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Abstract
Purpose The expression of eukaryotic translation initiation factor 2 subunit 3 (EIF2S3) in patients with non-small cell lung and colorectal
cancer is lower than that in healthy individuals. However, the functions of EIF2S3 remain unclear, and its study in leukemia has not been
reported. The article aims to explore the role of EIF2S3 in AML (acute myeloid leukemia) and its underlying mechanism.

Methods Reverse transcription-quantitative PCR was performed to evaluate the expression levels of EIF2S3, and its association with
patient prognosis was determined. Inducible HEL-EIF2S3 and HL-60-EIF2S3 cell lines were established by retrovirus infection. Cellular
proliferation and the cell cycle were analyzed using Cell Counting Kit 8 and �ow cytometric analyses. Tumorigenic ability was evaluated
using xenograft nude mouse model. Gene expression pro�les were analyzed in HL-60-EIF2S3 cells by next-generation sequencing, and WB
analysis was performed to detect the expression of related proteins.

Results The expression of EIF2S3 in patients with AML was lower than that experiencing CR (P=0.02). Furthermore, EIF2S3 overexpression
inhibited cellular proliferation, halted G0/1 to S phase cell cycle progression and inhibited tumorigenicity (P=0.015). 479 differentially
expressed genes were identi�ed between HL60-EIF2S3 DOX (-) and HL60-EIF2S3 DOX (+) cells via NGS and several of them involved in
MAPK/ERK signaling pathway. The phosphorylation levels of ERK decreased when EIF2S3 was overexpressed(P 0.050).

Conclusion EIF2S3 overexpression may result in a decrease in cellular proliferation, cell cycle arrest and tumorigenic inhibition via the
MAPK/ERK signaling pathway in AML cells.

Introduction
Acute myeloid leukemia (AML) is a myeloid malignancy characterized by the aberrant proliferation of immature and abnormal primitive
cells, and the disruption of hematopoiesis (1). As a common type of leukemia, the American Cancer Society estimated 19,520 new cases
of AML in the United States, accounting for 1.2% of all new cancer cases in 2019 (2). In China, leukemia was one of the top ten
malignancies with a high mortality rate, with an increasing incidence rate from 2000 to 2011 (3). With the rapid development of
cytogenetics and molecular biological techniques, constant progress has been made in the diagnosis and treatment of AML in recent
years. In addition to the traditional treatments of chemotherapy and hematopoietic stem cell transplantation, various novel molecular-
targeted agents have been identi�ed, including histone deacetylase and receptor-type tyrosine-protein kinase FLT3 inhibitors (4). The
Surveillance, Epidemiology, and End Results Program have demonstrated that the relative 5-year survival rate increased from 7.41 to
29.77% in patients with AML, though this is still a relatively low rate in general (2). Furthermore, relapse remained the primary reason for
this poor prognosis (5). Therefore, the focus of AML therapy is to identify novel biomarkers for improving treatment options and patient
prognosis.

Eukaryotic translation initiation factor 2 subunit 3 (EIF2S3/eIF2γ) is located in the Xp22.11 region of the X chromosome, and comprises
472 amino acids. EIF2S3 is a protein subunit that contains a GTP-binding pocket. As the core of the heterotrimer, EIF2S3 constitutes the
eukaryotic translation initiation factor 2 (eIF2) with the other two subunits, EIF2S1 and EIF2S2 (6-8). eIF2 plays an important role in
eukaryotic translation, binding GTP through eIF2γ and initiator methionyl-tRNA (Met-tRNAi

Met) to form a stable ternary complex, and
identifying the translation initiation site (7,9). Previous studies have reported that EIF2S3 mutations cause X-linked intellectual disabilities
(XLID; also known as mental retardation, epileptic seizures, hypogenitalism, microcephaly and obesity syndrome, based on its associated
characteristics), characterized by mental de�ciency, epilepsy, hypogenitalism, microcephaly and obesity (10-13). In tumor-related studies,
Chain et al (14) illustrated that the level of peripheral blood EIF2S3 mRNA expression was lower in patients with non-small cell lung cancer
than in healthy subjects. Chang et al. (15) observed a similar outcome in colorectal cancer. However, the functions and mechanisms
underlying these observations remain unclear, and there are currently no relevant reports surrounding EIF2S3 expression in AML.

To the best of our knowledge, the present study was the �rst to discover that EIF2S3 is signi�cantly associated with clinicopathological
parameters and a positive prognosis in patients with AML. EIF2S3 overexpression resulted in a decrease in cellular proliferation, cell cycle
arrest and tumorigenic inhibition via the MAPK/ERK signaling pathway.

Materials And Methods
Patients and samples. A total of 61 bone marrow (BM) samples were acquired from patients with AML at the First A�liated Hospital of
Guangzhou Medical University (Guangzhou, China), who were diagnosed between October 2012 and March 2017. Diagnosis was
established following clinical, morphological, cytochemical, �ow cytometric and cytogenetic analysis, which conformed to the World
Health Organization (WHO) diagnostic criteria (16,17). A marrow or blood blast count ≥20% was considered as diagnostic of AML, except
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for patients with t(15;17), t(8;21), inv(16) or t(16;16). Complete remission (CR) was de�ned as follows: i) A BM blast count <5%; ii) absence
of blasts with Auer rods; iii) absence of extramedullary disease; iv) absolute neutrophil counts >1.0x109/l; v) platelet counts >100x109/l;
and vi) independence of red cell transfusions (18). According to the French-American-British (FAB) classi�cation for the diagnosis and
classi�cation of AML (17), 41 samples were classi�ed as primary AML, including 1 sample with M0, 3 samples with M1, 12 samples with
M2, 6 samples with M3, 7 samples with M4, 7 samples with M5, 1 sample with M6 and 4 unclassi�ed samples. A further 20 samples were
obtained from patients with CR. The follow-up time ended in July 2018. The study was approved by the ethics committee of the First
A�liated Hospital of Guangzhou Medical University, and each patient gave written informed consent for the use of their specimens for
medical research, conforming to the tenets of the Declaration of Helsinki.

Cell culture. AML cell lines (HL-60 and HEL) and 293FT cells were purchased from the cell library of the Chinese Academy of Sciences, and
separately cultured in RPMI 1640 medium (HL-60 and HEL cells) and DMEM (293FT cells) (both HyClone; Cytiva) with 10% fetal bovine
serum (FBS; Gibco; Thermo Fisher Scienti�c, Inc.). The cells were maintained in an incubator at 37˚C with 5% CO2 and 95% air.

Vector construction. Cells overexpressing EIF2S3 were generated using the Retro-X Tet-Off Advanced doxycycline (DOX) inducible
expression system per the manufacturer’s protocol (TaKara Biotechnology Co., Ltd.). The targeted gene (EIF2S3) was suppressed in the
presence of 100 ng/ml DOX (Sigma-Aldrich; Merck KGaA). The full-length coding sequence of the EIF2S3 gene was determined using the
NCBI (https://www.ncbi.nlm.nih.gov/gene/) and ampli�ed using KOD DNA polymerase (Toyobo Life Science) with the following primers:
EIF2S3 forward, 5’-ATAAGAATGCGGCCGCATGGCGGGCGGAGAA-3’ and reverse, 5’- GGAATTCTCAGTCATCATCTACTGTTGGC-3’. The
pRetroX-Tight-Pur vector was linearized using Not  and EcoR  and then puri�ed on a 1% agarose gel to remove the fragment. The EIF2S3
gene fragment was cloned into the linearized vector (designated pRetroX-Tight-EIF2S3) using the Ligation high kit (Toyobo Life Science).

Transformation. transfection and stable cell line generation. Competent DH5α cells (TransGen Biotech Co., Ltd.) were transformed with the
recombinant pRetroX-Tight-EIF2S3 vector. The cells were cultured on amp-agarose plates overnight (16-24 h) at 37˚C. Colonies were then
picked and cultured in ampicillin broth for an additional 16-24 h. Positive clones were con�rmed by digestion with Xho  and Not  followed
by sequencing. pRetroX-Tight-EIF2S3, pRetroX-Tight-Pur, pRetro-X Tet-Off Advanced and the packing plasmid pCL-Ampho were co-
transfected into 293FT cells using TransIntro™ EL Transfection Reagent (TransGen Biotech Co., Ltd) per the manufacturer’s protocol. At 48
h post-transfection, the culture media were clari�ed using a 0.45-μm �lter and the viral supernatant was harvested; HL-60 and HEL cells
were infected following the addition of 4 μg/ml polybrene. After 6 h, the media were replaced, and the cells were incubated for a further 24
h. Stably transfected cells were selected with puromycin (1μg/ml for 72 h). Cultured cells were induced with DOX (100 ng/ml) for 2 days
and protein expression were assessed by western blotting. Cells were induced for a further 4 days prior to use in experiments.

RNA extraction and reverse transcription-quantitative PCR (RT-qPCR). Mononuclear cells were isolated from BM samples using lymphocyte
separation medium (TBDscience Co., Ltd.) and total RNA was extracted using TRIzol® reagent (Invitrogen; Thermo Fisher Scienti�c, Inc.)
according to the manufacturers’ instructions. Complementary DNA was synthesized using the PrimeScript™ RT reagent Kit (Takara
Biotechnology Co., Ltd.), and qPCR was conducted using iQTM SYBR® Green Supermix with the CFX384 Real-Time System (both Bio-Rad
Laboratories, Inc.). GAPDH was used as the internal control. Melting curves were detected with only one peak and corresponded to the
annealing temperature. The relative expression ratio was calculated using the 2-ΔΔCq method, and the primer sequences were as follows:
EIF2S3 forward, 5’-ATCCCTGTCAACAGGAGGGA-3’ and reverse, 5’-GGGGCCACATAAAAGGGAGAA-3’; and GAPDH forward, 5’-
TGTTGCCATCAATGACCCCTT-3’ and reverse, 5-CTCCACGACGTACTCAGCG-3’.

Western blot analysis. Total protein was extracted using RIPA lysis buffer (Beyotime Institute of Biotechnology) and the concentration was
determinated by the BCA method. Then approximately 25 ug proteins were boiled at 100 °C for 5 min and separated on 10% SDS-PAGE
gels (Bio-Rad Laboratories, Inc.). The proteins were transferred to PVDF membranes (EMD Millipore), which were then blocked with 5%
non-fat milk in TBST for 1 h at room temperature, and subsequently incubated overnight with antibodies against EIF2S3, AKT, p-AKT, ERK,
p-ERK, p38, JNK and p-JNK (all Cell signaling Technology, Inc.). GAPDH (TransGen Biotech Co., Ltd.) was used as the loading control. The
membranes were washed and then incubated with horseradish peroxidase-conjugated anti-mouse IgG or anti-rabbit IgG (TransGen Biotech
Co., Ltd.) for 1 h at room temperature. The protein bands were visualized with ECL solution (Beyotime Institute of Biotechnology).

Cellular proliferation assay. The Cell Counting Kit-8 (CCK-8; TransGen Biotech Co., Ltd.) was used to assess the cellular proliferation rate,
according to the manufacturer’s instructions. The cells were seed into 96-well plates (1x103 cells/well) and assessed at the indicated
timepoints (0, 24, 48, 72, 96, 120 and 144 h post-culture). The absorbance was measured at 450 nm and the proliferation rates were
calculated.
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Cellular invasion assay. A cell invasion assay was performed using 8-μm pore size Transwell plates (Costar; Corning, Inc.) precoated with
Matrigel at a dilution 1:9 (BD Biosciences). A total of 1x104 cells/well in 200 μl serum-free medium were seeded into the upper chambers,
while the bottom chamber was �lled with 500 μl complete culture medium (10% FBS). After incubation for 24 h at 37˚C, the numbers of
migratory cells in the bottom chamber were counted under a microscope.

Flow cytometric analysis. For cell cycle analysis, cells were washed twice with PBS and then �xed with cold 70% ethanol at 4˚C overnight.
The �xed cells were then centrifuged, stained with propidium iodide (PI) solution (50 μg/ml; 100 μg/ml RNase A; and 0.5% Triton X-100) for
30 min at 37˚C in the dark. The stained cells were analyzed using a FACSCalibur �ow cytometer (Becton, Dickinson and Company) and
Flowjo software.

Mouse human tumor xenograft model. Following sodium pentobarbital anesthesia (50 mg/kg), HL-60-EIF2S3 cells (1x106

cells/100ul/mouse) were subcutaneously transplanted into 4-6-week-old BALB/C nude mice (Animal experimental center, Shanghai,
China). The mice were divided into two groups (n=6 each); one group was fed with standard water and the other was administered water
supplemented with DOX (100 ng/ml). Tumor volumes were evaluated every day using the following formula: Tumor volume (mm3) =
(length x width2)/2. The mice were euthanized by CO2 inhalation after 18 days, and the volume of the cage displaced per minute was 20%.
The tumors were then removed and weighed. The study was performed according to the guidelines approved by the Animal
Experimentation Ethics Committee of The First A�liated Hospital of Guangzhou Medical University. The experiments were approved on
December 10, 2019 and performed between January 2020 and April 2020.

Next-generation sequencing (NGS). Cells from the experimental group [HL60-EIF2S3 DOX (-)] and the control group [HL60-EIF2S3 DOX (+)]
were assessed using mRNA NGS (Sinotech Genomics). And the data was uploaded to GEO database (GSE163683). The R package Edge
was used to identify differentially expressed genes (DEGs) between the cells overexpressing EIF2S3 and the control cells. The cut-off
criteria were P value<0.05 and |log2 fold change (FC) | ≥2. Gene Ontology (GO) function and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analyses were performed on the identi�ed DEGs.

Bioinformatics analysis. RNA-seq data from patients with AML were acquired from The Cancer Genome Atlas (TCGA) database, as well as
clinical information including sex, age and FAB classi�cation. The associations between EIF2S3 expression, clinical characteristics and
AML prognosis were evaluated using UALCAN (http://ualcan.path.uab.edu/) and OncoLnc(http://www.oncolnc.org/).

Statistical analysis. All data were analyzed using GraphPad Prism 6.0 (GraphPad Software, Inc.) and SPSS 22.0 (IBM Corp). The
experiments were repeated three times and are presented as the mean ± standard deviation (X±SD). Differences between the means of two
or more experimental groups were assessed using the Mann-Whitney test, t-test or the analysis of variance (ANOVA) test. The log-rank test
was used to assess the statistical signi�cance of the Kaplan-Meier survival plots. Univariate and multivariate analyses were based on the
Cox proportional hazards regression model. P<0.05 was considered to indicate a statistically signi�cant difference.

Results
TCGA bioinformatics analysis of the role of EIF2S3 in patients with AML. UALCAN was used to assess EIF2S3 mRNA expression levels in
AML patients with different clinical characteristics. The results indicated that EIF2S3 expression may by associated with sex, age and FAB
type. (Fig. S1). However, there were no obvious differences in EIF2S3 expression between different races or genetic abnormities (FLT3
mutation, PML-RAR gene fusion and Ras activation; Fig. S2). Furthermore, OncoLnc we used to evaluate the prognostic value of EIF2S3 in
patients with AML from TCGA database. The results demonstrated that low EIF2S3 expression was signi�cantly associated with poor
prognosis (P=0.003; Fig. 1B).

Expression levels of EIF2S3 in patients with primary AML and CR. EIF2S3 mRNA expression levels were evaluated by RT-qPCR. A total of
61 AML samples were collected for experimentation. The results indicated that the expression levels of EIF2S3 in CR patients (n=20) were
higher than those in newly diagnosed patients (n=41) (P =0.020) (Fig.1A).

Association between EIF2S3 expression and clinicopathological parameters. To further evaluate the impact of EIF2S3 in AML, the
association between EIF2S3 expression and patient clinicopathological parameters was investigated. In total, 41 primary AML patient
samples were divided into two groups according to the expression levels of EIF2S3 mRNA. High EIF2S3 expression was detected in 21
samples (51.22%) and low expression was detected in 20 samples (48.78%; Table 1). EIF2S3 expression was found to be correlated with
patient CR (P=0.012) and the outcome at study cut-off, whether alive or dead (P=0.029). However, no signi�cant association with patient
age, sex, white blood cell (WBC) count, hemoglobin (HGB) level, platelet (PLT) count, blasts in the BM, FAB type or receipt of treatment was
determined (Table 1).
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Association between EIF2S3 expression and prognosis in AML. Kaplan-Meier survival analysis demonstrated that high EIF2S3 expression
resulted in increased overall survival (OS; P=0.023) and relapse-free survival (RFS; P=0.013) times (Fig. 1C and D). Furthermore,
multivariate Cox regression analysis illustrated that EIF2S3 was an independent prognostic factor for OS (P=0.013) and RFS (P=0.008)
(Table 2). In addition, univariate survival analysis indicated that age (P=0.021) and treatment (P=0.030) were also associated with RFS in
patients with AML (Table2).

EIF2S3 overexpression suppresses the proliferation of HEL and HL-60 cells. Western blotting was used to determine the EIF2S3 protein
levels in AML and acute lymphocytic leukemia (ALL) cell lines, including THP-1, HEL, HL-60 and Hut102 cells (Fig. 2A). HEL and HL-60
cells overexpressing EIF2S3 were generated by inducible retrovirus infection. Empty vector-transfected cells were used as the control.
Successful generation of HEL-EIF2S3, HEL control, HL-60-EIF2S3 and HL-60 control cells was con�rmed by western blotting (Fig. 2B). In
the overexpressing cells, EIF2S3 expression was suppressed in the presence of DOX. CCK-8 assays were performed to detect cellular
proliferation, which revealed that upregulated EIF2S3 expression in HEL and HL-60 cells markedly suppressed proliferation rate compared
with the control cells (Fig. 2C and D). The effects of the EIF2S3 gene on invasiveness were also evaluated, but no signi�cant differences
were observed between DOX (-) and DOX (+) cells (Fig. 2E and F).

EIF2S3 regulates the cell cycle in HEL and HL-60 cells. To further con�rm the function of EIF2S3-mediated proliferation, �ow cytometry
was used to evaluate the effects of EIF2S3 overexpression on the cell cycle. The ratio of HEL-EIF2S3 DOX (-) to HL-60-EIF2S3 DOX (-) cells
in the G0/1 phase was signi�cantly increased compared with the DOX (+) and control cells (Fig. 2G and H). By contrast, the number of HEL-
EIF2S3 DOX (-) cells in the G2/M phase was decreased (Fig. 2G), as was the number of HL-60-EIF2S3 DOX (-) cells in the S and G2/M
phases (Fig. 2H). There was no signi�cant difference between the control and DOX (+) cells. These results indicated that upregulated
EIF2S3 expression resulted in G0/1 cell cycle arrest and inhibited G1/S transition in AML cells.

Upregulation of EIF2S3 inhibits the tumorigenicity of AML in vivo. Considering that EIF2S3 overexpression inhibited AML cell proliferation
in vitro, its in�uence on tumor formation was subsequently investigated in vivo. Due to ethics considerations and the results of the
aforementioned assays (showing that DOX did not in�uence the experimental results), 12 mice were then divided into 2 groups, one group
mice inoculated with HL-60 EIF2S3 cells, and the other group mice receiving water supplemented with DOX (100 ng/ml) as the control.
Consistent with the proliferation assay results, tumors with excessive EIF2S3 expression grew signi�cantly slower than those of the control
animals one week after xenografting (P=0.004; Fig. 3 B). After a further 18 days, the tumors were removed and the tumor weight and size
recorded (Fig. 3 A). The mean tumor weight and size were lower in mice with EIF2S3 overexpression compared with the control mice
(P=0.015; Fig. 3 C). Therefore, the results suggested that EIF2S3 may play an important role in the inhibition of acute leukemia cell growth
in vivo.

Identi�cation of DEGs, GO functional analysis and KEGG pathway enrichment. To investigate the mechanisms underlying the proliferative
inhibition of HEL-EIF2S3 and HL-60-EIF2S3 cells, mRNA NGS was conducted using HL60-EIF2S3 DOX (-) and HL60-EIF2S3 DOX (+) cells
(GSE163683). In total, 479 DEGs (including 271 upregulated and 208 downregulated genes) were identi�ed from NGS, using P<0.05 and
|log2FC|≥2 as the cut-off criteria. A volcano plot of DEGs and heatmap of the top 30 DEGs are presented in Fig. S3 A and B. GO functional
analysis highlights relevant biological processes associated with DEGs, which showed that the identi�ed DEGs were primarily involved in
‘leukocyte homeostasis’, ‘lymphocyte homeostasis’ and ‘execution phase of apoptosis’ (Fig. S4). KEGG pathway enrichment analysis
identi�ed the relevant signaling pathways associated with these DEGs. In order of the number of DEGs involved in the pathway, the results
revealed that the second most enriched pathway was the MAPK signaling pathway, which is a common tumor signaling pathway (Fig. 4).
After �ltering the pathways (Fig. 4), the DEGs involved in �ve common cell signaling pathways (including those of MAPK, Ras, PI3K-Akt,
FoxO and Rap1) were further investigated (heatmap, Fig 5). Furthermore, the top 30 enriched pathways also revealed that the DEGs were
primarily enriched in the MAPK pathway (based on the rich factor; Fig. S5). Combining the number of DEGs involved in the pathways and
the rich factor, these results suggested that the function of EIF2S3 may be associated with MAPK signaling. The expression of 15 DEGs in
the MAPK signaling pathway was then con�rmed by RT-qPCR, and the expression of 11 genes was markedly different between EIF2S3
overexpressing cells and the controls, which veri�ed the reliability of the sequencing results (Fig. S6).

Relevant proteins and their phosphorylation levels in the MAPK signaling pathway. The results of NGS revealed that EIF2S3 may inhibit
AML cell proliferation and G1/S transition via the MAPK signaling pathway. Western blotting was used to detect relevant pathway proteins
and their phosphorylation levels in AML cells, including ERK, p-ERK, P38, p-P38, JNK1/2/3 and p-JNK1/2/3. The results showed that the
levels of p-ERK were notably decreased in HEL-EIF2S3 DOX (-) and HL-60-EIF2S3 DOX (-) cells compared with their DOX (+) counterparts
(Fig. 6; P 0.001). Collectively, the results suggested that differences in EIF2S3 expression altered the levels of ERK phosphorylation in AML
cells, the core protein in the MAPK/ERK signaling pathway.
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Discussion
AML is a common hematological malignancy with high incidence and mortality rates (19). With developments in cytogenetics and
molecular biology, chromosomal translocations in AML have been revealed, including t(8;21) (q22;q22), inv(16)(p13q22b) and t(16;16)
(p13;q22). Gene fusions have also been discovered (such as BCR-ABL1, MLLT1-ETO and CBFβ-MYH11), as well as mutations in the
nucleophosmin, NRas and runt-related transcription factor 1 genes (20). These alterations were signi�cantly correlated with clinical
prognosis. As such, various novel molecular targeted therapies have emerged, improving on traditional treatments such as chemotherapy
and hematopoietic stem cell transplantation.

With its GTP binding domain, EIF2S3 is one of the core subunits of EIF2, and plays an important role in eukaryotic translation initiation (6-
9). However, relevant studies surrounding the function and mechanism of EIF2S3 in AML are limited. In the present study, data from TCGA
database was used to evaluate the role of EIF2S3 in AML. The results indicated that EIF2S3 expression may by associated with sex, age
and FAB type. Existing studies have suggested that AML is a disease in which age is closely associated with incidence and cure rate, and
that the cure rates are lower in older patients (21). Combined with this phenomenon, EIF2S3 expression was lower in 81-100-year-old
patients, which indicated that it may be associated with poor outcome. Survival analysis using OncoLnc showed that the high-EIF2S3
expression group exhibited improved prognosis compared with the low-expression group, suggesting that EIF2S3 may be a potential
prognostic factor for AML.

To further verify these conclusions, 41 BM specimens from patients with primary AML, and 20 specimens from patients with CR, were
collected. The results demonstrated that EIF2S3 expression levels were higher in patients with CR than in those with primary AML.
Furthermore, there were no signi�cant differences in EIF2S3 expression by age, sex, WBC count, HGB level, PLT count, blasts in the BM,
FAB type or treatment. This was not consistent with the conclusions from previous bioinformatics analyses, which was potentially the
result of the limited number of enrolled patients in the present study. However, the results showed a signi�cant association between
EIF2S3 expression, remission status and treatment outcome. The enrolled patients were followed up for 71 months and survival analysis
illustrated that EIF2S3 was an independent prognostic factor for OS and RFS. To conclude, EIF2S3 may be a favorable indicator of disease
status and prognosis in AML.

Subsequently, the function and mechanism of EIF2S3 in AML were investigated using in vivo and invitro experimentation. In vitro, the
Retro-X Tet-Off Advanced inducible expression system was used to generate AML cells overexpressing EIF2S3 (HEL-EIF2S3 and HL-60
EIF2S3 cells). EIF2S3 overexpression suppressed the proliferation rates and inhibited G0/1 to S phase transition in AML cells. Moreover,
EIF2S3 inhibited the tumorigenicity of HL-60 cells in mice models. To investigate the mechanisms of EIF2S3 in AML, mRNA NGS with
HL60-EIF2S3 DOX (-) and HL60-EIF2S3 DOX (+) cells highlighted 479 DEGs (including 271 upregulated and 208 downregulated genes). GO
functional analysis showed that these DEGs were primarily involved in the biological functions ‘leukocyte homeostasis’, ‘lymphocyte
homeostasis’ and ‘execution phase of apoptosis’, suggesting that EIF3S3 affects AML via these processes. In order of the number of DEGs
involved in the signaling pathway, KEGG pathway enrichment analysis revealed that the second most enriched pathway was the MAPK
signaling pathway, which is commonly associated with tumor formation. This indicates that the function of EIF2S3 may be associated
with the MAPK signaling pathway. In addition, western blot analysis revealed that the protein levels of p-ERK were markedly decreased in
HEL-EIF2S3 DOX (-) and HL-60-EIF2S3 DOX (-) cells compared with the associated controls. The differences in EIF2S3 expression in AML
cells were found to alter the phosphorylation levels of ERK, which is one of the fundamental proteins in the MAPK/ERK signaling pathway.

Eukaryotic cells receive external signals which are then transmitted to critical targets within the cell to achieve the appropriate biological
response. These signal transduction processes are often initiated by receptor tyrosine kinases (RTKs); an essential effector cascade
required for most RTK functions is the MAPK cascade, comprised of the Raf, MEK and ERK kinases. The ERK1/2 signaling pathway has
been widely researched (22,23). Previous studies have demonstrated that ERK1/2 signaling is closely associated with cellular proliferation,
the cell cycle and apoptosis (24). ERK activation induces the cell cycle and inhibits negative regulators of the cell cycle, which is necessary
for G1/S transition (25). ERK activation also allowed successful G1 phase progression by inducing the assembly of cyclin D and the cyclin
D-CDK4 complex, mediating Myc protein stability, regulating the expression of p21 and p27 and downregulating the expression of
antiproliferative genes (26-27). In leukemia, the MAPK signaling pathway (including the ERK1/2 pathway) was found to be abnormally
activated in progenitor cells and suppressing ERK activity inhibited the proliferation of primary acute myeloid leukemia cells and induced
apoptosis (29). In summary, EIF2S3 overexpression may suppress the cellular proliferation and promote cell cycle arrest by inhibiting
MAPK/ERK signal activation in AML.

To the best of our knowledge, the present study is the �rst to investigate the function and mechanism of EIF2S3 in leukemia; therefore,
some de�ciencies and limitations are worth reporting. First, according to the 2016 WHO classi�cation, AML is classi�ed by morphology,
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genetic abnormalities and chromosome translocation. However, genetic and chromosomal data from the enrolled patients were
incomplete. Therefore, the association between EIF2S3 and genetic or chromosomal abnormalities could not be accurately analyzed,
which may have affected the conclusions. Second, based on ethics, the comparison of EIF2S3 expression level in the bone marrow of
healthy people and patients was lacking. the blood samples of patients and healthy people would be collected in the next stage of
research to compare the expression level of EIF2S3. In addition, a limited number of patients were enrolled in the present study; therefore,
more samples and clinical data must be collected in the future to con�rm the �ndings of the present study.

In conclusion, EIF2S3 expression may inhibit the cell cycle, cellular proliferation and tumorigenicity in AML by inhibiting the activation of
the MAPK/ERK signaling pathway. However, further research is required to determine the relevant underlying mechanisms.
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Table 1

Association between EIF2S3 expression and clinicopathological parameters in 41
primary AML patients

Clinicopathological variables Cases (41) EIF2S3 expression value P value

low (20) High (21)

Age (years)        

≤60 31 15 16 1.000

>60 10 5 5  

Gender        

Male 18 8 10 0.756

Female 23 12 11  

WBC a) (×109/L)        

<10 19 8 11 0.536

≥10 22 13 9  

HGB b) (g/L)        

<80 21 13 8 0.121

≥80 20 7 13  

PLT c) (×109/L)        

<50 22 9 13 0.354

≥50 19 11 8  

Blast in BM d)        

<50 % 14 6 8 0.737

≥50 % 24 13 11  

FAB type

M0

M1

M2

M3

M4

M5

M6

 

1

3

12

6

7

7

1

 

1

2

6

1

2

6

0

 

0

1

6

5

5

1

1

 

0.132

Complete Remission f)        

Yes 19 5 14 0.012

No 22 15 7  

Treatment        

chemotherapy 28 13 15 0.172

transplantation 10 4 6  

none 3 3 0  

Outcome at study cut-off       0.029
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Alive 20 6 14  

Dead 21 14 7  

Note: *P < 0.05, the difference was statistically signi�cant.

Abbreviations: a) WBC white blood cell, b) HGB hemoglobin, c) PLT Platelets, d) Blast in BM blast percentage in bone marrow, f) CR
complete remission

Table 2

Cox-regression analysis of parameters associated with OS and RFS of AML patients
Factors OS a) RFS b)

U variate Multivariate    U variate  Multivariate

P HR c) 95 %
CI

P P HR 95 % CI P

Age, years (≤60/>60) 0.059 2.921 1.134-
7.526

0.026 0.021 3.260 1.302-
8.160

0.012

Gender(male/female) 0.743 - - - 0.887 - - -

WBC d) (<10 /≥1×109/L) 0.862 - - - 0.994 - - -

HGB e) (<80/≥80, g/L) 0.142 - - - 0.200 - - -

PLT f) (<50 /≥50, ×109/L) 0.198 - - - 0.123 - - -

Blast in BM g) (<50 % /≥50 %) 0.400 - - - 0.483 - - -

EIF2S3 expression (high/low) 0.023 0.299 0.115-
0.772

0.013 0.011 0.277 0.108-
0.716

0.008

Treatment(chemotherapy/transplantation/none) 0.132 0.618 0.299-
1.281

0.196 0.030 0.717 0.370-
1.387

1.387

Note: *P < 0.05, the difference was statistically signi�cant.

Abbreviations: a) OS overall survival, b) RFS relapse-free survival, c) HR hazard ratio, d) WBC white blood cell, e) HGB hemoglobin, f) PLT
Platelets, g) Blast in BM blast percentage in bone marrow

Figures
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Figure 1

Association between EIF2S3 mRNA expression levels in patients with primary AML or CR and survival analysis. (A) A total of 61 samples
were collected from patients with AML, and reverse transcription-quantitative PCR was used to detect EIF2S3 mRNA expression in newly-
diagnosed (n=41) and CR (n=20) patients (P=0.02). (B) According to the differences in EIF2S3 expression level, patients from The Cancer
Genome Atlas with the top 60% expression levels were de�ned as the high-expression group, and the remaining patients were classi�ed as
the low-expression group. Univariate survival analysis was used to investigate the prognostic effects of EIF2S3 in AML (P=0.0037). (C)
Univariate survival analysis of OS in 41 enrolled patients with primary AML. High EIF2S3 expression was detected in 21 samples (51.22%)
and low EIF2S3 expression was detected in 20 samples (48.78%) (P=0.023). (D) Univariate survival analysis of RFS in 41 patients with
primary AML (P=0.013). EIF2S3, eukaryotic translation initiation factor 2 subunit 3; AML, acute myeloid leukemia; CR, complete remission;
OS, overall survival; RFS, relapse-free survival.
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Figure 2

Overexpression of EIF2S3 suppresses cellular proliferation and G1/S transition in HL-60 and HEL cells. (A) Western blot analysis of EIF2S3
protein levels in AML (THP-1, HEL and HL-60) and ALL (Hut102) cell lines. (B) Western blotting was used to con�rm the successful
overexpression of EIF2S3 in AML and the control cells. (C) Proliferation of HEL-EIF2S3 and HEL control cells was assessed at 24, 48, 72,
96 (P=0.001), 120 (P=0.001) and 144 h (P<0.001). (D) Proliferation of HL-60-EIF2S3 and HL-60 control cells was evaluated at 24, 48, 72,
96 (P=0.006) and 120 h (P<0.001). (E and F) Cellular invasion analysis showed no signi�cant differences between DOX (-) and DOX (+)
cells (P>0.05). (G and H) Flow cytometry was used to investigate the cell cycle distribution of HEL-EIF2S3, HEL control, HL-60-EIF2S3 and
HL-60 control cells. Compared with HEL-EIF2S3 DOX (+) and control cells, HEL-EIF2S3 DOX (-) cells in the G0/1 phase (P=0.001) were
increased, and decreased in the G2/M phase (P=0.002). Compared with HL-60-EIF2S3 DOX (+) and the control cells, HL-60-EIF2S3 DOX (-)
cells in the G0/1 (P<0.001) and S phase (P=0.003) were increased, and those in the G2/M phase (P<0.001) were decreased. Results of
three independent experiments are shown. Data are presented as the mean ± SEM. *P<0.05, **P<0.01 and ***P<0.001. EIF2S3, eukaryotic
translation initiation factor 2 subunit 3; AML, acute myeloid leukemia; ALL, acute lymphocytic leukemia; DOX, doxycycline.
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Figure 3

Upregulation of EIF2S3 expression inhibits the tumorigenicity of AML in model mice. (A) Tumors were removed from mice after inoculation
for 18 days. (B) Growth curve (P=0.004) and (C) weight (P=0.015) of xenografted tumors showed that EIF2S3 overexpression decreased
tumor growth and size. EIF2S3, eukaryotic translation initiation factor 2 subunit 3; AML, acute myeloid leukemia; DOX, doxycycline.

Figure 4

Identi�cation of KEGG enriched pathways in HL60-EIF2S3 DOX (-) and HL60-EIF2S3 DOX (+) cells by next-generation sequencing. KEGG
pathway enrichment analysis described the relevant signaling pathways in order of number of DEGs. KEGG, Kyoto Encyclopedia of Genes
and Genomes; DEG, differentially expressed genes; DOX, doxycycline.
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Figure 5

Analysis of �ve cell signaling pathways based on the results of KEGG analysis. (A) A total of �ve cell signaling pathways were chosen
from Fig. 4 to further investigate the involved DEGs. (B) Heatmap of 20 DEGs; the closer the color to the ends of the color column, the
greater the difference. KEGG, Kyoto Encyclopedia of Genes and Genomes; DEG, differentially expressed gene; DOX, doxycycline.
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Figure 6

Relevant proteins of the MAPK signaling pathway and their phosphorylation levels in HEL-EIF2S3 and HL-60-EIF2S3 cells. (A) Western blot
analysis of the relevant proteins and their phosphorylation levels in the MAPK signaling pathway. (B) Grayscale analysis of relative protein
expression. Data are presented as the mean ± SEM. ***P<0.001. DOX, doxycycline.
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