 203
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Figure 4. USP4 Overexpression Increases the Deubiquitination and Translocation of SMAD4 into Nuclei in Cells

(A) SMAD4mRNA expression in EC tissues and adjacent normal tissues detected by qRT-PCR (n = 30). (B) Quantitation of SMAD4 protein in EC tissues and adjacent normal

tissues by immunohistochemical analysis (n = 30). (C) Pearson correlation analysis of USP4 expression with SMAD4 expression. (D) Immunofluorescence detection of

SMAD4 and USP4 localization in TE-1 cells (�400). (E) GST pull-down detection of SMAD4 and USP4 interaction. (F) coIP detection of the effect of USP4 on SMAD4

ubiquitination. (G) Immunoblotting detection of ubiquitination of SMAD4 after 30-min co-incubation of different concentrations of USP4 with purified Flag-SMAD4. (H)

(legend continued on next page)
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expression in Eca109 cells than in TE-1 cells (Figures 3G and 3H).
Next, Pearson’s correlation coefficient presented that an inverse cor-
relation was witnessed in miR-30e expression and USP4 expression
(Figure 3I). Furthermore, dual luciferase reporter assay manifested
that the luciferase activity of USP4-wild-type (WT) was diminished
in 293T cells following transfection with miR-30e mimic while that
of USP4-MUT was not affected (Figure 3J), which indicated that
miR-30e specifically bound to the 30 UTR of USP4 gene. Next, the
expression of USP4 was silenced in Eca109 cells, and qRT-PCR along-
side western blot analysis was implemented in order to detect the
silencing efficiency, which exhibited that both sh-USP4-1 and sh-
USP4-2 substantially decreased the expression of USP4, of which
sh-USP4-1 produced a more pronounced decline (Figures 3K and
3L). Furthermore, miR-30e was overexpressed in Eca109 cells treated
with sh-USP4. miR-30e mimic resulted in a decline of USP4 expres-
sion in Eca109 cells, which was neutralized by means of overexpres-
sion of both miR-30e and USP4 (Figure 3M). This result further
implied that regulation on the USP4 expression was achieved by
miR-30e in EC cells.

The findings from assays of EdU, scratch test, and Transwell revealed
that Eca109 cell proliferative, invasive, and migratory capacities were
enhanced following miR-30e mimic treatment, which was abrogated
by further USP4 overexpression (Figures 3N–3P). Additionally, west-
ern blot analysis revealed that miR-30emimic treatment increased the
expression of N-cadherin and Vimentin while decreasing that of E-
cadherin in Eca109 cells, which was reversed by concomitant overex-
pression of miR-30e and USP4 (Figure 3Q). Additionally, we treated
TE-1 cells with miR-30e inhibitor or in combination with sh-USP4,
and then repeated all the above-mentioned experiments in TE-1 cells,
which exhibited consistent results with those from Eca109 cells (Fig-
ure S2). The above results suggested that miR-30e promoted cell pro-
liferative, invasive, and migratory capacities, and EMT by targeting
USP4 in EC cells.

USP4 Promoted Deubiquitination of SMAD4 to Increase its

Translocation into Nuclei in EC Cells

To further investigate the regulatory mechanism of USP4 in EC, we
found that USP4 deubiquitinated SMAD4 from a previously pub-
lished study.19 Thus, we subsequently explored whether USP4-regu-
lated deubiquitination of SMAD4 to be involved in EC. According
to the results of qRT-PCR and immunohistochemistry, SMAD4
expression was significantly lower in clinical samples of EC than in
adjacent normal tissues (Figures 4A and 4B). Furthermore, a positive
Western blot analysis of the effect of the optimal concentration (20 nm) of recombinant

(20 nm) of recombinant USP4 on the deubiquitination of SMAD4. (J) Immunoblotting

expression of HA-Ub after transfection of Flag SMAD4 or Flag-SMAD4 K519R. (K) Ubiqu

100 nM USP4 on K519 for different times. (L) SMAD4 ubiquitination status was observe

cells. (M)Western blot analysis of ubiquitination of SMAD4 in cells stably expressing HA-U

blot analysis of the effect of USP4 inhibition on the ubiquitination of SMAD4 in cells sta

cytoplasm and nucleus (�400). (P) Western blot analysis of SMAD4 protein in cytoplasm

test was used for comparison between data of EC tissues and adjacent normal tissues, w

Comparisons among multiple groups were performed using one-way ANOVA. Data ar
correlation was witnessed between USP4 expression and SMAD4
expression (Figure 4C).We performed immunofluorescence co-local-
ization detection of USP4 and SMAD4 in TE-1 cells and found that
both USP4 and SMAD4 existed in the cytoplasm, with an obvious
co-localization phenomenon (Figure 4D). GST pull-down in vitro ex-
hibited that USP4 interacted with SMAD4 (Figure 4E). In the pres-
ence of hemagglutinin-ubiquitin (HA-Ub), the ubiquitination of
SMAD4 was examined using mutated USP4 (CS; K48- and K63-site
mutations that only form lys48 and lys63 polyubiquitin, respectively)
and USP4-WT after interaction with SMAD4. After immunoprecip-
itation of SMAD4, we found that USP4-WT was able to remove the
monomeric ubiquitination of SMAD4, but mutant (CS) USP4 did
not remove the ubiquitination of SMAD4 (Figure 4F). Then we puri-
fied two different forms of SMAD4 in 293T cells treated with different
concentrations of USP4, namely ubiquitination-modified (SMAD4-
1 � Ub) and free SMAD4, and found that with the increase of
USP4 treatment concentration, ubiquitination-modified SMAD4
(SMAD4-1 � Ub) was gradually decreased while free SMAD4 was
gradually increased (Figure 4G). Besides, SMAD4 was found to be
deubiquitinated when being co-incubated with USP4, and free
SMAD4 also increased significantly with increase of incubation
time (Figure 4H). This process was very rapid, with 50% of ubiquiti-
nated SMAD4 deubiquitinated within 20 min after USP4 addition
(Figure 4I). These results demonstrated that ubiquitinated SMAD4
was a substrate of USP4.

The conversion of lysine 519 to arginine specifically abolished the
ubiquitination of SMAD4 (Figure 4J). After incubation with USP4,
ubiquitinated SMAD4 peptide level reduced while free SMAD4 pep-
tide level enhanced (Figure 4K). These data indicated that the ubiqui-
tin molecule linked to SMAD4 covalently was cleaved by USP4, and
that lysine at position 519 was the site specifically targeted by USP4.

In order to verify that USP4 deubiquitination modified SMAD4
in vivo, the labeled SMAD4 protein was affinity purified in TE-1 cells.
As reported in Figure 4L, the monomer and multi-chain ubiquitina-
tion of SMAD4 appeared, and ectopic expression of USP4-WT in-
hibited the ubiquitination of SMAD4, while ectopic expression of
the catalytically inactive mutant USP4 (CS) failed to inhibit the ubiq-
uitination of SMAD4. Endogenous SMAD4 was mainly modified by
means of monoubiquitination, and only trace multichain ubiquitina-
tion was observed. Additionally, ectopically expressed USP4-WT not
mutant USP4-CS eliminated endogenous SMAD4 mononucleotide
(Figure 4M). Importantly, the suppression of endogenous USP4 could
USP4 on the deubiquitination of SMAD4. (I) The effect of the optimal concentration

analysis of whole-cell lysate and immunoprecipitate of HEK293T cells with stable

itination status of SMAD4 after incubation of 508-529 covalent ubiquitin peptide with

d by immunoblotting after affinity purification of the tagged SMAD4 protein in TE-1

b after transfection with Myc-USP4-WT or Myc-USP4-CS, respectively. (N)Western

bly expressing HA-Ub. (O) Immunofluorescence detection of SMAD4 expression in

and nucleus of TE-1 cells. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Paired t

hile unpaired data between the other two groups were compared by unpaired t test.

e shown as mean ± standard deviation of three technical replicates.
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Figure 5. SMAD4 Decreased CK2 Expression to Suppress Proliferation, Migration, Invasion, and EMT of Eca109 Cells In Vitro

(A) CK2 mRNA expression in EC tissues and adjacent normal tissues detected by qRT-PCR (n = 30). (B) Quantitation of CK2 protein in EC tissues and adjacent normal

tissues by immunohistochemical analysis (n = 30). (C) Pearson correlation analysis of CK2 expression with SMAD4 expression. (D) mRNA expression of SMAD4 and CK2

in Eca109 cells treated with sh-SMAD4-1 or sh-SMAD4-2 detected by qRT-PCR. (E) Quantitative western blot analysis of SMAD4 and CK2 proteins in Eca109 cells

treated with sh-SMAD4-1 or sh-SMAD4-2. (F) Enrichment of SMAD4 in CK2 promoter region determined by ChIP assay in sh-SMAD4-treated Eca109 cells. Eca109 cells

were transfected with sh-NC, sh-SMAD4, and sh-SMAD4 + sh-CK2. (G) Expression of SMAD4 and CK2 in Eca109 cells measured by qRT-PCR. (H) Proliferation of

Eca109 cells detected by EdU assay (�200). (I) Quantitation of migration of Eca109 cells detected by scratch test. (J) Quantitation of invasion of Eca109 cells detected by

Transwell assay. (K) Quantitative western blot analysis of EMT-related proteins (E-cadherin, N-cadherin, and Vimentin) in Eca109 cells. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001. Paired t test was used for comparison between data of EC tissues and adjacent normal tissues, while unpaired data between the other two groups were

compared by unpaired t test. Comparisons among multiple groups were performed using one-way ANOVA. Data are shown as mean ± standard deviation of three

technical replicates.
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enhance the single stranding of endogenous SMAD4 (Figure 4N),
suggesting that USP4 was a key regulator of intracellular SMAD4.
In summary, USP4 targeted monomer ubiquitination of SMAD4 to
deubiquitinate and modify SMAD4.

Further, the effect of USP4 on SMAD4 translocation into nuclei was
detected by immunofluorescence assay. After USP4 was overex-
pressed in TE-1 cells, translocation of SMAD4 into nuclei was
increased (Figure 4O). After nuclear-cytoplasmic fractionation of
TE-1 cells upon different treatments, western blot detection on
the expression of SMAD4 in cytoplasm and nucleus presented
consistent trend with that of immunofluorescence assay (Figure 4P).
The above experimental results showed that USP4 promoted the
deubiquitination and translocation of SMAD4 into nuclei in EC
cells.

SMAD4 Reduced Proliferative, Invasive, and Migratory

Capacities and EMT of EC Cells by Transcriptionally Inhibiting

CK2 Expression in Vitro

The above experiments demonstrated that SMAD4 deubiquitination
promoted its translocation into nuclei, and previous evidence has sug-
gested that SMAD4 inhibited the expression of CK2 as a transcription
factor in the nucleus.21 The qRT-PCR and immunohistochemistry re-
sults presented that CK2 expression was significantly increased in EC
tissues in comparison to that seen in adjacent normal tissues (Figures
5A and 5B). A negative correlation was noted in CK2 expression and
206 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
SMAD4 expression was (Figure 5C). In addition, silencing SMAD4
elevated the expression of CK2 in Eca109 cells, among which sh-
SMAD4-2 had a better effect, and thus was chosen for subsequent ex-
periments (Figures 5D and 5E). Chromatin immunoprecipitation
(ChIP) results showed that the enrichment of SMAD4 was decreased
in the promoter region of CK2 when SMAD4 was silenced in Eca109
cells (Figure 5F).

Eca109 cells were treated with sh-SMAD4 or in combination with
sh-CK2. qRT-PCR results exhibited that the expression of CK2
was enhanced in sh-SMAD4-treated Eca109 cells, but simultaneous
silencing of CK2 and SMAD4 reduced the expression of CK2 in
Eca109 cells (Figure 5G). As demonstrated in Figures 5H–5J, sh-
SMAD4 treatment triggered an elevation of Eca109 cell prolifera-
tive, invasive, and migratory capacities, which was reversed by addi-
tional silencing of CK2. As documented in Figure 5K, expression of
N-cadherin and Vimentin was significantly enhanced, while that of
E-cadherin was significantly reduced in sh-SMAD4-treated Eca109
cells, which was negated following simultaneous silencing of
SMAD4 and CK2. Additionally, we treated TE-1 cells with oe-
SMAD4 or in combination with oe-CK2, and then repeated all the
above-mentioned experiments in TE-1 cells, which exhibited
consistent results with those from Eca109 cells (Figure S3). These re-
sults demonstrated that SMAD4 reduced CK2 expression in EC
cells, thus repressing proliferative, invasive, and migratory capac-
ities and EMT.
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Figure 6. SOX2 Modulates the USP4/SMAD4/CK2 Axis via miR-30e Upregulation to Induce the Tumor Growth of EC in Nude Mice

Mice were treated with lv-oe-NC + sh-NC, lv-oe-NC + sh-CK2, lv-oe-SOX2 + sh-NC, or lv-oe-SOX2 + sh-CK2. (A) Quantitation of tumor volume of mice (n = 12). (B)

Quantitation of tumor weight of mice (n = 12). (C) Expression of SOX2, miR-30e, USP4, SMAD4, and CK2 in mouse tumor tissues determined by qRT-PCR (n = 12). (D)

Quantitative western blot analysis of SOX2, USP4, SMAD4, and CK2 proteins in mouse tumor tissues (n = 12). (E) Quantitation of Ki67 expression in mouse tumor tissues

detected by immunohistochemistry. (F) Quantitation of lung metastatic nodules after H&E staining in mice (n = 12). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. All

measurement data were shown as mean ± standard deviation. Unpaired data between the two groups were compared by unpaired t test. Comparisons among multiple

groups were performed using one-way ANOVA. Comparisons of tumor volume data between groups at different time points were conducted using repeated-measures

ANOVA.
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SOX2 Increased Tumor Growth of EC in NudeMice byMediating

the USP4/SMAD4/CK2 Axis via miR-30e

To verify the above results in vivo, we subcutaneously injected TE-1
cells transfected with different lentiviral plasmids into nude mice.
The tumor growth of mice was significantly enhanced following
SOX2 overexpression, while that was significantly lowered in
response to CK2 silencing, which was negated following the treatment
with lv-oe-SOX2 + sh-CK2 (Figures 6A and 6B).

After overexpression of SOX2, the expression of miR-30e and CK2
was increased and that of USP4 and SMAD4 was decreased. More-
over, after simultaneous silencing of CK2 and overexpression of
SOX2, the expression of SOX2, miR-30e, USP4, and SMAD4 did
not change prominently, while that of CK2 was decreased severely
(Figures 6C and 6D). From immunohistochemistry results, SOX2
overexpression enhanced but CK2 silencing diminished Ki67 positive
cells in mouse tumor tissues, which was abolished by simultaneous
silencing of CK2 and overexpression of SOX2 (Figure 6E). According
to hematoxylin and eosin (H&E) staining, lung metastasis was
elevated by overexpressing SOX2 but was reduced by silencing CK2
in mouse tumor tissues, which was rescued by simultaneous silencing
of CK2 and overexpression of SOX2 (Figure 6F). In summary, SOX2
facilitated tumor growth by regulating the USP4/SMAD4/CK2 axis
via miR-30e upregulation in nude mice.
DISCUSSION
Despite improvement in diagnosis and treatment strategies, the
prognosis of EC is still noted to be poor, with a total 5-year survival
rate of 15%–20%.23 The critical functions of miRNAs have been
documented in EC progression recently.24 The present study in-
tended to dissect out the roles of SOX2-mediatedmiR-30e in biology
and tumor growth of EC cells. Intriguingly, our data from tissue
samples, cancer cell lines, and animal experiments elucidated that
SOX2-upregulated miR-30e targeted USP4 and decreased its expres-
sion, thus reducing SMAD4 expression to activate CK2, which ulti-
mately led to EC cell proliferative, invasive, and migratory
capacities.
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Figure 7. A Schematic for the SOX2/miR-30e/USP4/SMAD4/CK2

Regulatory Network in EC

SOX2-upregulated miR-30e targets USP4 and decreases its expression, thus

reducing SMAD4 expression to activate CK2, which ultimately leads to EC cell

proliferation, invasion, and migration.
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We first found that SOX2 was upregulated seen in both EC tissues and
cells and that SOX2 overexpression elevated EC cell proliferative,
invasive, and migratory capacities and EMT. SOX2 has been involved
in numerous cancers, such as prostate cancer, ovarian cancer, and
breast cancer.25–27 Concurred with our results, a prior study indicated
SOX2 upregulation in EC samples and that SOX2 overexpression
enhanced EC cell proliferation and invasion.28 Meanwhile, a study
by Ishida et al.29 also revealed the high SOX2 expression in esophageal
small-cell carcinoma. Moreover, Gen et al.11 have denoted that as an
amplification target of 3q26.3 in ESCC, SOX2 upregulation promotes
ESCC cell proliferation in vitro. Besides, another study uncovered
high SOX2 expression in clinical samples from ESCC patients and
that SOX2 overexpression stimulated cell invasion and metastasis
in ESCC cells,30 which was identical to our findings.

Furthermore, the data obtained by Liu et al.12 found that SOX2 posi-
tively modulated miR-30e expression in breast cancer cells, which sup-
ported our results that SOX2 overexpression increased miR-30e
expression in EC cells. Our study identified the upregulation of miR-
30e in EC tissues and cells, which was supported by the data from a pre-
vious study.14 In addition, the current study revealed the promoting ef-
fect of miR-30e on the EC cell proliferation, invasion, and migration,
which deserves further investigation due to the elusive knowledge of
such effect in EC. Besides, our data reached a conclusion that USP4
208 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
was a target gene of miR-30e. miRNAs have the potency to regulate
gene expression in a post-transcriptional manner by binding the 30

UTR of their target gene mRNA, inducing the inhibition of mRNA
degradation or translation.31 Likewise, USP4 has been demonstrated
to be a potential target of severalmiRNAs and their interaction is essen-
tial in controlling tumor invasion, metastasis and survival.32,33 USP4 is
known to regulate various normal and abnormal physiological func-
tions, including pathological cardiac hypertrophy, osteoblast differen-
tiation, and tumorigenesis.34,35 Additionally, USP4 has contradictory
functions in different tumors with tissue and tumor specificity.36–38

Importantly, a prior study has elucidated that USP4 upregulation pre-
dicts a better prognosis in patients suffering from EC,17 which was
partially in line with our results. However, some of the conclusions
in this study are contrary to our results, so we verified the role of
USP4 in EC. Our data confirmed that USP4 expression was poor in
EC tissues and cells and that ectopic expression of USP4 contributed
to repression of EC cell proliferation, invasion, migration, and EMT.
Interestingly, research by Liang et al.32 elaborated that USP4 possessed
tumor-suppressive potential in breast cancer by reducing cell prolifer-
ation, migration, and invasion, which indirectly supported our results.
Meanwhile, in a mouse model of lung cancer, USP4 knockdown en-
hances tumorigenesis and tumor growth.39 A recent work uncovers a
positive correlation between USP4 expression and SOX2 expression
in lung cancer.40 However, our study revealed an adverse relationship
between them, maybe due to the difference of the study subjects, labo-
ratory environment, and the detection methods used.

In the subsequent experiments, we observed that USP4 targeted mono-
ubiquitination of SMAD4 to promote the deubiquitination of SMAD4
and its entry into the nucleus in EC cells. Zhou et al.19 observed the
similar results in mouse embryonic stem cells. Ubiquitination of
SMAD4 could promote its translocation into nuclei and then affect
the downstream genes.41 Furthermore, SMAD4 repression contributes
to elevation of SOX2expression in the context of lung squamous cell car-
cinoma.42 More importantly, the present study characterized that
SMAD4 diminished CK2 expression through transcription in EC cells,
which was in line with a previous study.21 Particularly, we also found
that SMAD4 declined cell proliferation, invasion, migration, and EMT
in EC by downregulating CK2. A prior study showed that SMAD4
downregulation could lead to promotion of metastasis and recurrence
of EC.20Another study also identified that SMAD4 suppression elevated
cell migration and invasion in ovarian cancer.43 Meanwhile, a study by
Yoo et al.22 unraveled that CK2 overexpression triggered the increase of
EC cell invasion, which was in line with our findings. In addition, treat-
ment with CK2 inhibitor leads to reduced expression of SOX2 in glio-
blastoma brain tumor initiating cells.44 Collectively, the aforementioned
data supported the potential of SOX2 to aggravate EC through regula-
tion of the miR-30e/USP4/SMAD4/CK2 signaling axis.

Taken together, the findings of our study suggested that SOX2
increased miR-30e expression, promoted the miR-30e-mediated
USP4 inhibition, suppressed the deubiquitination of SMAD4, and up-
regulated CK2 expression, ultimately inducing EC cell migration,
migration, and invasion (Figure 7). Notably, our findings on the



Table 1. Sequences for Cell Transfection

Primer Sequence

miR-30e mimic 50-UGUAAACAUCCUUGACUGGAAG-30

miR-30e inhibitor 50-CUUCCAGTCAAGGATGUUUACA-30

mimic-NC 50-UUUGUACUACACAAAAGUACUG-30

inhibitor-NC 50-CAGUACUUUUGUGUAGUACAAA-30

sh-SMAD4-1 50-CGAGTTGTATCACCTGGAATT-30

sh-SMAD4-2 50-GTACTTCATACCATGCCGATT-30

sh-SMAD4-3 50-GCAGACAGAAACTGGATTAAA-30

sh-USP4-1 50-CCGGCCCAACTGTAAGAAGCAT-30

sh-USP4-2 50-CGGGCCCAGAATGTGCTAAGG-30

sh-USP4-3 50-GGCGTGGAATAAACTACTAC-30

sh-CK2-1 50-TCAAGATGACTACCAGCTGTT-30

sh-CK2-2 50-CACGTTCAATTCCTGGTT-30

sh-CK2-3 50-GCGCCAGAAGGTGGCGGTGAAG-30

sh-NC 50-AATTCTCCGAACGTGTCACGT-30
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pro-proliferative action of SOX2 provide new insights into the mech-
anism of this malignant disease and offer potential targets for trans-
lational applications. Meanwhile, further investigations are required
to reveal the underlying mechanism by which miR-30e influences
EC cells.

MATERIALS AND METHODS
Ethics Statement

The Ethics Committee of The First Affiliated Hospital of Zhengzhou
University provided ethical approval for the experiments involving hu-
man beings in this study, which were guided by the Declaration of Hel-
sinki. Ethical agreements by written informed consent were obtained
fromthedonorsor their relatives.TheFirstAffiliatedHospital ofZhengz-
hou University approved our animal experiments, which was conducted
in accordance with the principles in the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health.
Efforts were made to avoid all unnecessary distress to the animals.

Clinical Samples

Fresh human EC and corresponding adjacent non-neoplastic esopha-
geal samples were harvested from 30 patients (17 males and 13 females;
aged 48.53 ± 12.35 years) who underwent single surgical resection at
The First Affiliated Hospital of Zhengzhou University between 2012
and 2013. These patients underwent surgical resectionwithout preoper-
ative chemoradiotherapy. All tissue specimenswere immediately stored
in liquidnitrogen or stored at�80�C. Inaddition, 96patients referred to
The First Affiliated Hospital of Zhengzhou University in the same
period were followed up from the time of discharge after operation
for 60 months. The OS rate and DFS rate were statistically analyzed.

Immunohistochemistry

Tissue specimens were paraffin-embedded, sectioned, hydrated, and
dehydrated by alcohol gradient, followed by 20-min immersion in
3% methanol H2O2. Following the antigen retrieval, the sections
were blocked in normal goat serum blocking solution. Next, the sec-
tions underwent overnight incubation with primary rabbit anti-hu-
man antibodies (acquired from a company named Abcam, Cam-
bridge, UK) to SOX2 (ab97959, 1:1,000), USP4 (ab236987, 1:1,000),
SMAD4 (ab244370, 1:1,000), and CK2 (ab236987, 1:1,000) at 4�C,
followed by additional 20-min incubation with secondary goat anti-
rabbit immunoglobulin G (IgG; ab6785, 1:1,000, acquired from Ab-
cam, Cambridge, UK) at the controlled temperature of 37�C. Then
horseradish peroxidase (HRP)-labeled streptomyces ovalbumin
working solution was adopted to incubate the sections, followed by
color development in 3,30-diaminobenzidine (DAB). Subsequently,
the sections were counterstained in hematoxylin and reverted to
blue in 1% ammonia water. The sections were observed under a mi-
croscope and photographed in five randomly selected visual fields
with high power from each section, with 100 cells counted per field.

Cell Treatment

Human esophageal epithelial cell line HEEC and human esophageal
cancer cell lines (Eca109, EC9706, KYSE150, and TE-1) were attained
from the Cell Bank, China Center for Type Culture Collection (Wu-
han, Hubei, P.R. China). EC9706 and TE-1 or Eca109 and KYSE150
were subjected to culture in DMEM or RPMI 1640 medium (GIBCO
by Life Technologies, Grand Island, NY, USA) encompassing 10%
FBS and 10% penicillin-streptomycin at the controlled temperature
of 37�Cwith 5% CO2. After being trypsinized, the cells were subjected
to passage at a ratio of 1:3. Upon reaching 70%–80% confluence, cells
were subjected to culture in a plate with 6 wells at a density of 3� 105

cells/well.

Eca109 and TE-1 cells that had grown to the logarithmic growth
phase were subjected to seeding into a plate with 6 wells (4 � 105

cells/well). In accordance with the manuals of Lipofectamin 2000 re-
agents (11668-019, Invitrogen, NY, CA, USA), 70%–80% confluent
Eca109 cells were transfected with oe-NC, inhibitor-NC, oe-SOX2,
miR-30e inhibitor, mimic-NC, vector, miR-30e mimic, USP4, sh-
NC, sh-SMAD4-1, sh-SMAD4-2, sh-SMAD4, and sh-CK2 alone or
in combination, whereas 70%–80% confluent TE-1 cells were trans-
fected with sh-NC, sh-SOX2-1, sh-SOX2-2, miR-30e mimic, inhibi-
tor-NC, miR-30e inhibitor, sh-USP4, oe-SMAD4, and oe-CK2 alone
or in combination. Transfection sequences and plasmids (shRNA
plasmid, pIEx-4-BmU6M; overexpression plasmid, pcDNA3.1[+])
were acquired from a company named Shanghai GenePharma
(Shanghai, P.R. China). The sequences are listed in Table 1. After a
culture of 48 h, the medium was renewed and the cells were further
cultured for duration of 24–48 h before the subsequent experiments
were performed.

A lentiviral packaging system was subjected to construction by LV5-
GFP (lentiviral gene overexpression vector green fluorescent protein)
along with pSIH1-H1-copGFP (lentiviral gene silencing vector). The
packaged virus was co-transfected into 293T cells, and the superna-
tant was collected after a period of 48 h of cell culture. The superna-
tant after centrifugation and filtration contained virus particles. After
detection of viral titers, viruses in the growth index phase were
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Table 2. Primer Sequences for qRT-PCR

Gene Forward Sequence (50-30) Reverse Sequence (50-30)

SOX2 50-GGGCTCTGTGGTCAAGTC-30 50-TAGTCGGCATCACGGTTT-30

miR-30e 50-TGTAAACATCCTTGACTGGAAGG-30 50-CCAGTGCGAATACCTCGGAC-30

USP4 50-AAGGAAGCCTGGGAGAAT-30 50-GCAGTGGCAGCGTTAGAT-30

SMAD4 50-AGTCCCTGGATCACCGACAG-30 50-GTTTCTTGCCTCTTGGTTGCT-30

CK2 50-TGTCCGAGTTGCTTCCCGATACTT-30 50-TTGCCAGCATACAACCCAAACTCC-30

U6 50-GGTCGGGCAGGAAAGAGGGC-30 50-GCTAATCTTCTCTGTATCGTTCC-30

GAPDH 50-TGGTGGGTATGGGTCAGAAGGACTC-30 50-CATGGCTGGGGTGTTGAAGGTCTCA-30
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collected and transduced into cells: lentiviral vector (lv)-oe-NC + sh-
NC, lv-oe-SOX2 + sh-NC, lv-oe-NC + sh-CK2, and lv-oe-SOX2 + sh-
CK2. When the cells were in logarithmic phase, they were trypsinized
and titrated to 5 � 104 cells/mL cell suspension which was then
seeded into the plate with 6 wells (2 mL per well), followed by over-
night culture at the controlled temperature of 37�C. The efficiency of
GFP expression was observed by means of a fluorescence microscope
48 h after infection, whereas the detection on the expression of related
genes in cells was implemented by means of qRT-PCR.

qRT-PCR

TRIzol reagents (16096020, Thermo Fisher Scientific, Waltham, MA,
USA) were adopted for total RNA extraction from tissues. For
mRNA, the reverse transcription was implemented by means of a
First Strand cDNA Synthesis Kit (RR047A, Takara, Tokyo, Japan)
to obtain complementary DNA (cDNA). For miR, the reverse tran-
scription was implemented with a poly(A) tailing assay kit
(B532451, Shanghai Sangon Biotechnology, Shanghai, P.R. China;
containing universal PCR primer R and U6 universal PCR primer
R) to obtain poly(A) tail-containing cDNA of miR. Samples were
added using SYBR Premix Ex Taq II (Perfect Real Time) kit
(DRR081, Takara), and qRT-PCR was operated on an ABI 7500 in-
strument (Applied Biosystems, Foster City, CA, USA) based on the
instructions of TaqMan Gene Expression Assays protocol. With U6
and GAPDHworking as endogenous controls, the relative expression
of each target gene was calculated by 2–DDCt. The primer sequences
are depicted in Table 2.

Western Blot Analysis

Total protein was extracted from cells bymeans of radio-immunopre-
cipitation assay (RIPA) lysis buffer (Beyotime Biotechnology,
Shanghai, P.R. China). Then the concentration of the extracted pro-
tein was determined using a bicinchoninic acid kit (20201ES76, Yea-
sen Company, Shanghai, P.R. China). Next, after quantification based
on different concentrations, the protein was separated by means of
polyacrylamide gel electrophoresis (PAGE), and then electroblotted
onto a polyvinylidene fluoride membrane (IPVH85R, Millipore,
Darmstadt, Germany) by means of the wet-transfer method.
Following 1-h sealing in 5% BSA at the ambient temperature, the
membrane was left to be probed overnight at the controlled temper-
ature of 4�C with primary rabbit anti-human antibodies to SOX2
210 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
(ab97959, 1:100), USP4 (ab236987, 1:5,000), SMAD4 (ab244370,
1:5,000), CK2 (MAB7957, 1:25, R&D Systems, Minneapolis, MN,
USA), E-cadherin (ab15148, 1:500), b-catenin (ab2365, 1:500), N-
cadherin (ab207608, 1:1,000), Vimentin (ab137321, 1:2,000), H3
(ab1791, 1:1,000), and GAPDH (ab9785, 1:2,500). The aforemen-
tioned antibodies were attained from a company named Abcam,
Cambridge, UK, except CK2. Thereafter, the membrane was re-
probed with HRP-labeled secondary goat anti-rabbit IgG
(ab205718, 1:20,000, attained from Abcam, Cambridge, UK) for
duration of 1 h at the ambient temperature. After development, the
ImageJ 1.48u software (National Institutes of Health, Bethesda,
MD, USA) was employed for the purpose of protein quantitative anal-
ysis. The relative protein content was expressed as the ratio of the gray
value of the corresponding protein band to that of the GAPDH pro-
tein band (endogenous control).

EdU Assay

After Eca109 and TE-1 cells were subjected to culture in a plate with
96 wells (5� 103 cells/well) for duration of 6 h, they were labeled with
EdU. Following 2-h incubation with the use of 100 mL EdU medium,
the cells in each well were stained with 100 mL of 1 � Apollo staining
solution in dark for 30 min. After this, cells were incubated with
100 mL of 1�Hoechst 33342 solution in the dark at the ambient tem-
perature. Subsequent to staining, 100 mL portion of anti-fluorescence
quenching tablet was added into each well. The cells were observed
under a fluorescence microscope, whereupon EdU-labeled cells
were recorded. The positive labeled cells were those whose nuclei
were stained in red, and the counting of the positive and negative cells
in any three visual fields was implemented under a microscope. EdU
labeling rate (%) = positive cells/(positive cells + negative cells) �
100%.

Scratch Test

Cells were subjected to seeding in a plate with 6 wells at a density of
2.5� 104 cells/cm2. After duration of 24 h of culture, the medium was
removed, and scratches were made using 10 mL sterilized disposable
pipettes. Further culture was conducted with DMEM containing 5%
FBS. Cells of each well that were cultured at duration of 0 h and
24 h after wounding were observed under an inverted microscope.
ImageJ software was employed for measuring the width of each
scratch whereupon the cell migratory capacity was evaluated by
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means of comparing the scratch width of each group. Migration dis-
tance = scratch width observed at 0 h – scratch width observed at 24 h.

Transwell Assay

In vitro cell invasion detection was performed in a plate with 24 wells
with the use of Transwell chambers (8-mm wells; Corning, Corning,
NY, USA). In the polycarbonate membrane Transwell chamber con-
taining Matrigel, 600 mL culture solution containing 20% FBS was
dropped into the lower chamber in advance. After duration of 48 h
of transfection, Eca109 and TE-1 cells were subjected to resuspension
in FBS-free medium, and 1� 106 mL cells were seeded into the upper
chamber, followed by 24-h culture at the controlled temperature of
37�C with the atmosphere of 5% CO2. The Transwell chambers
were subjected to fixation with 5% glutaraldehyde and stained with
0.1% crystal violet. After the wiping of surface cells bymeans of cotton
balls, the remaining cells were observed under an inverted fluores-
cence microscope in 5 randomly selected fields of view, with the
mean value considered as the cells crossing the chamber.

Microarray-Based Gene-Expression Profiling

EC-related gene expression profiling GSE89102 was retrieved from
the GEO database available at https://www.ncbi.nlm.nih.gov/gds,
and subsequent differential analysis was performed using the “limma”
software package in R language. There were 10 samples on the gene
expression profiling, including 5 normal samples and 5 EC samples.
DEGs on the gene expression profiling were then screened with |
logFC| >1 and p <0.05 set as thresholds.

Dual Luciferase Reporter Assay

Dual-luciferase reporter vectors of USP4 30 UTR and mutant plas-
mids with mutations in the binding site of miR-30e were constructed,
namely PmirGLO-USP4-WT and PmirGLO-USP4-MUT. USP4-30

UTR-WT and USP4-30 UTR-MUT were cloned using Sac I and
Not I restriction enzyme cleavage sites in pmirGLO. The reporter
plasmids were respectively co-transfected with miR-30e mimic
plasmid and NC-mimic plasmid into 293T cells, respectively. After
duration of 24 h, the cells were lysed whereupon the luciferase activity
was detected by means of a Dual-Luciferase Reporter Assay System.
The ratio of firefly luciferase activity to Renilla luciferase activity
worked as the relative luciferase activity.

ChIP Assay

TE-1 cells and Eca109 cells in the logarithmic growth phase were sub-
jected to culture with 1% formaldehyde for 10-min cross-linking,
which was next terminated with 125 mM glycine. After supplementa-
tion with protease inhibitor mixture, the cells were subjected to
centrifugation at 5,000 rpm for duration of 5min, resuspension in nu-
clear separation buffer, lysing in ice-water bath for 10 min, and son-
ication so as to attain 200–1,000 bp chromatin fragments. The 100 mL
supernatant (DNA fragments) was added with 900 mL portion of
ChIP Dilution Buffer and 20 mL of 50 � PIC and with 60 mL portion
of Protein A Agarose/Salmon SpermDNA.Meanwhile, 20 mL portion
of supernatant was used as Input. In the experimental groups, the su-
pernatant was added with 1 mL rabbit anti-SMAD4 antibody
(ab244370, Abcam, Cambridge, UK), whereas 1 mL rabbit anti-IgG
antibody (ab172730, Abcam, Cambridge, UK) was supplemented
into the supernatant in the NC group. Each tube was supplemented
with 60 mL Protein A Agarose/Salmon Sperm DNA. The cells were
subjected to centrifugation at 700 rpm for duration of 1 min. The pre-
cipitates were washed and eluted using 250 mL portion of ChIP wash
buffer, and de-crosslinked with the use of 20 mL portion of 5MNaCl.
DNA was recovered after de-crosslinking. Quantification on the CK2
promoter sequence occurring in the complex was implemented by
qRT-PCR.

Coimmunoprecipitation (CoIP) Assay

Cells that had been transfected were lysed in lysis buffer containing
50 mM portion of Tris-HCl (pH = 7.4), 150 mM portion of NaCl,
10% portion of glycerol, 1 mM portion of EDTA, and 0.5% portion
of NP-40 and protease inhibitor, whereupon cell debris was cleared
by means of centrifugation. Cleared cell lysates were incubated with
1 lysed anti-HA or anti-FLAG antibody (Sigma, St. Louis MO,
USA) and 15Si protein A/G beads for duration of 2 h. After extensive
washing, beads were boiled at 100�C for duration of 5 min. Proteins
were next separated bymeans of SDS-PAGE and electroblotted onto a
nitrocellulose membrane (Millipore, Temecula, CA, USA), followed
by immunoblotting.

Immunofluorescence Assay

When the cell confluence was 50%, the cells were fixed in 4% parafor-
maldehyde, and permeated with 2% Triton X-100. After blocking
with 2% BSA, antibodies (Abcam, Cambridge, UK) to SMAD4
(ab244370, 1:100) and USP4 (ab236987, 1:100) were added into the
slide for overnight incubation at the controlled temperature of 4�C,
followed by 2-h incubation with fluorescent-labeled secondary anti-
body goat anti-rabbit IgGH&L (ab150080, 1:400, Abcam, Cambridge,
UK). The slide was stained with 2 mg/mL portion of 40,6-diamidino-2-
phenylindole (DAPI) and mounted. Thereafter, detection on expres-
sion of LC3II was implemented under a fluorescence microscope, and
the ImageJ software served to quantify fluorescence intensity.

Glutathione-S-Transferase (GST) Pull-Down Assay

GST-USP4 fusion protein was expressed and then purified from
E. coli in SMAD4 and USP4 GST pull-down experiments. The puri-
fied fusion protein was immobilized on glutathione Sepharose 4B mi-
crospheres and incubated with cell lysis for duration of 2 h at a tem-
perature of 4�C. The detected antibodies were determined by means
of western blot analysis.

Ubiquitination Experiment

Cells underwent lysing in RIPA buffer (which was composed of
20 mM portion of NAP [pH 7.4], 150 mM NaCl, 1% Triton, 1%
SDS, and 0.5% sodium-deoxycholate) supplemented with protease in-
hibitors and 10 mM portion of NEM. The lysate was sonicated, heat-
ed, diluted in RIPA buffer with 0.1% SDS, and centrifuged at a tem-
perature of 4�C (16,103 � g, 15 min). The supernatant underwent
incubation with the specific antibody and A-Sepharose protein at a
temperature of 4�C for 3 h. After washing, the binding proteins
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were eluted in 2� SDS buffer, separated by means of SDS-PAGE, and
analyzed by means of immunoblotting.

Protein Purification

GST-USP4-WT and mutant expression were cloned into pGEX-4T1
vector. GST-USP4 plasmids underwent transforming into E. coli
strain BL21, respectively. The protein expression was induced by
24-h treatment with 0.1 mM portion of Isopropyl-beta-d-1-thiolga-
lactopyranoside (IPTG) at 16�C. The protein was resuspended with
PBS containing 0.5% portion of Triton X-100 and 1 mM portion of
PMSF after harvesting, followed by ultrasound treatment. The recom-
binant GST-tagged protein was purified by means of glutathione Se-
pharose 4B beads. To purify USP4 protein, we removed the biotin la-
bel of GST. In order to purify SMAD4 from mammalian cells, Flag-
SMAD4 expression plasmid was transfected into HEK293T cells.
SMAD4 protein was immunoprecipitated from cell lysis by means
of a-Flag-M2 resin overnight, and then eluted with Flag peptide.

Nuclear-Cytoplasmic Fractionation

Cells were subjected to suspension with Hypotonic buffer A (10 mM
portion of HEPES; pH 7.5, 0.5 mM portion of DTT, 10 mMportion of
KCl, 1.5 mM portion of MgCl2) that consisted of protease inhibitors
and RNase inhibitors. Cells were subjected to incubation on ice for
duration of 10 min, and centrifuged at 1,000 � g 4�C for duration
of 10 min. The supernatant underwent further centrifugation at
15,000 � g for duration of 15 min to obtain the cytoplasmic fraction.
The precipitate underwent 2 rinses in hypotonic buffer, and suspen-
sion in hypotonic buffer B. Whereupon, incubation at 4�C for dura-
tion of 30 min, gentle rotation, and centrifugation at 6,000 � g and
4�C for duration of 10 min were implemented. The precipitate was
rinsed with hypotonic buffer once and suspended with RIPA buffer
containing protease inhibitors and RNase inhibitors. After 30-min in-
cubation at the controlled temperature of 4�C, the precipitate was
gently rotated and centrifuged at 15,000 � g for duration of
20 min. The supernatant was the nucleus part.

Xenograft Animal Model

BALB/c male nude mice (5–6 weeks old) from the Animal Center of
the Chinese Academy of Sciences were randomly arranged into 4
groups with 12 mice in each group. TE-1 cells (1 � 106 cells/mouse,
100 mL) stably transfected with different plasmids were subcutane-
ously injected into the right side of mice and grouped into: lv-oe-
NC + sh-NC, lv-oe-SOX2 + sh-NC, lv-oe-NC + sh-CK2, and lv-oe-
SOX2 + sh-CK2 groups. Measurement on tumor volume and weight
was implemented every 5 days, followed by volume calculation: 0.5�
length � width.2 Subsequent to 25 days, the mice were euthanized by
anesthesia with 2% sodium pentobarbital (30mg/kg). Tumors of mice
were taken and weighed. The measurements were repeated three
times in each group. The lung tissues of mice were fixed and paraffin
embedded.

H&E Staining

Lung tissues of mice were subjected to overnight fixation in 10%
neutral formaldehyde solution, paraffin-embedded, and sectioned.
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The sections were then subjected to dewaxing in xylene, hydration
in gradient alcohol, and staining with H&E solution, followed by
routine dehydration, clearing, and sealing with resin. Lung tissue his-
tomorphological changes were finally observed under a high-power
microscope.

Statistical Analysis

All measurement data in the study were shown as a form of mean ±

SD and analyzed by means of the SPSS 21.0 software, with p <0.05
considered as a level of statistical significance. In all patients, qRT-
PCR and western blot analysis results conformed to normal distribu-
tion and were analyzed by means of paired t test, while unpaired data
between the other two groups were compared by means of unpaired t
test. Multi-group comparisons were implemented by means of one-
way ANOVA, followed by Tukey’s post hoc test, whereas compari-
sons of tumor volume data between groups at different time points
were conducted using repeated-measures ANOVA, followed by Bon-
ferroni post hoc test. Pearson’s correlation coefficient was adopted for
correlation analysis between indicators. With the median SOX2 as the
boundary, the indicators were divided into high and low expression,
and the prognostic impact of the disease was analyzed by the Kaplan-
Meier method.
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Supplementary Figure legends 

Fig. S1. SOX2 promotes proliferation, migration, and invasion, as well as EMT of TE-1 cells via 

miR-30e upregulation in vitro. A, Expression of SOX2 and miR-30e in TE-1 cells transfected with 

sh-SOX2-1 or sh-SOX2-2 measured by RT-qPCR. B, Expression of SOX2 and miR-30e in TE-1 

cells transfected with sh-SOX2 or in combination with miR-30e mimic measured by RT-qPCR. C, 

Proliferation of TE-1 cells detected by EdU assay (× 200). D, Migration of TE-1 cells detected by 

scratch test. E, Invasion of TE-1 cells detected by Transwell assay (× 200). F, Western blot analysis 

of EMT-related proteins (E-cadherin, N-cadherin, and Vimentin) in TE-1 cells. * indicates p < 0.05, 

** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001. Comparisons among 

multiple groups were performed using one-way ANOVA. Data are shown as mean ± standard 

deviation of three technical replicates. 

Fig. S2. miR-30e promotes cell proliferation, migration, invasion, and EMT in TE-1 cells by 

targeting USP4 in vitro. A, Expression of USP4 and miR-30e determined by RT-qPCR in TE-1 cells 

transfected with miR-30e inhibitor or in combination with sh-USP4. B, Proliferation of TE-1 cells 

detected by EdU assay (× 200). C, Migration of TE-1 cells detected by scratch test. D, Invasion of 

TE-1 cells detected by Transwell assay (× 200). E, Western blot analysis of EMT-related proteins 

(E-cadherin, N-cadherin, and Vimentin) in TE-1 cells. * indicates p < 0.05, ** indicates p < 0.01, 

*** indicates p < 0.001, **** indicates p < 0.0001. Comparisons among multiple groups were 

performed using one-way ANOVA. Data are shown as mean ± standard deviation of three technical 

replicates. 

Fig. S3. SMAD4 decreased CK2 expression to suppress proliferation, migration, invasion, and 

EMT of TE-1 cells in vitro. A, mRNA expression of SMAD4 and CK2 in TE-1 cells treated with 

oe-SMAD4 detected by RT-qPCR. B, Western blot analysis of SMAD4 and CK2 proteins in TE-1 

cells treated with oe-SMAD4. C, Enrichment of SMAD4 in CK2 promoter region determined by 

ChIP assay in oe-SMAD4-treated TE-1 cells. TE-1 cells were transfected with oe-NC, oe-SMAD4, 

and oe-SMAD4 + oe-CK2. D, Expression of SMAD4 and CK2 in TE-1 cells measured by RT-qPCR. 



E, Proliferation of TE-1 cells detected by EdU assay (× 200). F, Migration of TE-1 cells detected by 

scratch test. G, Invasion of TE-1 cells detected by Transwell assay (× 200). H, Western blot analysis 

of EMT-related proteins (E-cadherin, N-cadherin, and Vimentin) in TE-1 cells. * indicates p < 0.05, 

** indicates p < 0.01, *** indicates p < 0.001, **** indicates p < 0.0001. Comparisons among 

multiple groups were performed using one-way ANOVA. Data are shown as mean ± standard 

deviation of three technical replicates. 
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