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ABSTRACT

The expression level of RNA-binding proteins (RBPs) is dysregulated in oral squamous cell carcinoma (OSCC) and
other types of cancer. Among the RBPs, IMP3 is involved in the progression of OSCC. However, the regulation of
mRNA fate by IMP3 in OSCC remains less understood. We analyzed the expression level of IMP3 and E2F5 in
OSCC tissues and cell lines by immunohistochemistry, qRT-PCR and Western blot. Subsequently, to further
investigate the effect of IMP3 on E2F5 expression, we used siRNAs to silence IMP3 expression in OSCC cell lines
SCC-25 and SCC-4. The binding site of E2F5 mRNA and IMP3 was confirmed by RNA immunoprecipitation (RIP).
Finally, the function of IMP3 and E2F5 was investigated in viro and in xenograft mouse models. Here we report
a positive correlation between IMP3 and E2F5 expression in OSCC, which are involved in cell proliferation and
cell cycle. Mechanistically, E2F5 mRNA is bound by IMP3 protein, and silencing it leads to a shortened mRNA
half-life and reduced protein expression. Also, knockdown of IMP3 inhibited allograft tumor progression in
vivo. These studies reveal the molecular mechanism by which IMP3 regulates E2F5 mRNA stability and identify
IMP3/E2F5 as a potential therapeutic target in OSCC.

INTRODUCTION

Oral squamous cell carcinoma (OSCC) is one of
the most common malignant tumors, and the number
of cases globally is ~400,000 per year, ranking it first
among head and neck cancers. Moreover, OSCC has a
poor prognosis, with a 5-year survival rate of less than
50% in most parts of the world [1, 2]. The pathogenesis
of OSCC is complex. At present, many scholars believe
that the disruption of the balance between oncogene
activation and tumor suppressor gene inhibition in
cells may be one of the causes of OSCC. Due to the
high degree of malignancy, rapid progression, and easy
recurrence of OSCC, most patients are at an advanced
stage when they are diagnosed, which brings challenges

to treatment [3, 4]. Therefore, the importance of
elucidating the molecular mechanisms, occurrence, and
development of OSCC along with identifying diagnostic
markers and therapeutic targets is needed.

Previous studies on the molecular mechanism of OSCC
development mainly focus on epigenetic modification
[5], gene mutation [6], and abnormal regulation of
non-coding RNA [7, 8]. In recent years, research on
RNA-binding proteins (RBPs) has become an important
direction in the field of tumor pathogenesis and
progression [9]. Functional studies over the last decades
revealed that ADAR1, DDX3, ESRP1 IMPs and LIN28B
associated with migration, metastasis and invasion in
OSCC [10-14]. IMPs are a class of RBPs, including
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IMP1, 2, and 3. In recent years, the molecular
regulation of IMP3 has attracted particular attention.
Its mechanism of action is reported to include target
MRNA binding to form RNA complexes that stabilize
the mRNA and inhibit its degradation, interact with RISC
to inhibit miRNA attacking target mRNA, recognize
m6A-modified mMRNA and regulate its expression [15,
16]. Together, IMP3 regulates the post-transcriptional
processing, transport, and translation of RNA and affects
the fate of MRNA.

IMP3 was identified due to its high abundance in
pancreatic cancer tissue. Previous studies have shown
that dysregulation of IMP3 is associated with the
growth, migration, adhesion, and energy metabolism
of cancer cells. It also modulates the occurrence and
development of many human diseases such as diabetes
and malignant tumors [17-19]. Numerous studies have
suggested that IMP3 expression to be upregulated in
OSCC. Nevertheless, several studies proved that IMP3
as a predictor of metastasis and its expression was
shown to correlate with an overall poor prognosis in
OSCC [13, 20, 21]. Hwang reported a key target of
IMP3 in OSCC seems to be podoplanin (PDPN). PDPN
is also specifically expressed at the invasive front of
tumors and IMP3 regulates the PDPN expression by
binding to the 3’'UTR of the PDPN mRNA, and then
stabilizes the transcript [22, 23]. However, additional
studies are required to investigate IMP3 functions in
binding and regulating transcripts in OSCC progression.

In this study, we identified oncogenic roles of IMP3
in OSCC in vitro and in vivo. IMP3 was upregulated
and frequently observed in OSCC. Further investigation
demonstrated that knockdown of IMP3 suppressed
OSCC cell proliferation by targeting E2F5 mRNA.
Taken together, our results indicate a molecular mecha-
nism by which IMP3 regulates E2F5 mRNA transcript,
which could be a therapeutic target for OSCC.

MATERIALS AND METHODS
Human tissue samples

OSCC tissues and their paired adjacent normal
tissues (from 40 patients) were obtained from the
College of Stomatology, Xi’an Jiaotong University.
Informed consent was obtained from each enrolled
patient, and the study was approved by the Ethics
Committee of Xi’an Jiaotong University (approval
number 2020393).

Cell culture and transfection

Human OSCC cell lines SCC-25, SCC-4, and HOK
cells (human oral keratinocytes) were purchased from the

Cell Bank (Shanghai Institute of Biochemistry and Cell
Biology, China). All cells were maintained in DMEM
high glucose medium containing 10% FBS (Gibco, USA)
and 1% antibiotics (penicillin/streptomycin). Transient
transfection of siRNA and their respective negative
control RNAs was performed using Polyplus transfec-
tion kit (Jetprime, France) following the manufacturer’s
instructions.

gRT-PCR

Total RNA was collected from cells and
extracted with TRIzol Reagent (Invitrogen, USA).
cDNA was made using PrimeScript™ RT reagent kit
(Takara, Japan). gRT-PCR was carried out using the
SYBR Premix Ex Taq Il Kit (Takara, Japan) on 1Q5
Multicolor PCR Detection System (Bio-Rad, USA).
B-actin was used as an internal reference and 2-4ACt
method was used to determine relative abundance.
Three replicates per reaction were performed for gRT-
PCR. The primers used are as follows: B-actin forward
5’-CCAGAGGCGTACAGGGATAG-3’; reverse 5’-
CCAACCGCGAGAAGATGA-3’; IMP3 forward 5’-
CCTGGTGAAGACTGGCTACG-3’; reverse 5°- ATC
CAGCACCTCCCACTGTA-3’; E2F5 forward 5°-TC
AGGCACCTTCTGGTACAC-3’; reverse 5’-GGGCT
TAGATGAACTCGACTC-3".

Western blotting assays

Total cell lysates were lysed in RIPA buffer (Roche,
Switzerland), and protein concentration was determined
using a BCA protein assay kit (Thermo Fisher Scientific,
USA). Equal amounts of proteins were separated on 10%
SDS-PAGE gels and transferred to PVDF membranes.
The membranes were blocked with 5% non-fat milk
and then incubated with primary antibodies (anti-IMP3,
Abcam, USA; anti-E2F5, Abcam, USA,; anti-CDK4
and anti-CyclinD1, 1: 2000, Cell Signaling Technology,
USA) at 4° C overnight. Following a wash, membranes
were incubated with secondary antibodies for 1 h,
washed, and developed using ECL (Pierce, USA).

Immunohistochemistry (IHC)

Tissue sections were deparaffinized in xylene and
hydrated with an alcohol gradient. Antigen retrieval
and endogenous peroxidase blocking were performed
sequentially. Tissues were probed with polyclonal
rabbit anti-IMP3 (diluted 1:100) and anti-E2F5 (diluted
1:100) at 4° C overnight, washed, and next incubated
with secondary antibody (1:5000) for 1 h at room
temperature. Tissues were stained with 3,3’-diamino-
benzidine kit (DAB, China) and hematoxylin for
histological examination. Tissue sections were fixed
and images captured under an inverted microscope.
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CCKB8 assay

CCKa8 assay kit (7Sea Biotech, China) was employed to
study the cell proliferation of SCC-25 and SCC-4 cells
according to the manufacturer' instructions. Briefly, the
transfected cells were seeded into 96-well plated with
3000 cells/well. CCK8 solution (10 pl) was added into
each well after 24, 48 and 72 h, then the 96-well plates
were placed in a humidified incubator for additional
incubation of 4 h. The OD value was obtained at 450
nm with FLUOstar OPTIMA (BMG, Germany).

Cell cycle assay

OSCC cells were seeded in 6-well plates (1 x 108
cells/well) and transfected with siRNA. After 48 hours,
the cells were collected and fixed in 70% ethanol
and stored at 4° C overnight. The next day the samples
were stained with 10 pg/mL propidium iodide according
to the manufacturer’s instructions (Sigma, USA) and
incubated for 1 hour at room temperature in the dark.
Cells were then analyzed by Flow Cytometer (BD
Biosciences, USA).

RNA stability assay

The cells were seeded in 6-well plates and treated
with 5 pg/mL actinomycin D. The cells were collected
at 3 h, 6 h, and 9 h post-treatment. The total RNA
was extracted for RT-qPCR as described above. The
degradation rate of the mRNAs was estimated following
published protocols [24].

RNA immunoprecipitation (RIP) assay

For the RIP assay, the Magna RIP™ Kit (No. 17-
701, Millipore, USA) was performed according to the
manufacturer’s instructions. OSCC cells were lysed in
RIP lysis buffer supplemented with proteinase inhibitors
and RNAse inhibitor and then incubated with anti-IMP3
or lgG-coupled protein beads for 6 h to overnight at
4° C. The next day after stringently washing the beads
with washing buffer, the immunoprecipitated RNA was
purified and analyzed by qRT-PCR.

Mouse xenograft studies

Stable IMP3-deficient SCC-25 cells were injected
into six-week-old, female, nude mice (n = 6/group), for
tumor engraftment. Tumors were measured every 5
days for 30 days. Four weeks after tumor inoculation,
mice were euthanized by cervical dislocation under
anesthesia. The tumors were excised and analyzed.
All the experimental protocols were approved by the
Institutional Animal Care and Use Committee of Xi'an
Jiaotong University.

Bioinformatics analysis

The gene expression data were obtained at The Cancer
Genome Atlas website for OSCC projects (TCGA,
https://tcga-data.nci.nih.gov/tcga/).

Statistical analysis

All the above experiments were repeated three
times. Differences between groups were analyzed using
Student’s t-test or one-way ANOVA; also to determine
if the quantitative data showed normal distribution. If
data were not normally distributed, the Wilcoxon-Mann-
Whitney test was performed. All statistical analyses
were carried out using SPSS 18.0 (IBM, USA). P < 0.05
was considered significant, and data are presented as the
mean =+ Standard error of the mean (SEM).

RESULTS
IMP3 is overexpressed in OSCC

To identify the roles of IMP3 in OSCC, we examined
the expression of IMP3. From TCGA database, we
found that IMP3 is overexpressed in OSCC compared to
normal tissue (Figure 1A). Western blot and gRT-PCR
analysis showed that IMP3 expression was enriched in
OSCC cell lines (SCC-25 and SCC-4) compared to
HOK cells (Figure 1D, 1E). Meanwhile, methylation
sequencing results showed that the high expression of
IMP3 in oral squamous cell carcinoma was probably
related to CpG island methylation modification (Figure
1C). Patients with high IMP3 expression had markedly
lower overall survival rates compared to those with
low IMP3 expression (Figure 1B). Next, we measured
the expression of IMP3 in 40 paired patient samples
of OSCC tissue and adjacent normal tissue with IHC
(Figure 1F). Consistent with in vitro results, expression
of IMP3 was significantly increased in OSCC, and
higher expression of IMP3 was observed in the cyto-
plasm. The IMP3 protein expression increased in 3 pairs
of OSCC tissues compared with normal tissues (Figure
1F). Collectively, these findings demonstrate that IMP3
expression is overregulated in OSCC.

Knockdown of IMP3 inhibits OSCC cell growth

To further investigate the functional roles of IMP3
in OSCC, we used siRNA depletion of IMP3 in
SCC-25 and SCC-4 cells to reduce the mRNA and
protein levels of IMP3 to 20~30% tested by gRT-PCR
and Western blot (Figure 2A, 2B). Then CCK8 and
cell cycle assays were performed on OSCC cells. In
the CCK8 assay, knockdown of IMP3 significantly
inhibited cell proliferation compared to siRNA control
(Figure 2C). In the cell cycle assay, suppression of
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IMP3 in OSCC cells markedly decreased cell IMP3 positively regulates E2F5
viability and led to a decrease in the number of cells

in the G1, owing to the decreased levels of CDK4 Even though IMP3 is overexpressed in OSCC and
and Cyclin D1 (Figure 2D, 2E). Taken together, these knockdown of IMP3 suppresses cell growth, the
findings suggest that IMP3 drives OSCC cell growth molecular mechanisms of IMP3 regulation remained
in vitro. unknown. Using TCGA database analysis, we identified
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Figure 1. Overexpression of IMP3 in human OSCC tissues and cell lines. (A) TCGA analysis showed that IMP3 mRNA levels were
increased in the OSCC tissues (n=352) compared with the normal tissues (n=32). (B) Kaplan-Meier analysis was performed on OSCC patient
survival with the GEPIA database according to high or low expression of IMP3. (C) Methylation sequencing results showed that the high
expression of IMP3 in oral squamous cell carcinoma was probably related to CpG island methylation modification. Expression level of IMP3
mMRNA (D) and protein (E) in OSCC cell lines (SCC-25 and SCC-4) in comparison with HOK cell line. (F) The IHC score of IMP3 was markedly
higher in the OSCC tissues than in the adjacent normal tissues (n=40). Magnification x40. The scale bar indicates 50 um. Relative expression
levels were calculated using the image J software (n = 3). P< 0.05 was considered to be statistically significant, **P <0.01, ***P< 0.001.
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Figure 2. Knockdown of IMP3 inhibits OSCC proliferation. The expression of IMP3 in SCC-25 and SCC-4 cells transfected with IMP3
siRNA was determined by gqRT-PCR (A) and Western blot (B). (C) Cell growth in OSCC cells transfected with silMP3 as measured by CCK8
assay(n=5). (D) Effects of suppression of IMP3 on the cell cycle progression of SCC-25 and SCC-4 cells measured by flow cytometric analysis.
(E) Expression analysis for cell cycles regulators Cyclin D1 and CDK4 was performed by Western blot. Relative expression levels were
calculated using the image J software (n =3). P < 0.05 was considered to be statistically significant, **P <0.01, ***P < 0.001, ****P < 0.0001.
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that E2F5 was upregulated in OSCC tissue and
had a positive correlation with IMP3 (Figure 3A,
3B). Examination of the level of E2F5 in OSCC
tissue and cell lines, as showed in Figure 3C, 3D,
E2F5 was distinctly overexpressed in SCC-25 and
SCC-4 cell lines when compared to that in HOK
cell. Besides, E2F5 was abundant in OSCC tissue
in comparison to normal tissues as demonstrated by
IHC staining (Figure 3E). Moreover, knockdown of
IMP3 significantly down-regulated E2F5 RNA levels
in SCC-25 and SCC-4 cell lines (Figure 3F). Thus,
all these data imply that IMP3 positively regulates
E2F5 in OSCC.

IMP3 stabilizes E2F5 mRNA

Since IMP3 is an RBP and can promote the
stability of bound RNA, its effect may be exerted on
E2F5 mRNA. Therefore, we analyzed the function of
IMP3 on E2F5 mRNA stability in OSCC cells. Upon
analyzing the E2F5 mRNA sequence, we identified
IMP3 binding motifs (Figure 4A). We investigated
the stability of E2F5 mRNA at different times in the
presence of actinomycin D (Figure 4B). Suppression
of IMP3 significantly decreased the stability and
half-life of E2F5 mRNA. To confirm the predicted
binding sites, we performed RIP assays. As shown in
(Figure 4C), E2F5 mRNA was enriched in IMP3 IP
samples compared to the IgG IP samples, indicating
that IMP3 specifically binds to E2F5 mRNA. Taken
together, these findings demonstrate that E2F5 mRNA
is a direct target of IMP3.

Suppression of E2F5 inhibits the OSCC cell
proliferation

Given that the expression of E2F5 was strongly
correlated with IMP3, we next studied the functions of
E2F5 in OSCC. Transient silencing of E2F5 in SCC-25
and SCC-4 with siRNA significantly down-regulated
the expression of E2F5 as determined by gRT-PCR and
Western blot (Figure 5A, 5B). Suppression of E2F5
inhibited the proliferation of OSCC cells as determined
by CCK8 assay (Figure 5C). Additionally, cell cycle
assays showed that inhibition of E2F5 in SCC-25 and
SCC-4 cells resulted in decreased cell numbers in G1
phase due to reduced levels of CDK4 and Cyclin D1
(Figure 5D, 5E). Collectively, these data demonstrate
that downregulation of E2F5 suppresses the growth of
OSCC cell which shared similar effects of silencing of
IMP3.

To further explore that IMP3 regulated tumor
progression through regulating E2F5, SCC-25 and
SCC-4 cells were transfected silMP3 alone or co-
transfected with silMP3 plus E2F5 vector. As showed

in Figure 6A, 6B, knockdown of IMP3 partly reversed
the cells from the effects of E2F5 on regulation of
E2F5 expression. Moreover, CCK8 assay suggested
that silencing of IMP3 strongly suppressed the cell
growth of OSCC cell. Nevertheless, E2F5 reversed the
inhibitory effects of silMP3 (Figure 6C). All these
findings demonstrate that IMP3 regulates the
progression of OSCC by regulating E2F5.

Ectopic expression of IMP3 inhibits xenograft tumor
growth

Since knockdown of IMP3 expression inhibited the
malignant properties of OSCC cells in vitro, we also
investigated the effect of IMP3 on the tumorigenicity in
a xenograft model. SCC-25 cells stably transfected with
LV-si-IMP3 or LV-si-Ctrl were injected subcutaneously
into nude mice (Figure 7A). Tumor sizes were measured
using a caliper every 5 days. After 30 days, the mice
were euthanized, and tumor weights were measured.
The results demonstrated that the tumor growth and
tumor weight were significantly decreased in IMP3-
knockdown cells as compared to controls (Figure 7B,
7C). Furthermore, gRT-PCR, Western blot, and IHC
showed that the expression of IMP3 and E2F5 was
significantly decreased in LV-si-IMP3 injected sub-
cutaneous xenografts as compared to LV-si-Ctrl (Figure
7D, 7E).

DISCUSSION

In the current study, we found that high IMP3
expression correlated with poor outcomes in OSCC
patients. Also, knocking-down IMP3 in OSCC cell
lines strongly decreased cell proliferation. These
results suggest that IMP3 is a potential therapeutic
target for inhibiting OSCC progression.

In recent years, the molecular regulation mechanism
of IMP3 in cells has received particular attention.
Previous studies showed that the expression of IMP3
is highly correlated with unfavorable prognosis in
OSCC patients and that IMP3 promotes OSCC cells
malignant progression [21, 25]. However, all studies
relied on a non-paralogue-specific antibody and some
results have to be considered with great caution.
Although the detailed mechanisms that drive IMP3
expression in OSCC remain to be determined, a recent
study identified epidermal growth factor (EGF) as
an inducer of IMP3. In this study, we also found
that IMP3 was up-regulated in OSCC tissues and cell
lines (SCC-25 and SCC-4). Moreover, silencing of
IMP3 significantly inhibited the growth of SCC-25
and SCC-4 cells. However, the mechanism by which
IMP3 modulates cell viability in OSCC remained
largely unknown.
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IMP3 has been reported to bind to 3’-UTR of
target mMRNA and stabilize them, which is one of
the mechanisms it is implicated in for cancer [26,
27]. By searching the TCGA database, we found that
E2F5 was up-regulated in OSCC tissue and had a
positive correlation with IMP3. E2F5 belongs to the
E2F transcription factor family which is involved in
cell growth, apoptosis, differentiation and cell cycle in
cancers [28]. Previous studies demonstrate that aberrant
expression of E2F5 is associated with the malignancy of

ovarian cancer, gastric cancer, lung cancer, and
hepatocellular carcinoma [29-32]. Ping Zhou recently
reported that identification of E2F transcription factor
7 as a novel potential biomarker for oral squamous
cell carcinoma [33]. Nevertheless, there are few reports
about the impacts of E2Fs on OSCC, and the related
mechanism has not been clarified, and needs further
study. Thus, we wanted to know whether the increased
proliferation of OSCC cells induced by IMP3 is
mediated by E2F5.
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CCK8 assay (n=5). (D) Effects of suppression of E2F5 on the cell cycle progression of OSCC cells measured by flow cytometric analysis.
(E) Expression analysis for cell cycles regulators Cyclin D1 and CDK4 was performed by Western blot. Relative expression levels were
calculated using the image J software (n =3). P < 0.05 was considered to be statistically significant, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6. Knockdown of IMP3 reverses E2F5-induced cellular phenotypes in OSCC cells. (A, B) gRT-PCR and Western blot were
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was considered to be statistically significant, ¥*P < 0.05, **P <0.01, ***P < 0.001.
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Figure 7. IMP3-depleted inhibits OSCC cell proliferation. (A) Establishment of IMP3-depleted SCC-25 cells. The expression of IMP3 was
analyzed with qRT-PCR and Western blot. Relative expression levels were calculated using the image J software (n=3). (B) Stable IMP3-
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By intersecting the results from RIP and RNA stability
assays, we found that E2F5 is a direct target of IMP3
in SCC-25 and SCC-4 cell. Also, suppression of E2F5
significantly inhibited cell growth of OSCC. In vivo
experiments confirmed that knockdown of IMP3
expression could significantly inhibit the growth of
subcutaneous tumors in nude mice. Also, IHC showed
that the inhibition of IMP3 expression suppressed the
expression of E2F5. Therefore, our research revealed
that IMP3 promotes E2F5 mRNA stability, which may
play a significant role in the proliferation of OSCC.

In conclusion, our results demonstrate that IMP3
has an important role in driving E2F5 expression
and the proliferation of OSCC, which will foster the
development of therapies aimed at treating OSCC.

AUTHOR CONTRIBUTIONS

ZZW and CH conceptualized the study. ZZW:
Methodology, Bioinformatics analysis, Western blot,
IHC, RIP and mouse xenograft studies. HHZ: qRT-
PCR, RNA stability assay. FL curated the data and
CCKS8 and cell cycle assay. HHZ and FL formally
analyzed the data. ZZW wrote the original draft. CH
edited the manuscript. All authors read and approved
the final version of the manuscript.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of
interest.

ETHICAL STATEMENT AND CONSENT

This study was approved by the Ethics Committee of
Xi’an Jiaotong University (approval number 2020393).
Written informed consent was obtained from each
patient.

All the animal experimental protocols were approved by
the Institutional Animal Care and Use Committee of
Xi'an Jiaotong University (approval number 2020393).

FUNDING

This study was supported by the National Natural
Science Foundation of China (82002875 to Zhenzhen
Wang).

REFERENCES

1. Sarode G, Maniyar N, Sarode SC, Jafer M, Patil S, Awan
KH. Epidemiologic aspects of oral cancer. Dis Mon.
2020; 66:100988.
https://doi.org/10.1016/j.disamonth.2020.100988

PMID:32605720

Capote-Moreno A, Brabyn P, Mufioz-Guerra MF,
Sastre-Pérez J, Escorial-Hernandez V, Rodriguez-Campo
FJ, Garcia T, Naval-Gias L. Oral squamous cell
carcinoma: epidemiological study and risk factor
assessment based on a 39-year series. Int J Oral
Maxillofac Surg. 2020; 49:1525-34.
https://doi.org/10.1016/j.ijom.2020.03.009
PMID:32360101

Kondoh N, Mizuno-Kamiya M, Umemura N, Takayama
E, Kawaki H, Mitsudo K, Muramatsu Y, Sumitomo S.
Immunomodulatory aspects in the progression and
treatment of oral malignancy. Jpn Dent Sci Rev. 2019;
55:113-20.

https://doi.org/10.1016/].jdsr.2019.09.001
PMID:31660091

Kim SY, Han YK, Song JM, Lee CH, Kang K, Yi JM, Park
HR. Aberrantly hypermethylated tumor suppressor
genes were identified in oral squamous cell carcinoma
(OSCC). Clin Epigenetics. 2019; 11:116.
https://doi.org/10.1186/s13148-019-0715-0
PMID:31405379

Ghantous Y, Nashef A, Abu-Elnaaj 1. Epigenetic
Alterations Associated with the Overall Survival and
Recurrence Free Survival among Oral Squamous Cell
Carcinoma Patients. J Clin Med. 2020; 9:1035.
https://doi.org/10.3390/jcm9041035

PMID:32272578

Starzynska A, Sejda A, Adamska P, Marvaso G,
Sakowicz-Burkiewicz M, Adamski t, Jereczek-Fossa BA.
Prognostic value of the PIK3CA, AKT, and PTEN
mutations in oral squamous cell carcinoma: literature
review. Arch Med Sci. 2020; 17:207-17.
https://doi.org/10.5114/aoms.2020.100780
PMID:33488873

Niu X, Yang B, Liu F, Fang Q. LncRNA HOXA11-AS
promotes OSCC progression by sponging miR-98-5p to
upregulate YBX2 expression. Biomed Pharmacother.
2020; 121:109623.
https://doi.org/10.1016/j.biopha.2019.109623
PMID:31731187

Wang L, Song Y, Wang H, Liu K, Shao Z, Shang Z. MiR-
210-3p-EphrinA3-PI3K/AKT  axis  regulates the
progression of oral cancer. J Cell Mol Med. 2020;
24:4011-22.

https://doi.org/10.1111/jcmm.15036

PMID:32180353

WeiRe J, Rosemann J, Krauspe V, Kappler M, Eckert
AW, Haemmerle M, Gutschner T. RNA-Binding Proteins
as Regulators of Migration, Invasion and Metastasis in
Oral Squamous Cell Carcinoma. Int J Mol Sci. 2020;
21:6835.

Www.aging-us.com 1908

AGING


https://doi.org/10.1016/j.disamonth.2020.100988
https://pubmed.ncbi.nlm.nih.gov/32605720
https://doi.org/10.1016/j.ijom.2020.03.009
https://pubmed.ncbi.nlm.nih.gov/32360101
https://doi.org/10.1016/j.jdsr.2019.09.001
https://pubmed.ncbi.nlm.nih.gov/31660091
https://doi.org/10.1186/s13148-019-0715-0
https://pubmed.ncbi.nlm.nih.gov/31405379
https://doi.org/10.3390/jcm9041035
https://pubmed.ncbi.nlm.nih.gov/32272578
https://doi.org/10.5114/aoms.2020.100780
https://pubmed.ncbi.nlm.nih.gov/33488873
https://doi.org/10.1016/j.biopha.2019.109623
https://pubmed.ncbi.nlm.nih.gov/31731187
https://doi.org/10.1111/jcmm.15036
https://pubmed.ncbi.nlm.nih.gov/32180353

10.

11.

12.

13.

14.

15.

16.

17.

https://doi.org/10.3390/ijms21186835
PMID:32957697

Liu X, Fu Y, Huang J, Wu M, Zhang Z, Xu R, Zhang P,
Zhao S, Liu L, Jiang H. ADAR1 promotes the epithelial-
to-mesenchymal transition and stem-like cell
phenotype of oral cancer by facilitating oncogenic
microRNA maturation. J Exp Clin Cancer Res. 2019;
38:315.

https://doi.org/10.1186/s13046-019-1300-2
PMID:31315644

Chen HH, Yu HI, Yang MH, Tarn WY. DDX3 Activates
CBC-elF3-Mediated Translation of uORF-Containing
Oncogenic mRNAs to Promote Metastasis in HNSCC.
Cancer Res. 2018; 78:4512-23.
https://doi.org/10.1158/0008-5472.CAN-18-0282
PMID:29921696

Ishii H, Saitoh M, Sakamoto K, Kondo T, Katoh R,
Tanaka S, Motizuki M, Masuyama K, Miyazawa K.
Epithelial splicing regulatory proteins 1 (ESRP1) and 2
(ESRP2) suppress cancer cell motility via different
mechanisms. J Biol Chem. 2014; 289:27386-99.
https://doi.org/10.1074/jbc.M114.589432
PMID:25143390

Hwang YS, Ahn SY, Moon S, Zheng Z, Cha IH, Kim J,
Zhang X. Insulin-like growth factor-Il mRNA binding
protein-3 and podoplanin expression are associated
with bone invasion and prognosis in oral squamous cell
carcinoma. Arch Oral Biol. 2016; 69:25-32.
https://doi.org/10.1016/j.archoralbio.2016.05.008
PMID:27232357

Lin WT, Shieh TM, Yang LC, Wang TY, Chou MY, Yu CC.
Elevated Lin28B expression is correlated with lymph
node metastasis in oral squamous cell carcinomas. J
Oral Pathol Med. 2015; 44:823-30.
https://doi.org/10.1111/jop.12314 PMID:25726847

Wang PF, Wang X, Liu M, Zeng Z, Lin C, Xu W, Ma W,
Wang J, Xiang Q, Johnston RN, Liu H, Liu SL. The
Oncogenic Functions of Insulin-like Growth Factor 2
mMRNA-Binding Protein 3 in Human Carcinomas. Curr
Pharm Des. 2020; 26:3939-54.
https://doi.org/10.2174/138161282666620041308093
6 PMID:32282295

Gu Y, Niu S, Wang Y, Duan L, Pan Y, Tong Z, Zhang X,
Yang Z, Peng B, Wang X, Han X, Li Y, Cheng T, et al.
DMDRMR-Mediated Regulation of m®A-Modified CDK4
by mPA Reader IGF2BP3 Drives ccRCC Progression.
Cancer Res. 2021; 81:923-34.
https://doi.org/10.1158/0008-5472.CAN-20-1619
PMID:33293428

Huang W, Li Y, Zhang C, Zha H, Zhou X, Fu B, Guo J,
Wang G. IGF2BP3 facilitates cell proliferation and
tumorigenesis via modulation of JAK/STAT signalling

18.

19.

20.

21.

22.

23.

24,

25.

pathway in human bladder cancer. J Cell Mol Med.
2020; 24:13949-60.
https://doi.org/10.1111/jcmm.16003 PMID:33094561

Wang X, Tian L, Li Y, Wang J, Yan B, Yang L, Li Q, Zhao R,
Liu M, Wang P, Sun Y. RBM15 facilitates laryngeal
squamous cell carcinoma progression by regulating
TMBIM®6 stability through IGF2BP3 dependent. J Exp
Clin Cancer Res. 2021; 40:80.
https://doi.org/10.1186/s13046-021-01871-4
PMID:33637103

Li K, Huang F, Li Y, Li D, Lin H, Ni R, Zhang Q, Zhao M,
Huang S, Zou L, Huang C. Stabilization of oncogenic
transcripts by the IGF2BP3/ELAVL1 complex promotes
tumorigenicity in colorectal cancer. Am J Cancer Res.
2020; 10:2480-94.

PMID:32905413

Xu HY, Zhu DW, Zhong LP, Zhang ZY, Yang CZ, Yang X,
Zhang P. Effects of insulin-like growth factor binding
protein 3 on cell growth and tumorigenesis in oral
squamous cell carcinoma. Transl Cancer Res. 2019;
8:1709-17.

https://doi.org/10.21037/tcr.2019.08.13
PMID:35116920

Liu J, Jiang X, Zou A, Mai Z, Huang Z, Sun L, Zhao J.
circlGHG-Induced Epithelial-to-Mesenchymal
Transition Promotes Oral Squamous Cell Carcinoma
Progression via miR-142-5p/IGF2BP3 Signaling. Cancer
Res. 2021; 81:344-55.
https://doi.org/10.1158/0008-5472.CAN-20-0554
PMID:33203701

Hwang YS, Xianglan Z, Park KK, Chung WY.
Functional invadopodia formation through
stabilization of the PDPN transcript by IMP-3 and
cancer-stromal crosstalk for PDPN expression.
Carcinogenesis. 2012; 33:2135-46.
https://doi.org/10.1093/carcin/bgs258
PMID:22859271

Hwang YS, Park KK, Cha IH, Kim J, Chung WY. Role of
insulin-like growth factor-Il mRNA-binding protein-3 in
invadopodia formation and the growth of oral
squamous cell carcinoma in athymic nude mice. Head
Neck. 2012; 34:1329-39.
https://doi.org/10.1002/hed.21929 PMID:22052854

Wang Z, Tong D, Han C, Zhao Z, Wang X, Jiang T, Li Q,
Liu S, Chen L, Chen Y, Li A, Huang C. Blockade of miR-
3614 maturation by IGF2BP3 increases TRIM25
expression and promotes breast cancer cell
proliferation. EBioMedicine. 2019; 41:357-69.
https://doi.org/10.1016/j.ebiom.2018.12.061
PMID:30797711

Lin CY, Chen ST, Jeng YM, Yeh CC, Chou HY, Deng YT,
Chang CC, Kuo MY. Insulin-like growth factor II mRNA-

WWWw.aging-us.com

1909

AGING


https://doi.org/10.3390/ijms21186835
https://pubmed.ncbi.nlm.nih.gov/32957697
https://doi.org/10.1186/s13046-019-1300-2
https://pubmed.ncbi.nlm.nih.gov/31315644
https://doi.org/10.1158/0008-5472.CAN-18-0282
https://pubmed.ncbi.nlm.nih.gov/29921696
https://doi.org/10.1074/jbc.M114.589432
https://pubmed.ncbi.nlm.nih.gov/25143390
https://doi.org/10.1016/j.archoralbio.2016.05.008
https://pubmed.ncbi.nlm.nih.gov/27232357
https://doi.org/10.1111/jop.12314
https://pubmed.ncbi.nlm.nih.gov/25726847
https://doi.org/10.2174/1381612826666200413080936
https://doi.org/10.2174/1381612826666200413080936
https://pubmed.ncbi.nlm.nih.gov/32282295
https://doi.org/10.1158/0008-5472.CAN-20-1619
https://pubmed.ncbi.nlm.nih.gov/33293428
https://doi.org/10.1111/jcmm.16003
https://pubmed.ncbi.nlm.nih.gov/33094561
https://doi.org/10.1186/s13046-021-01871-4
https://pubmed.ncbi.nlm.nih.gov/33637103
https://pubmed.ncbi.nlm.nih.gov/32905413
https://doi.org/10.21037/tcr.2019.08.13
https://pubmed.ncbi.nlm.nih.gov/35116920
https://doi.org/10.1158/0008-5472.CAN-20-0554
https://pubmed.ncbi.nlm.nih.gov/33203701
https://doi.org/10.1093/carcin/bgs258
https://pubmed.ncbi.nlm.nih.gov/22859271
https://doi.org/10.1002/hed.21929
https://pubmed.ncbi.nlm.nih.gov/22052854
https://doi.org/10.1016/j.ebiom.2018.12.061
https://pubmed.ncbi.nlm.nih.gov/30797711

26.

27.

28.

29.

binding protein 3 expression promotes tumor
formation and invasion and predicts poor prognosis in
oral squamous cell carcinoma. J Oral Pathol Med. 2011;
40:699-705.
https://doi.org/10.1111/j.1600-0714.2011.01019.x
PMID:23647076

Mancarella C, Pasello M, Manara MC, Toracchio L,
Sciandra EF, Picci P, Scotlandi K. Insulin-Like Growth
Factor 2 mRNA-Binding Protein 3 Influences Sensitivity
to Anti-IGF System Agents Through the Translational
Regulation of IGFIR. Front Endocrinol (Lausanne).
2018; 9:178.
https://doi.org/10.3389/fendo.2018.00178
PMID:29731738

Bao G, Huang J, Pan W, Li X, Zhou T. Long noncoding
RNA CERS6-AS1 functions as a malignancy promoter
in breast cancer by binding to IGF2BP3 to enhance
the stability of CERS6 mRNA. Cancer Med. 2020;
9:278-89.

https://doi.org/10.1002/cam4.2675

PMID:31701672

Endo-Munoz L, Dahler A, Teakle N, Rickwood D, Hazar-
Rethinam M, Abdul-Jabbar I, Sommerville S, Dickinson
I, Kaur P, Paquet-Fifield S, Saunders N. E2F7 can
regulate proliferation, differentiation, and apoptotic
responses in human keratinocytes: implications for
cutaneous squamous cell carcinoma formation. Cancer
Res. 2009; 69:1800-8.
https://doi.org/10.1158/0008-5472.CAN-08-2725
PMID:19223542

Li L, Liu J, Huang W. E2F5 promotes proliferation and
invasion of gastric cancer through directly upregulating
UBE2T transcription. Dig Liver Dis. 2022; 54:937-45.

30.

31

32.

33.

https://doi.org/10.1016/j.d1d.2021.09.003
PMID:34583905

Malgundkar SH, Burney I, Al Moundhri M, Al Kalbani
M, Lakhtakia R, Okamoto A, Tamimi Y. E2F5 Promotes
the Malignancy of Ovarian Cancer Via the Regulation of
Hippo and Wnt Pathways. Genet Test Mol Biomarkers.
2021; 25:179-86.
https://doi.org/10.1089/gtmb.2020.0166
PMID:33734894

Xie Y, Hang X, Xu W, Gu J, Zhang Y, Wang J, Zhang X,
Cao X, Zhan J, Wang J, Gan J. CircFAM13B promotes
the proliferation of hepatocellular carcinoma by
sponging miR-212, upregulating E2F5 expression and
activating the P53 pathway. Cancer Cell Int. 2021;
21:410.

https://doi.org/10.1186/s12935-021-02120-6
PMID:34348712

Ma D, Qin Y, Huang C, Chen Y, Han Z, Zhou X, Liu H.
Circular RNA ABCB10 promotes non-small cell lung
cancer progression by increasing E2F5 expression
through sponging miR-584-5p. Cell Cycle. 2020;
19:1611-20.
https://doi.org/10.1080/15384101.2020.1761617
PMID:32420810

Zhou P, Xiao L, Xu X. Identification of E2F transcription
factor 7 as a novel potential biomarker for oral
squamous cell carcinoma. Head Face Med. 2021; 17:7.
https://doi.org/10.1186/s13005-021-00258-2
PMID:33637098

WWWw.aging-us.com

1910

AGING


https://doi.org/10.1111/j.1600-0714.2011.01019.x
https://pubmed.ncbi.nlm.nih.gov/23647076
https://doi.org/10.3389/fendo.2018.00178
https://pubmed.ncbi.nlm.nih.gov/29731738
https://doi.org/10.1002/cam4.2675
https://pubmed.ncbi.nlm.nih.gov/31701672
https://doi.org/10.1158/0008-5472.CAN-08-2725
https://pubmed.ncbi.nlm.nih.gov/19223542
https://doi.org/10.1016/j.dld.2021.09.003
https://pubmed.ncbi.nlm.nih.gov/34583905
https://doi.org/10.1089/gtmb.2020.0166
https://pubmed.ncbi.nlm.nih.gov/33734894
https://doi.org/10.1186/s12935-021-02120-6
https://pubmed.ncbi.nlm.nih.gov/34348712
https://doi.org/10.1080/15384101.2020.1761617
https://pubmed.ncbi.nlm.nih.gov/32420810
https://doi.org/10.1186/s13005-021-00258-2
https://pubmed.ncbi.nlm.nih.gov/33637098

