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SPAG1 promotes the development of AML by activating the ERK/MAPK
signaling pathway and affects the chemotherapy sensitivity of venetoclax
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Sperm-associated antigen 1 (SPAGI) is considered to be associated with infertility and tumorigenesis. However, its
function in acute myeloid leukemia (AML) remains unclear. In this study, we evaluated the expression level of SPAG1 and
explored its clinical prognostic value in patients with AML, as well as its biological function in AML cells. SPAG1 is widely
expressed in AML patients, resulting in a poor prognosis. However, its expression was not associated with Fms-related
receptor tyrosine kinase 3 (FLT3) mutations. Utilizing the RNA interference knockdown tests, we found that SPAG1 could
promote the proliferation and survival of AML cells and regulate the expression of structural maintenance of chromo-
somes protein 3 (SMC3), activating the ERK/MAPK signaling pathway. Furthermore, we discovered that inhibiting SPAG1
impacted AML cell susceptibility to venetoclax. In conclusion, SPAG1 may serve as a potential therapeutic target in AML.
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Acute myeloid leukemia (AML) is the most common
acute leukemia in adults, with a 5-year survival rate of only
15-30%. Chemotherapy and allogeneic stem-cell transplanta-
tion are the current treatment options for AML [1]. Although
many AML patients achieve clinical remission after treat-
ment, a significant portion of these patients, especially high-
risk patients, relapse and die as a result of disease progression
[2, 3]. Therefore, innovative and reliable biomarkers for AML
diagnosis and prognosis are urgently needed.

SPAGL is a sperm-associated antigen that is located mostly
in the neck and midpiece of pachytene primary spermato-
cytes and has been linked to female infertility [4, 5]. It has
been found to be upregulated in pancreatic cancer, and its
participation in cellular motility has led to speculation that
SPAGI may be involved in early cancer dissemination [6].
Although bioinformatics studies have shown that high
SPAGL expression in AML is strongly associated with poor
prognosis, high risk, and FLT3 and DNMT3A mutations [7],
these bioinformatics findings must be validated experimen-
tally to properly characterize the association between SPAG1
and AML. Therefore, our study verified the expression of
SPAGLI in AML and explored its functional mechanism in
AML.

In AML, the BCL-2 family plays a crucial role. In AML
cells, BCL-2 is upregulated, especially in leukemia stem
cells [8]. Venetoclax, a selective BCL-2 inhibitor, has been

approved for the treatment of chronic lymphocytic leukemia
and other hematological malignancies. The FDA approved
venetoclax for the treatment of newly diagnosed elderly
AML patients in combination with hypomethylating agents
or low-dose cytarabine [9, 10]. However, the emergence of
resistance following long-term treatment highlights the need
for a greater understanding of the underlying mechanisms.

Patients and methods

GEPIA. Gene Expression Profiling Interactive Analysis
(GEPIA) [11] is a widely used interactive web server that
allows users to analyze gene expression profiles. The Cancer
Genome Atlas (TCGA) and the GTEx database were used
to create GEPIA, which contains 9,736 tumors and 8,587
normal tissues. We investigated the differential expression of
the SPAG1 gene in AML and normal tissues by GEPIA.

GEO. The Gene Expression Omnibus (GEO) is a public
data repository for functional genomics. Users can utilize
the tools to search for and download experiments as well as
curated gene expression profiles. In the GEO database, we
looked for the expression of SPAGL in several datasets.

cBioportal. The cBio Cancer Genomics Portal (cBioportal)
is a user-friendly website that enables users to access and
analyze cancer data from TCGA [12, 13]. We obtained the
clinical data of AML patients via cBioportal.
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UALCAN. UALCAN [14] is a cancer database that
contains information on gene expression, gene methylation,
disease survival, and gene association. In our research, we
used UALCAN to look for genes that were co-expressed with
SPAGI.

Cytoscape. Cytoscape [15] is a free and open software
platform for viewing complex networks and combining them
with any type of attribute data. We performed Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses of genes co-expressed with
SPAG1 using the ClueGO plug-in.

Specimen collection. We extracted bone marrow
mononuclear cells (BM-MNCs) from 79 newly diagnosed
and untreated patients with AML from the Department of
Hematology, Second Hospital of Hebei Medical Univer-
sity, Shijiazhuang, China. We used BM-MNCs from 26
healthy people as normal controls. Patients with AML were
diagnosed by cell morphology, immunology, cytogenetics,
and molecular biology. BM-MNCs were isolated using
lymphocyte separation solution according to the directions.
This study was approved by the Hospital Ethics Committee.

Cell lines. One human nontumor bone cell line, HS-5,
and three human leukemia cell lines, Molm-13, K562, and
U937, were maintained in our laboratory. MV-11 cells were
purchased from the cell bank of the Chinese Academy of
Sciences. Molm-13, K562, and U937 cells were cultured in
Roswell Park Memorial Institute-1640 medium (RPMI-1640;
Gibco), MV4-11 cells were cultured in Iscove’s Modified
Dulbecco Medium (IMDM), and HS-5 cells were cultured
in Dulbecco modified Eagle medium (DMEM; Gibco)
containing 10% fetal bovine serum (FBS; Gibco), 100 U/ml
penicillin, and 100 pg/ml streptomycin. The temperature of
the incubating environment was set at 37 °C, with humidified
air containing 5% CO.,.

RNA extraction and RT-qPCR. TRIzol (Invitrogen,
Carlsbad, CA, USA) was used to isolate total RNA from
cells. A reverse transcriptase reaction was carried out using
a reverse transcriptase reaction kit (Funeng, Guangzhou,
China) according to the manufacturer’s instructions. Real-
time quantitative PCR was performed using a real-time
quantitative PCR kit (Funeng, Guangzhou, China). The
primer sets for RT-qPCR were SPAGl-specific primers
(Hs-QRP-24686, Funeng, Guangzhou, China), SMC3-specific
primers (sense, 5-GATGAAGGAGAAGGGAGTGGT-3’
antisense, 5-ATCAGAGCAAGGGCTACCAAG-3’), and
GAPDH-specific primers (sense, 5’-CCTCTGACTTCAACA
GCGACAC-3’; antisense, 5-TGGTCCAGGGGTCTTAC-
TCC-3).

Western blot analyses. A radioimmunoprecipitation assay
(RIPA) buffer was used to extract total proteins from cells.
The Bicinchoninic Acid Kit was used to determine protein
concentration (Boster Biological Company, Ltd., Wuhan,
China). A 10% SDS-PAGE analysis was performed, and 30 pg
of protein from each sample was analyzed. The proteins were
transferred to polyvinylidene difluoride membranes, which

were then blocked with 5% defatted milk. The protein bands
were then incubated overnight at 4°C with the appropriate
primary antibodies before being incubated for 1 h with the
secondary antibodies. The primary antibodies were SPAG1
(1:600; Signalway Antibody Co Ltd, MD, USA; 31270),
Bcl-2 (1:600; Boster Biological Company, Ltd., Wuhan,
China; BM0200), Bax (1:600; Boster Biological Company,
Ltd., Wuhan, China; A00183), cleaved-Caspase3 (1:1000;
Abcam, CA, USA; ab32042), SMC3 (1:600, Boster Biological
Company, Ltd., Wuhan, China; PB9746), p-MEK1/2 (1:1000;
Cell Signaling Technology, USA; #9121S), MEK1/2 (1:1000;
Cell Signaling Technology, USA; #9122S), p-ERK1/2 (1:1000;
Cell Signaling Technology, USA; #8544S), ERK (1:1000;
Cell Signaling Technology, USA; #9102S), -actin (1:8,000;
Abways Technology, New York, NY, USA; AB0035), and
goat-anti-rabbit (1:10,000, Boster Biological Company, Ltd.,
Wauhan, China). The bands were visualized using the BioSpec-
trum Imaging System (UVP, LLC, Upland, CA, USA).

siRNA transfection. To mute the expression of SPAGI,
small interfering RNAs (SPAG1-siRNA: 5-GCUAUGAC-
CAAAGAUUTT-3") were generated by Anhui General
Biosystems Co., Ltd. (Anhui, China). SiRNA transfections
were carried out using the Advanced DNA RNA Transfec-
tion Reagent (Zeta Life, USA, AD600025) according to the
manufacturer’s instructions.

Cell growth. Cells were seeded in 96-well plates at a
density of 1x10° cells/well. They were cultured for 0, 24, 48,
72,and 96 h, in a certain order. Cells were cultured for 1-4 h
at 37°C in 100 pl of culture medium containing 10 pl of Cell
Counting Kit-8 (Beibo Biological Reagent Co., Shanghai,
China) reagent. At 450 nm, the absorbance was measured
using a microplate reader (BioTek, Winooski, VT, USA).

Proliferation assays. For the colony formation assay,
3x10° cells were grown for 2 weeks in the methylcellulose
medium at 37°C with 5% CO, saturation in each well of
6-well plates. 2 g of methylcellulose, 50 ml of ultrapure water,
and 50 ml of 2xRPMI-1640 (Gibco; 31800022) were used to
make the methylcellulose medium, which was subsequently
supplemented with 20% FBS and 1% antibiotics (100 U/ml
streptomycin and 100 mg/ml penicillin). The number of
colonies containing more than 50 cells was counted.

Flow cytometry. The cells were collected by centrifugation
and washed in PBS. A FITC Annexin V/PI double staining
test (BD Biosciences, Franklin Lakes, NJ, USA) was used to
determine cell apoptosis. The cells were then incubated in
the dark for 5 min. They were analyzed with an FC500 flow
cytometer (Beckman Coulter).

Drug treatment. The CCK-8 assay is used to assess
venetoclax chemosensitivity. Cells were plated in 96-well
plates and treated with venetoclax at concentrations ranging
from 0.0625-30 umol/l for K562 and 0.009-20 umol/l for
U937. To each well was added 10 pl of CCK-8 solution
after 48 h of incubation at 37°C in a 5% CO, atmosphere.
A nonlinear fit of log (inhibitor) vs. normalized response
was performed in GraphPad Prism v8.0.2 to obtain the IC50
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values. In addition, K562 cells were treated with venetoclax
at a concentration of 7 pmol/l, and U937 cells were treated
with venetoclax at a concentration of 1 umol/l. The apoptosis
experiments were conducted after 48 h.

Statistical analysis. For statistical analysis, SPSS version
26.0 software was utilized. To compare distinct groups, the
Mann-Whitney test, Pearson’s x*-test, and Fisher’s exact test
were utilized. The Kaplan-Meier technique with log-rank was
used to estimate OS and DFS. A p-value <0.05 was considered
statistically significant (*p<0.05, **p<0.01, ***p<0.001). The
experiments were repeated at least three times. GraphPad
Prism (version 8.0.2) was used to visualize the statistical
results.

Results

SPAG1 is highly expressed in AML. To evaluate the
expression differences of SPAG1 between AML and normal
tissues, we applied the GEPIA web server to analyze the data
of RNA sequencing expression. As illustrated in Figure 1A,
SPAGI is highly expressed in AML. Then, using the GEO
database, we discovered that SPAG1 expression was higher
in myeloid leukemia cell lines KG-1, THP-1, and U937 than
in normal controls (Figure 1B) [16]. Since TCGA database
contains a sufficient number of samples, we used cBioPortal
to obtain SPAG1 expression data as well as clinical data
from TCGA dataset to investigate the association between
SPAGI expression and AML clinical and laboratory features.
Patients were separated into two groups based on their
median SPAG1 expression: high expression (SPAGI high,
n=86) and low expression (SPAGI low, n=87). We analyzed
SPAGL expression in different risk groups and discovered
that it was significantly lower in the low-risk group than
in the medium- and high-risk groups (Figure 1C, interme-
diate vs. favorable: p<0.001; adverse vs. favorable: p<0.001).
As shown in Supplementary Table S1, we also discovered
that patients with high SPAGI expression had a consider-
ably greater white blood cell count than individuals with
low SPAGI expression. No significant differences existed
between the two groups based on the FAB (Supplemen-
tary Figure S1A) categorization and gender, age, blasts in
peripheral blood, or blasts in bone marrow (Supplementary
Table S1). We analyzed the patients’ disease-free survival
(DFS) time and overall survival (OS) time using clinical data
downloaded from cBioPortal to determine whether SPAG1
influenced AML patient outcomes. The DFS and OS of the
SPAGI high-expression group were shorter than those of
the SPAG1 low-expression group, as shown in Figures 1D-E
(DFS-median: 7.6 vs. 16.6 months, p=0.016; OS-median:
8.8 vs. 26.8 months, p<0.0001). Furthermore, we discov-
ered that patients with FLT3 or DNMT3A mutations had
higher SPAG1 expression than patients without mutations
(Supplementary Figure S1B, p<0.0001; Supplementary
Figure S1C, p=0.015). No link existed between TP53, NRAS,
IDH1, IDH2, NPM1, WT1, RUNXI, KIT, CEBPA, or TET2

mutations and SPAG1 expression (Supplementary Table S2).
These results are consistent with those analyzed by Gu [7],
which further leads us to believe that the SPAG1 gene may
play a potential role in AML.

For further verification, we used 26 benign individuals and
79 newly diagnosed AML samples. To characterize SPAG1
mRNA and protein expression in AML, we performed
qRT-PCR and western blot on AML patients and four myeloid
leukemia cell lines (MV4-11, Molm-13, U937, and K562), as
well as the non-bone marrow tumor cell line HS-5. As shown
in Figures 1E 1H, 11, and 1], SPAG1 showed a higher expres-
sion level in AML patients and myeloid leukemia cell lines
than in non-leukemia samples. Seventy-nine patients were
divided into groups based on whether they had the FLT3
mutation to confirm the link between SPAGI expression
and the FLT3 mutation. The FLT3 mutation was found in
31 of the 79 patients and not found in 48. However, there
was no statistical difference in this outcome (Figure 1G).
Because of the small sample size, we considered whether the
test result was insignificant. On the other hand, MV4-11 and
Molm-13 are well-known to be FLT3 mutant cell lines, and
we discovered that SPAG1 expression in these cell lines was
not higher than in the other two FLT3 mutation-negative cell
lines, at either the mRNA or protein levels. On appeal, we
were unable to establish a link between the SPAG1 and FLT3
mutations (Figures 1H, 1J). As a result, we conclude that
SPAGTI is highly expressed in both AML patients and AML
cell lines but is unrelated to FLT3 mutations.

SPAG]1 promotes the proliferation and survival of AML
cells. To further study the role of SPAGI in the development
of AML, we transfected specific siRNA into AML cells, which
could significantly inhibit SPAG1 expression (Figure 2A).
Using the CCK-8 assay and colony formation assay, we inves-
tigated the influence of SPAG1 on the proliferative potential
of K562 and U937 cells and discovered that downregulation
of SPAG1 dramatically reduced cell proliferation in AML
compared to controls (Figures 2B, 2C). Furthermore, inhib-
iting SPAGI expression increased the proportion of apoptotic
cells (Figure 2D), and the anti-apoptotic protein BCL-2 was
downregulated while apoptosis-related proteins were upreg-
ulated (Figure 2F). Furthermore, we performed cell cycle
assays and discovered that knocking down SPAG1 arrested
AML cells in the S phase of the cell cycle (Figure 2E). Collec-
tively, our findings revealed that SPAGI increases AML cell
survival and regulates cell physiological processes in vitro.

Predicted functions and pathway enrichment analysis
of genes co-expressed with SPAG1 in AML patients. Genes
co-expressed with SPAG1 were collected from the UALCAN
database to investigate which genes SPAG1 was associated
with. Further function enrichment analysis was performed
on genes with an absolute value of the correlation coefficient
with SPAGI greater than or equal to 0.3. For the GO and
KEGG analyses, Cytoscape software (two tools: ClueGO and
CluePedia) was utilized, with only routes with a p-value of
less than 0.05 being displayed. Figure 3 depicts the outcomes
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Figure 1. SPAG1 is highly expressed in AML. A) Expression of SPAG1 in AML compared with healthy control in the GEPIA database. B) Expression of
SPAG1 in myeloid leukemia cell lines KG-1, THP-1, and U937 compared with normal controls in GDS2251. C) Expression of SPAG1 in AML based on
risk status in TCGA database. D) The DFS of patients with AML categorized by SPAG1 median expression. E) The OS of patients with AML categorized

by SPAG1 median expression. F) mRNA expression of SPAG1 in AML p

atients and normal control in our center. G) mRNA expression of SPAG1 in

AML patients based on FLT3 mutation status in our center. H) mRNA expression of SPAG1 in myeloid leukemia cell lines. I) SPAG1 protein expression
in AML patients and myeloid leukemia cell lines in our center. J) SPAG1 protein expression in myeloid leukemia cell lines.

of the analysis. We discovered that these genes influenced
biological processes including the cell cycle process, cellular
response to stress, mitotic cell cycle, chromosome organi-
zation, mitotic cell cycle process, DNA metabolic process,
mitotic cell cycle process, cellular response to DNA damage

stimulus, regulation of cell cycle, and DNA repair (Figure 3A).
The KEGG pathways for these genes are associated with
terms related to the cell cycle, cellular senescence, DNA
replication, homologous recombination, non-homologous
end-joining, Fanconi anemia pathway, nucleotide excision
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Figure 2. SPAG1 promotes the proliferation and survival of AML cells. A) SPAG1 protein expression in AML cell lines with or without silenced SPAG1.
B) Cell proliferation of AML cells with or without SPAG1 knockdown was measured by the CCK-8 assay. C) Colony formation assay of AML cells
transfected with siRNA targeting SPAG1 or control. D) The apoptosis levels of AML cells with or without SPAG1 knockdown were determined by flow
cytometry. E) The cell cycle of AML cells with or without SPAG1 knockdown was detected by flow cytometry. F) Western blotting analysis was used to
determine the expression of apoptosis-related proteins.



SPAG1 PROMOTES THE DEVELOPMENT OF AML

1113

repair, and mismatch repair (Figure 3B). Figure 3C shows
the network of KEGG-enriched terms colored by different
clusters. According to these findings, a significant correlation
exists between SPAGI and genes such as proliferating cell
nuclear antigen (PCNA) and chromosome structure mainte-
nance protein 3 (SMC3), which supports our experimental
finding that SPAG1 plays an essential role in the cell cycle and
various important biological processes.

SPAG1 regulates the expression of SMC3 and ERK
MAPK pathway. Based on the enrichment results of genes
co-expressed with SPAGI1, we discovered that SPAGI and
SMC3 were co-expressed and enriched in the cell cycle, an
important pathway. We retrieved the relationship between
SPAG1 and SMC3 in GEPIA, as shown in Figure 4A. SPAG1
and SMC3 were discovered to have a positive association.
Because SMC3 is a component of mucins, it plays a critical

function in DNA recombination, heals DNA damage, and
is involved in a variety of cancers [17-19]. As a result, we
looked for SMC3 expression in AML by using RT-qPCR and
WB and discovered that it was significantly expressed in AML
patients (Figures 4B, 4D) and cell lines (Figures 4C, 4E). Next,
to confirm the link between SPAG1 and SMC3, we measured
SMC3 expression after interfering with SPAG1 expression and
discovered that when SPAG1 was knocked down, the mRNA
and protein expression of SMC3 were reduced compared to
the control group (Figure 4F, 4G). These findings suggest that
SPAGI could influence SMC3 expression, but the particular
mechanism needs to be investigated further.

The mitogen-activated protein kinase (MAPK) signaling
pathway is an important intracellular signaling pathway with
a three-stage kinase pattern at its core. These are widely used
in clinical disease mechanism research because they partici-
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pate in cell growth, differentiation, apoptotic metabolism,
and environmental adaptation. However, previous research
has shown that SPAGI can play a role in meiosis execution
by participating in the AMPK and MAPK signaling pathways
[20]. We measured the phosphorylation levels of MEK and
ERK in K562 and U937 cells to fully understand the effect of
SPAGLI on the MAPK pathway of AML cells and discovered
that knocking down the expression of SPAG1 could reduce
the phosphorylation of MEK and ERK (Figure 4H). The
findings suggest that SPAG1 plays a critical role in AML by
regulating SMC3 expression and influencing the phosphory-
lation of the ERK/MAPK pathway.

SPAG1 knockdown increases the sensitivity of veneto-
clax in AML cells. We previously discovered that high
SPAGI expression was linked to a poor prognosis in AML
and that knocking down SPAGI expression in AML cells
could influence proliferation, the cell cycle, and the produc-
tion of the anti-apoptotic protein BCL-2. In recent years, a
BCL-2 inhibitor has been approved for intravenous injec-
tion in patients with AML with a poor prognosis who are

not candidates for aggressive induction chemotherapy [21,
22]. Our two selected cell lines, K562 and U937, were insen-
sitive to the BCL-2 inhibitor venetoclax, so we attempted
to observe whether the sensitivity of AML cells to veneto-
clax changed after interfering with SPAG1. We found that
after interfering with SPAG1 expression, the IC50 of AML
cells for venetoclax was reduced (Figure 5A). In addition,
the proportion of apoptotic cells in the knockdown SPAGI
group was significantly higher than that in the control group
when treated with the same concentration of venetoclax
(Figure 5B). These results demonstrate a delicate relationship
between the expression of SPAG1 and the BCL-2 inhibitor
venetoclax, and SPAGL can affect the drug response of AML
cells to venetoclax.

Discussion

AML is a type of hematopoietic malignancy with a high
degree of heterogeneity, characterized by hematopoietic
stem cell clone disorder, which results in abnormal blood
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cell differentiation and maturation. Further research into the
detailed molecular mechanisms involved in the development
of AML is required.

SPAGLI is a 104-kDa protein on human chromosome
8q22.2 that is encoded by 21 exons. It is a multidomain
protein that has a role in G protein-coupled receptor
signaling during spermatogenesis and fertilization [4, 23],
with mutations linked to primary cilia dyskinesia syndrome
[24]. Furthermore, aberrant expression of SPAGI has been
detected in a range of human malignancies. For example,
Silia et al. revealed that SPAG1 can be immunogenic and is
upregulated notably in lung and breast tumors [25], compa-
rable to prior research. High expression was also found in
seminomas and embryonic carcinomas [26]. SPAG1 has
previously been identified as a pancreatic cancer progres-
sion marker as well as a cell motility factor [27-29]. Previous
bioinformatics analyses revealed that SPAG1 was highly
expressed in AML, had an effect on AML patients’ prognosis,
and was associated with FLT3 mutation [7]. Therefore, we not
only analyzed the RNA-seq data in TCGA database, but also
validated the results using real-time quantitative PCR, WB
analysis of AML bone marrow samples, and AML cell lines
from our clinical center in this study. We discovered that, as
previously reported, SPAG1 was highly expressed in AML;
however, our findings did not reveal a link between SPAG1
expression and the FLT3 mutation. This may be because,
among AML patients, some had only FLT3 mutations with
low allelic ratios, so we performed AML cell line verification.
Due to the stable state of the cell line and the mutation rate of

FLT3 being 100%, if the expression of SPAG1 is not signifi-
cantly increased in the FLT3-mutated cell line compared with
the FLT3-mutation-negative cell line, we speculate that the
expression of SPAG1 may be unrelated to the FLT3 mutation.
Therefore, in combination with the previous reports, we have
reason to believe that SPAG1 acts as an oncogene in AML
cells, but its relationship with the FLT3 mutation deserves
further consideration.

According to previous studies, cell motility indicates
common biological functions between sperm and cancer
cells, and it is a key event in the invasion process, requiring
a complex and dynamic interaction between actin and
the cytoskeleton. The cell migration ability was decreased
after SPAG1 was knocked down. Shamsara observed that
the amplification of SPAG1 was associated with decreased
survival in patients with prostate cancer [30]. Another
finding published by Vadlamudi et al. implicated that SPAG1
is an ESRP1-mediated target gene that can lead to cancer
progression through selective splicing [31]. Dermouche et
al. reported that SPAGI can interact with chaperones Hsp70,
Hsp90, and ruvbl1/2 [32, 33]. However, few studies exist
on the biological function of SPAG1 in AML. In this study,
we interfered with SPAGI1 expression in AML cell lines and
discovered that SPAGI1 silencing repressed cell prolifera-
tion, accelerated cell apoptosis, and blocked the cell cycle of
AML cells. In conjunction with the previous report, SPAG1
regulates the occurrence of spindle morphology, which may
also explain the cell cycle arrest caused by SPAGI knock-
down. These findings support our hypothesis that SPAG1
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Figure 5. SPAG1 knockdown increases the sensitivity of venetoclax in AML cells. A) IC50 curves of venetoclax in AML cells transfected with siRNA
targeting SPAG1 or control. B) Cell apoptosis rate of AML cells transfected with siRNA targeting SPAG1 or control after venetoclax drug treatment.
(Ven: Venetoclax.)
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regulates the pathophysiological processes of cells in a variety
of cancers.

In addition to the possibility of SPAG1 being used as a
biomarker for AML, we discovered a potential mechanism
by which SPAG1 may play a role in AML. Through dimer-
ization of their hinge domains, the subunits of SMC3 and
SMCI1A form a V shape. This V is connected with the subunit
of double strand-break repair protein Rad21 homolog at the
bottom to form a closed three-sided ring structure, which
can surround sister chromosomes, mediate the adhesion of
sister chromosome adhesion proteins, and play a key role
in gene regulation [34, 35]. SMC3 can regulate chromo-
some structure and thus participate in important biological
functions of cancer cells, as well as play an important role
in the occurrence and progression of cancer [19, 36]. SMC3
can participate in important biological functions of cancer
cells by regulating chromosomal structure, thereby contrib-
uting to the occurrence and progression of cancer. Previous
studies have found that the expression of SMC3 is increased
in AML [37], and we have also verified this result. After
discovering a favorable association between SPAG1 and
SMC3 by analyzing SPAG1 co-expressed genes, we evaluated
whether SPAG1 could affect SMC3 expression by detecting
SMC3 expression after knocking down SPAG1. We discov-
ered that SPAGI could definitely affect SMC3 expression.
However, our result does not fully address the mechanism
by which SPAG1 regulates SMC3 expression, which requires
additional investigation.

The MAPK signaling pathway is linked to the occurrence
and progression of leukemia and is involved in functional
activities such as apoptosis, drug resistance, autophagy, and
leukemia cell differentiation [38, 39]. The abnormal activa-
tion or blockade of these pathways has been linked to the
development of tumor resistance. AML cells undergo
apoptosis when ERK phosphorylation is inhibited [40, 41].
Early research suggested that SPAG1 plays a role in oocyte
meiotic execution through its involvement in the AMPK and
MAPK signaling pathways [20] and zygote sperm mtDNA
degradation [27, 28]. Therefore, we hypothesize that SPAG1
may influence cell proliferation and survival in AML by
affecting the MAPK pathway. Our study found SPAGI to be
involved in the phosphorylation of ERK in AML. As a result,
our findings confirmed our hypothesis that SPAG1 mediates
the activation of the MAPK signaling pathway and thus plays
an important role in AML.

Venetoclax, a BCL-2 inhibitor, achieved high response
rates when combined with low-dose chemotherapy or
hypomethylating agents, even in patients who were previously
thought to be unsuitable for standard chemotherapy [42]. In
addition, we discovered that knocking out SPAGI increases
venetoclax sensitivity in AML cells. Chen et al. conducted a
genome-wide CRISPR/Cas9 loss-of-function screen in the
FLT3 gene mutation cell line molm-13 that was cultured in
the presence of venetoclax for 8 and 16 days [43]. Since our
analysis showed increased expression of SPAG1 in patients

with FLT3 gene mutations, this difference was not verified
in our small clinical sample. However, when we downloaded
its published supplementary file, we discovered that SPAGI
was a negatively selected gene, indicating that it was sensitive
to the BCL-2 inhibitor venetoclax treatment, which may be
indirectly complementary to our study. More specifically, a
subtle relationship exists between SPAG1 expression and the
BCL-2 inhibitor venetoclax, and SPAG1 can influence AML
cell responses to venetoclax. As a result, these findings may
imply that SPAGI is an important regulator of cell prolif-
eration, which may affect the efficacy of venetoclax chemo-
therapy.

Our study has limitations. First, more validations from
multicenter and high sample size cohorts are required.
Second, because our study lacks in vivo validation results,
this experiment may require additional research into the role
and mechanism of SPAG1 in a mouse model of leukemia to
better understand the role of SPAG1 in AML.

In conclusion, we have demonstrated the clinical signifi-
cance of SPAGI in human AML, indicating that SPAGI
promotes AML progression by regulating the expression of
SMC3 and activating the ERK/MAPK signaling pathway.
This provides a good idea for further investigation of SPAG1’s
role in the regulation of leukemia immune mechanisms, as
well as making SPAGI a new target for relevant biomarkers
for AML diagnosis and treatment.

Supplementary information is available in the online version
of the paper.
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SPAG1 promotes the development of AML by activating the ERK/MAPK
signaling pathway and affects the chemotherapy sensitivity of venetoclax
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Supplementary Figure S1. A) Expression of SPAG1 in AML based on FAB classification in TCGA database. B) Expression of SPAG1 in AML based on
FLT3 mutation status in TCGA database. C) Expression of SPAG1 in AML based on DNMT3A mutation status in TCGA database.

Supplementary Table S1. Relationships between SPAG1 mRNA expres-  Supplementary Table S2. The relation of SPAG1 expression and common

sion and baseline characteristics of patients with AML from cBioportal. mutation in AML.

gi::::i{eris tics Total SP(I?IS;;;’W SP?I:ilsg)lgh p-value Gene Mutation Total SP(?IS;;;)W SP?nCilslg)lgh p-value

Age FLT3 Mutated 49 14 [28.6%] 35 [71.4%)] <0.001°
<60 91 50 [54.9%] 41 [45.1%] 0.197* Wild-type 124 73 [58.9%] 51 [41.4%)]
>60 82 37 [45.1%] 45 [54.9%] P53 Mutated 14 6[42.9%] 8 [57.1%] 0.562°

Gender Wild-type 159 81 [50.9%] 78 [49.1%)]

Male 92 46 [50%] 46 [50%] 0.935° NRAS Mutated 12 6 [50%] 6 [50%] 0985
Female 81 41 [50.6%] 40 [49.4%) Wild-type 161 81 [50.3%] 80 [49.7%)]

Risk IDH1 Mutated 16 9 [56.3%] 7 [43.8%)] 0.617°
Favorable 32 25 [78.1%)] 7 [21.9%] 0.002* Wild-type 157 78 [49.7%) 79 [50.3%)]
Intermediate 101 44 [43.6%] 57 [56.4%)] IDH2 Mutated 17 10 [58.8%] 7 [41.2%] 0.450°
Adverse 37 16 [43.2%)] 21 [56.8%)] Wild-type 156 77 [49.4%) 79 [50.6%)]

Missing 3 2 [66.7%] 1[33.3%] NPM1 Mutated 48 20 [41.7%] 28 [58.3%] 0.160°

FAB Wild-type 125 67 [53.6%] 58 [46.4%]

Mo 16 7 [43.8%)] 9 [56.3%)] 0.031° WT1 Mutated 10 2 [20%] 8 [80%] 0.057°
Ml 44 27 [61.4%)] 17 [38.6%] Wild-type 163 85 [52.1%] 78 [47.9%)]
M2 38 21 [55.3%] 17 [44.7%) RUNXI Mutated 15 8[53.3%] 7 [46.7%)] 0.805°
M3 16 1[68.8%] 5[31.3%] Wild-type 158 79 [50%)] 79 [50%]
M4 34 12 [35.3%] 22 [64.7%)] KIT Mutated 7 6 [85.7%] 1[14.3%] 0117
M5 18 5[27.8%] 13 [72.2%] Wild-type 166 81 [48.8%] 85 [51.2%]
M6 2 1 [50%] 1 [50%] DNMTaa  Mutated 42 120286%  30(714%]
M7 3 3 [100%] 0 [0%] Wild-type 131 75[57.3%] 56 [42.7%)
Missing 2 0 [100%] 2 [100%] CEBPA Mutated 13 6 [46.2%] 7 [53.8%)] -

Lab examinations Wild-type 160 81 [50.6%] 79 [49.4%]

WBC 11 [2.6-45] 27.65 [5.55-68.95]  0.014¢ TET2 Mutated 15 9 [60%] 6 [40%] 0.431°
PB 41 [8-66.25] 36 [7-67.75] 0.543¢ Wild-type 158 78 [49.4%) 80 [50.6%)]
BM 71[49.75-86] 75 [57.35-85.75]  0.375¢ Notes: “Pearson x’-test; "Fisher exact test

Disease Free (Months) 16.6 [6.7-40.3] 7.6 [3.575-12.45] <0.001¢
Overall Survival (Months) 26.8 [10.5-46.5] 8.8 [4.375-27.025] <0.001¢
Notes: “Pearson x*-test; “Fisher exact test; “Mann-Whitney test
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