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B-cell acute lymphoblastic leukemia (B-ALL) is the common type of blood cancer.
Although the remission rate has increased, the current treatment options for B-ALL are
usually related to adverse reactions and recurrence, so it is necessary to find other
treatment options. G protein signaling modulator 1 (GPSM1) is one of several factors that
affect the basic activity of the G protein signaling system, but its role in B-ALL has not yet
been clarified. In this study, we analyzed the expression of GPSM1 in the Oncomine
database and found that the GPSM1 levels were higher in B-ALL cells than in peripheral
blood mononuclear cells (PBMCs). Analyses of the Gene Expression Profiling Interactive
Analysis (GEPIA) demonstrated that patients with high GPSM1 levels had shorter survival
times than those with low levels. Additionally, gene set enrichment analysis (GSEA)
suggested that GPSM1 was positively correlated with proliferation, G protein-coupled
receptor (GPCR) ligand binding, Gαs signaling and calcium signaling pathways. In further
experiments, GPSM1 was found to be highly expressed in Acute lymphoblastic leukemia
(ALL) cell lines, and downregulation of GPSM1 inhibited proliferation and promoted cell
cycle arrest and apoptosis in BALL-1 and Reh cells. Moreover, knockdown of GPSM1
suppressed ADCY6 and RAPGEF3 expression in BALL-1 and Reh cells. Furthermore, we
reported that GPSM1 regulated JNK expression via ADCY6-RAPGEF3. The present study
demonstrates that GPSM1 promotes tumor growth in BALL-1 and Reh cells by
modulating ADCY6-RAPGEF3-JNK signaling.
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INTRODUCTION

Acute lymphoblastic leukemia (ALL) involves the malignant
transformation and proliferation of lymphoid progenitor cells
in the bone marrow, blood and extramedullary sites (1). Many
predisposing risk factors could be associated with ALL, such as
exposure to radiation, or chemicals, genetic characteristics or
viral infections (2). G protein-coupled receptors (GPCRs) are the
largest family of targets for approved drugs (3). GPCRs and their
downstream components play an important role in cancer
initiation and progression, and they can influence aberrant cell
growth and survival (4). Several studies have shown that GPCR
dysregulation was found in B-cell acute lymphoblastic leukemia
(5), acute myeloid leukemia (6), chronic lymphocytic leukemia (7,
8) and intestinal T-cell lymphoma (9). However, the mechanism
by which GPCRs and their downstream effectors regulate the
development of ALL remains to be discovered.

GPSM1, also referred to as activator of G protein signaling 3
(AGS3), acts as a receptor-independent activator of G protein
signaling. It is a guanine nucleotide dissociation inhibitor, that
inhibits the dissociation of guanine diphosphate (GDP) from Gα
subunits and competitively prevents Gβγ subunits from coupling
with Gα subunits (10–12). In addition to its regulatory role in
GPCR signaling, GPSM1 has been shown to mediate several
cellular functions, including asymmetric cellular division (13),
autophagy (12), intracellular pathogen clearance (14), protein
trafficking (15), behavioral changes to addiction (16), polycystic
kidney disease (17) and chemotaxis (18).

However, to our knowledge, no studies have investigated the
effects of GPSM1 in leukemia. This study aimed to investigate the
role and regulatory mechanism of GPSM1 in B-ALL. First, the
expression, prognostic value and functional mechanism of
GPSM1 in leukemia were analyzed by utilizing certain
bioinformatics methods. Subsequently, we investigated the
expression of GPSM1 in ALL cell lines and indicating that
GPSM1 plays a significant role in ALL. We demonstrated that
downregulation of GPSM1 in BALL-1 and Reh cells was
associated with a reduction in cell proliferation, inhibition of
cell cycle progression and enhancement of apoptosis through
inhibition of the ADCY6-RAPGEF3-JNK pathway. These results
identified GPSM1 as a potential target for the treatment of B-ALL.

MATERIALS AND METHODS

Database Analysis of GPSM1
The mRNA expression of GPSM1 in B-ALL was analyzed within
the Oncomine (www.oncomine.org) database (19). Survival
prediction was performed using the Gene Expression Profiling
Interactive Analysis (GEPIA) (20) (http://gepia.cancer-pku.cn/).
A total of 173 LAML and 70 normal samples with gene expression
data (TPM) and clinical information were collected from TCGA
(https://portal.gdc.cancer.gov/) and GTEx (https://gtexportal.
org/). ROC (receiver operating characteristic) analysis was
then performed by pROC package (21) to assess the
effectiveness of the transcriptional expression of GPSM1 to
discriminate acute myeloid leukemia from healthy samples.

The computed area under the curve (AUC) value ranging
from 0.5 to 1.0 indicates the discrimination ability from 50 to
100%. Gene set enrichment analysis (GSEA) was performed using
GSEA 4.1.0 software (http://www.broadinstitute.org/gsea/). The
GSE87070 dataset was analyzed to determine the signaling
pathways related to GPSM1 expression in B-cell precursor
ALL (BCP-ALL). GSEA of GPSM1 was performed using the
Pearson correlation coefficient with 1,000 permutations against
collection C2 (curated gene set), which is publicly available at
MsigDB (http://www.broad.mit.edu/gsea/msigdb/index.jsp). All
other parameters were set to the default values. p < 0.05 was
chosen as the significance cutoff criterion. The leading-edge genes
were mapped by means of the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway database using KEGG Mapper
(https://www.genome.jp/kegg/mapper.html). UALCAN (http://
ualcan.path.uab.edu/) was used for gene expression correlation
analysis.

Antibodies and Reagents
Anti-GPSM1 (sc-271721, 1:1,000 dilution) was purchased from
Santa Cruz (Santa Cruz Biotechnology, Santa Cruz, CA). Anti-
GAPDH (60004-1-Ig, 1:10,000 dilution) and anti-ADCY6
(14616-1-AP, 1:1,000 dilution) were purchased from
Proteintech (Wuhan, China). Anti-RAPGEF3 (4,155, 1:1,000
dilution) and anti-JNK (9,252, 1:1,500 dilution) were
purchased from Cell Signaling Technology (Cell Signaling
Technology Inc., MA, United States). The RAPGEF3 inhibitor
ESI-09 was purchased from Selleck Chemicals (Selleck,
United States). ESI-09 concentrations used to test dose-
dependent inhibition were at 0, 10, 20, 40 μM for 24 h. To
examine the time-dependency, cells were incubated with
20 μM ESI-09 for 0, 12, 24 36 h.

Cell Culture
A human B lymphoblast cell line (HMy2.CIR) was purchased
from Procell Life Science and Technology Co., Ltd (Wuhan,
China). A human B-ALL cell line (BALL-1) was obtained
from the Chinese Academy of Sciences (Kunming, China). A
human T-cell lymphoblastic leukemia cell line (Jurkat) was
obtained from Procell Life Science and Technology Co., Ltd. A
human lymphoblastic leukemia cell line (Reh) was obtained from
Shanghai Genechem Co., Ltd (Shanghai, China). HMy2.CIR cells
were cultured in Iscove’s modified Dulbecco’s medium (IMDM;
Gibco, Grand Island, NY, United States) containing 10% fetal
bovine serum (FBS; Gibco), 100 U/ml penicillin, and 100 μg/ml
streptomycin (Gibco). BALL-1, Jurkat and Reh cells were
cultured in RPMI medium 1,640 (Gibco) supplemented with
10% FBS and antibiotics (100 U/ml penicillin and 100 μg/ml
streptomycin). All cells were cultured at 37°C in an incubator
with a 5% CO2 atmosphere. Logarithmically growing cells were
used in all experiments.

Adenovirus-Meditated RNA Interference
The knockdown study was performed using adenovirus-mediated
RNA interference. Adenoviral transduction particles were
purchased from HanHeng Trading Co. Ltd. (Shanghai, China).
GPSM1 shRNA (sh-GPSM1) and a scrambled shRNA (sh-Con)
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sequences are described in Table1. Infection with the adenovirus
was executed in accordance with manufacturer’s product
protocol. Briefly, cells were plated in 6-well plates at 1 × 106

cells/well. BALL-1 and Reh cells were then infected with 100MOI
(multiplicity of infection)/ml prepared virus in 1 ml of media for
48 h. The adenovirus was subsequently washed off with PBS, and
the cells underwent the indicated treatments. The knockdown
effect was evaluated at the RNA level by real-time PCR and at the
protein level by Western blot analyses as described in the
following sections.

Quantitative Real-Time PCR (RT-qPCR)
Total RNA was obtained from cells using TRIzol reagent (Life
Technologies, Waltham, MA, United States). A total of 1 μg RNA
from each sample was reverse-transcribed using the
PrimeScript™RT reagent kit with gDNA Eraser (TakaRa,
Japan) and amplified using SYBR Premix Ex TaqTM Ⅱ
(TakaRa) on a StepOne™ Real-Time PCR System (Life
Technologies). The data were calculated using the following
equation: relative mRNA expression � 2−ΔΔCt, where
ΔΔCt� (Ct sample − Ct control) treatment − (Ct sample − Ct
control) normal. GAPDH was used as internal control. All
primers were designed and purchased from Sangon Biotech
(Shanghai, China) (Table 2).

Western Blot Analysis
Total protein was extracted by lysing samples in RIPA buffer with
1% PMSF, and the protein levels were quantified by a protein
quantitative analysis kit (KeyGEN, China). Cell lysates were
diluted at a ratio of 1:5 with protein loading buffer (6×) and
heated at 100°C for 5 min. Thirty micrograms of each protein
sample was separated on 10% SDS-PAGE gels at 100 V for 2 h
and then transferred to polyvinylidene fluoride (PVDF)
membranes (Millipore, United States) for 120 min at 100 mA.
After blocking in 5% nonfat dried milk in TBST for at least 1 h,
the membranes were incubated with the primary antibodies listed
under Reagents in TBST overnight at 4°C. After washing three
times with TBST, the bands were then incubated with

HRP-linked secondary antibody anti-rabbit IgG or anti-mouse
IgG (Cell Signaling Technology). The results were visualized via
the SuperSignal West Pico Chemiluminescent Substrate kit
(Thermo, United States). Densitometry of the immunoreactive
bands was performed with Tanon Image software. GAPDH was
regarded as an internal control.

Cell Viability Assay
The Cell Counting Kit-8 (CCK-8, KeyGEN, China) assay was
used to assess cell viability. In each group, BALL-1 and Reh cells
(100 μl) were seeded in a 96-well plate at a density of 1 × 105 cells/
ml. Cell viability was determined at 0 h and every 24 h over the
following four days. Ten microliters of CCK-8 were added to each
well and cultured for 2 h. The optical density (OD) value at a
450 nm wavelength was determined by a microplate reader
(BioTek Instruments Inc., Winooski, VT, United States). All
experiments were performed three times, and each experiment
contained three replicates.

Cell Cycle Analysis
Cells were fixed in 70% ice-cold ethanol overnight. Then, the cells
were washed with PBS and stained with 0.5 ml PI/RNase Staining
Buffer (BD Biosciences, CA, United States) at room temperature
for 15 min. Cell-cycle phase distributions were determined on a
flow cytometry (Calibur, BD Biosciences) and analyzed by the
ModFitLT V3.0 program (BD Biosciences). The percentage of
cells in G1, S, and G2 phase were counted and compared. Tests
were performed three times for each sample.

Apoptosis Analysis
Apoptosis was measured by annexin V-PE/7-AAD double-
staining (Annexin V-PE/7-AAD Apoptosis Detection Kit, BD
Biosciences). In each group, BALL-1 and Reh cells (1 × 106 cells/
tube) were collected and washed with PBS, and then resuspended
in 100 μl 1× binding buffer. Then, the cell suspension was
incubated with 5 μl annexin V-PE and 5 μl 7-AAD at room
temperature for 15 min. After this incubation, 400 μl 1×
binding buffer was added to the cells before analysis with a
LSRFortessa flow cytometer (BD Biosciences). FACSDiva
software (version 6.2, BD Biosciences) was used for data
analysis. The early apoptosis and late apoptosis rates are
indicated as the percentage of annexin V-PE+/7-AAD− or
annexin V-PE+/7-AAD+ cells, respectively.

Statistical Analysis
All data were analyzed using GraphPad Prism 7.0 software
(GraphPad Software, San Diego, CA, United States) and
expressed as the mean ± SD of at least three experiments.

TABLE 1 | GPSM1-shRNA sequences used for insertion in adenoviruses.

Gene targeted Strand shRNA sequence

sh-GPSM1 Top strand AATTCGTGGCGCCTACAAGCCAGTTCTTCTTTTCAAGAGAAAGAAGAACTGGCTTGTAGGCGCCATTTTTTG
Bottom strand GATCCAAAAAATGGCGCCTACAAGCCAGTTCTTCTTTCTCTTGAAAAGAAGAACTGGCTTGTAGGCGCCACG

sh-Con Top strand GATCCGTTCTCCGAACGTGTCACGTAATTCAAGAGATTACGTGACACGTTCGGAGAATTTTTTC
Bottom strand AATTGAAAAAATTCTCCGAACGTGTCACGTAATCTCTTGAATTACGTGACACGTTCGGAGAACG

TABLE 2 | Primer sequences for RT-qPCR.

Gene name Forward primer Reverse primer

GPSM1 ATGGAGACAGCCACCATTCA CCTGGTACTTCCTGCTCCTC
GADPH CAGGAGGCATTGCTGATGAT GAAGGCTGGGGCTCATTT
ADCY6 AGACATTGAGGGCTTCACCA GGGCAAAGAGCTCATTCAGG
RAPGEF3 AGCGAGAATTAGCGGCTGTT GGGTCACCACGTTGACAGAT
JNK ACTACAGAGCACCCGAGGTC TCCCATGATGCACCCAACTG

Pathology & Oncology Research April 2021 | Volume 27 | Article 6433763

Zhang et al. GPSM1 in B-Cell Acute Lymphoblastic Leukemia



Comparisons between two groups were performed using
Student’s t test, and comparisons among multiple groups were
performed using one-way ANOVA with post-hoc intergroup
comparisons using Tukey’s test. Differences with p < 0.05
were considered statistically significant.

RESULTS

GPSM1 Was Highly Expressed in B-ALL
To determine the function of GPSM1 in tumors, we explored
GPSM1 through bioinformatics analysis (Figure 1A). As shown

in Figure 1B, the mRNA expression of GPSM1 in 20 types of
cancers was compared to that in normal tissues by means of the
Oncomine database. Significantly higher mRNA expression of
GPSM1 was found in B-ALL in multiple datasets. In the
Haferlach Leukemia dataset, the expression levels of GPSM1
in B-ALL, childhood B-ALL and Pro-B ALL were 5.09
(p � 7.08E-67), 5.051 (p � 6.33E-92) and 6.671 (p � 1.31E-40)
fold higher than those in PBMCs (Figure 1C). Additionally, in
the Haferlach Leukemia 2 dataset, the expression levels of GPSM1
in B-ALL, childhood B-ALL and Pro-B ALL samples were 2.917
(p � 3.50E-49), 2.997 (p � 2.34E-68) and 4.234 (p � 8.24E-13) fold
higher than those in PBMCs (Figure 1D). Taken together, our

FIGURE 1 | GPSM1 was highly expressed in B-ALL. (A) Flowchart for bioinformatic analyses. (B) Transcriptional expression of GPSM1 in 20 different types of
cancer from the Oncomine database. Differences in transcriptional expression were compared by Student’s t test. The cutoff values and analysis parameters were as
follows: p value: 0.05, fold change: 2, gene rank: 10%, data type: mRNA. (C)mRNA expression of GPSM1 in PBMCs (left) and B-ALL (right) (Haferlach Leukemia). (D)
mRNA expression of GPSM1 in PBMCs (left) and B-ALL (right) (Haferlach Leukemia 2). (E) Kaplan-Meier curve was used for the relationship between GPSM1
expression and OS in LAML in the GEPIA, demonstrating that a high level of GPSM1 was associated with poor prognosis in LAML (n � 106). (F) ROC analysis of GPSM1
expression showing moderate discrimination power between acute myeloid leukemia patients (173) and healthy people (70).
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results showed that GPSM1 was highly expressed in patients with
B-ALL.

To clarify the prognostic role of GPSM1 in leukemia, we used
GEPIA to assess survival. The GEPIA results showed that high
mRNA expression of GPSM1 was associated with poor overall
survival (OS) in acute myeloid leukemia patients (HR � 1.9,
p � 0.021) (Figure 1E). We performed ROC analysis of data from
acute myeloid leukemia patients and healthy people to measure
the discrimination value of the GPSM1. The AUC was 0.769,
representing a moderate discrimination value for LAML
(Figure 1F). These results implied that high mRNA expression
of GPSM1 could significantly affect leukemia patient prognosis.

GPSM1 Was Positively Correlated With
Proliferation, GPCR Ligand Binding, Gαs
Signaling and Calcium Signaling Pathways
GSEA is a conventional approach for identifying pathways related
to gene expression. To elucidate whether GPSM1 was involved in
BCP-ALL, we performed GSEA of the GSE87070 dataset. As
shown in Figures 2A–D, cell proliferation, GPCR ligand binding,
Gαs signaling and calcium signaling pathways were significantly
associated with GPSM1 expression, which suggested that GPSM1

may play a key role in BCP-ALL. The leading-edge subset from
the GSEA results can be interpreted as the group of core enriched
genes (22). Interestingly, ADCY was one of the leading-edge
genes in this subset and significantly contributed to the core
enrichment score (Figure 2E).

Downregulation of GPSM1 Suppressed Cell
Proliferation, Induced Cell Cycle Arrest and
Promoted Apoptosis in BALL-1 and Reh
Cells
The level of GPSM1 in ALL was assessed by RT-qPCR and
western blotting. As demonstrated, the mRNA and protein
levels of GPSM1 in three ALL cell lines, BALL-1, Jurkat, and
Reh, were higher than those in the HMy2.CIR cell line (Figures
3A–C). BALL-1 and Reh cells, derived from B-ALL, were used
for the following loss-of-function investigation. We employed
adenovirus-mediated short hairpin RNA (shRNA) delivery to
knockdown GPSM1 in BALL-1 and Reh cells. The mRNA
interference efficiency of sh-GPSM1 in BALL-1 and Reh cells
was 48 and 42%, respectively (Figure 3D). The protein
interference efficiency of sh-GPSM1 in BALL-1 and Reh cells
was 45 and 60%, respectively (Figures 3E,F). Compared with

FIGURE 2 | GSEA identified cell proliferation, GPCR ligand binding, Gαs signaling and calcium signaling pathways as regulatory targets of GPSM1 in the
GSE87070 dataset. (A–D) GSEA was performed based on a Gene Expression Omnibus (GEO) dataset. NES, normalized enrichment score; FDR, false discovery rate.
(E) Leading-edge genes in the calcium signaling pathway regulated by the GPSM1 in BCP-ALL.
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FIGURE 3 | Downregulation of GPSM1 suppressed cell proliferation, induced cell cycle arrest and promoted apoptosis in BALL-1 and Reh cells. (A) Expression of
GPSM1 mRNA in the human B lymphoblast cell line HMy2.CIR and several human leukemia cell lines (BALL-1, Jurkat and Reh). GAPDH was used as an internal
reference for normalization. *p < 0.05 vs. the HMy2.CIR group. (B) GPSM1 protein expression in the human B lymphoblast cell lineHMy2.CIR and several human
leukemia cell lines (BALL-1, Jurkat and Reh) was investigated by western blotting. (C) The grayscale value of the GPSM1 protein band was quantified by Tanon
Image software, and GAPDH was used as an internal reference. *p < 0.05 vs. the HMy2.CIR group. (D) Relative mRNA expression in sh-Con- and sh-GPSM1-
transfected BALL-1 and Reh cells. (E) GPSM1 protein expression in sh-Con- and sh-GPSM1-transfected BALL-1 and Reh cells. (F) The grayscale value of the GPSM1
protein band was quantified by Tanon Image software, and GAPDH was used as an internal reference. *p < 0.05, compared with the sh-Con group. (G) The CCK-8
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sh-Con-infected cells, cells infected with sh-GPSM1 exhibited
significantly decreased GPSM1 mRNA and protein levels.

To dissect the function of GPSM1 in B-ALL, we assessed cell
proliferation in BALL-1 and Reh cells after GPSM1 shRNA
transfection. CCK-8 assays were carried out to detect cell
proliferation. The results showed that knockdown of GPSM1
significantly suppressed cell proliferation in BALL-1 and Reh cells
(Figure 3G). Cell cycle regulation is important for cell
proliferation; therefore, the cell cycle populations of BALL-1
and Reh cells were determined by propidium iodide (PI)
staining and flow cytometry. Figures 3H,I, implies that
GPSM1 knockdown was able to increase the proportion of
cells in S phase and reduce the proportion of cells in G1
phase. This indicated that GPSM1 knockdown blocks cell
cycle progression. We further stained cells with annexin V-PE
and 7-AAD to examine the apoptosis rate of BALL-1 and Reh
cells. FACS was used to detect and quantify the percentage of
apoptotic cells after GPSM1 viral infection. The sum of early
apoptotic and late apoptotic cell percentages in the sh-GPSM1
group was remarkably elevated compared with that in the sh-Con
group of BALL-1 and Reh cells (Figures 3J,K). Collectively,
GPSM1 knockdown inhibited proliferation, enhanced cell
apoptosis, and induced cell cycle arrest in BALL-1 and Reh cells.

Knockdown of GPSM1 Caused ADCY6 and
RAPGEF3 Downregulation in BALL-1 and
Reh Cells
ADCY was one of the leading-edge genes in the calcium signaling
pathway regulated by GPSM1 in BCP-ALL, as shown above by
GSEA (Figure 2E). We used UALCAN to analyze GPSM1-related
genes in the LAML dataset for acute myeloid leukemia, and the
correlation analysis results showed that GPSM1 was positively
correlated with ADCY6 (Figure 4A). ADCY6 was downregulated
after GPSM1 knockdown in BALL-1 and Reh cells (Figures 4B–D),
which corresponded to the findings in the LAML dataset analysis.

In mammals, cAMP is produced by ADCY isoforms (23).
Epac1 (RAPGEF3) and Epac2 (RAPGEF4) are known to be
important mediators of cAMP signaling (24). After GPSM1
knockdown, RAPGEF3 was downregulated in BALL-1 and
Reh cells (Figures 4C,E,F).

GPSM1 Knockdown Downregulated JNK
Expression via RAPGEF3
GPSM1 binds to Gαi and leads to dissociation of Gβγ from Gαi
subunits; although the precise mechanisms through which Gβγ
modulates signaling have not been elucidated, Gβγ has been
implicated in activation of MAPK (25). The JNK signaling

pathway plays an important role in tumor cell proliferation,
differentiation and survival (26). To study whether GPSM1
expression has an effect on the JNK signaling pathway, we
assessed the expression of JNK in BALL-1 and Reh cells after
GPSM1 knockdown. The results showed that JNK was
downregulated after GPSM1 knockdown in BALL-1 and Reh
cells (Figures 5A–C). To verify whether GPSM1 regulates JNK by
modulating RAPGEF3, the RAPGEF3 inhibitor ESI-09 was used
in further studies. The results depicted in Figures 5D–G clearly
indicate ESI-09 downregulated the expression of JNK in BALL-1
and Reh cells in the dose- and time-dependent manner. This
further confirmed that RAPGEF3 mediates JNK upregulation.

DISCUSSION

Leukemia is one of the most prevalent cancers and accounted for
3.2% of cancer-related death worldwide in 2018 (27). Several
studies have shown the association of GPSM1 with the
progression of multiple myeloma (28), prostate cancer (29)
and esophageal squamous cell carcinoma (30), but the role of
GPSM1 in the development of leukemia has not been defined.
The analysis of several datasets extracted from the Oncomine
database showed that the expression of GPSM1 in B-ALL is
significantly higher than that in controls (Figure 1). Moreover,
we observed that GPSM1 was upregulated in BALL-1, Jurkat and
Reh leukemia cell lines compared to control cells (Figure 3).
Additionally, GEPIA survival analysis suggested that high
expression of GPSM1 was associated with poor OS in the
LAML datasets (Figure 1E). The ROC curve exhibited a
moderate discriminating capacity of the GPSM1 for LAML
(Figure 1F). Altogether, these results suggest that GPSM1
might be a novel therapy target for B-ALL.

We performed GSEA to elucidate the potential functions of
GPSM1. Interestingly, in samples with high GPSM1 expression
phenotype, many genesets were significantly enriched in
proliferation-related processes (Figure 2A). Accordingly,
GPSM1 promotes renal tubular epithelial cell proliferation and
renal tubular regeneration (31). Knockdown of GPSM1 inhibits the
proliferation of renal epithelial cells (32). Moreover, polycystic
kidney disease (PKD) is characterized by abnormal proliferation of
epithelial cells in the kidney. GPSM1 expression is increased in the
urinary exosomes of humans with PKD compared to those of
healthy controls (33). These findings suggested that GPSM1 may
accelerate the proliferation. Our results were also substantiated by
in vitro experiments showing that sh-RNA-mediated knockdown
inhibited the proliferation of BALL-1 and Reh cells (Figure 3G).
The cell cycle regulates cell proliferation, growth and survival.
Abnormal cell cycle distribution can slow the proliferation of

FIGURE 3 | assay was used to evaluate the cell proliferation ability of BALL-1 and Reh cells transfected with sh-GPSM1 and sh-Con on four consecutive days. *p < 0.05,
**p < 0.01, compared with the sh-Con group. (H,I) The cell cycle was examined by PI staining using flow cytometry. (J) Cell apoptosis rates were assessed by flow
cytometry after staining cells with annexin V-PE/7-AAD. Nonapoptotic cells: annexin V-PE−/7-AAD−, early apoptotic cells: annexin V-PE+/7-AAD−, late apoptotic cells:
annexin V-PE+/7-AAD+. PE, phycoerythrin; 7-AAD, 7-amino-actinomycin D. (K) The total apoptosis rate is the sum of the early apoptosis rate and the late apoptosis rate.
*p < 0.05, compared with the sh-Con group. All data are expressed as the mean ± SD.
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cancer cells and reduce their survival rate (34). The results of the PI
flow cytometric assay indicated that knockdown of GPSM1
promoted S-phase arrest in the BALL-1 and Reh cell line
(Figures 3H,I). We speculated that GPSM1 might affect BALL-
1 and Reh proliferation by regulating the cell cycle.

Cell cycle abnormalities are closely related to cell apoptosis.
GPSM1 plays an important antiapoptotic role after traumatic
brain injury (35). In multiple myeloma, GPSM1 overexpression is
correlated with decreased apoptosis (28). Similarly, the annexin
V-PE/7-AAD results suggested that the proportion of AV+ 7-
AAD− and AV+ 7-AAD+ cells increased significantly after
GPSM1 knockdown, which proved that GPSM1 knockdown
induced the apoptosis of BALL-1 and Reh cells. The above
results indicated that GPSM1 promotes proliferation, inhibits
apoptosis and induces cell cycle arrest in BALL-1 and Reh cells.

However, further pathway analyses are required to validate the
changes caused by GPSM1 knockdown. According to GSEA,
GPSM1 was enriched in GPCR ligand binding, Gαs signaling and
calcium signaling pathways (Figures 2B–D). In addition, the
leading-edge genes involved in the calcium signaling pathway
included ADCY (Figure 2E). The ADCY gene family is composed

of ten members (ADCY1- ADCY10). The UALCAN analysis
revealed that GPSM1 was positively correlated with ADCY6
expression in the LAML dataset. Consistent with these results,
knockdown of GPSM1 reduced the expression of ADCY6 in
BALL-1 and Reh cells, which indicated that GPSM1 might
regulate ADCY6 expression in BALL-1 and Reh cells.

Each ADCY isoform produces a common signaling molecule,
cAMP. cAMP stimulates several downstream effectors, such as
PKA and Epac (36). There are two isoforms of Epac, Epac1
(RAPGEF3) and Epac2 (RAPGEF4), which have similar cAMP
binding affinities with PKA (24). In the present study, GPSM1
knockdown cells displayed downregulation of RAPGEF3
expression in BALL-1 and Reh cells. These observations
suggested that GPSM1 could regulate ADCY6 and RAPGEF3.

Epac can directly act on the downstream signaling molecules
Rap1 and JNK independently of PKA. The JNK signaling
pathway plays an important role in tumor cell proliferation,
differentiation and apoptosis (37). Other studies have shown
that JNK activation can promote the formation of B-ALL caused
by BCR/ABL genes and can promote the proliferation of T-ALL
cells (38). This study showed that the expression of JNK was

FIGURE 4 | Knockdown of GPSM1 caused ADCY6 and RAPGEF3 downregulation in BALL-1 and Reh cells. (A) The correlation between GPSM1 and ADCY6
expression in the LAML dataset in the UALCAN. (B, E) The mRNA expression of ADCY6 and RAPGEF3 in BALL-1 and Reh cells after GPSM1 knockdown. (C)
Representative western blot depicting the protein levels of ADCY6, RAPGEF3 and GPSM1 in the Con, sh-Con and sh-GPSM1 groups. GAPDH was used as the loading
control. (D,F) Quantification of ADCY6 and RAPGEF3protein levels in the Con, sh-Con and sh-GPSM1 groups relative to GAPDH protein levels. All data are
expressed as the mean ± SD. *p < 0.05, compared with the sh-Con group.
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significantly downregulated in BALL-1 and Reh cells with
GPSM1 knockdown, suggesting that GPSM1 could regulate
JNK. To determine whether JNK is downstream of RAPGEF3,
we used ESI-09 to inhibit RAPGEF3 in BALL-1 and Reh cells, and

JNK downregulation was detected, indicating that RAPGEF3
could regulate JNK expression. Therefore, GPSM1 may
participate in the pathogenesis of B-ALL through the ADCY6-
RAPGEF3-JNK pathway (Figure 6).

FIGURE 6 | Diagram of the possible mechanism of GPSM1 in B-ALL.

FIGURE 5 | GPSM1 knockdown downregulated JNK expression via RAPGEF3. (A) RT-qPCR analysis of JNK expression levels in BALL-1 and Reh cells with
GPSM1 knockdown. *p < 0.05, compared with the sh-Con group. (B)Western blot analysis of JNK expression levels after GPSM1 knockdown in BALL-1 and Reh cells.
(C)Quantification of JNK protein levels normalized to GAPDH protein levels and plotted as fold changes relative to the levels in the Con group cells. *p < 0.05, compared
with the sh-Con group. (D) Following a 24-h incubation with the RAPGEF3 inhibitor ESI-09 (0, 10, 20, 40 μM), BALL-1 and Reh cells were harvested for protein
extraction. (E) The quantification of protein levels of (D)was performed densitometrically and normalized to GAPDH levels. *p < 0.05, compared with the 0 μMgroup. (F)
Following a 0, 12, 24, 36 -h incubation with the RAPGEF3 inhibitor ESI-09 (20 μM), BALL-1 and Reh cells were harvested for protein extraction. (G) The quantification of
protein levels in (F)was performed via densitometry and the target protein levels were normalized to the GAPDH levels. *p < 0.05, compared with the 0 μMgroup. All data
were expressed as the mean ± SD.
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There are some limitations to our study. First, there was a lack
of clinical outcome data and in vitro experiments on cells
obtained from patients. In addition, this study lacked in vivo
experimental data. Experiments using animal models should also
be included in any future research. Nevertheless, our study
provides useful insight into the effect of GPSM1 on cell
proliferation, the cell cycle, and apoptosis in the BALL-1 and
Reh cell line, but future studies are still needed.

In conclusion, the current study suggests that GPSM1
expression plays a significant role in the pathogenesis of
B-ALL by regulating the ADCY6- RAPGEF3-JNK pathway.
Our findings provide new insights into the molecular details
of the GPSM1-associated pathway in leukemia and propose
potential therapeutic targets for this disease.
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