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Abstract

Objectives: To investigate the role of circRNA regulators MBNL1 and QKI in the progression of esophageal squamous cell
carcinoma.

Background: MBNL1 and QKI are pivotal regulators of pre-mRNA alternative splicing, crucial for controlling circRNA
production – an emerging biomarker and functional regulator of tumor progression. Despite their recognized roles, their
involvement in ESCC progression remains unexplored.

Methods: The expression levels of MBNL1 and QKI were examined in 28 tissue pairs from ESCC and adjacent normal tissues
using data from the GEO database. Additionally, a total of 151 ESCC tissue samples, from stage T1 to T4, consisting of 13, 43, 87,
and 8 cases per stage, respectively, were utilized for immunohistochemical (IHC) analysis. RNA sequencing was utilized to
examine the expression profiles of circRNAs, lncRNAs, and mRNAs across 3 normal tissues, 3 ESCC tissues, and 3 pairs of
KYSE150 cells in both wildtype (WT) and those with MBNL1 or QKI knockouts. Transwell, colony formation, and subcu-
taneous tumorigenesis assays assessed the impact of MBNL1 or QKI knockout on ESCC cell migration, invasion, and
proliferation.

Results: ESCC onset significantly altered MBNL1 and QKI expression levels, influencing diverse RNA species. Elevated
MBNL1 or QKI expression correlated with patient age or tumor invasion depth, respectively. MBNL1 or QKI knockout
markedly enhanced cancer cell migration, invasion, proliferation, and tumor growth. Moreover, the absence of either
MBNL1 or QKI modulated the expression profiles of multiple circRNAs, causing extensive downstream alterations in the
expression of numerous lncRNAs and mRNAs. While the functions of circRNA and lncRNA among the top 20 differentially
expressed genes remain unclear, mRNAs like SLCO4C1, TMPRSS15, and MAGEB2 have reported associations with tumor
progression.
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Conclusions: This study underscores the tumor-suppressive roles of MBNL1 and QKI in ESCC, proposing them as potential
biomarkers and therapeutic targets for ESCC diagnosis and treatment.
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Introduction

According to global cancer statistics in 2020, esophageal cancer
(EC) stands as the ninth most common malignancy and ranks
sixth among the leading causes of cancer-related deaths.1 The
global incidence of new EC cases reached 604 000, resulting in
544 000 deaths.1 Particularly, China is a high-incidence region
for EC, where despite declining incidence and mortality rates, it
remains a prominent malignancy posing a threat to the health of
Chinese residents. Histologically, EC is categorized into 2 major
subtypes: ESCC and esophageal adenocarcinoma (EAC).2

ESCC constitutes the most prevalent type globally, account-
ing for approximately 85% of all cases.3,4

Previous research has demonstrated that alterations in the
expression levels of tumor suppressors or oncoproteins con-
tribute to the progression of ESCC.5-10 Notably, Muscleblind-
like 1 (MBNL1) is significantly downregulated in various
cancers, such as gastric cancer, breast cancer, glioma, and
leukemia.11 Similarly, changes in the expression of the
quaking (QKI) protein have been observed in lung, colon,
gastric, and prostate cancer.12-15 Numerous studies have
proposed that both MBNL1 and QKI function as tumor
suppressors in specific cancers.16,17 Interestingly,MBNL1 and
QKI are recognized as crucial pre-mRNA alternative splicing
regulators18 and play a key role in splicing alterations ob-
served in various human solid tumors.12,19 As RNA binding
proteins (RBPs), MBNL1 and QKI exhibit both positive and
negative regulatory effects on circRNA production,20 with
alterations in circRNA levels implicated in either promoting or
suppressing cancer progression.21 However, the expression
patterns of MBNL1 and QKI in the clinical pathology of
ESCC and their roles in regulating circRNA production in
ESCC require further investigation.

In this study, we investigated the role of MBNL1 and QKI in
ESCC, focusing on their impact on circRNA production and their
involvement in influencing cancerous growth. Our findings unveil
a novel molecular mechanism through which MBNL1 and QKI-
mediated circRNA production regulates ESCC growth.

Methods

Bioinformatics Analysis

The GSE161533 dataset acquired from the GEO database was
utilized to assess the expression levels of MBNL1 and QKI

throughout ESCC tissues and adjacent normal tissues isolated
from cancer patients. Kaplan-Meier survival analysis was
utilized to assess the correlation between the expression levels
of MBNL1 or QKI and the survival prognosis of cancer
patients.

Tissue Microarray (TMA) and IHC

A comprehensive assembly of 151 ESCC tissue samples, from
stages T1 to T4, distributed with 13, 43, 87, and 8 cases per
stage, respectively, were employed to construct a TMA. The
Ethics Committee of the First Affiliated Hospital of Xinxiang
Medical University approved the clinical ESCC samples used
in this study (ethics approval number: 2018390). In esopha-
geal carcinoma, postoperative pathological assessment of
surgical specimens allows for the stratification of tumor in-
vasion depth into stages T1 through T4. Stage T1 is char-
acterized by tumor invasion in the mucosal sublayer, the
muscularis mucosae, or the submucosa of the esophagus.
Stage T2 suggests deeper invasion reaching the muscularis
propria, a robust muscle layer in the esophageal wall. Stage
T3 is defined by tumor penetration into the adventitia, the
outermost tissue layer of the esophageal wall. Stage T4 is
characterized by tumor extension into adjacent structures,
including the pleura, pericardium, major blood vessels, dia-
phragm, or peritoneum, as well as the aorta, vertebrae, or
trachea. Notably, none of the recruited patients were admin-
istered preoperative treatments, reducing potential con-
founding effects on the results. Standard IHC was conducted,
and IHC scores were determined with the following formula:
IHC score = intensity score × percentage score. The intensity
score was assessed according to the staining intensity (0 =
negative, 1 = weak, 2 = moderate, and 3 = strong). The
percentage score was determined using the percentage of
stained area (0 = 0%, 1 = 1%-25%, 2 = 26%-50%, 3 = 51%-
75%, and 4 = 76%-100%). According to the IHC score,
samples were categorized into a low-QKI (or MBNL1) ex-
pression group (IHC score <6) or a high-QKI (or MBNL1)
expression group (IHC score ≥6).

Cell Culture

The human esophageal carcinoma cell line, KYSE150, was
acquired from Procell Life Science & Technology. These cells
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were grown using RPMI 1640 medium (Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 10 % fetal
bovine serum (FBS, Pan-Biotech, Aidenbach, Germany) and
1 × penicillin/streptomycin (Invitrogen). The cell culture was
maintained in a humidified incubator at 37°C and a 5 % CO2

atmosphere.

Generation of MBNL1�/� and QKI�/� Cell Lines

Following previously established research protocols,22

3 sgRNAs targeting MBNL1 or QKI genes were designed
using an online tool (https://crispor.tefor.net/). Thereafter,
sgRNA primers were synthesized, annealed, and successively
cloned into the pX458-ECFP and pX458-DsRed2 vectors.
KYSE150 cells were electroporated with the 3 plasmids
possessing the sgRNA using the Nucleofector™ 2b Device
(Lonza). Following the transfection (48 hours later), ECFP
and DsRed2 double-positive cells were obtained through flow
cytometry, and these sorted cells were cultured for an addi-
tional 14 days to allow for expansion. Verification of the
knockout was performed via PCR amplification, agarose gel
electrophoresis, DNA sequencing, and quantitative real-time
PCR (qRT-PCR). The sequences of the sgRNA and PCR
primers for MBNL1 and QKI are outlined in Supplemental
Figure 1.

Total RNA Extraction and RNA Sequencing Analysis

Total RNA was isolated using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) from 3 pairs of normal and tumor tissue
samples extracted from patients, alongside 3 sets of WT and
either MBNL1-or QKI-deficient cell lines. Total RNA was
then assayed for quality and quantity with a NanoDrop and an
Agilent 2100 bioanalyzer (Thermo Fisher Scientific, MA,
USA). The total RNA library was constructed, and paired-end
sequencing was performed using the MGISEQ-2000 System
(BGI-Shenzhen, China). The sequencing data was refined
using SOAPnuke (v1.5.2),23 and the clean reads were mapped
to the reference genome utilizing HISAT2 (v2.0.4).24 Bowtie2
(v2.2.5) was employed to align the clean reads to a reference
gene set25 in a database compiled by the Beijing Genomic
Institute in Shenzhen, incorporating known and novel coding
and noncoding transcripts. The expression levels of each gene
were calculated using RSEM (v1.2.12),26 and a heatmap was
developed using Pheatmap (v1.0.8). Differential expression
analysis was performed using DESeq2 (v1.4.5) with a strin-
gent cutoff (q-value ≤.05),27 and the levels of significance
were corrected using the q-value. The raw data were submitted
to the CNGB database (Submission number: sub038716,
Project number: CNP0003791, https://db.cngb.org/).

qRT-PCR

Total RNA was isolated from ESCC tumor tissues and ad-
jacent normal tissues, alongside WT and gene knockout

KYSE150 cell lines, utilizing TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). The RevertAid First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, MA, USA) was
utilized for cDNA synthesis. Individual qRT-PCR reactions
were performed to quantify MBNL1 and QKI expression
levels in WT and knockout cell lines, as well as to validate the
expression levels of overlapping differentially expressed
genes characterized via RNA sequencing. The primer se-
quences employed for qRT-PCR can be found in
Supplemental Table 1.

Western Blotting

To confirm the successful knockout of MBNL1 or QKI at the
protein level in KYSE150 cells, we performed western
blotting. Initially, WT and MBNL1�/� or QKI�/�

KYSE150 cells were harvested and lysed using RIPA lysis
buffer (Beyotime, Shanghai, China) supplemented protease
inhibitor (1:100, NCM Biotech, Suzhou, China) on ice for
30 minutes to isolate proteins. Protein samples were integrated
with 5 × loading buffer (4:1) and heated to 100°C for
10 minutes. The samples were separated using SDS-PAGE
and transferred to a PVDF membrane. Following blocking
with 10 % skimmed milk powder, the membrane was incu-
bated with primary antibodies targeting MBNL1 (YN8753,
Immunoway, 1:2000), QKI (YT7323, Immunoway, 1:2000),
and HSP90 (YT5327, Immunoway, 1:2000). Following in-
cubation, the membrane was rinsed 5 times with 1 × TBSTand
incubated with a goat anti-rabbit secondary antibody. After
5 additional 1 × TBST washes, the detection was carried out
using a chemiluminescent HRP substrate (Millipore) and
imaged using an automatic chemiluminescence image anal-
ysis system (Tanon-5200).

Transwell and Colony Formation Assays

Transwell and colony formation assays were conducted as
previously outlined.28 Specifically, for migration assays, the
WT and MBNL1�/� or QKI�/� KYSE150 cells in serum-free
RPMI 1640 medium were placed into the upper chambers. For
invasion assays, Matrigel (BD Biocoat, USA) was applied to
coat the upper chambers. After coating, the WT and
MBNL1�/� or QKI�/� KYSE150 cells in serum-free medium
were placed into the Matrigel-coated upper chambers. After
24 hours, the cells that migrated to the bottom of the mem-
brane were fixed using 4 % paraformaldehyde, stained with
crystal violet, and totaled under a microscope with a 20 ×
objective lens.

For colony formation assays, cells were placed into 12-well
plates containing 500 cells per well for 2 weeks. After removal
of the medium, cells were rinsed 3 times with 1 × PBS. The
cells were fixed and permeabilized using methanol, and
stained with crystal violet. Colony formation rate = (number of
cell colonies/number of seeded cells) × 100 %.
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Subcutaneous Tumor-bearing Nude Mouse
Experiment

Twelve 6-week-old male NSG mice were acquired from Vital
River (https://vitalriver.biomart.cn/) and randomly divided
into 3 groups, with 4 mice in each group. All mice were
maintained in a specific pathogen-free (SPF) facility and were
accommodated in colony cages at a temperature of 25°C,
adhering to a 12-hour light/dark cycle, with ad libitum access
to both food and water. WT and either MBNL1�/� or QKI�/�

KYSE150 cells (2 × 106) in .1 mL of 1 × PBS were sub-
cutaneously injected into the right flank of NSGmice, with the
WT cell-injected group serving as the control. Tumor length
(a) and width (b) were examined using vernier calipers every
4 days, beginning 14 days after implantation. Tumor volume
was calculated using the formula: 1/2ab2. Thirty days after
implantation, the mice were euthanized by asphyxiation using
CO2, and tumors were isolated and weighed. All data points
are used for statistical analysis. The animal experiments in this
study were done according to the approved protocol of the
committee on animal care at the First Affiliated Hospital of
Xinxiang Medical University (Approval number: 2018391)
and adhered to the ‘Guide for the Care and Use of Laboratory
Animals, eighth Edition.29 The reporting of this study con-
forms to ARRIVE 2.0 guidelines.30

Statistical Analysis

No specific statistical tests were employed to predetermine
sample sizes. Statistical analyses were conducted in GraphPad
Prism 7 software or SPSS version 23.0 (SPSS, Inc., IL). Data
are presented as mean ± standard error of the mean (SEM).
Differences between the 2 groups were examined using a
Student’s t-test. Kaplan-Meier analysis with a log-rank test
was utilized for patient survival analysis. The correlation
between MBNL1 or QKI expression and clinicopathological
characteristics was examined using Pearson’s χ2 test. The
difference was considered statistically significant when P ≤
.05, while “ns” denotes no significance. *P ≤ .05, **P ≤ .01,
***P ≤ .001, ****P ≤ .0001.

Results

Correlation Between MBNL1 and QKI Expression with
Prognosis of ESCC Patients

Prior studies demonstrated that MBNL1 and QKI display
contrasting expression patterns across different tumor
types.11,14 To characterize their expression levels in ESCC, we
utilized the GEO dataset GSE161533. The results revealed
that both MBNL1 and QKI expression levels were signifi-
cantly elevated in ESCC tissues relative to adjacent normal
tissues (Figure 1(A) and (B)). In addition, immunohisto-
chemistry (IHC) findings demonstrated that QKI expression
substantially increased alongside the advancing TNM stage

(Figure 1(D) and (F)), while MBNL1 expression maintained
stability (Figure 1(C) and (E)).

Moreover, we assessed the links between MBNL1 or QKI
expression and ESCC characteristics employing a tissue
microarray containing 155 ESCC samples. IHC analysis
suggested a correlation between high MBNL1 expression
and patient age (P < .05), as well as between high QKI
expression and tumor invasion depth (P < .05) (Table 1).
However, Kaplan-Meier survival analysis unveiled no sig-
nificant linkage between increased MBNL1 or QKI ex-
pression and poor prognosis in either EAC or ESCC (P >
.05) (Figure 2(A)–(D)).

The Occurrence of ESCC Significantly Alters the
Expression Levels of circRNA, lncRNA, and mRNA

To examine the influence of esophageal cancer on circRNA,
lncRNA, and mRNA expression levels, we obtained clinical
ESCC samples and matched normal tissue samples for RNA
sequencing. The results demonstrated significant changes in
circRNA expression in ESCC tissues relative to normal tis-
sues, with 117 circRNAs noticeably reduced and 537 circR-
NAs markedly elevated (Figure 3(A) and (B)). We observed
that 7 lncRNAs were significantly downregulated, while
110 lncRNAs were considerably upregulated (Figure 3(C) and
(D)). Previous literature indicated that circRNA and lncRNA
play crucial roles in regulating gene expression.16 Corre-
spondingly, we examined mRNA expression levels and un-
covered that 16 genes were substantially suppressed, while
159 genes were conspicuously enhanced (Figure 3(E) and
(F)). These findings suggested that ESCC development re-
sulted in the upregulation of circRNA, lncRNA, and mRNA
expression, which may rely on heightened MBNL1 and QKI
expression levels.

Genetic Knockout of MBNL1 or QKI in
KYSE150 ESCC Cells

MBNL1 and QKI have been identified as being essential for
regulating circRNA production and tumor progression.20

According to this understanding, producing MBNL1 or
QKI knockout cell models could be invaluable for further
mechanistic studies. Therefore, we employed CRISPR/
Cas9 technology to knock out MBNL1 or QKI genes in
KYSE150 cells. In our study, we designed 3 independent
sgRNAs to remove exon 3 or exon 2 of MBNL1 or QKI,
respectively (Supplemental Figure 1A and B). PCR screening
and Sanger sequencing analyses revealed that significant
deletions of DNA fragments occurred within the MBNL1 and
QKI genes (Supplemental Figure 1C and D). In addition, qRT-
PCR analysis indicated significant suppression of MBNL1 or
QKI expression levels (Supplemental Figure 1E and F). Fi-
nally, western blot analysis suggested the complete knockout
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of MBNL1 or QKI in KYSE150 cells (Supplemental
Figure 1G). These results indicated the successful establish-
ment of KYSE150 MBNL1�/� and QKI �/� cell lines.

MBNL1 or QKI Deficiency Dramatically Changes the
Expression Levels of circRNA in ESCC Cells

RNA sequencing was performed to assess the influence of
either MBNL1 or QKI on the expression levels of circRNA,
lncRNA, and mRNA. As depicted in Figure 4(A) and (C), the
ablation of MBNL1 in KYSE150 cells resulted in a significant
increase in 189 circRNA expression levels and a notable
decrease in the expression of 267 circRNAs. Additionally,
QKI deficiency caused a significant increase in 43 circRNA
expression levels and a pronounced decrease in 140 circRNA
expression levels (Figure 4(B) and (D)). This data indicates
that the knockout of either MBNL1 or QKI caused a larger
portion of circRNAs to exhibit substantial downregulation. In
addition, the circRNAs expressed as a consequence of
MBNL1 or QKI knockout contain 61 shared circRNAs
(Figure 4(E)). In Figure 4(F) and (G), the 20 most highly
expressed circRNAs derived from MBNL1 or QKI deficiency

are illustrated, with 3 circRNAs (hsa_circ_0125940, hsa_-
circ_0093201, and hsa_circ_0049133) being shared
(Figure 4(H)).

Previous studies indicated that circRNAs can alter the
stability of other RNA molecules, including lncRNAs and
mRNAs.31-34 Therefore, the expression levels of lncRNAs
and mRNAs were examined and compared between the WT
and MBNL1 or QKI-deficient KYSE150 cells through RNA
sequencing. Intriguingly, substantial alterations were
identified in the expression levels of numerous lncRNAs
(Supplemental Figure 3A–D) and mRNAs (Figure 5(A)–
(D)), with a higher proportion of genes exhibiting signifi-
cant downregulation. Venn diagram analysis identified
84 mutually expressed lncRNAs (Supplemental Figure 3E)
and 189 common mRNAs (Figure 5(E)), across both gene
knockouts. Additionally, heatmap analysis of the top
20 differentially expressed lncRNAs and mRNAs uncov-
ered 3 shared lncRNAs (URS0001BE5A8E,
URS0001BF0B87, and URS0001D5898B, Supplemental
Figure 3F–H) and 5 shared mRNAs (H2AC19, MA-
GEB2, SLCO4C1, TMPRSS15, and LOC102723728,
Figure 5(F)–(H)). Except for H2AC19 and
URS0001BF0B87, the expression patterns of the other

Figure 1. The expression of MBNL1 and QKI in human ESCC samples. (A) Expression patterns of MBNL1 in 28 ESCC as well as adjacent
normal tissues according to GEO datasets. (B) Expression patterns of QKI in 28 ESCC and adjacent normal tissues according to GEO
datasets. (C) IHC analysis of MBNL1 expression in various TNM stages of ESCC. (D) IHC analysis of QKI expression in various TNM stages of
ESCC. (E and F) Bar chart of immunohistochemical staining scores for C and D. Data are presented as the mean ± SEM. *P < .05, **P < .01.
Statistical significance was determined using an unpaired two-tailed Student’s t-test.
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6 genes were verified using qRT-PCR, which is consistent
with the RNA-seq results (Figure 5(I), Supplemental
Figure 3I). Moreover, we mapped differentially expressed
mRNAs to the KEGG databases to identify the signaling
pathways influenced by the absence of MBNL1 or QKI in
KYSE150 cells. The most significantly perturbed pathways
are illustrated in Supplemental Figure 2, underscoring the
top 20 enriched pathways. KEGG pathway analysis un-
covered that lacking MBNL1 influenced several critical
pathways linked to tumor progression, such as the cell
cycle, p53 signaling pathway, cellular senescence, the FoxO
signaling pathway, and apoptosis. Similarly, the loss of QKI
impacted the cell cycle and p53 signaling pathway, sug-
gesting a potential overlap in the molecular outcomes of
MBNL1 and QKI deficiencies. Consequently, this strongly
suggests that the deficiency of either MBNL1 or QKI causes
substantial alterations in the expression levels of circRNA,
lncRNA, and mRNA in KYSE150 cells, potentially im-
pacting tumor progression.

Depletion of MBNL1 or QKI Improves the Migration,
Invasion, and Proliferation Abilities of KYSE150 Cells

The successful production of KYSE150 cells deficient in
MBNL1 or QKI facilitated the comprehensive assessment of

phenotypic alterations in cells without MBNL1 or QKI.
Deficient and control cells were seeded into upper chambers
with or without Matrigel coating for a Transwell assay, or into
12 well plates containing 500 cells per well for colony for-
mation assay. Remarkably, Transwell assays suggested that
the knockout of either MBNL1 or QKI significantly enhanced
the migratory and invasive capacities in KYSE150 cell models
(Figure 6(A)–(D)). Cell growth assays identified that cells
lacking MBNL1 or QKI notably improved colony formation
capacity compared to WT KYSE150 cells (Figure 6(E) and
(F)). These findings indicate that both MBNL1 and QKI are
tumor suppressors in KYSE150 cells.

Absence of MBNL1 or QKI Promotes Tumor Growth of
ESCC in Xenograft Model

To examine the role of MBNL1 or QKI in regulating tumor
growth in vivo, we subcutaneously injected mice with
KYSE150 cells. The findings revealed that knockouts of
MBNL1 or QKI significantly increased the subcutaneous
tumorigenesis of esophageal cancer cells. Notably, a sta-
tistically significant elevation in tumor volume was iden-
tified in the MBNL1�/� and QKI�/� groups relative to the
control group (Figure 7(A) and (B)). In addition, the tumor
weight in the MBNL1�/� and QKI�/� groups significantly
increased compared to the WT control group (Figure 7(C)–

Table 1. Clinicopathological Correlation of MBNL1 and QKI Expression in ESCC.

Clinical characteristics Cases

QKI Expression

P Value

MBNL1 Expression

P ValueLow Group(%) High Group(%) Low Group(%) High Group(%)

Age(years old)
≤60 52 31(59.6%) 21(40.4%) 0.3240 16(30.8%) 36(69.2%) 0.0363
>60 99 67(67.7%) 32(32.3%) 48(48.5%) 51(51.5%)

Gender
Male 97 63(64.9%) 34(35.1%) 0.9868 41(42.3%) 56(57.7%) 0.9691
Female 54 35(64.8%) 19(35.2%) 23(42.6%) 31(57.4%)

Differentiation
G1 78 53(67.9%) 35(32.1%) 0.1401 33(42.3%) 45(57.7%) 0.1765
G2 53 29(54.7%) 24(45.3%) 19(35.8%) 34(64.2%)
G3 20 16(80.0%) 4(20.0%) 12(60.0%) 8(40.0%)

Tumor invasion
T1+T2 56 42(75.0%) 14(25.0%) 0.0459 28(50.0%) 28(50.0%) 0.1459
T3+T4 95 56(58.9%) 39(41.1%) 36(37.9%) 59(62.1%)

Lymph node metastasis
N0 106 66(62.3%) 40(37.7%) 0.2975 46(43.4%) 60(56.6%) 0.6993
N1 45 32(71.1%) 13(28.9%) 18(40.0%) 27(60.0%)

Distant metastasis
M0 133 88(66.2%) 45(33.8%) 0.3761 59(44.4%) 74(55.6%) 0.1815
M1 18 10(55.6%) 8(44.4%) 5(27.8%) 13(72.2%)

Clinical stage
Early (I- II) 99 63(63.6%) 36(36.4%) 0.6533 45(45.5%) 54(54.5%) 0.2921
Advanced (III - IV) 52 35(67.3%) 17(32.7%) 19(36.5%) 33(63.5%)

Statistical significance (p < 0.05) is shown in bold.
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(E)). These findings provide compelling evidence that the
MBNL1 and QKI genes are important for inhibiting tumor
growth.

Discussion

In this study, we identified that 2 RNA-binding proteins,
MBNL1 and QKI, functioning as pre-mRNA alternative
splicing regulators of circRNAs, are abundantly expressed
throughout ESCC in human patients. While high MBNL1 or
QKI expression was not significantly associated with negative
prognosis in patients with EAC or ESCC, their expression
levels were significantly elevated in human ESCC tumor
tissue compared to normal tissues. The molecular mechanism

behind the upregulation of MBNL1 and QKI expression re-
mains unclear. We hypothesize that ESCC development may
influence the expression levels of these 2 genes in diverse
ways, such as altering the function of transcription factors that
modulate their expression levels.

Interestingly, increased MBNL1 expression is significantly
correlated with patient age, while high QKI expression is
linked to tumor invasion, indicating distinct roles for these
2 proteins. Unexpectedly, when conducting CRISPR/Cas9-
mediated knockout of these 2 proteins in ESCC cells, we
determined that the absence of MBNL1 or QKI in
KYSE150 ESCC cells substantially improved cell migration,
invasion, and proliferation. We identified elevated levels of
MBNL1 and QKI in tumor tissues, while the absence of their

Figure 2. Kaplan-Meier survival analysis between the expression of MBNL1 or QKI and poor prognosis of EAC or ESCC patients. (A)
Correlation examination between the expression of MBNL1 and the poor prognosis of EAC patients. (B) Correlation analysis between the
expression of MBNL1 and the poor prognosis of ESCC patients. (C) Correlation analysis between the expression of QKI and the poor
prognosis of EAC patients. (D) Correlation analysis between the expression of QKI and the poor prognosis of ESCC patients.
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Figure 3. The occurrence of ESCC significantly influenced the expression patterns of circRNA, lncRNA, and mRNA species. (A) Volcano
plot indicating the expression differences of circRNAs between ESCC and adjacent normal tissues. Blue dots depict downregulated genes.
Red dots represent upregulated genes. (B) Heatmap of differentially expressed circRNAs across ESCC and adjacent normal tissues. (C)
Volcano plot illustrating the expression differences of lncRNAs between ESCC and adjacent normal tissues. (D) Heatmap of differentially
expressed lncRNAs throughout ESCC and adjacent normal tissues. (E) Volcano plot presenting the expression differences of mRNAs
between ESCC and adjacent normal tissues. (F) Heatmap of differentially expressed mRNAs across ESCC and adjacent normal tissues.
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Figure 4. Influence of MBNL1 or QKI-deficiency on the expression patterns of circRNAs. (A and B) Volcano plot depicting the expression
differences of circRNAs between WT and MBNL1 (A) or QKI (B)-deficient KYSE150 cells. Blue dots indicate downregulated genes. Red
dots indicate upregulated genes. (C and D) Heatmap of differentially expressed circRNAs betweenWT and MBNL1 (C) or QKI (D)-deficient
KYSE150 cells. (E) Venn diagram analysis of differentially expressed circRNAs between MBNL1�/� and QKI�/� KYSE150 cells. (F and G)
Heatmap displaying the top 20 differentially expressed circRNAs between WT and MBNL1 (F) or QKI (G)-deficient KYSE150 cells. (H)
Venn diagram analysis of the top 20 differentially expressed circRNAs across MBNL1�/� and QKI�/� KYSE150 cells.

Wang et al. 9



Figure 5. Impact of MBNL1 or QKI-deficiency on the expression patterns of mRNAs. (A and B) Volcano plot illustrating the expression differences of
mRNAs betweenWT andMBNL1 (A) orQKI (B)-deficient KYSE150 cells. Blue dots depict downregulated genes. Red dots indicate upregulated genes.
(C and D) Heatmap of differentially expressed mRNAs across WT and MBNL1 (C) or QKI (D)-deficient KYSE150 cells. (E) Venn diagram analysis of
differentially expressed mRNAs across MBNL1�/� and QKI�/� KYSE150 cells. (F and G) Heatmap displaying the top 20 differentially expressed mRNAs
betweenWTandMBNL1 (F) orQKI (G)-deficient KYSE150 cells. (H) Venn diagram assessment of the top 20 differentially expressedmRNAs between
MBNL1�/� and QKI�/� KYSE150 cells. (I) qRT-PCR confirmed 5 overlapping mRNAs in the top 20 differentially expressed genes between MBNL1�/�

andQKI�/� KYSE150 cells.WTwas the positive control, and H2Owas the negative control. nd = not detected. This experiment was performed 3 times
independently, and the data are presented as themean± SEM. *P< .05, **P< .01, ***P< .001, ****P< .0001. Statistical significancewas determined using
an unpaired two-tailed Student’s t-test.
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expression in ESCC cells promoted cell migration, invasion,
and proliferation. This indicated that the upregulation of
MBNL1 or QKI in tumor tissue was a negative feedback
mechanism to inhibit ESCC. Genetic evidence supports the
role of MBNL1 and QKI as tumor suppressors in ESCC.
According to these findings, we suggest that tuning
MBNL1 or QKI expression may represent a potential strategy
for ESCC treatment.

CircRNAs represent endogenous RNAs created through a
specific back-splicing mechanism designated for pre-mRNAs.
They can be classified into 3 groups according to their
composition: exon circRNAs (EcircRNAs), circular intronic
RNAs (ciRNAs), and Exon-Intron circRNAs (EIciRNAs).35

The circulation of EIciRNA and EcircRNA is usually
spearheaded by intron pairing, RBPs, or lariats.36-39 Two key

RBPs, MBNL1 and QKI, regulate circRNA production and
are pivotal players in assorted tumors. Earlier research has
indicated that QKI expression in lung cancer is markedly
lower than in normal tissues, associated with poorer patient
prognosis.40-42 Furthermore, QKI in normal cells selectively
limits the splicing of exon 12 of NUMB mRNA by competing
with the core splicing factor SF1, elevating the expression
level of NUMB isoforms, hindering cell proliferation, and
halting the activation of the Notch signaling pathway.12,43

Conversely, MBNL1 reinforces stability in breast cancer by
attaching to the 3’ untranslated region (3’ UTR) of DBNL
(Drebrin-like protein) and TACC1 (transforming acid spiral
protein 1) transcripts, impeding the invasion of breast cancer
cells.44 In addition, MBNL1 is a suppressor of tumor dedif-
ferentiation, with research revealing that a reduction in

Figure 6. Depletion of MBNL1 or QKI improves the migration, invasion, and proliferation abilities of KYSE150 cells. (A) Transwell
assay indicating that knockout of MBNL1 or QKI improved cell migration in KYSE150 cells. This experiment was repeated 3 times
independently. (B) Quantification of (A). (C) Transwell assay demonstrating that knockout of MBNL1 or QKI improved cell invasion in
KYSE150 cells. This experiment was repeated 3 times independently. (D) Quantification of (C). (E) Colony formation assay indicating
that knockout of MBNL1 or QKI enhanced cell proliferation in KYSE150 cells. This experiment was repeated 3 times independently.
(F) Quantification of (E). Data are presented as the mean ± SEM. ****P < .0001. Statistical significance was determined using an unpaired
two-tailed Student’s t-test.
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MBNL1 expression signals poor survival rates in lung, breast,
and stomach adenocarcinomas alongside increased recurrence
and metastasis in breast cancer.45 Additionally, reduced
MBNL1 expression accelerates tumor progression in vitro and
in vivo.45 Interestingly, MBNL1 can behave as an effective
inhibitor of CRC cell metastasis by modulating the expression
of miR-1307 as well as its target gene, Bcl2.46

Our study highlighted that both MBNL1 and QKI are
suppressors in ESCC (Figure 6, Figure 7). Moreover, our
study determined that the depletion of MBNL1 or QKI in
KYSE150 cells leads to substantial alterations in the ex-
pression profiles of various circRNAs (Figure 4). This ob-
servation suggests a role for MBNL1 and QKI in the circRNA
production in KYSE150 cells. Intriguingly, recent studies
have found that circRNAs can influence the stability of other
RNA species, including lncRNAs and mRNAs.31-34 Cor-
roborating these findings, we found notable differences in the
expression levels of lncRNAs and mRNAs during MBNL1 or
QKI depletion in KYSE150 cells (Supplemental Figure 3,
Figure 5). This suggests a potential cascade in which the loss
of MBNL1 and QKI initially modulates circRNA expression,
governing the stability and the abundance of downstream
lncRNAs and mRNAs. However, as contrasted with the

knockout of an individual gene, we hypothesize that simul-
taneously knocking out both MBNL1 and QKI genes in
KYSE150 cells exerts distinct effects on the expression levels
of circRNA, lncRNA, and mRNA. After the knockout of
either MBNL1 or QKI, multiple overlapping genes were
found, ranging from dozens to hundreds, among the differ-
ential expression of circRNA, lncRNA, and mRNA species
(Figure 4(E), Supplemental Figure 3E, Figure 5(E)). Notably,
several overlapping genes were identified between the top
20 differentially expressed genes in MBNL1 and QKI-
deficient cells (Figure 4(F), Supplemental Figure 3F,
Figure 5(F)). Nonetheless, the functions of overlapping
circRNAs (hsa_circ_0125940, hsa_circ_0093201, and hsa_-
circ_0049133) and lncRNAs (URS0001BE5A8E and
URS0000D5898B) remain unreported. Notably, among the
4 differentially expressed mRNAs, the expression levels of
SLCO4C1, TMPRSS15, and LOC102723728 were lowered
in MBNL1 or QKI knockout KYSE150 cells, while
MAGEB2 expression dropped in QKI-deficient cells while it
surged in MBNL1-deficient cells.

Prior studies have confirmed that SLCO4C1 has relatively
low expression in prostate cancer,47 acting as a protective gene
for patient prognosis in colon adenocarcinoma.48 Another

Figure 7. The absence of MBNL1 or QKI promotes tumor growth of ESCC in xenograft models. (A) Tumor growth in NSG mice
subcutaneously inoculated with KYSE150 WT and MBNL1�/� KYSE150 cells (n = 4). (B) Tumor growth in NSG mice subcutaneously
inoculated with KYSE150 WT and QKI�/� KYSE150 cells (n = 4). (C–E) Tumor image (C), and tumor weight (D and E) in NSG mice
subcutaneously inoculated with KYSE150WT, MBNL1�/� and QKI�/� KYSE150 cells (n = 4). Data are presented as the mean ± SEM. *P < .05,
**P < .01. Statistical significance was determined using an unpaired two-tailed Student’s t-test.
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study proposed a significant association between the ex-
pression of TMPRSS15 and patient prognosis in gastric
cancer.49 Our research findings mirror these findings. Con-
versely, it has been reported that the human MAGEB2 protein
enhances E2F transcription factor activity through interac-
tion with HDAC, triggering the proliferation of HCT116
and U2OS cells.50 Similarly, the upregulation of MAGEB2
expression in laryngeal cancer cells has been linked to in-
creased cell proliferation, migration, and invasion.51 These
findings are aligned with our results pertaining to cells defi-
cient in MBNL1, but contradict our findings in cells deficient
in QKI. However, the influence and roles of SLCO4C1,
TMPRSS15, MAGEB2, and LOC102723728 in the pro-
gression of ESCC were not identified in this study, necessi-
tating further investigation.

The limitations of the current study include the absence of
normal esophageal tissue collection during the sampling
process; we solely harvested cancerous tissues from patients
with various stages of ESCC, which were subsequently uti-
lized for IHC assays. Additionally, we deployed RNA se-
quencing to screen for circRNAs, lncRNAs, and mRNAs in
KYSE150 cells that demonstrated considerable alterations in
expression levels post-knockout ofMBNL1 or QKI. However,
these differentially expressed genes require further analysis to
confirm their functions.

Conclusion

In conclusion, our study affirms prior results that attributed
tumor-suppressing functionality to MBNL1 and QKI in ex-
perimental studies of ESCC. We uncovered that depletion of
either MBNL1 or QKI exacerbated ESCC cell migration,
invasion, and proliferation by altering various circRNA,
lncRNA, and mRNA expression patterns. Consequently,
MBNL1 and QKI could serve as diagnostic biomarkers and
therapeutic targets for the treatment of ESCC.
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