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ABSTRACT

Elevated SOX2 protein levels correspond to the poor prognosis of patients with esophageal squamous cell
carcinoma (ESCC). Poor prognosis is closely correlated with the loss or disruption of cellular polarity;
however, the relationships between SOX2 protein and polarity proteins in ESCC remain elusive. Herein, we
found that the knockdown of SOX2 significantly decreased miR-142-3p expression and can regulate the
translation of LLGL2 protein, a member of the Scribble complex. LLGL2 protein levels in ESCC are
negatively correlated with miR-142-3p and SOX2 levels. Moreover, LLGL2 protein expression increased
upon SOX2 knockdown in ESCC cell lines, and mutating the binding site for this miRNA in the LLGL2 3'-
UTR disrupted its ability to inhibit LLGL2 expression. When LLGL2 was overexpressed, ESCC cell prolifera-
tion and invasion were inhibited in vitro and in vivo, which could be elucidated based on changes in gene
expression after RNA sequencing, targeted proteomic analysis and bioinformatic assays. However, SOX2
protein did not directly bind to the promoter of miR-142-3p after ChIP sequencing. Together, these
findings indicate that a SOX2 regulatory axis governs ESCC proliferation, migration, invasiveness, and
apoptosis, thereby providing a potential avenue for future therapeutic intervention.
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Introduction is also commonly mutated in ESCC, with ~25% of samples

Esophageal cancer is among the deadliest diseases globally, and
the most common subtype in developing nations is ESCC." In
China, ESCC accounts for 90% of esophageal cancer-related
deaths. Previous work has revealed the etiologies of ESCC caused
by environmental and genetic factors, which include smoking,
drinking, diet, chemical factors, infection, family ESCC history
and genetic changes; thus, epigenetic and genetic regulation of
cellular growth are factors® and have also been demonstrated to
yield tumor growth advantages that can mediate ESCC oncogen-
esis and progression.*”” We used genetic mouse models to
identify a novel mechanism by which SOX2 cooperates with
inflammatory signals to transform basal stem cells in the eso-
phagus, thus leading to ESCC initiation and progression.®

The sex determining region Y (SRY)-like box (SOX) family
member SOX2 is a member of the gene family that helps
control stem-like properties in cells.””'" Interestingly, SOX2

showing genetic amplification, and it has recently been asso-
ciated with ESCC tumorigenesis and multiple other malignant
processes.>'*!? Elevated SOX2 expression is known to corre-
spond to tumor development, progression, and eventual
metastasis,'* and many attempts have been made to target
SOX2 protein, SOX2-interacting protein, SOX2-related regu-
latory axis or SOX2" cells for cancer treatment.'**° ESCC is
also known to be associated with dysregulated miRNA expres-
sion and activity.?** For example, miR-455-3p, which acti-
vates the transforming growth factor-p (TGF-B)/Smad and
Wnt/B-catenin pathways, plays essential roles in the chemore-
sistance and tumorigenesis of ESCC using a chemoresistant
patient-derived xenograft (PDX) model.”*

Additionally, many studies have shown that the loss of cell
polarity is considered as a hallmark for cancer and promotes the
invasion of cancer cells.*** Moreover, SOX2 protein is also
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involved in the invasion progress of ESCC.** To elucidate the
relationships between SOX2 protein and polarity proteins, we
tested the expression change of miRNAs targeting polarity pro-
teins after SOX2 knockdown using a microarray assay and deter-
mined the regulatory axis using bioinformatics. Then, we
examined the expression pattern of LLGL2 in ESCC cell lines
and clinical biopsies and identified that miR-142-3p, a potential
regulator of LLGL2 protein, was always increased in ESCC clinical
samples and significantly decreased upon SOX2 knockdown.
Importantly, LLGL2 protein acts as a negative regulator in cell
proliferation, migration, invasion, and apoptosis upon its ectopic
expression. Therefore, we highlight a SOX2/miRNA/LLGL2 reg-
ulator axis in ESCC linked to malignant progression.

Materials and methods
Cell lines, mice and reagents

KYSE450, TE-1 ESCC and HEEC cells were obtained from the
ATCC (VA, USA) and grown in RPMI 1640 or DMEM con-
taining 10% FBS (Gibco, NY, USA). Cells were infected with
lentiviruses to mediate either SOX2 knockdown (pLK0.1SOX2)
or control (pLKO.IScramble) plasmids,8 or they were trans-
fected with lentivirus designed for LLGL2 overexpression
(pCDH-LLGL2-IRES-GFP). A list of all primers used for gen-
erating the construct is shown in Table S1. Cells stably trans-
duced with these constructs were obtained via selection with
puromycin (Santa Cruz Biotechnology, TX, USA). For animal
studies, 6-week-old NCG mice (NOD/ShiLtJGpt-Prkdc®™?®
IL2rg"™*°/Gpt) from GemPharmatech Company (Nanjing,
China) were used. A TUNEL Assay Kit (Merck, Cat No:
S7100) was utilized for apoptosis evaluation. The Medical
Ethics Committee of Dongfang Hospital of Xiamen
University approved all studies regarding mouse manipulation
and clinical sample collection described herein.

Tissue section, immunofluorescence, and
immunohistochemistry assay

. : 52,
These assays were performed as previously described.**

Western blot analysis

Western blotting was conducted as in past reports.*>*° Briefly,
after proteins were transferred to PVDF membranes, these
blots were probed using primary antibodies specific for SOX2
(Seven Hills, OH, USA), B-actin (Beyotime, Nantong, China),
LLGL2 (Abcam, MA, USA) or E-cadherin (Cell Signaling
Technology, MA, USA). HRP-linked secondary antibodies spe-
cific for mouse-IgG (ZSGB-Bio, Beijing, China) or rabbit IgG
(Abcam) were then used for protein detection, P-actin was
used as a control for normalization, and Image-Pro Plus 6.0
was used for quantification.

Cell proliferation and colony formation

Cells were seeded into 96-well plates, and then the OD of
these cells was assessed every 24 h for a total of 96 h or

72 h at 450 nm and 630 nm via a CCK-8 assay. The
difference in OD between 630 nm and 450 nm was used
to calculate the rate of cell proliferation. In colony forma-
tion assays, cells were seeded in 6-well plates for two or
more weeks, after which 4% paraformaldehyde (DingGuo,
Beijing, China) was used to fix cells, which were then
stained with 0.5% crystal violet. Colonies that were larger
than 0.5 mm in size were then enumerated using Image]
software, as in previous reports.>

Wound healing assay

Initially, 6-well plates were seeded with 1 x 10° KYSE450 or
TE-1 cells (control and LLGL20v) grew until 90% confluency,
at which time a wound was generated in this monolayer by
scraping it using a micropipette tip. After removing nonadher-
ent cells, the cells were grown for 24 h in medium containing
5% FBS, and the wound healing index was determined based
on wound closure over a 24 h period as follows: (So— S,,)/Sq
x 100%, with Sy and S,, corresponding to the empty area at 0 h
and 24 h after wounding, respectively.*”

Invasion assay

Twenty-four-well plates that had 6.5 mm inserts were used
(Corning, Cat No: 3422, NY, USA), and 12 pL of ice-cold
Matrigel™ (BD, Cat No: 356234, MA, USA)-coated 8 pM poly-
carbonate membranes were suspended over these wells. In the
upper chamber of this setup, a total of 5 x 10* cells were added
to a 200 pL volume in media that contained 5% FBS. In the
lower chamber, 500 pL of media that contained 20% FBS was
added. Cells were grown for 24 hrs, and then cells at the lower
side of the membrane were fixed in methanol followed by 1%
crystal violet staining for counting.

Xenograft studies

Six-week-old NCG mice were subcutaneously implanted with
a 100 pL volume of RPMI medium containing 5 x 10°
KYSE450 cells, as in our previous study.”” Five male NCG
mice per cohort were randomized prior to implantation.
Tumors were harvested 8 weeks after inoculation, and tumor
weight was analyzed using statistical methods.

miRNA microarray and quantitative real-time PCR

TRIzol (Invitrogen, CA, USA) and the miRNeasy kit (Qiagen,
Hilden, Germany) were used to isolate total ESCC cellular
RNA based on the instructions. For measures of altered
miRNA expression in cells upon SOX2 knockdown, a human
miRNA microarray miRCURY™ LNA Expression Array
(v.18.0, Exiqon) was employed. After filtering out miRNAs
that were present at low intensity, the initial signal intensity
for each sample was normalized based on the median normal-
ization approach. Significance analysis of microarrays (SAM)
v2.1 was utilized to identify those miRNAs that had
a 2 1.5-fold-change and a p value <.05 between the control
and SOX2-Kd cells. miRNA expression changes were validated



via quantitative real-time PCR using stem loop primers and
specific PCR primers (Table S2).

Luciferase reporter assays

The Dual-Luciferase Reporter Assay System (Promega, Cat No.
E1910, WI, USA) was used to assess miRNA binding to the
LLGL2 3’-UTR using primers for the wild-type and mutant
LLGL2 3’-UTRs, as shown in Table S3. Cells were transfected
with both reporter constructs bearing the wild-type or mutant
3’-UTR sequence together with pRL-TK and miRNA mimics
or inhibitors. After transfection, luciferase activity in cells was
assessed, with Renilla luciferase activity serving as a control for
transfection efficiency. The sequences used in this experiment,
including miRNA mimics and controls (RIBOBIO company,
Guangzhou, China), are listed in Table S4.

TdT-mediated dUTP Nick-End Labeling (TUNEL) assay

TUNEL assay for apoptosis detection was performed with the
ApopTag Peroxidase In Situ Apoptosis Detection Kit exactly as
described in the manual. Tail with digoxigenin-nucleotide was
added to the exposed 3'-OH ends of DNA fragments generated
in response to apoptotic signals by terminal deoxynucleotidyl
transferase (TdT). Following this step, digoxigenin-nucleotide
was detected by using anti-digoxigenin-peroxidase conjugate.
Diaminobenzidine reacted with peroxidase to generate an
insoluble colored substrate at the site of apoptotic cells.
Counterstaining with methyl green would aid in the morpho-
logical evaluation and identification of apoptotic tumor cells on
slides derived from xenograft tumors.

RNA sequencing and data mining

Total RNA was isolated from KYSE450 cells using TRIzol
reagent following the manufacturer’s guidance. The concentra-
tion and quality of RNA were determined with a NanoDrop
1000 spectrophotometer. Construction of the next-generation
sequencing library was performed using the TruSeq RNA
Sample Preparation Kit V2 (Illumina) according to the manu-
facturer’s protocols. Oligo-dT magnetic beads were used to
purify mRNA from 1000 ng total RNA, and then cDNA synth-
esis was performed with random primers and reverse tran-
scription enzyme. Following this, end repair and 3’
adenylation were performed on these synthesized cDNAs.
Adaptors were then ligated to both ends of the cDNAs. These
c¢DNAs were purified using gel electrophoresis, and amplicons
200-500 bp in size were generated after amplification with
specific primers designed according to the adaptor sequences.
The amplified amplicons were then hybridized to the Illumina
paired-end flow cell and amplified using PE150 equipment at
a concentration of 10 pM per lane, and paired-end reads of 150
nt were produced for each sample.

Data mining was subsequently performed based on bioin-
formatic analysis using annotation and functional enrichment,
and the annotation methods included GO annotation and
KEGG pathway annotation. The means of functional enrich-
ment included enrichment of Gene Ontology analysis, enrich-
ment of pathway analysis and enrichment-based clustering.
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Parallel reaction monitoring-mass spectrometry
(PRM-MS)-based targeted proteomic analysis

PRM analysis was performed on a Q-Exactive mass spectrometer
equipped with an EASY nLC-1200 pump and autosampler sys-
tem (Thermo Fisher Scientific). The separation of the peptides
was performed on Reprosil-Pur 120 C18-AQ (Dr. Maisch) using
0.1% formic acid (mobile phase A) and 80% ACN with 0.1%
formic acid (mobile phase B). A linear gradient of 92 min from 6
to 28% B, 20 min from 28 to 40% B, 2 min from 40 to 100% B,
2 min 100% B, 2 min from 100 to 2% B, and 2 min from 2% B at
a flow rate of 300 nL/min was used. Mass spectrometry analysis
was performed for 120 min/sample in positive ion detection
mode. The PRM acquisition mode was performed as follows:
MS2 resolution was 175.00 at m/z @ 200, AGC was 5E +4, and
maximum time of ion collision was (Max IT) 200 ms. The
normalized collision energy was fixed to 25%, and a mass win-
dow of 2 m/z was used to fragment the selected precursor ions.

Chromatin immunoprecipitation (ChIP) and sequencing
analysis

ChIP experiments and sequencing were performed in KYSE450
cells after enrichment with SOX2 antibody (Cell Signaling
Technology, Cat No: 2748). Ten nanograms of DNA samples
was prepared for Illumina sequencing, and the completed libraries
were quantified by an Agilent 2100 Bioanalyzer. The libraries were
denatured with 0.1 M NaOH to generate single-stranded DNA
molecules, captured on an Illumina flow cell, and amplified in situ.
The libraries were then sequenced on the Illumina NovaSeq 6000
following the NovaSeq 6000 S4 Reagent Kit (300 cycles) protocol.
After the sequencing platform generated the sequencing images,
the quality of sequencing was examined using FastQC software.
After passing the Solexa CHASTITY quality filter, the clean reads
were aligned to the human genome (UCSC HG19) using
BOWTIE software (V2.1.0). Aligned reads were used for ChIP-
enriched region (peak) calling of the ChIP regions using MACS
V1.4.2. Statistically significant peaks were identified after compar-
ison of the sequencing results of ChIP with SOX2 antibody and
input control using a p value threshold of 107>, The peaks in
samples were annotated by the nearest gene using the newest
UCSC RefSeq database. The annotation of these peaks, which
were located within -2 kb to +2 kb around the corresponding
gene transcription start sites (TSSs) in KYSE450 cells, was also
analyzed.

Statistical analysis

GraphPad Prism v5.0 was used for all analyses, with all data
representing the means + SDs of three independent experi-
ments. Unpaired Student’s t tests and ANOVAs were used to
compare data, with p < .05 as the significance threshold.

Results

SOX2 knockdown in an ESCC cell line reduced miR-142-3p
expression

The level of SOX2 protein in HEEC cells, TE-1 cells and
KYSE450 cells was detected using an immunofluorescence
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Figure 1. miR-142-3p and LLGL2 are potentially regulated by the SOX2 protein. A. High levels of SOX2 protein are present in TE-1 and KYSE450 cells but are very low in
the esophageal epithelial cell line HEEC. Scale bar: 100 pm. B. SOX2 protein levels were significantly decreased upon SOX2 knockdown. C. Schematic of the strategy to
determine miR-142-3p and polarity protein LLGL2 for further study. D. Sequence of putative miR-142-3p binding sites in the LLGL2 3"-UTR were identified using
bioinformatic analysis. The sites are conserved in humans. E. Reduced miR-142-3p expression was validated via microarray and quantitative PCR after SOX2 knockdown.
F. SOX2 mRNA levels were inversely correlated with LLGL2 mRNA levels (p < .001). G. miR-142-3p expression is stronger in esophageal carcinoma tissues than in normal
tissues based on a starBase database analysis (n = 162 for esophageal carcinoma tissues, and n = 11 for normal tissues, p < .001). H. miR-142-3p level is elevated in ESCC

clinical cancers compared with cancer-adjacent tissues (n = 30). *p < .05, **p < .0

assay, as shown in Figure la, SOX2 is expressed in these two
esophageal squamous cell carcinoma cell lines, which is con-
sistent with our previous study.”” We aimed to decrease the
SOX2 protein level using shRNA-mediated knockdown
(Figure 1b), and then we used a microarray approach
(miRCURY™ LNA Expression Array v.18.0) to analyze
miRNAs that were regulated by SOX2 protein. For this assay,
we isolated miRNAs from the control and SOX2-Kd KYSE450
cells. As mentioned above, miRNAs have been associated with
controlling the progression of cancer; therefore, we designed
a schematic diagram to screen miRNAs that can target polarity
proteins (Figure 1c).

Among these differential miRNAs regulated by the SOX2
protein, we specifically analyzed the miRNAs that may bind
and target polarity proteins. Herein, multiple polarity proteins,
including the members of the Par protein complex (Par3,
Par6), Scribble protein complex (Scribble, LLGL1, LLGL2,
DLG3, and DLG5), Crumbs protein complex (PAT], PALSI,
CRBI, CRB2, and CRB3), LIN7A, LIN7C and MPDZ, were
comprehensively analyzed with several online tools, such as
HOCTAR, miRanda, TargetScan and Pictar, and then we
further studied the overlapping miRNAs that may bind and
target the polarity proteins from these online tools. Many
miRNAs were dysregulated following SOX2 knockdown.

1, **¥*p < .001, ****p < ,0001 vs. control. Data are the means + SDs.

Among these changed miRNAs, miR-142-3p was the most
significantly downregulated miRNA that may target polarity
protein, and a potential binding site of miR-142-3p was iden-
tified at the 3’-UTR of LLGL2 after analysis using online tools,
including TargetScan (Figure 1d). The differential expression
level of miR-142-3p in SOX2-Kd and control KYSE450 cells
was further validated by quantitative PCR (Figure le, p<.01).
miR-142-3p downregulation was also evident in TE-1 cells
following SOX2 knockdown (data not shown). Interestingly,
we found that the expression level of SOX2 was inversely
correlated with the mRNA level of LLGL2 after the correlation
analysis using the GEPIA tool (http://gepia.cancer-pku.cn/
index.html) (figure 1f, p<.001).

Previously, the level of miR-142-3p was associated with histo-
logical differentiation in ESCC and prognosis.”” Consistently, we
also confirmed the upregulated expression of miR-142-3p in clin-
ical esophageal carcinoma using the starBase tool (http://starbase.
sysu.edu.cn/index.php) (Figure 1g, n=162 for esophageal carci-
noma tissues, and n = 11 for normal tissues, p < .001); moreover,
the upregulated expression of miR-142-3p in 21 of a total of 30
ESCC clinical samples (70%) was further verified when compared
with their matched cancer-adjacent tissues after quantitative PCR
assay (Figure 1h, n = 30).
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SOX2 expression inversely correlates with the level of
LLGL2 protein in clinical samples

We analyzed the levels of LLGL2 in ESCC clinical samples, and
we found that the mRNA level of LLGL2 was downregulated in
26 of 30 ESCC clinical samples (approximately 86.7%) after
real-time PCR (Figure 2a, n=30). Additionally, our previous
studies suggested that 54.2% of ESCC patients exhibit SOX2-
positive expression in clinical samples, and the 5-year survival
rate of ESCC patients with high levels of SOX2 was 42.9%.% As
shown in Figure la, we also found abundant levels of SOX2
protein in ESCC cell lines but not in normal epithelial cells; in
contrast, LLGL2 protein was expressed in all these cell lines,
including HEEC cells, which is a normal epithelial cell line of
the esophagus (Figure 2b).

Since the LLGL2 protein may be regulated by SOX2 protein
through miR-142-3p, we aimed to test the expression of LLGL2
protein in clinical samples. Previously, we tested the expression
pattern of SOX2 in ESCC clinical samples, and a higher level of
SOX2 was found in ESCC cancers than in healthy controls.”® We
tested the expression level of LLGL2 protein in an ESCC tissue
microarray containing 80 cases and matched adjacent normal
tissues, and representative images of LLGL2 in ESCC patients
are shown in Figure 2c-d. We found that the level of LLGL2 was
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significantly higher in adjacent tissues than in ESCC tissues
(Figure 2e, n=80, p < .001). Patients with a diagnosis of cancer
stage M exhibited lower LLGL2 expression, and the character-
istics of these samples are shown in Table S5, suggesting that
LLGL2 may serve as a tumor suppressor gene in ESCC.

SOX2 regulates the level of LLGL2 protein via miR-142-3p
in ESCC cells

As described above, many miRNAs were downregulated after
SOX2 knockdown, and miR-142-3p potentially bound to the 3’-
UTR of LLGL2 (Figure 1d). To validate this hypothesis, we tested
the level of LLGL2 protein upon SOX2 knockdown. As shown in
Figure 3a-b, the level of LLGL2 protein significantly increased
after SOX2 knockdown. After SOX2 knockdown, we did not
observe significant changes in the LLGL2 transcript levels using
quantitative real-time PCR and primers (Figure 3c, Table S2)
(p > .05), which is consistent with the finding that miR-142-3p
regulates the translation of LLGL2 but not its transcription after
transfection of miR-142-3p into KYSE450 cells (Figure 3d).
Moreover, the level of LLGL2 protein decreased after transfec-
tion of miR-142-3p mimics into KYSE450 cells with overexpres-
sion of LLGL2 when compared with transfection of negative
mimics control (Figure 3e, left panel), while the level of LLGL2

a b
~ 6 H HEEC TE-1 KYSE450
b H
® 5- H Normal i
= 4+ B Tumour H
5 3 I
: ? , :
e 2
815 : 2 . H . : . : 2
ﬁ - g i1z g | ER S O O S |
e
1.0
o N
2 \J
>
;30.5 Y N QQ}
: & & &
0.0 L L L - LLGL2 | sl 113KD
© O NP PMO DD R NTORDOOROD OO T TR YWY A
2885555883553 8838-288888658838¢23 88
3383833833388 J33IJ8338{¢eeee2dc 8 8
A B3 EETYEEEEETEEEEETETEEEE S q< «
8888883333333 888883888888883338383¢ i
o0oo0o00O0O0O0O0O0OO0O0O0O0O0OO0OO0OOOOOOOOOOOOQOAA B-Actin -——43KD
c d
CCAC CACCA CCA CCACCACCACOCA c CA
R
»
PR
i 3
(Lol -
~,
~,
~
NS
~
e - e
g 100 [ ssssdes
$ ey oy
2 80 ¥ —
g a
ﬂGO a
Q
4 40 a
k] A
EZO —,, y N
K &
o 0y
o P

Figure 2. LLGL2 expression is inversely correlated with SOX2 in clinical biopsies. A. mRNA level of LLGL2 in ESCC tissues was significantly lower than that in cancer-
adjacent tissues (n = 30). *p < .05, **p < .01, ***p < .001, ****p <.0001 vs. control. Data are the means + SDs. B. LLGL2 is expressed in HEEC, TE-1 and KYSE450 cells. The
upper panel presents the immunofluorescence results, and the lower panel presents the western blot results. Scale bar: 100 um. C. Downregulated expression of LLGL2
protein in ESCC clinical samples (C) versus cancer adjacent samples (CA) according to the tissue microarray (n = 80). D. Representative images of LLGL2
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protein decreased after transfection of miR-142-3p mimics into LLGL2 overexpressing KYSE450 cells (left panel), level of LLGL2 protein increased after transfection of
miR-142-3p inhibitor into KYSE450 cells (right panel). F. Schematic diagram of binding sites between the 3'-UTR of LLGL2 mRNA and miR-142-3p. The mutated
nucleotides (in red) used for the luciferase reporter assay are also shown in the diagram, and the wild-type or mutant 3-UTR was cloned into a luciferase reporter
construct (pMIR-Report-Luc). G. Mutation of this binding site is linked with increased LLGL2 reporter luciferase activity in HEK293T cells after cotransfection with miR-
142-3p mimics. Control cells were cotransfected with pMIR-Report-Luc-LLGL2-3UTR-WT and negative mimic controls (Ctrl). H. miR-142-3p inhibitor enhanced LLGL2
reporter luciferase activity compared with miR-142-3p mimics in KYSE450 cells. For the control group, cells were transfected with the pMIR-Report-Luc-LLGL2-3UTR-
Mutant construct along with negative mimics. I. miR-142-3p inhibitor suppressed the proliferation of KYSE450 cells (p < .05). J. miR-142-3p inhibitor reduced the
invasion of KYSE450 cells (p < .05). *p < .05, **p < .01, ***p < .001 vs. control. Data are the means + SDs.

protein increased after transfection of miR-142-3p inhibitors We also found that the miR-142-3p inhibitor suppressed the
into KYSE450 cells than transfection of negative inhibitor con-  proliferation of KYSE450 cells compared with its control
trol (Figure 3e, right panel). (Figure 3i, p<.05). Additionally, the miR-142-3p inhibitor

We next cloned the LLGL2 3’-UTR with the putative miRNA  reduced the invasion of KYSE450 cells (Figure 3j, p<.05).
binding site into luciferase reporter constructs and assessed
whether miR-142-3p directly regulates LLGL2 through the
potential binding sites, and luciferase reporter constructs con- LLGL2 reduces ESCC proliferation in vitro and suppresses
taining the wild-type or mutated 3’-UTR of LLGL2 were suc- tumor growth in vivo

cessfully obtained using overlap PCR with the primers listed in A5 shown in Figure le and Figure 3a, SOX2 knockdown leads
Table S3 (figure 3f). Vector construction is described in Fig. SIA-  to decreased levels of miR-142-3p and increased levels of
B. Interestingly, cotransfection of miR-142-3p mimics signifi- LLGL2 protein. The relationships between LLGL2 mRNA
cantly reduced the luciferase activities compared with the control  levels and the pathological stage of ESCC patients were ana-
(Figure 3g). Notably, mutating these binding sites does not lead ~ lyzed using the GEPIA tool, and the results showed that sig-
to reduced luciferase activity in HEK293T cells, indicating that ~ Dificant correlations occurred between them (Figure 4a,

miR-142-3p controls LLGL2 translation through the binding p <f‘05)‘ EO te?t tl;e 'roles OfiLtGL‘z ;fiéigc p .rogr;:sfsion;.we
. A . . performed a lentivirus-mediate gain-of-function
sites. Consistent results were also obtained after cotransfection study in KYSE450 and TE-1-cell lines as previously described

with wild-type or mutated luciferase reporter constructs with (Fig. 52-53),2° and the increased level of LLGL2 protein was
miR-142-3p mimics or inhibitors in KYSE450 cells (Figure 3h). significantly achieved in these two stable cell lines (p < .01)
These findings thus suggest that SOX2 can directly regulate  (Figure 4b-c). Notably, increased levels of LLGL2 protein were
LLGL2 protein levels via miR-142-3p. closely linked with reduced proliferation of KYSE450 cells,
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Figure 4. LLGL2 ectopic expression suppresses ESCC cell proliferation in vitro and reduces tumor growth in vivo. A. LLGL2 mRNA levels were significantly correlated with
the pathological stage of ESCC patients (p < .05). B-C. Ectopic expression of LLGL2 protein in KYSE450 and TE-1-cell lines was established and validated by western blot.
D. Ectopic expression of LLGL2 led to reduced proliferation of KYSE450 cells, as assessed with a CCK8 assay (n = 3 per group, p < .01). E. Ectopic expression of LLGL2 led
to inhibited proliferation of TE-1 cells assessed with a CCK8 assay (n = 3 per group, p < .01). F-H. Ectopic expression of LLGL2 impaired colony formation and decreased
individual clone sizes in KYSE450 and TE-1 cells, as shown by a colony formation assay (n = 3 per group, p < .01 for KYSE450 cells and p < .05 for TE-1 cells). I-J. LLGL2
overexpression significantly reduced xenograft tumor growth in mice, with representative KYSE450 (control) and KYSE450 (LLGL2ov) xenografts shown (n = 5 per
cohort, p < .01). Tumors were collected 8 weeks after KYSE450 cell implantation. K. LLGL2 overexpression significantly reduced the weight of xenografts formed by
KYSE450 cells than the control (n = 5 per group; p < .001). L-M. LLGL2 overexpression suppresses the proliferation of tumor cells, as reflected by immunostaining with
a Ki67 antibody (p < .001). Scale bar: 20 um. N-O. LLGL2 overexpression induces the apoptosis of tumor cells, as reflected by the TUNEL assay (p < .001). Scale bar: 40 pm.
*p < .05, ¥*p < .01, ***p < .001 vs. control. Data are the means + SDs.
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especially at 96 hrs upon the overexpression of LLGL2 (p < .01)
(Figure 4d). Consistently, LLGL2 overexpression also inhibited
the proliferation of TE-1 cells (Figure 4e).

We also conducted colony formation assays to explore
whether overexpression of LLGL2 (LLGL2o0v) altered single-
cell colony formation. As shown in figure 4f, Increased levels of
LLGL2 protein markedly impaired the efficiency of colony
formation (194 + 5 vs. 127 + 12 colonies/well) (p < .01), and
the number of KYSE450 colonies >0.5 mm in diameter was
significantly reduced in the LLGL20v group versus the control
(P < .01) (Figure 4g). Moreover, LLGL2 ectopic expression in
TE-1 cells also significantly reduced the number of total colo-
nies >0.5 mm in diameter (P < .05) (Figure 4h). These results
confirm that LLGL2 plays a suppressive role in the prolifera-
tion of ESCC cells in vitro, indicating that LLGL2 acts as
a negative regulator in the proliferation of ESCC cells.

We further utilized a xenograft model to assess whether LLGL2
ectopic expression reduces tumor growth in vivo. KYSE450
(LLGL20v) and KYSE450 (control) cells were transplanted into
NCG mice. Significantly, LLGL2 ectopic expression led to a 4-fold
reduction in the average weight of tumors when compared with
the control (P <.001, n = 5) (Figure 4i-k). Moreover, we also found
that LLGL2 ectopic expression in KYSE450 cells led to decreased
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proliferation and enhanced apoptosis of these cells in vivo, which
was reflected by Ki67 immunostaining (P < .001) (Figure 4l-m)
and TUNEL staining (P < .001) (Figure 4n-o). This finding indi-
cates that the level of LLGL2 protein is correlated with the
decreased growth capability of ESCC cells in vivo, suggesting that
LLGL2 affects the proliferation of ESCC cells in vitro and in vivo.

LLGL2 overexpression leads to reduced migration and
invasion of ESCC cells

LLGL2 has been found to induce MET and suppress Snail
tumorigenesis.”® We next tested whether LLGL2 is also
involved in other cellular activities, such as cell migration and
invasion. As we expected, LLGL2 overexpression led to signifi-
cantly decreased KYSE450 migration, and a similar result was
also found in TE-1 cells. In a wound healing assay, there was
a reduction in the healing index from 41.66% (control) to
27.53% (LLGL2ov) for KYSE450 cells (p < .05) (Figure 5a)
and from 78.84% (control) to 65.9% (LLGL2ov) for TE-1 cells
(p < .05) (Figure 5b), respectively.

Furthermore, LLGL2 also inhibited ESCC invasion, as
shown by a transwell assay. There were significantly fewer
cells passing through the filter membrane of the transwell
upon LLGL2 ectopic expression (p < .001 for KYSE450 cells
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Figure 5. Ectopic expression of LLGL2 leads to reduced migration and invasion capabilities in ESCC cells. A. KYSE450 cell migration was inhibited by ectopic expression of
LLGL2, as shown by wound healing assays (p < .05). Scale bar: 500 um. B. Ectopic expression of LLGL2 in TE-1 cells suppressed the migration capability with wound
healing assays (p < .05). Scale bar: 500 um. C. Ectopic expression of LLGL2 impaired KYSE450 cell invasion according to the Transwell assay (p < .001). Scale bar: 100 pm.
D. Ectopic expression of LLGL2 in TE-1 cells reduced the invasion capability according to the Transwell assay (p <.001). The indicated number of cells per membrane was
counted and graphed. Scale bar: 100 um. E. Ectopic expression of LLGL2 in KYSE450 cells led to an increased level of E-cadherin protein (p < .01). F. E-cadherin protein
levels increased after LLGL2 overexpression, as reflected by immunofluorescence with an E-cadherin antibody. Scale bar: 100 pm. *p < .05, **p < .01, **¥*p < .001 vs.

control. Data are the means + SDs.



and TE-1 cells, Figure 5c-d). Consistently, the level of
E-cadherin protein, which always decreases during the EMT
process, increased in KYSE450 cells upon LLGL2 overexpres-
sion when they were tested with western blotting (p < .01,
Figure 5e) and immunofluorescence (figure 5f). These in vitro
findings suggest that elevated LLGL2 protein levels are pivotal
for ESCC cell migration and invasion, which is consistent with
a previous study in breast cancer.”®

LLGL2 contributes to the inhibitory effect on malignant
processes of ESCC cells via the changed expression pattern
of pivotal genes

To explore the mechanism underlying the tumor inhibitory effects
caused by the ectopic expression of LLGL2, we performed RNA
sequencing to test the changes in gene expression patterns upon
LLGL2 overexpression in KYSE450 cells (n = 3). A total of 386
genes were upregulated by more than 2-fold, and 481 genes were
downregulated by more than 1/2-fold in response to LLGL2 over-
expression (p < .05). Among these downregulated genes, SI00A7
was the most dramatically downregulated gene, and its mRNA
level decreased to 0.0011-fold of that in the control group
(Figure 6a-b). Consistently, the sequencing results showed that
the mRNA level of LLGL2 increased 4.2-fold in KYSE450 cells
after its overexpression in comparison with control cells.

CANCER BIOLOGY & THERAPY 9

LLGL2 overexpression leads to changes in the mRNA levels of
multiple genes that are involved in cancer progression. For exam-
ple, downregulated mRNAs included those involved in multiple
steps of the malignant process, e.g., cell proliferation (KLKS6,
p = .0006; CCND2, p = 7.24E-06), cell growth (MAP2KS6,
p = 6.44E-05), cell migration and metastasis (SI00A7, p = 1.18E-
11). In addition, the mRNA levels of matrix metalloproteinases
(MMPs, MMP7, p = .046; MMP9, p = .027) were also down-
regulated. Moreover, CEACAMS5, also known as the coding gene
for CEA protein, which has been extensively used for tumor
diagnosis and monitoring in clinics, drastically decreased when
LLGL2 was overexpressed (p = 2.35E-23). Intriguingly, we also
found that the mRNA level of many members belonging to the
WNT and IGFBP families was reduced. Here, we found that
WNT3A, WNT5A, WNT5B, WNT7B, WNTI10A and WNT16
decreased to 0.246-fold (p = .002), 0.035-fold (p = .031), 0.129-
fold (p = 4.69E-06), 0.434-fold (p = 4.78E-45), 0.034-fold,
(p = 7.93E-05) and 0.127-fold (p = 1.65E-05), respectively, upon
LLGL2 overexpression in KYSE450 cells than that in control cells.
The mRNA levels of IGFBP2, IGFBP3, IGFBP5 and IGFBP6
decreased to 0.109-fold (p = 4.15E-104), 0.039-fold (p = 4.68E-
284),0.038-fold (p = .039), and 0.136-fold (p = 1.40E-273), respec-
tively, upon LLGL2 overexpression in KYSE450 cells than that in
control cells. In contrast, the mRNA levels of TGM3, GSDMD and
LINCO00520, which are involved in cell apoptosis, pyroptosis and

b
Down-regulated Gene Up-regulated Gene
Gene Fold P Value Gene Fold P Value
S100A7 0.0011 1.18E-11 IFNL1 538.15 1.77E-09
FZD10 0.0034 103E-07 FGFS 422.30 1.08E-08
CEACAMS 0.0056 2.35E-23 IFNL3 307.66 1.04E-07
PIGR 0.0056 5.46E-07 IFNB1 266.96 2.86E-07
COLCA1 0.0069 104E-05 IFNL2 227.16 9.06E-07
KRT4 0.0089 6.07E-108 TGM3 190.30 3.39E-06
BMP3 0.0093 6.41E-05 RPTN 142.01 1.95E-05
KLKS 0.0115 0.0002 KRT1 134.26 1.17E-24
KRT24 0.0127 0.0003 ccLs 113.74 172E-159
LLGL2ov
JCtrl ccL2 0.0131 6.33E-07 LINC00520 87.98 0.0003
IGFL2-AS1 0.0135 0.0005 Clorfl94 73.72 0.0012
BCAS1 0.0138 0.0005 BCO1 50.81 0.0052
KLK6 0.0139 0.0006 LURAPIL- 4727 0.0072
AS1
WBSCR17 0.0152 0.0009 ADGRF2 44.74 0.0012
C150rf59 0.0154 0.0002 SPRR4 44.71 5.15E-06
FFAR2 0.0156 0.0013 GPR31 43.84 0.0099
SLC9A4 0.0164 0.0013 AKNAD1 43.63 0.0112
GABRG3 0.0190 0.0027 KRT16P4 43.53 0.0123
SYNPR 0.0191 0.0028 SLCI5A3 4353 0.0123
ACKR2 0.0209 0.0042 NTSE 42.25 1.06-20
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Figure 6. Ectopic expression of LLGL2 leads to changed expression of multiple genes and proteins that have been involved in cancer progression. A. Top 20 genes that
were upregulated or downregulated upon LLGL2 overexpression (n = 3 per group). B. Detailed changes in the top 20 genes at the RNA level upon LLGL2 overexpression.
C. Biological function analysis through the PANTHER database revealed that the top 20 downregulated genes are involved in multiple biological functions, such as
biological regulation, cellular processes, metabolic process, and signaling. LLGL2 is involved in multiple biological functions (as indicated with arrows). D. KEGG pathway
clustering analysis was performed by bioinformatics, and pathways in cancer were the most relevant pathway upon LLGL2 overexpression. E. Changes in specific
proteins were tested with PRM-MS-based targeted proteomic analysis (n = 3 per group).
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adhesion, were increased by 190.29-fold (p = 3.39E-06), 36.86-fold
(p=.021) and 87.97-fold (p = 3.42E-04), respectively, upon LLGL2
overexpression compared with that in KYSE450 control cells.
Together, these results are consistent with the reduced growth of
KYSEA450 cells after LLGL2 overexpression.

Additionally, Protein Analysis Through Evolutionary
Relationships (PANTHER) analysis suggested that LLGL2 is
functionally associated with biological regulation, cellular pro-
cesses, metabolic process, and signaling (Figure 6c). Moreover,
protein binding is the molecular function that was most sig-
nificantly affected upon LLGL2 overexpression. KEGG-based
clustering analysis revealed that the differentially expressed
genes were involved in multiple pathways, including the
Hippo signaling pathway, Wnt signaling pathway, pathways
in cancer, PI3K-Akt signaling pathway, transcriptional misre-
gulation in cancer, metabolic pathways and Jak-STAT signal-
ing pathway, and 37 differentially expressed genes were
involved in the pathways in cancer, which was the most rele-
vant to LLGL2 overexpression (Figure 6d).

To further explain the change in cellular activities caused by
LLGL2 overexpression, we specifically tested the levels of some
important proteins involved in the physiological activities
described above using PRM-MS-based targeted proteomic ana-
lysis. As exhibited in Figure 6e, the mean level and changed level
of these specific proteins were induced upon LLGL2 ectopic
expression. Among these proteins, most are involved in the
regulation of cell polarity and junction elevated, such as
LLGL2, Disks large homolog 1 (DLG1), Protein lin-7 homolog
C (LIN7C), ZO2 and Junctional adhesion molecule A (JAM1).
Most proteins involved in cell proliferation declined, including
cyclin-dependent kinase 7 (CDK?7), cyclin-dependent kinase 9
(CDKO9), cell division cycle protein 27 homolog (CDC27), pro-
liferating cell nuclear antigen (PCNA), antigen KI-67 (KI67),
metastasis-associated in colon cancer protein 1 (MACC1), cell
division cycle and apoptosis regulator protein 1 (CCAR1), tumor
protein 63 (TP63), and insulin-like growth Factor 2 mRNA-
binding protein 2 (IF2B2). Meanwhile, the level of E-cadherin
protein increased, and the level of bromodomain-containing
protein 2 (BRD2) decreased, both of which are involved in
epithelial-to-mesenchymal transition (EMT) progression.
Among apoptosis-related proteins, the level of P53 protein was
reduced, while the levels of apoptosis-inducing Factor 1
(AIFM1), modulator of apoptosis 1 (MOAP1) and programmed
cell death protein 10 (PDC10) were increased. Consistent with
the RNA level achieved by sequencing, the level of SI0A7 protein
encoded by the S100A7 gene decreased to 0.049-fold relative to
that in control cells after LLGL2 ectopic expression (p < .01).

SOX2 protein indirectly regulates the expression of
miR-142-3p but does not directly bind to the promoter of
miR-142-3p

To determine the comprehensive distribution of SOX2 binding
sites on genomic DNA of KYSE450 cells, we analyzed the
results of ChIP sequencing (n = 3), and an overview of SOX2
binding sites is shown in Figure 7a. We also plotted the dis-
tribution of peak regions around TSS (+5 kb to TSS), as shown
in Figure 7b. After enrichment with SOX2 antibody, SOX2

binding was substantially induced around the TSS, whereas
the basal SOX2 TSS binding peak did not appreciably change.
The location of the peak center was further analyzed, and we
found that 54.52% of the peak centers were located in inter-
genic sites, whereas only 3.5% of the peak centers occurred in
the promoters of some genes (Figure 7c). The total profile and
specific profile of SOX2 binding sites on genomic DNA and
miRNA genes were counted, and a total of 2071 binding sites
on genomic DNA and 71 binding sites on miRNA genes were
detected. Moreover, only three peak centers were located in the
promoter of miRNA genes, including MIR6854, MIR612 and
MIR3135B (Figure 7d).

To evaluate the roles of genes regulated by the SOX2 pro-
tein, some genes whose promoters comprise enriched binding
sites were subjected to functional enrichment analysis.
According to the cell component, the most significant genes
were categorized as catsper complex, swrl complex, paranode
region of axon, spindle pole centrosome and centriole
(Figure 7e). Among the biological processes, the most signifi-
cant genes were enriched in the regulation of organelle orga-
nization, regulation of vesicle fusion and protein localization
(figure 7f). According to the molecular functions, most signifi-
cant genes were enriched in enzyme binding, GTPase activator
activity, and GTPase regulator activity (Figure 7g). In addition,
the promoters of the top five protein-expressing or IncRNA-
expressing genes consisting of SOX2 binding sites are summar-
ized in Figure 7h, while only three promoters of miRNA-
expressing genes comprising the SOX2 binding sites were
detected, and no SOX2 protein binding sites were found in
the miR-142-3p gene, suggesting that SOX2 indirectly regulates
the expression of miR-142-3p. Detailed information regarding
these binding sites is shown in Figure 7h.

Discussion

As described above, SOX2 has been involved in cellular activ-
ities, including stemness maintenance,'>*3%  cell
speciﬁcation,“ tumor growth and overall survival of
patients,&lz’13 metastasis,25’31’32 and chemoresistance.>*
Moreover, SOX2 amplification is always found in multiple
cancers,” and a high level of SOX2 has been validated in
ESCC clinical samples.”® Therefore, SOX2 has been proposed
as an oncogene and potential target for cancer therapy,'>>***>
and we have developed a synthetic peptide to inhibit ESCC
malignant progression.”® SOX2 protein also regulates tumor
metastasis, which is regulated via the EMT process and the
disruption of cell polarity. We previously found that SOX2 can
regulate the miR-181a-5p and miR30e-5p/TUSC3 axes,
thereby influencing the translation of TUSC3 and playing
a pivotal role in breast cancer metastasis.”> However, the role
of SOX2 protein in the invasion regulation of ESCC remains
elusive.

Apical-basal cell polarity is one of the most important
properties of cells, and it is essential for regulating many
biological processes, such as mitotic exit.”® It is regulated by
several protein complexes, including the Crumbs complex, Par
complex, Scribble complex and integrated PDZ protein
complex.” The loss or disruption of cell polarity promotes
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Figure 7. Overview of the binding sites of SOX2 protein on the genome of KYSE450 cells. A. Heatmap of the binding sites of SOX2 protein on the genome of KYSE450
cells after enrichment with SOX2 antibody (n = 3 per group). B. Distribution of peaks within TSS +5 kb in the KYSE450-SOX2 samples and KYSE450-input control samples.
C. Distribution of peak centers on all types of sites within the genome of KYSE450-SOX2 samples and KYSE450-input control samples. D. The total peak distribution of
genomic DNA and microRNA genes in KYSE450-SOX2 samples and KYSE450-input control samples. E-G. Enrichment of cellular components, biological processes and
molecular functions was performed with genes whose promoter regions contained the peaks. The number in the bracket indicates the number of enriched genes.
H. Detailed information on the top five peaks located in the promoter of protein-expressing and IncRNA-expressing genes, and the total three peaks occurred in the

promoter of miRNA-expressing genes.

tumorigenesis and EMT progression. EMT enables tumors to
metastasize to distant sites, and it is required for tumor pro-
gression. During the EMT process, it requires a disruption in
the normal polarity and cell—cell adhesion of cells, together
with the acquisition of a fibroblastoid motile phenotype.
However, cell polarity can also be transcriptionally regulated
by EMT inducers, especially the ZEB and Snail factors, through
complex networks.*® ZEB1 suppresses the expression of cell
polarity factors, especially LLGL2 protein, thereby promoting
the loss of cell polarity in cancer and eventually leading to
metastasis.*' Intriguingly, disruption of polarity proteins pro-
motes rewiring of oncogene and tumor suppressor signaling

pathways to disrupt proliferation, apoptosis, invasion, and
metastasis.*” For example, depleting or mislocalizing Scribble
in cells of the mammary epithelium disrupts cell polarity and
promotes tumorigenesis.**

To explore the underlying mechanism of SOX2 protein in
polarity regulation and dissect the relationships between SOX2
and polarity protein, we revealed the miRNAs that are regulated
by SOX2 protein using microarray, and we found that miR-142-
3p was the most significantly downregulated miRNA that can
target polarity protein upon SOX2 knockdown. A previous study
demonstrated that a high level of miR-142-3p was linked to poor
prognosis in ESCC patients, particularly among those patients
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with small tumors, a lack of lymph node metastases, or at an
early stage.”” Other studies further revealed that miR-142-3p is
oncogenic since it is linked to the migration, proliferation and
apoptosis of cancer cells.*>** Circulating miR-142-3p in serum is
also associated with a high risk of recurrence and can be used for
risk assessment,*> suggesting that miR-142-3p is necessary for
the malignant processes of cancer cells. Suppressing roles of

miR-142-3p in cancer cells were also explored in other

. 46,47
studies,

implying that miR-142-3p may play different roles
based on the type of cancer.

As a pivotal member of the Scribble polarity complex,
LLGL2 protein is an indispensable regulator of cellular activ-
ities such as polarity, cell division, hemidesmosome formation,
and signaling pathways, and it also contributes to malignant
progression.”*”>' Moreover, the loss or aberrant location of
LLGL2 protein was also found in gastric epithelial dysplasia
and adenocarcinoma, pancreatic intraepithelial neoplasia-3
and adenocarcinoma, and lung cancer,”> >> suggesting that
LLGL2 may be a putative tumor suppressor. Using
a zebrafish model, the pen/LGL2 mutant exhibits two key
cellular and molecular features of mammalian malignancy,
cell autonomous epidermal neoplasia and EMT of basal epi-
dermal cells, and neoplasia and EMT are promoted by ErbB
signaling.”® LLGL2 also induces mesenchymal-epithelial tran-
sition (MET) and suppresses Snail tumorigenesis,”® suggesting
that LLGL2 is closely correlated with mesenchymal and epithe-
lial status.”® Here, we found that the levels of LLGL2 mRNA
and protein are both downregulated in clinical cancer biopsies
compared to matched normal tissues. LLGL2 ectopic expres-
sion inhibits the proliferation, migration, invasion, and tumor
growth of ESCC, which is consistent with previous studies in
other cancers, and these findings are consistent with its tumor
suppressor function.”® Notably, LLGL2 is also overexpressed in
ER" breast cancer and promotes cell proliferation under nutri-
ent stress by regulating the cell surface level of SLC7A5,
a pivotal leucine transporter.””

LLGL2 overexpression also affects the expression pattern of
some genes in KYSE450 cells after RNA sequencing, and it
inhibits malignant processes by reducing the expression of
some oncogenic genes, such as S100A7,°**> CEACAMS5,%
KLK6°' and MMP7/9, or by increasing the expression of some
tumor-suppressive genes, including TGM3.°> Consistently, we
found that the mRNA level of SQRDL increases to 3.1-fold after
LLGL2 overexpression when compared with its level in control
cells. A similar result was also found in KYSE450 cells using
a specific peptide aptamer that targets SOX2 protein.*’
Moreover, the mRNA level of MAP2K6, which can promote
the growth of esophageal adenocarcinoma cells in our previous
study,” decreased to 0.211-fold of its level in control cells. We
further confirmed that the differentially expressed genes caused
by LLGL2 overexpression are involved in multiple malignant
pathways, including the Wnt signaling pathway and transcrip-
tional misregulation in cancer.

To better explore the mechanisms underlying the suppres-
sion of cellular activities upon the ectopic expression of LLGL2,
we also used the PRM-MS method to analyze a series of
proteins that are pivotal for cell proliferation, cell invasion,
apoptosis, tumor growth and metastasis, and the results of

SOX2

miRNA-142-3p

=
2 g
g 5) . .
TE LLGL2 :
< o
= B
5
\
§0SYS
¥

Figure 8. Working model: SOX2 regulates miR-142-3p expression and LLGL2
translation, thereby affecting ESCC cell proliferation, migration, invasion, apopto-
sis, and tumor growth through the SOX2/miR-142-3p/LLGL2 axis.

RNA sequencing were consistent with the PRM-MS test
based on the changed levels of LLGL2 and S10A7. As we
expected, fewer differences between the LLGL2ov group and
the control occurred in other polarity proteins, such as
Scribble, DLG1 and LIN7C. In contrast, both ZO-2 and
JAM1, which are involved in cellular junctions and tumor
suppression,* ®® are dramatically elevated after LLGL2 over-
expression. Interestingly, several important apoptosis-related
proteins, such as p53, AIFM1, MOAP1 and PDCI10, also chan-
ged with LLGL2 overexpression.

To determine the relationships between the SOX2 protein
and miR-142-3p, we also used a ChIP experiment to elucidate
whether the SOX2 protein directly binds to the promoter of the
miR-142-3p gene. Interestingly, only three peaks of SOX2
binding sites were found in the promoter of miRNA genes,
except the promoter of the miR-142-3p gene, suggesting that
SOX2 protein indirectly affects the expression of miR-142-3p,
thereby regulating the translation of LLGL2 protein. However,
correlations between the promoter of miR-142-3p and down-
stream proteins regulated by the SOX2 protein should be fully
elucidated in the future.

In summary, we found that SOX2 controls the expression of
miR-142-3p and its downstream target, the cellular polarity
protein LLGL2 (Figure 8). Knockdown of SOX2 reduced miR-
142-3p expression and increased LLGL2 protein levels, while
LLGL2 overexpression directly impaired ESCC cell prolifera-
tion and invasion. This suggests that the SOX2/miR-142-3p/
LLGL2 regulatory axis plays a pivotal role in the development
of ESCC, thus highlighting this axis as a potential avenue for
future therapeutic intervention.
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