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Abstract. Eukaryotic translation initiation factor 4A3 (EIF4A3),
akey component of the exon junction complex, is widely involved
in RNA splicing and nonsense-mediated mRNA decay. EIF4A3
has also been reported to be involved in cell cycle regulation
and apoptosis. Thus, EIF4A3 may serve as a pivotal regulatory
factor involved in the occurrence and development of multiple
diseases. Previous studies have demonstrated that EIF4A3 is
mutated in neuromuscular degenerative lesions and is differen-
tially expressed in several tumors, serving as a non-coding RNA
binding protein to regulate its expression. In addition, studies
have reported that inhibiting EIF4A3 can prevent tumor cell
proliferation, thus, several researchers are trying to design and
synthesize potent and selective EIF4A3 inhibitors. The present
review summarizes the function of EIF4A3 in cell cycle and
discusses it underlying molecular mechanisms that contribute
to the occurrence of malignant diseases. In addition, EIF4A3
selective inhibitors, and bioinformatics analyses performed to
analyze the expression and mutations of EIF4A3 in gyneco-
logical tumors and breast cancer, are also discussed.
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1. Introduction

Eukaryotic translation initiation factor 4A3 (EIF4A3), a
member of the EIF4A Asp-Glu-Ala-Asp (DEAD)-box and
ATP-dependent RNA helicase families (1-4), serves as a transla-
tion initiation factor by unraveling secondary structures of the
5'-untranslated region (5). In 2004, EIF4A3 was reported as a
novel and vital element of the exon junction complex (EJC),
which binds spliced but not intronless mRNAs by anchoring the
EJC to RNA (6). The EJC is a complex that contains multiple
proteins and serves different functions, including splicing and
polyadenylation (7), mRNA export (8,9), nonsense-mediated
mRNA decay (NMD) (10), regulation of translation effi-
ciency (11) and the localization of mRNA (12). EIF4A3 is
situated ~24 nucleotides upstream of the exon junction, which is
the canonical EJC region, but can also be found in noncanonical
regions within the exons (13). NMD is an important process
that ensures accurate and efficient translation of proteins, and
prevents the synthesis of abnormal or defective proteins by
degrading incomplete or defective mRNA (14). The key event
in inducing NMD is phosphorylation of the trans-acting factor,
UPF1 RNA helicase and ATPase (UPF1), by SMG1 NMD
associated PI3K related kinase (15). The translation termination
release factors, eukaryotic translation termination factor (ERF)1
and ERF3, and the EJC are required for UPF1 phosphorylation
and the occurrence of NMD (15). RNA interference experiments
have demonstrated that nonsense codon-induced partitioning
shift depends on certain NMD factors, including UPF1 and
EIF4A3, but not the UPF3B regulator of NMD (16). EIF4A3
is an essential component in the physiological processes of
humans. The present review discusses current literature on the
function of EIF4A, particularly in tumors.

2. EIF4A3 and cell function

A previous study reported that the spliceosomal factor,
CWC(C22 spliceosome associated protein homolog (CWC22),
directly interacts with EIF4A3 to recruit the EJC to targeted
mRNA (17). Ryu et al (18) revealed the detailed mechanism,
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demonstrating that threonine 163 in the RNA-binding motif of
EIF4A3 can be phosphorylated by CDK1 and CDK2 in a cell
cycle-dependent manner, which prevents binding of EIF4A3
to spliced mRNAs and other EJC members, and promotes
the interaction between EIF4A3 and CWC22. However, this
phosphorylation inhibits NMD. The splicing of mRNA relies
on the RNA binding motif protein 8A (Y14)/mago homolog,
EJC subunit (Magoh) heterodimer, the core component of
EJC, which is located on the corresponding target site. The
process also requires the participation of EIF4A3. However,
the location of other components of the EJC is not affected by
EIF4A3, which suggests that the binding of different compo-
nents of the EJC to mRNA involves a different signaling
pathway. Furthermore, EIF4A3 has been reported to be associ-
ated with spliced mRNAs at the EJC, suggesting that EIF4A3
may provide an association between splicing and translation
in the cytoplasm (6). Furthermore, computational screening
has demonstrated that EIF4A3 is a potential regulator for
mRNA-protein expression level discrepancy (19). Thus,
EIF4A3 is an indispensable molecule in protein translation.

Previous studies have reported that EIF4A3 is a key
component of cell cycle and apoptosis regulation (20-23). In
addition, EJC-related components serve a vital role in the
splicing of apoptosis factor mRNA. For example, recombinant
EIF4A3, Y14 and Magoh proteins preferentially bind to the
endogenous apoptotic factor BCL2 like 1 (Bcl-x) precursor
RNA, and specifically transfer Bcl-x alternative splicing to the
nuclear extract (20). Furthermore, EIF4A3 serves a role in cell
cycle monitoring. Inhibition of EIF4A3 using compounds or
gene interference technology decreases cell cycle arrest in the
G,/M phase, which in turn increases apoptosis (21).

3. EIF4A3 and tumors

Bioinformatics analyses have revealed that EIF4A3 expression
is upregulated at the transcriptional level in common malignant
tumors (24). E59K/Q is the most prevalent mutation in the
DEAD domain, which influences the TNF-a/NF-kB signaling
pathway (24). Patients with tumors frequently produce autoan-
tibodies, and the identification of tumor autoantigens may serve
a role in the early diagnosis and immunotherapy of cancer (25).
EIF4A3 reactivity has been observed in patients with pancreatic,
colorectal, gastric and hepatocellular cancers, but has not been
observed in patients with chronic pancreatitis or lung cancer, or
in healthy individuals, which suggests that EIF4A3 may serve
as a serum diagnostic marker for patients with cancer (26). In
hepatocellular carcinoma (HCC), phosphorylation of EIF4A3 is
associated with metastasis by regulating mRNA splicing, and
other spliceosome proteins have also been reported to be involved
in the process (27). Lin ef al (28) demonstrated that EIF4A3
expression is upregulated in HCC tissues compared with healthy
liver tissues, and high EIF4A3 expression is associated with a
poor prognosis. EIF4A3 is strongly associated with the expression
of several types of cell cycle regulatory genes (CDK1 and CDK?2),
tumor-associated transcription factors, chemokine signaling path-
ways and spliceosome signaling pathways (18,20-22). In addition,
EIF4A3 expression is upregulated in ovarian cancer tissues
compared with adjacent healthy ovarian tissues (23). However, in
patients with pregnancy-associated breast cancer, EIF4A3 expres-
sion is downregulated, as determined via database analysis (29).

Taken together, these findings suggest that the pathogenic mecha-
nisms of EIF4A3 vary in different types of cancer.

EIF4A3, as an RNA binding protein (RBP), regulates the
expression of non-coding RNAs in tumors. In glioblastoma
multiforme (GBM), circ-matrix metallopeptidase (MMP)9
serves as an oncogene and is associated with cell prolifera-
tion, migration and invasion, among which EIF4A3 promotes
circMMP9 expression by interacting with the upstream region
of the circMMP9 mRNA transcript (30). In breast cancer,
EIF4A3 modulates the cell cycle by promoting the expression of
circ-septin 9 (SEPT9) by binding to SEPT9 pre-mRNA (22). In
gastric cancer (GC), hsa_circ_001988 attenuates GC progres-
sion, and EIF4A3 serves as an RNA-binding protein to promote
hsa_circ_001988 expression (31). Another study reported that
VCAN antisense RNA 1 interacts with EIF4A3 to prevent
EIF4A3 from recruiting tumor protein p53 mRNA, which
downregulates p53 expression in GC cells (32). In breast
cancer and GC, bioinformatics analyses have demonstrated
that EIF4A3 is an RBP to circular RNA (33,34). In addition,
EIF4A3 has been identified as a long non-coding RNA cancer
susceptibility 2 (CASC2)-binding protein, which inhibits
SKOV3 ovarian cancer cell viability, migration and invasion,
and increases cell apoptosis by regulating CASC2 (23). Another
study in GBM demonstrated that EIF4A3 extends the half-life
of long intergenic non-protein coding RNA (LINC)00680
and TTN antisense RNA 1 (TTN-AS1) (35). Similar to
LINCO00680 and TTN-ASI1 knockdown, EIF4A3 knockdown
inhibits glioblastoma cell proliferation, migration and invasion,
and increases apoptosis (35). In non-small cell lung cancer,
LINCO00667 is recruited to EIF4A3 to stabilize vascular endo-
thelial growth factor A mRNA (36). Furthermore, in pancreatic
adenocarcinoma, LINC01232 is recruited to EIF4A3 to regulate
the mRNA stability of transmembrane 9 superfamily member
2 (TMOSF2), which regulates TM9SF2 protein expression (37).

4. EIF4A3 inhibitors

In 2011, a pan EIF4A inhibitor, hippuristanol, was reported to
inhibit human T lymphotrophic virus type 1-infected T-cell
line and adult T-cell leukemia cell proliferation, but not normal
peripheral blood mononuclear cell proliferation, by inducing
cell cycle arrest at the G, phase and decreasing the expression of
cell cycle protein and cyclin-dependent kinase, and promoting
apoptosis by decreasing the expression levels of Bcl-x, baculo-
viral TAP repeat containing 3, X-linked inhibitor of apoptosis
and CASP8 and FADD like apoptosis regulator (38). Recent
studies have demonstrated that NMD inhibition induces tumor
immunity and enhances cancer chemotherapy (39,40). Based
on the key role of EIF4A3 in NMD and the therapeutic poten-
tial of targeting EIF4A3 in cancer, several research groups are
pursuing the development of EIF4A3 inhibitors.

There are three natural products that can be combined with
EIF4A, including hippuristanol, pateamine A and rocaglates (41).
Hippuristanol displays decreased effectiveness toward EIF4A3,
requiring 10-fold higher concentrations compared with
EIF4A1/2 (42). Nuclear magnetic resonance analysis revealed that
hippuristanol inhibits EIF4A1 by binding to its allosteric site (42).
Pateamine A is a pan inhibitor for EIF4A, which blocks EIF4F
complex (used for translation initiation) formation by stabilizing
the interaction between EIF4A and targeted RNA (43). However,
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Figure 1. Expression level and prognostic value of EIF4A3 in gynecological tumors and breast cancer using the UALCAN and Oncomine databases. (A) EIF4A3
expression in CESC analyzed by UALCAN. (B) EIF4A3 expression in OA analyzed by Oncomine. (C) EIF4A3 expression in UCEC analyzed by UALCAN.
(D) EIF4A3 expression in BRCA analyzed by UALCAN. (E) No significant association was observed between EIF4A3 expression levels and overall survival
rate of patients with CESC, analyzed by UALCAN. (F) No significant association was observed between the EIF4A3 expression levels and overall survival rate
of patients with OA, analyzed by Kaplan-Meier Plotter. (G) No significant association was observed between EIF4A3 expression levels and overall survival
rate of patient with UCEC, analyzed by UALCAN. (H) EIF4A3 expression was significantly associated with the overall survival rate of patients with BRCA,
analyzed by Kaplan-Meier Plotter. EIF4A3, eukaryotic translation initiation factor 4A3; CESC, cervical squamous cell carcinoma; OA, ovarian cancer; UCEC,

uterine corpus endometrial carcinoma; BRCA, breast invasive carcinoma.

pateamine A can also induce the ATPase activity of EIF4A3,
and inhibit NMD by stabilizing UPF1 and the EJC complex (44).
Rocaglates displays a similar inhibitory mechanism against
EIF4A1/2 as pateamine A (45). However, these natural EIF4A
inhibitors cannot specifically inhibit EIF4A3. Therefore, selec-
tive EIF4A3 inhibitors are urgently required.

The current research on selective inhibitors of EIF4A3 is
primarily performed by the same research teams in Japan and
Canada. In April 2017, Ito et al (46) identified 1,4-diacylpipera-
zine derivatives by chemical optimization via high-throughput
screening (HTS), and identified selective EIF4A3

inhibitors 53a and 52a for the first time. The results demonstrated
that 53a and 52a display high selectivity for EIF4A3, but not for
the EIF4A1/2 proteins or other helicases. In addition, 53a and 52a
display cellular NMD inhibitory activity, and are associated with
EIF4A3 ATPase inhibitory activity with ICs, values of 0.20 uM
(0.16-0.25) and 0.26 M (0.18-0.38), respectively (46). The
binding sites of 53a and 52a to EIF4A3 are in non-ATP binding
sites (46). Another 1.4-diacylpiperazine derivative, compound 2,
was identified by performing HTS. Compound 2 is highly selec-
tive [1C5,=0.11 uM (0.092-0.13)], but non-competitively with
ATP. Even at 100 xM, compound 2 displays almost no inhibitory
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A EIF4A3 mutation in CESC by COSMIC B EIF4A3 mutation in OA by COSMIC
Number of Color Mutation type Number of

Color Mutation type samples (%) samples (%)
B Nonsense substitution 0 (0.00) [ Nonsense substitution 0 (0.00)
Missense substitution 3 (75.00) Missense-substitution 2 (66.67)
I Synonymous substitution 2 (50.00) I  Synonymous substitution 1 (33.33)
[ Inframe insertion 0 (0.00) 0 Inframe insertion 0 (0.00)
[l Frameshift insertion 0 (0.00) I Frameshift insertion 0 (0.00)
- Inframe deletion 0 (0.00) B nframe deletion 0 (0.00)
[ Frameshift deletion 0 (0.00) [ Frameshift deletion 0 (0.00)
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C EIF4A3 mutation in UCEC by COSMIC D EIF4A3 mutation in BRCA by COSMIC
Color  Mutation type g‘;":;ﬁg ?&, ) Color  Mutation type ga‘:r':g’lg ?"%)
I Nonsense substitution 1(833) [ Nonsense substitution 0 (0.00)
Missense substitution 6 (50.00) Missense substitution 12 (60.00)
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B Inframe deletion 0 (0.00) [ Inframe deletion 0 (0.00)
. Frameshift deletion 0 (0.00) . Frameshift deletion 0 (0.00)
[ | Complex mutation 0 (0.00) [  Complex mutation 0 (0.00)
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Figure 2. COSMIC and cBioPortal analyses of EIF4A3 mutations in gynecological tumors and breast cancer. EIF4A3 mutations in (A) CESC, (B) OA, (C) UCEC
and (D) BRCA, using COSMIC analyses. (E) Mutation analysis of EIF4A3 in CESC using cBioPortal analysis; 1, cervical (TCGA PanCan); 2, cervical (TCGA);
3, cervical squamous cell carcinoma; 4, endocervical adenocarcinoma and 5, mucinous carcinoma. (F) Mutation analysis of EIF4A3 in OA using cBioPortal analysis;
1, ovarian (TCGA); 2, ovarian (TCGA PanCan 2018); 3, ovarian (TCGA pub); 4, serous ovarian cancer and 5, high-grade serous ovarian cancer. (G) Mutation analysis
of EIF4A3 in UCEC using cBioPortal analysis; 1, uterine (TCGA PanCan 2018); 2, uterine (TCGA); 3, uterine (TCGA pub); 4, uterine serous carcinoma/uterine papil-
lary serous carcinoma; 5, uterine endometrioid carcinoma; 6, uterine mixed endometrial carcinoma and 7, endometrial carcinoma. (H) Mutation analysis of EIF4A3
in BRCA using cBioPortal analysis; 1, ACBC (MSKCC/Breast 2015); 2, the MBC project; 3, breast (TCGA); 4, breast (TCGA 2015); 5, breast (METABRIC 2016);
6,BRCA (INSERM 2016); 7, breast invasive carcinoma breast (TCGA PanCan 2018); 8, breast (TCGA pub); 9, BEN (Duke-NUS); 10, breast (BCCRC 2012); 11, breast
(BCCRC Xenograft); 12, breast (Broad 2012); 13, BRCA (MSKCC 2019); 14, breast (Sanger); 15, BREAST (Alpelisib); 16, adenoid cystic breast cancer; 17, ‘Breast
Invasive Cancer, NOS’; 18, breast cancer; 19, breast invasive ductal carcinoma; 20, breast invasive carcinoma (NOS); 21, breast mixed ductal and lobular carcinoma;
22, metaplastic breast cancer; 23, invasive breast carcinoma; 24, breast invasive mixed mucinous carcinoma; 25, breast invasive lobular carcinoma; 26, benign phyl-
lodes tumor of the breast; 27, invasive breast cancer; 28, infiltrating ductal carcinoma; 29, breast. EIF4A3, eukaryotic translation initiation factor 4A3; CESC, cervical
squamous cell carcinoma; OA, ovarian cancer; UCEC, uterine corpus endometrial carcinoma; BRCA, breast invasive carcinoma; TCGA, The Cancer Genome Atlas.
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Figure 3. Summary of EIF4A3 in disease development and progression. EIF4A3, eukaryotic translation initiation factor 4A3; EJC, exon junction complex;
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activity on EIF4A1 and EIF4A2 or DExH-box helicase 29
(DHX29) and small nuclear ribonucleoprotein U5 subunit 200
(Brr2), which belong to the serine and arginine rich splicing
factor 1 (SF2) helicase family (47). Compound 2 binds to the
allosteric region of EIF4A3 and restrains ATPase, helicase and
cellular NMD activities in vitro by inducing a conformational
alteration without disrupting the association with the core
components of EJC (47). By performing chemical optimiza-
tion of compound 2, compound 18 was discovered, which is an
ATP-competitive EIF4A3 inhibitor with IC, ATPase=0.97 uM,
whereas compound 2 displays ICs, ATPase=27 uM (48).

Using the novel 3-(4-chlorophenyl)-1,4-diacylpiperazine
derivative la as a template compound, two novel orally
EIF4A3-selective inhibitors, 1o and 1q, have been identified. Both
lo and 1q display highly selective EIF4A3 inhibitory activity, but
similar to compound 2, do not display an inhibitory effect against
other EIF4A family members or other ATP-dependent RNA
helicases, such as Brr2 and DHX?29. The ICs, values of inhibi-
tors 1o and 1q are 0.1 M (0.06-0.15) and 0.14 uM (0.09-0.22),
respectively. In addition, they both display NMD inhibition
activity, which was identified by performing a luciferase based
cellular NMD reporter assay (49). A HCT-116 xenograft mouse
model was used to analyze the antitumor activity of lo and 1q.
The results demonstrated that 1o and 1q significantly inhibit the
growth of transplanted tumors without severe weight loss of
the xenograft mouse models (49). Further studies will identify
additional EIF4A3 small molecule inhibitors for EJC and NMD,
and for cancer targeted EIF4A3 treatment.

5. Bioinformatics analysis of EIF4A3 in gynecological tu-
mors and breast cancer

Given the lack of understanding of the role of EIF4A3 in gyne-
cological cancer, as well as the controversial role of EIF4A3 in
breast cancer, the present review systematically analyzed the
expression difference and mutation status of EIF4A3 in breast
cancer and gynecological tumors via bioinformatics analysis.
Based on the differential expression of EIF4A3 between cancer

and matched healthy tissues, and the presence of mutations in
some diseases, three types of gynecological tumors, including
uterine corpus endometrial carcinoma, cervical squamous cell
carcinoma and ovarian cancer, and breast cancer were analyzed.

EIF4A3 expression in gynecological tumors and breast
cancer. The gene expression levels of EIF4A3 were analyzed in
gynecological tumors using the University of Alabama Cancer
Database (UALCAN), an online website for The Cancer
Genome Atlas (ualcan.path.uab.edu), and Oncomine (Www.
oncomine.org/resource/login.html) databases. The results
demonstrated that EIF4A3 expression was upregulated in gyne-
cological tumors and breast cancer (Fig. 1A-D). Furthermore,
Kaplan-Meier Plotter (https://kmplot.com/analysis) and
UALCAN were used to assess the association between EIF4A3
expression and the survival rate of patients with gynecological
tumors and breast cancer. In breast cancer, high EIF4A3
expression was associated with poor survival rates (Fig. 1E-H).

EIF4A3 mutations in gynecological tumors and breast cancer.
Using cBioPortal (www.cbioportal.org) and Catalogue Of
Somatic Mutations In Cancer (cancer.sanger.ac.uk/cosmic),
EIF4A3 mutations in gynecological tumors and breast cancer
were analyzed. The mutations, such as substitution missense,
nonsense, synonymous and insertion frame shift, are presented
in Fig. 2A-D. In all four types of cancers, the most frequent muta-
tion observed was substitution missense, and no gene fusion was
observed in all four types of cancers. The altered frequencies of
EIF4A3 in the four types of cancers are presented in Fig. 2E-H.
The results indicated that 2.0-2.5% of cervical cancer, 3-7% of
ovarian cancer, 1.5-3.5% of endometrial carcinoma and 4-17% of
breast cancer clinical samples contained EIF4A3 mutations.

6. Conclusions
EIF4A3 has been identified as a key component in the EJC,

and is involved in benign and malignant disease progres-
sion and development (Fig. 3). However, the biological role
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of EIF4A3 remains unclear, thus, further investigations on
the EJC, NMD and tumors are required. EIF4A3 primarily
functions via its role as a key component of the EJC, and
other key proteins of the EJC may serve similar roles,
particularly in neuromuscular development. For example, in
the embryos of the frog Xenopus laevis, EIFAA3 knockdown
causes general paralysis and defects in sensory neurons,
pigment cells and heart development (50). Following knock-
down of other core proteins of the EJC, similar phenotypes
are observed (50). Although there are only a few studies
on EIF4A3 in cancer (22,35,36), it has been demonstrated
that EIF4A3 is differentially expressed in cancer tissues
and healthy tissues. By performing bioinformatics analysis,
the present study demonstrated that EIF4A3 expression
was upregulated in gynecological tumors and breast cancer
compared with matched healthy tissues. In addition, EIF4A3
mutations were observed in cancer, particularly in breast
cancer. In a study on the regulation of tumorigenesis, it
was reported that EIF4A3, as an RBP, regulates the expres-
sion of non-coding RNAs (30,37). However, the roles and
underlying molecular mechanisms of EIF4A3 in EJC, NMD
and tumorigenesis remain unclear. Thus, several medicinal
chemists are aiming to develop highly selective EIF4A3
inhibitors to identify the role of EIF4A3. Although research
on EIF4A3 inhibitors is still in the preclinical stage, several
potent EIF4A3 inhibitors (EIF4A3 inhibitor la, 53a, lo
and 1q) have been identified (46,48,49), and with further
research, the molecular mechanism underlying EIF4A3 will
be revealed. Thus, EIF4A3 may serve as a novel therapeutic
target for cancer in the future.
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