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MEIS1-regulated miR-488-3p suppresses the malignant
progression of laryngeal squamous cell
carcinoma by targeting ACVR1C
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Abstract. Laryngeal squamous cell carcinoma (LSCC) is
a common malignant tumor originating from the mucosal
epithelium of the larynx. MicroRNA (miR)-488-3p has
non-negligible multifaceted roles in some types of cancer;
however, its association with LSCC has not yet been
reported. Our prior RNA sequencing data indicated that
miR-488-3p expression is downregulated in LSCC tissue,
yet the detailed function and regulatory mechanism of
miR-488-3p in LSCC remain unknown. In the present
study, quantitative PCR analysis corroborated the significant
downregulation of miR-488-3p in LSCC tumor tissues, with
this downregulation being strongly associated with malig-
nant progression in LSCC. Furthermore, overexpression
of miR-488-3p suppressed LSCC cell proliferation, colony
formation, migration, invasion, xenograft tumor growth
and epithelial-mesenchymal transition. Mechanistically,
miR-488-3p directly interacted with the 3' untranslated region
of activin A receptor type 1C (ACVRIC) and downregulated
ACVRIC expression. Functional experiments revealed that
miR-488-3p suppressed the malignant phenotypes of LSCC via
ACVRIC. Additionally, bioinformatics analysis coupled with
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chromatin immunoprecipitation assay revealed that myeloid
ecotropic viral integration site 1 (MEIS1) promoted the expres-
sion of miR-488-3p transcriptionally by directly binding its
promoter region. Collectively, the results demonstrated that
miR-488-3p acts as a tumor suppressor molecule in LSCC, and
a role was established for the MEIS1/miR-488-3p/ACVRIC
axis in regulating LSCC progression, thus providing novel
potential biomarkers and targets for patients with LSCC.

Introduction

Laryngeal squamous cell carcinoma (LSCC) represents
a common type of highly aggressive malignant tumor, the
incidence and mortality rates of which are increasing annu-
ally (1,2). Early stage LSCC (T1 and T2 tumors) is often
curable, with a cure rate of 80-90%, whereas the survival
rate is ~40% in patients with stage IV LSCC at diagnosis (3).
This decline is mainly attributed to the propensity of
LSCC for local invasion and metastasis to cervical lymph
nodes (4); however, the molecular mechanisms underlying
LSCC tumorigenesis, invasion and metastasis are still poorly
understood. Therefore, detailed knowledge of the regulatory
mechanisms involved in the progression of LSCC is needed
for its clinical treatment.

MicroRNAs (miRNAs/miRs) are a class of short
non-coding RNA molecules 18-24 nucleotides in length, which
primarily bind to the 3' untranslated region (UTR) of mRNA
to influence its stability or translation. Dysregulated miRNAs
have been reported to affect the development and metastasis of
multiple types of cancer, including LSCC (5,6). miR-488-3p, a
miRNA generated from the gene located at 1g25.2, has been
shown to serve critical roles in multiple aspects of cancer
development and progression (7-10). To date, to the best of our
knowledge, the biological functions and underlying molecular
mechanisms of miR-488-3p in LSCC remain unknown.

Our previous RNA sequencing (RNA-seq) data showed
that miR-488-3p expression was markedly decreased in LSCC
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tissues compared with that in adjacent normal mucosa (ANM)
tissues (11). The present study assessed the expression levels
of miR-488-3p in a cohort of LSCC specimens, and investi-
gated the biological functions and regulatory mechanisms of
miR-488-3p in LSCC, with the aim of providing insight into
the effects of miR-488-3p on LSCC progression and high-
lighting its significance in LSCC diagnosis and treatment.

Materials and methods

Tissue samples and ethics statement. A total of 65 paired
LSCC and matched ANM tissue samples were collected
between January 2021 and July 2024 from surgical patients
at the Department of Otolaryngology Head and Neck Surgery,
First Hospital of Shanxi Medical University (Taiyuan, China).
All tissue samples were collected after obtaining written
informed consent from patients. Fresh specimens were
immediately frozen using liquid nitrogen for quantitative PCR
(qPCR) analysis. The present study was approved by the Ethics
Committee of the First Hospital of Shanxi Medical University
(approval no. 2021-K-K005). The detailed clinical characteris-
tics of the patients with LSCC are listed in Table SI.

Cell culture. The AMC-HN-8 cell line was obtained from
The Cell Bank of Type Culture Collection of The Chinese
Academy of Sciences. The FD-LSC-1 cells were provided by
Professor Liang Zhou (Eye, Ear, Nose and Throat Hospital,
Fudan University, Shanghai, China) (12). 293T cells and the
embryonic lung fibroblast diploid cell line 2BS were purchased
from China Center for Type Culture Collection. 293T and
AMC-HN-8 cells were cultured in DMEM (Gibco; Thermo
Fisher Scientific, Inc.) supplemented with 10% fetal bovine
serum (FBS; Biological Industries; Sartorius AG). FD-LSC-1
and 2BS cells were cultured in Bronchial Epithelial Cell
Growth Medium (Lonza Group, Ltd.) and MEM (Procell Life
Science &Technology Co., Ltd.) with 10% FBS, respectively.
All cells were cultured at 37°C with 5% CO,.

miRNA mimics, inhibitor, agomir and small interfering
RNA (siRNA). miR-488-3p mimics (forward, 5'-UUG
AAAGGCUAUUUCUUGGUC-3' and reverse, 5'-GAC
CAAGAAAUAGCCUUUCAA-3"), miR-488-3p inhibitor
(5'-GACCAAGAAAUAGCCUUUCAA-3"), miR-488-3p
agomir (forward, 5-UUGAAAGGCUAUUUCUUGGUC-3'
and reverse, 5'-GACCAAGAAAUAGCCUUUCAA-3"),
siRNAs targeting activin A receptor type 1C (ACVRIC)
(si-ACVRIC-1; Forward, 5-GGGCUCCUUAUAUGACUA
UTT-3' and reverse, 5S'-AUAGUCAUAUAAGGAGCCCTT-3
si-ACVRI1C-2: Forward, 5-GAGCUGGCCAUCAUUAUU
ATT-3" and reverse, 5'-UAAUA AUGAUGGCCAGCUCTT-3),
negative control (NC) mimics (forward, 5'-UUGUACUAC
ACAAAAGUACUG-3!, and reverse, 5-CAGUACUUUUGU
GUAGUACAA-3"), NC inhibitor (5-CAGUACUUUUGU
GUAGUACAA-3"), NC agomir (forward, 5'-UUGUACUAC
ACAAAAGUACUG-3', and reverse, 5-CAGUACUUUUGU
GUAGUACAA-3"), and NC siRNA (forward, 5'-GCGACG
AUCUGCCUAAGAUTAT-3', and reverse, 5'-AUCUUA
GGCAGAUCGUCGCATdT-3") were obtained from Shanghai
GenePharma Co., Ltd. For transfection, FD-LSC-1 or
AMC-HN-8 cells were seeded in six-well plates at a density of

5x10° cells/well. A total of 5 ul Lipofectamine® 3000 reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) and 100 nM
miRNA mimics, miRNA inhibitors or siRNAs were mixed in
250 pul Opti-MEM™ (Gibco; Thermo Fisher Scientific, Inc.)
and added to each well. Following 4-6 h of incubation at 37°C
with 5% CO,, the medium was replaced with fresh medium.
A total of 48 h post-transfection, the cells were collected for
use in subsequent experiments.

Vector construction and cell transfection. Full-length coding
sequences of human ACVRIC and myeloid ecotropic viral
integration site 1 (MEISI) were selected and inserted into the
p3xFLAG-CMV-10 vector (Sigma-Aldrich; Merck KGaA)
for overexpression. The wild-type (WT) and mutant (Mut)
ACVRIC 3' UTR sequences were cloned into psiCHECK-2
vector (Promega Corporation) for the dual-luciferase reporter
assay. To validate the MEIS1-binding site in the miR-488
promoter, the core region (-2,000 to -1) of the miR-488
promoter was inserted into pGL3-Basic vector (Promega
Corporation) to construct the pGL3-488-WT vector. In
addition, the core sequence (TGACA) corresponding to
the MEIS1-binding site in the miR-488 core promoter was
mutated into ‘ACTGT’ for pGL3-488-Mut vector construc-
tion. For plasmid transfection, FD-LSC-1 or AMC-HN-8 cells
were seeded in six-well plates at a density of 5x10° cells/well.
A total of 5 ul Lipofectamine 3000 reagent and 2.5 g plasmid
vector were mixed in 250 ul Opti-MEM™ and added to each
well. Following 4-6 h of incubation at 37°C with 5% CO,,
the medium was replaced with fresh medium. A total of 48 h
following transfection, the cells were collected for use in
subsequent experiments.

Reverse transcription (RT)-qPCR. TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) was used to
isolate total RNA from 2BS cells, 293T cells, and LSCC cell
lines (FD-LSC-1 and AMC-HN-8) or tissues. The HiScript 11
Ist Strand cDNA Synthesis kit (Vazyme Biotech Co., Ltd.)
was used to synthesize cDNA from mRNA according to
the following conditions: 25°C for 5 min, 50°C for 15 min
and 85°C for 2 min. For RT of miRNA, cDNA was synthe-
sized using the All-in-One™ miRNA First-Strand cDNA
Synthesis Kit (GeneCopoeia, Inc.) according to the following
conditions: 37°C for 60 min and 85°C for 5 min. A qPCR Mix
(TransGen Biotech Co., Ltd.) and primers (Table SII) were
used for the quantitative analysis of mRNA and miRNA.
The following thermocycling conditions were used: 95°C for
30 sec, followed by 40 cycles at 95°C for 5 sec and 60°C for
10 sec. Data were normalized to the levels of the internal
control and calculated using the 224°4 method (13), where
18S rRNA was used as a control for mRNA and U6 snRNA
as a control for miRNA.

Cell Counting Kit-8 (CCK-8) and colony formation assays.
To observe cell proliferation, 3x10%/well FD-LSC-1 cells or
5x10°/well AMC-HN-8 cells were seeded in 96-well plates.
Subsequently, each well was replaced with 100 pl fresh
complete medium and 10 ul CCK-8 reagent (TransGen
Biotech Co., Ltd.) at the indicated times (0, 24, 48,72 and 96 h
after seeding) and the cells were incubated at 37°C for 1-2 h.
The absorbance of the solution was then measured at 450 nm
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using a Spectra Max i3x Multifunctional microplate detection
system (Molecular Devices, LLC). A total of three indepen-
dent experiments were performed.

For the colony formation assay, 800 LSCC cells/well were
seeded into 6-well plates and cultured for 12 days; the medium
was changed every 2-3 days. The cell colonies were then fixed
with 4% paraformaldehyde at room temperature for 30 min
and stained with 0.1% crystal violet (Amresco, LLC) at room
temperature for 15 min. Colonies were defined as clusters of
>50 cells and the colonies were counted using ImageJ software
(version 1.51j8; National Institutes of Health).

Transwell assay. LSCC cells were collected and resuspended
in serum-free medium. For the migration assay, 8x10* cells
in 200 pl serum-free medium were seeded in the 24-well
Transwell (8-ym pore size) upper chamber, and 500 ul
medium supplemented with 20% FBS was added to the lower
chamber. Likewise, for the invasion assay, 1.2x10° cells in
200 ul serum-free medium were introduced to the upper
chamber, which had been precoated with Matrigel (BD
Biosciences) at 37°C for 2 h. After 48 h of incubation at 37°C
with 5% CO,, the remaining cells in the upper chamber
were removed with cotton swabs, and the lower side of the
chamber was gently washed twice with PBS and fixed with
4% paraformaldehyde for 30 min at room temperature.
The migratory or invasive cells were subsequently stained
with 0.1% crystal violet for 15 min at room temperature,
and images were captured using a light microscope (Leica
Microsystems GmbH).

Prediction of miR-488-3p targets. TargetScan 8.0 (targetscan.
org/vert_80/) (14), miRDB (mirdb.org/miRDB/) (15) and
miRWalk 2 (mirwalk.umm.uni-heidelberg.de/) (16) were used
to predict the downstream target genes of miR-488-3p. The
online website Venny (bioinfogp.cnb.csic.es/tools/venny/) was
used to identify miR-488-3p target genes common to all three
databases (TargetScan, miRDB and miRWalk).

Luciferase reporter assay. To determine the 3' UTR activity
of ACVRIC, the WT or Mut ACVRIC 3' UTR reporter vector
and miR-488-3p mimics or inhibitor were co-transfected
into 293T cells using Lipofectamine 3000 reagent. In
addition, the 293T cells were also co-transfected with the
pGL3-488-WT/Mut vector and MEISI overexpression vector
using Lipofectamine 3000 reagent to analyze miR-488
promoter activity. Following co-transfection for 6 h, the
culture medium was changed to complete medium, and the
transfected cells continued to be cultured at 37°C in 5% CO,
for 48 h. Then the cells were lysed and the luciferase activity
was detected using a Dual-Luciferase Reporter Assay System
(Promega Corporation) according to the manufacturer's
instructions. Firefly luciferase activity was normalized to
Renilla luciferase activity.

Western blotting (WB). The Pierce RIPA lysis buffer (Thermo
Fisher Scientific, Inc.) containing protease inhibitor cocktail
was used for total protein isolation from LSCC cells. The
protein concentration was determined using a BCA Protein
Assay kit (Thermo Fisher Scientific, Inc.). An equal concen-
tration of protein was then separated by SDS-PAGE gels
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and transferred onto PVDF membranes. The membranes
were probed with primary antibodies overnight at 4°C after
blocking with 10% w/v skimmed milk for 2-4 h. The next
day, after rinsing in Tris-buffered saline containing 0.1%
Tween-20, the PVDF membranes were covered with the corre-
sponding secondary antibodies at room temperature for 2 h.
The blots were visualized using WesternBright® ECL HRP
substrate (Advansta, Inc.). The primary antibodies used were
as follows: ACVRIC (1:1,000; cat. no. NBP1-50659; Novus
Biologicals, LLC), N-cadherin (1:1,000; cat. no. 13116S;
Cell Signaling Technology, Inc.), E-cadherin (1:1,000;
cat. no. 31958S; Cell Signaling Technology, Inc.), vimentin
(1:1,000; cat. no. 5741S; Cell Signaling Technology, Inc.), Flag
(1:1,000; cat. no. F1804; Sigma-Aldrich; Merck KGaA) and
GAPDH (1:1,000; cat. no. HC301-02; TransGen Biotech Co.,
Ltd.). The secondary antibodies used were HRP-conjugated
goat anti-rabbit IgG (H+L) (1:1,000; cat. no. A0208; Beyotime
Institute of Biotechnology) and HRP-conjugated goat
anti-mouse IgG (H+L) (1:1,000; cat. no. A0216; Beyotime
Institute of Biotechnology).

Chromatin immunoprecipitation (ChIP) assay. The EZ
ChIP™ kit (MilliporeSigma) was used to perform the ChIP
assay according to the manufacturer's instructions. Briefly,
FD-LSC-1 and AMC-HN-8 cells were subjected to cross-
linking using 1% paraformaldehyde at 37°C for 10 min.
The crosslinking process was terminated by the addition of
glycine to achieve a final concentration of 0.125 M, incubated
for 5 min at room temperature. Subsequently, the crosslinked
cells were harvested and lysed in 500 ul SDS lysis buffer
supplemented with a protease inhibitor cocktail. Post-lysis, the
crosslinked DNA was sonicated to yield fragments 200-500
base pairs in length. Cellular debris was eliminated through
centrifugation at 10,000 x g for 10 min at 4°C. The supernatant
lysates were precleared using Protein-A/G agarose beads,
followed by immunoprecipitation with 10 ug ChIP-grade
antibody against MEIS1 (1:100; cat. no. ab19867; Abcam) or
1 pg IgG control antibody (1:500; cat. no. A7016; Beyotime
Institute of Biotechnology) at 4°C overnight. Subsequently,
60 pl Protein A/G-agarose beads were introduced, and the
mixture was subjected to rotation for 2 h at 4°C. The immu-
noprecipitated complexes, bound to the beads, were collected
via centrifugation at 500 x g for 1 min at 4°C and underwent
sequential washes in a low salt buffer, a high salt buffer, a
LiCl buffer, and finally, twice in 1 ml Tris-EDTA buffer. The
chromatin bound to beads was eluted using 2x150 ul elution
buffer at room temperature. DNA-protein crosslinking was
reversed by the addition of NaCl to a final concentration
of 0.2 M, followed by incubation at 65°C overnight. The
following day, all samples were treated with RNase at 37°C
for 30 min and proteinase K at 55°C for 2 h. The liberated
DNA was subsequently purified using spin columns provided
with the kit. The enrichment of DNA fragments was measured
by qPCR, as aforementioned, and electrophoresis on a 2%
agarose gel containing 0.5% GelRed Nucleic Acid Gel Stain
(Biotium, Inc.). Primer-01 was employed to amplify the
miR-488 promoter region, which includes two MEISI binding
sites. Conversely, Primer-NC served as a NC, amplifying the
miR-488 promoter region devoid of the MEISI binding site.
ChIP primer sequences are presented in Table SII.


https://www.spandidos-publications.com/10.3892/ijmm.2025.5583

4 ZHANG et al: ROLE OF MEIS1/miR-488-3p/ACVRIC AXIS IN LARYNGEAL CANCER

Xenograft model generation. The animal experiments were
approved by the Ethics Committee for Research Involving
Animals of the First Hospital of Shanxi Medical University
(approval no. DW'YJ-2024-026). A total of 12 female specific
pathogen-free-grade nude mice (age, 4-6-weeks; weight,
13-17 g) were obtained from Beijing Vital River Laboratory
Animal Technology Co., Ltd. To generate the xenograft
models of LSCC, 2x10° FD-LSC-1 cells in 100 xl PBS were
injected subcutaneously into the flank of each nude mice.
From day 10, xenograft-bearing nude mice were randomized
into two groups (n=6 mice/group); one group of mice received
10 nmol miR-488-3p agomir intratumor every 2 days and the
other group received an equal volume of NC agomir. Tumor
volumes were measured every 2 days until the mice were
euthanized by isoflurane inhalation (5%) followed by decapita-
tion on day 22 after inoculation. The humane endpoints were
as follows: i) Tumor growth reaching >10% of the body weight
or the average tumor diameter in mice surpassing 20 mm;
ii) weight loss exceeding 20% of the initial body weight;
iii) the mice exhibiting signs of significant pain and distress.
No mice reached any of these humane endpoints during the
study. The tumor volume was calculated as V=(a x b*/2, where
a represents the maximum diameter and b the shortest diam-
eter. The excised tumors were weighed, images were captured,
and they were embedded in paraffin for immunohistochemical
(IHC) staining.

IHC staining. IHC staining was carried out as previously
reported (4). Briefly, xenograft tumor tissues were fixed
in formaldehyde, embedded paraffin and cut into 5-ym
sections. After dewaxing, rehydration, antigen repair and
endogenous peroxidase blocking, the sections were immu-
nostained with primary antibodies against E-cadherin (1:200;
cat. no. 3195S; Cell Signaling Technology, Inc.), vimentin
(1:200; cat. no. 5741S; Cell Signaling Technology, Inc.),
N-cadherin (1:100; cat. no. 13116S; Cell Signaling Technology,
Inc.) and Ki67 (1:100; cat. no. RMA-0731; Fuzhou Maixin
Biotech. Co., Ltd.) at 4°C overnight. After covering with the
corresponding secondary antibody at 37°C for 15-30 min, the
sections were stained with hematoxylin and DAB solution
for 10 min at 37°C. The secondary antibody used was from
the Universal kit (mouse/rabbit polymer detection system)
(cat. no. PV-6000; OriGene Technologies, Inc.). The neutral
gum-sealed sections were then scanned and analyzed using
Panoramic Digital Slide Scanner and CaseViewer (version 2.3)
(both from 3DHISTECH, Ltd.).

LASAGNA-Search and JASPAR analysis. LASAGNA-Search 2.0
is a web tool that identifies potential transcription factor binding
sites in DNA sequences (17). JASPAR?%* (jaspar.elixir.no/) is
an open access database of curated, non-redundant transcrip-
tion factor-binding profiles (18). LASAGNA-Search 2.0 and
JASPAR were used to predict the MEISI-binding sites in the
core region of the miR-488 promoter.

Data and sequence acquisition. The mRNA expression
data of ACVRIC and MEISI in both LSCC and ANM
tissues (GSE127165) (11) were extracted from the Gene
Expression Omnibus (GEO) database (https://www.ncbi.
nlm.nih.gov/geo/). The expression data of miR-488-3p in

both LSCC and ANM tissues were extracted from the GEO
dataset GSE133632 (11). The promoter sequence (-2,000/-1) of
miR-488 was downloaded from the UCSC Genome Browser
(https://genome-store.ucsc.edu/) (19).

Statistical analysis. GraphPad Prism (version §; Dotmatics)
was employed to perform the statistical analysis. A two-tailed
Student's t-test was used to evaluate the significance between
two experimental groups. One-way analysis of variance
followed by Tukey's test was used to determine the differ-
ence between more than two groups of data. Correlation was
analyzed by Pearson's correlation coefficient. Experimental
data are presented as the mean + SD. P<0.05 was considered
to indicate a statistically significant difference.

Results

Downregulation of miR-488-3p is associated with malignant
progression in LSCC. Previous RNA-seq data showed that
miR-488-3p expression levels are notably downregulated in
LSCC tissue compared with those in ANM tissues (11). In
the present study, the expression levels of miR-488-3p were
further evaluated in 65 paired LSCC and ANM tissues using
RT-qPCR. As shown in Fig. 1A and B, the expression levels
of miR-488-3p were significantly lower in LSCC tissues.
Furthermore, clinical data displayed that miR-488-3p expres-
sion was significantly associated with T stages (20), clinical
stages and lymph node metastasis, but not with the degree
of differentiation (Fig. 1C-F). A comparison of miR-488-3p
expression in FD-LSC-1 and AMC-HN-8 LSCC cells with
normal 2BS cells revealed significantly lower miR-488-3p
expression in LSCC cells (Fig. 1G). These results highlighted
the downregulation of miR-488-3p in LSCC and suggested its
critical role in LSCC progression.

miR-488-3p inhibits LSCC cell proliferation, migration,
invasion and epithelial-mesenchymal transition (EMT). To
explore the potential effects of miR-488-3p on LSCC, the
LSCC cells AMC-HN-8 and FD-LSC-1 were transfected with
miR-488-3p mimics to induce its overexpression. As shown
in Fig. 2A, RT-qPCR indicated that miR-488-3p was overex-
pressed in the miR-488-3p mimics group compared with that
in the NC group. The results of the CCK-8 assay confirmed
that miR-488-3p overexpression in AMC-HN-8 and FD-LSC-1
cells reduced their proliferation rates compared with those in
the NC group (Fig. 2B). Colony formation assays revealed that
the colony formation capacity of LSCC cells was significantly
reduced by miR-488-3p overexpression (Fig. 2C). In addition,
Transwell assays indicated that upregulation of miR-488-3p
significantly inhibited LSCC cell migration and invasion
(Fig. 2D and E). To explore the underlying mechanism, the
effects of miR-488-3p on the expression levels of EMT markers
were investigated. As shown in Fig. 2F, the expression levels
of vimentin and N-cadherin were decreased, whereas those
of E-cadherin were increased in miR-488-3p-overexpressing
LSCC cells compared with in NC-transfected cells, suggesting
that upregulation of miR-488-3p may suppress EMT progres-
sion in LSCC. Collectively, these findings suggested that
miR-488-3p could inhibit LSCC cell proliferation, migration,
invasion and EMT.
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Figure 1. Downregulation of miR-488-3p and its clinical significance in LSCC. The expression levels of miR-488-3p were detected by qPCR in 65 paired
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analysis of miR-488-3p expression in LSCC cells transfected with miR-488-3p or NC mimics. (B) Cell Counting Kit-8 and (C) colony formation assays
detected the proliferative ability of LSCC cells transfected with miR-488-3p or NC mimics. Transwell assays determined the (D) migration and (E) invasion
of LSCC cells transfected with miR-488-3p or NC mimics. (F) Western blotting of the protein levels of E-cadherin, N-cadherin and vimentin. Cropped
images represent different blots, but samples are from the same experiment and the blots were processed in parallel. Scale bars, 100 ym. “P<0.05, “P<0.01 and

ok

miR-488-3p directly targets ACVRIC in LSCC. TargetScan,
miRDB and miRWalk were used to identify direct target
genes for miR-488-3p, resulting in 439, 821 and 5,899 genes,
respectively. Venn analysis of the aforementioned three sets of
potential target genes obtained 93 common genes (Fig. 3A).
Based on previous RNA-seq data, 1,497 genes were obtained
that were significantly upregulated in LSCC tissues compared
with in ANM tissues (11). Venn analysis of the 93 predicted
miR-488-3p target genes and 1,497 upregulated genes obtained

P<0.001. miR, microRNA; LSCC, laryngeal squamous cell carcinoma; NC, negative control.

four genes, including ACVRIC,ABCA12, TNFSF11 and SYT14
(Fig. 3B). Next, the expression of the aforementioned four genes
was detected by RT-qPCR analysis in miR-488-3p-overex-
pressing cells. The results indicated that only ACVRIC mRNA
was significantly reduced in miR-488-3p-overexpressing
LSCC cells (Fig. 3C). Furthermore, WB results demonstrated
that the protein levels of ACVRIC were also markedly reduced
in miR-488-3p-overexpressing LSCC cells (Fig. 3D). To verify
that miR-488-3p directly binds to ACVRIC 3' UTR, WT and
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Figure 3. ACVRIC is a direct target gene of miR-488-3p. (A) Venn analysis of the target genes of miR-488-3p predicted by TargetScan, miRDB and miRWalk.
(B) Venn analysis of the potential target genes of miR-488-3p and upregulated mRNAs in LSCC. (C) Quantitative PCR analysis of the mRNA levels of
ACVRIC, ABCA12, TNFSFI11 and SYT14 in LSCC cells transfected with miR-488-3p or NC mimics. (D) Western blotting of the protein levels of ACVRIC.
(E) Schematic of ACVRIC 3' UTR sequence containing WT and Mut miR-488-3p binding sites. Luciferase reporter assay measured the luciferase activity of
ACVRIC 3' UTR when FD-LSC-1 cells were transfected with miR-488-3p (F) mimics or (G) inhibitor. “P<0.01 and ““P<0.001. ACVRIC, activin A receptor
type 1C; miR, microRNA; LSCC, laryngeal squamous cell carcinoma; NC, negative control; UTR, untranslated region; WT, wild type; Mut, mutant; N.S., not

significant.

miR-488-3p binding-site Mut ACVRIC 3' UTRs were cloned
into psiCHECK-2 vector for the dual-luciferase reporter assay
(Fig. 3E). As shown in Fig. 3F, the luciferase activity was
significantly decreased in FD-LSC-1 cells co-transfected with
miR-488-3p mimics and the reporter vector harboring the WT
ACVRIC 3' UTR, but not that harboring the Mut ACVRI1C
3' UTR. By contrast, the miR-488-3p inhibitor significantly

increased luciferase activity when co-transfected into cells
with the WT ACVRIC 3' UTR reporter vector (Fig. 3G). These
results indicated that miR-488-3p directly binds to ACVRIC
3'UTR.

ACVRIC knockdown inhibits LSCC cell proliferation,
migration and invasion. ACVRIC has been implicated in
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cell proliferation, migration and invasion in multiple types of
cancer (21-24), but its role in LSCC remains unclear. Previous
RNA-seq data (GSE127165) (11) indicated that ACVRIC
was expressed at significantly higher levels in LSCC samples
when compared with ANM tissues (Fig. 4A). To elucidate
the effects of ACVRIC on LSCC, two specific siRNAs and a
NC siRNA were transfected into FD-LSC-1 and AMC-HN-8
cells. The efficiency of ACVRIC knockdown was verified
using qPCR and western blot analysis (Fig. 4B and C). As
shown in Fig. 4D and E, ACVRIC knockdown significantly
inhibited LSCC cell proliferation and colony formation.
ACVRI1C-knockdown AMC-HN-8 and FD-LSC-1 cells also
exhibited reduced migration and invasion (Fig. 4F and G).
Furthermore, increased expression of E-cadherin was
observed in ACVR1C-knockdown LSCC cells, whereas the
expression levels of vimentin and N-cadherin were decreased
(Fig. 4H). These results indicated that ACVRIC knockdown
could inhibit LSCC cell proliferation, migration, invasion and
EMT.

miR-488-3p suppresses LSCC progression by targeting
ACVRIC. Rescue experiments were designed to study
whether miR-488-3p suppresses the malignant phenotype of
LSCC cells by modulating ACVRIC. An ACVRIC overex-
pression plasmid and miR-488-3p mimics were transfected
into FD-LSC-1 and AMC-HN-8 cells, either alone or in
combination (Fig. 5A and B). Colony formation and CCK-8
assays showed that ACVRIC overexpression attenuated the
inhibitory effects of miR-488-3p mimics on LSCC cell colony
formation and proliferation (Fig. SC and D). Similarly, it was
found that ACVRIC overexpression rescued the suppressive
effect of miR-488-3p on LSCC cell migration and inva-
sion (Fig. 5E and F). These data indicated that miR-488-3p
suppresses LSCC progression by negatively regulating
ACVRIC expression.

miR-488-3p expression is regulated by MEISI. The reason
behind miR-488-3p downregulation in LSCC remains unclear.
Thus, the promoter sequence (-2,000/-1) of miR-488 was
downloaded from the UCSC Genome Browser and analyzed
to identify conserved transcription factor binding sites. Two
MEISI-binding sites were identified in the core region of the
miR-488-3p promoter (Fig. 6A) using the LASAGNA-Search 2.0
web tool (17) and JASPAR?*?* (jaspar.elixir.no/) database.
Subsequent ChIP experiments demonstrated that MEISI signifi-
cantly binds to the region of the miR-488 promoter that contains
two MEISI-binding sites, but not the NC region (Fig. 6B). Next,
the sequences of the two MEIS1-binding sites were mutated
and the targeting relationship was validated. Two luciferase
reporter plasmids, named pGL3-488-WT and pGL3-488-Mut,
were generated by inserting WT and MIESI-binding-site Mut
miR-488 promoter (-2,000 to -1) into the pGL3-Basic vector.
Luciferase reporter assays showed that overexpressing MEIS1
significantly increased the relative luciferase activity of the
pGL3-488-WT vector in 293T cells, with no effect on the
pGL3-488-Mut vector (Fig. 6C).

Furthermore, RNA-seq data (GSE127165) analysis showed
that MEIS1 expression was significantly lower in LSCC tissues
than in ANM tissues (Fig. 6D). Pearson's correlation analysis
indicated that miR-488-3p levels were significantly positively

correlated with MEISI in LSCC and ANM tissues (Fig. 6E).
In addition, overexpression of MEISI significantly increased
the levels of miR-488-3p in LSCC cells (Fig. 6F). Overall,
these findings suggested that MEIS1 may bind directly to the
miR-488-3p promoter and upregulate its expression in LSCC.

Downregulation of miR-488-3p partially reverses
MEISI-mediated tumor suppression. Previous studies have
shown that MEIS1 has a tumor-suppressing effect in some
cancers (25-27), but its role in LSCC remains unknown.
To explore the effects of MEIS1 on LSCC, MEISI levels
were upregulated by transfecting LSCC cells with MEIS1
overexpression plasmids. Meanwhile, to investigate whether
MEISI exerts its function by regulating miR-488-3p expres-
sion, MEISI overexpression plasmids and a miR-488-3p
inhibitor were simultaneously transfected into LSCC cells.
WB confirmed that MEIS1 was overexpressed in AMC-HN-8
and FD-LSC-1 cells (Fig. 7A). qPCR indicated a significant
reduction in miR-488-3p levels in the miR-488-3p inhibitor
group compared with those in the NC group (Fig. 7B). As
shown in Fig. 7C and D, MEISI overexpression suppressed the
proliferative and colony-forming capacity of AMC-HN-8 and
FD-LSC-1 cells, and that effect was partially recovered by the
miR-488-3p inhibitor. In addition, Transwell assays demon-
strated that overexpression of MEISI could suppress LSCC cell
invasion and migration, whereas this was reversed in LSCC
cells simultaneously transfected with MEIS1 overexpres-
sion plasmids and the miR-488-3p inhibitor (Fig. 7E and F).
Collectively, these results revealed that MEIS1 could inhibit
the malignant phenotype of LSCC cells, at least in part, by
upregulating miR-488-3p expression.

miR-488-3p inhibits LSCC xenograft tumor growth in vivo. To
further clarify whether miR-488-3p exerts its tumor-suppres-
sive effect on LSCC in vivo, LSCC xenografts were established
by subcutaneously injecting LSCC cells into the flanks of nude
mice. A total of 10 days after inoculation, miR-488-3p or NC
agomir was injected into the xenograft tumors every 2 days
until day 22. As shown in Fig. 8A and B, LSCC xenograft
tumors showed a significantly slower growth rate and lower
weight in the miR-488-3p agomir-injected group compared
with those in the NC agomir group. Subsequent RT-qPCR
analysis indicated that miR-488-3p was expressed at higher
levels in xenograft tumors injected with miR-488-3p agomir
(Fig. 8C). Additionally, IHC staining showed that Ki67 expres-
sion in miR-488-3p agomir-injected tumor tissues was lower
than that in the NC agomir group (Fig. 8D). Increased levels of
E-cadherin in miR-488-3p agomir-injected tumor tissues were
also observed, whereas the expression levels of N-cadherin
and vimentin decreased, were indicating that upregulation of
miR-488-3p inhibited EMT (Fig. 8D).

Discussion

Previous studies have demonstrated that miRNAs serve crucial
regulatory roles in various diseases, especially cancer (5,28,29).
Evidence has also accumulated for the clinical applications
of miRNAs in cancer therapy. Our previous RNA-seq data
showed that a large number of miRNAs are differentially
expressed in LSCC tissues (11), indicating that miRNAs are
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Figure 4. ACVRIC knockdown inhibits LSCC cell proliferation, migration, invasion and epithelial-mesenchymal transition. (A) Analysis of ACVRIC
expression in RNA-seq data (GSE127165). (B) Quantitative PCR and (C) western blot analysis of the mRNA and protein expression levels of ACVRIC in
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cells. (H) Western blot analysis of the protein levels of E-cadherin, N-cadherin and vimentin in LSCC cells transfected with si-ACVRIC or si-NC. Cropped
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involved in LSCC occurrence and development. Notably, the
regulatory effects of numerous miRNAs in the carcinogenesis
of LSCC have been investigated. For example, Gao et al (4,30)
confirmed that miR-145-5p inhibits LSCC progression and
chemoresistance by targeting different protein-coding genes.
Wu et al (11,31) showed that overexpression of let-7c-5p and
miR-1207-5p can inhibit the malignant phenotype of LSCC

cells. In the present study, it was shown that miR-488-3p was
downregulated in LSCC cell lines and tissues, and that its
expression was associated with clinicopathological findings
in patients with LSCC. Functional experiments indicated that
miR-488-3p suppressed LSCC cell proliferation, migration,
invasion, EMT and xenograft tumor growth. Mechanistically,
ACVRIC was identified as a target gene of miR-488-3p, and
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Figure 8. Effect of miR-488-3p on tumor growth in vivo. (A) Image of xenograft tumors after intratumoral injection of miR-488-3p or NC agomir. The
xenograft tumor volume was measured to plot the growth curve. (B) Final weight of xenograft tumors. (C) Quantitative PCR analysis of miR-488-3p expres-
sion in xenograft tumors. (D) Representative immunohistochemical staining of vimentin, N-cadherin, E-cadherin and Ki-67 expression in xenograft tumors.
(E) Schematic representation of the MEIS1/miR-488-3p/ACVRIC axis in regulating laryngeal squamous cell carcinoma progression. The red and green
arrows indicate upregulation and downregulation in LSCC, respectively. Scale bar, 50 mm. "P<0.05, “P<0.01 and ““P<0.001. miR, microRNA; NC, negative
control; MEISI, myeloid ecotropic viral integration site 1; ACVRIC, activin A receptor type 1C.
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ACVRIC could promote cell proliferation, migration, inva-
sion and affect EMT. Furthermore, it was shown that MEIS1
upregulated miR-488-3p expression by directly binding to its
promoter region. Rescue experiments demonstrated that down-
regulation of miR-488-3p partially reversed MEIS1-mediated
tumor suppression.

The role of miR-488-3p in the pathogenesis and progres-
sion of cancer has been investigated for years, and its abnormal
expression has been implicated in cancer progression, metas-
tasis and survival (7). Previous studies have reported that
miR-488-3p has tumor-suppressing effects in most human
cancers (7,9,10,32). However, the exact function of miR-488-3p
remains inconsistent in certain cancer types, with conflicting
results shown in different studies of the same cancer (8,32-36).
For example, in gastric cancer, multiple studies have revealed
that miR-488-3p suppresses cell proliferation, migration and
invasion (8,32,33), whereas another study came to the oppo-
site conclusion (34). Similarly, Zhou er al (35) reported that
miR-488-3p overexpression can promote cell proliferation
while reducing apoptosis in osteosarcoma. However, another
study reported that miR-488-3p suppresses osteosarcoma cell
migration and invasion (36). These discrepancies may be attrib-
uted to variations in the sources of tissue samples and the cell
lines used in these studies. Regarding LSCC, the expression,
biological function and underlying mechanism of miR-488-3p
in LSCC are still unclear. To the best of our knowledge, the
present study is the first to report the tumor-suppressive effect
of miR-488-3p on LSCC progression and EMT.

Our previous review article reported that miR-488-3p
regulates various tumor cell phenotypes by targeting different
genes (7). In the present study, ACVRIC was identified as a
novel target of miR-488-3p in LSCC. ACVRIC, also known
as activin-like kinase receptor 7, is a type I transforming
growth factor-f3 (TGF-f) receptor, which can activate down-
stream SMAD signaling pathways by interacting with ligands
and type II TGF-p receptors (22,37). The functional role of
ACVRIC in cancer occurrence and development has also
been previously reported (22). Hu et al (21) demonstrated that
ACVRIC inhibits adhesion and proliferation in breast cancer
cells, although the precise mechanism remains to be eluci-
dated. In ovarian cancer, ACVRIC has been shown to suppress
cell proliferation and induce apoptosis through regulation of
the SMAD2/3 pathway (23,38-40). Conversely, ACVRIC has
been implicated in oncogenic roles in certain cancers, such
as pancreatic ductal adenocarcinoma (41), prolactinoma (24)
and retinoblastoma (42). Notably, Asnaghi et al (42) demon-
strated that ACVRIC facilitates the invasion and growth of
retinoblastoma by activating the SMAD?2 signaling pathway.
According to the present findings, ACVRIC expression was
significantly higher in LSCC tissues, and functional studies
indicated that ACVRIC knockdown could suppresses LSCC
cell proliferation, invasion, migration and EMT. It was also
confirmed that miR-488-3p inhibited LSCC progression by
downregulating ACVRIC.

The transcriptional regulatory mechanism of miR-488
expression has been reported on in several studies. Wu et al (43)
reported that notch receptor 3 promotes miR-488 transcrip-
tion in breast cancer by binding to the miR-488 promoter.
Another study showed that nuclear factor kB inhibits miR-488
expression in pancreatic cancer by binding to its promoter

region (44). In addition, in osteosarcoma, Zhou et al (35)
reported that another transcription factor, HIF1-a, serves a
key role in hypoxia-induced miR-488 transcription. To explore
the transcriptional regulatory mechanism of miR-488-3p
expression in LSCC, its promoter region was analyzed in the
current study to identify transcription factor binding sites.
In addition to the aforementioned transcription factors, two
MEISI-binding sites were detected in the miR-488 promoter
region. As a transcription factor, evidence exists that MEIS1
functions as an oncogene in leukemia (45) but acts as a tumor
suppressor in some types of cancer, such as clear cell renal
cell carcinoma (25), non-small-cell lung cancer (26), prostate
cancer (46) and colorectal cancer (47). Regarding the effects of
MEIS1 on LSCC, it was first demonstrated that MEIS1 could
promote miR-488-3p transcription by binding to its promoter.
Furthermore, it was confirmed that MEIS1 overexpression
suppressed LSCC cell proliferation, invasion and migration
partially by upregulating miR-488-3p expression.

Furthermore, in vivo experiments revealed that miR-488-3p
suppressed xenograft tumor growth. IHC staining results
displayed an increased level of E-cadherin, and decreased
levels of N-cadherin and vimentin in tumors injected with
miR-488-3p agomir compared with control tissue. Collectively,
the results highlighted the clinical implications of increased
miR-488-3p expression for LSCC therapy.

Notably, the present study had several limitations. First,
RNA-seq was not conducted to identify the target genes
regulated by miR-488-3p in LSCC cells, which constrains
the ability to achieve a comprehensive understanding of the
mechanisms through which miR-488-3p influences LSCC
progression. Second, further exploration of the downstream
signaling pathways regulated by ACVRIC is warranted. Third,
the partial reversal of MEIS1-mediated tumor suppression
upon downregulation of miR-488-3p implies the involve-
ment of additional molecules or signaling pathways in the
MEIS1-mediated regulation of LSCC. Consequently, further
research is necessary to fully elucidate the molecular mecha-
nisms underlying the MEIS1/miR-488-3p/ACVRIC pathway
in LSCC.

In conclusion, the current study revealed that miR-488-3p
was significantly downregulated in both LSCC cell lines
and tissues, and provided the first demonstration that
miR-488-3p may inhibit the malignant properties of LSCC
cells. Mechanistically, it was discovered for the first time,
to the best of our knowledge, that miR-488-3p mediated by
MEISI could exert its tumor-suppressive activity in LSCC by
downregulating ACVRIC expression (Fig. 8E). These findings
broaden the understanding of the functions and underlying
mechanisms of miR-488-3p in LSCC progression and provide
novel potential biomarkers or targets for the treatment of
patients with LSCC.
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