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 Background: STAT3 has emerged as a novel potential target for sorafenib, a multikinase inhibitor, in the context of cancer 
therapy. ARHGAP24 is a Rac-specific Rho GTPase-activating protein (Rho GAP), which can convert Rho GTPases 
to an inactive state. It has been proved to be an oncosuppressor protein in renal cancer. In the present study, 
we investigated its anti-cancer effect in breast cancer (BC).

 Material/Methods: Quantitative real-time PCR (qRT-PCR) and Western blot analysis were performed to detect the expression of 
ARHGAP24 in clinical tissue samples. Then, BC MDA-MB-231 cells were virally transduced with ARHGAP24 
silencing or overexpression lentiviral vectors in the absence or presence of sorafenib. Cell viability and metastatic 
ability were evaluated by using the Cell Counting Kit-8 (CCK-8) and Transwell assays. Proteins belonging to the 
STAT3 pathway were detected by Western blot.

 Results: ARHGAP24 decreased in BC tissues compared with the adjacent normal tissues. Forced expression of ARHGAP24 
and sorafenib treatment significantly suppressed the viability, migration, and invasion of MDA-MB-231 cells. 
Conversely, elimination of the endogenous ARHGAP24 with shRNA promoted cell viability, migration, and inva-
sion. The phosphorylation of STAT3 and the expression of MMP-2 and MMP-9 were attenuated by ARHGAP24 
ectopic expression and sorafenib treatment. Furthermore, forced expression of ARHGAP24 significantly enhanced 
sorafenib-induced decrease of cell viability, migration, and invasion of MDA-MB-231 cells, while elimination of 
the endogenous ARHGAP24 with shRNA inhibited it.

 Conclusions: ARHGAP24 can suppress the development of MDA-MB-231 cells via the STAT3 signaling pathway, and sorafenib 
inhibits cell viability, migration, invasion, and STAT3 activation in MDA-MB-231 cells through ARHGAP24.
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Background

As the most common malignant tumor in women, breast can-
cer (BC), leads to a large percentage of cancer deaths world-
wide [1,2]. BC mainly has 4 subtypes according to the gene 
expression profile: basal-like, human epidermal growth-factor 
receptor-2-positive/estrogen receptor-negative (HER2+/ER–), 
luminal A, and luminal B [3]. Distant metastasis is a serious 
threat to the survival of BC patients, especially for those with 
triple-negative BC, who tend to have early relapse and metas-
tasis due to the lack of effective targeted therapy [4]. Better 
understanding of the molecular mechanisms of BC progres-
sion will contribute to the investigation of more effective ther-
apies for metastatic BC.

Rho GTPases belong to the Ras-related small GTPases super-
family, with more than 20 members having been identified, of 
which RhoA, Rac1, and Cdc42 have been extensively studied. 
Activated Rho GTPases regulate the remodeling of the actin cy-
toskeleton, and then affect cell morphology, polarity, and migra-
tion though the downstream effectors [5–7]. Mounting evidence 
indicates that Rho GTPases play a crucial role in the formation 
and progression of numerous cancers [8,9]. High expression 
of Rho GTPases has been observed in BC tissues [10,11]. For 
example, Rac1 reduces the occurrence of apoptosis in BC cells 
in patients receiving radiotherapy [12]. Signal transducer and 
activator of transcription 3 (STAT3) is an extensively studied 
transcriptional factor. STAT3-mediated deregulation of nuclear 
gene expression is implicated in a variety of cellular functions 
and contributes to the malignant phenotypes of cells [13,14]. 
Notably, recent studies indicate that Rho GTPases are impor-
tant regulators of STAT3 activation [15]. STAT3 has been dem-
onstrated to be a target of sorafenib, a multikinase inhibitor 
that hampers cancer cell proliferation, migration, and inva-
sion [16,17]. However, the regulation of sorafenib-induced 
STAT3 signaling in BC is not fully understood.

ARHGAP24 is a Rac-specific Rho GAP and is closely involved 
in cellular morphology change [18,19]. Downregulation of 
ARHGAP24 has been observed in renal cancer tissues. Moreover, 
forced expression of ARHGAP24 suppresses the formation and 
progression of renal cancer [20]. However, the specific effect of 
ARHGAP24 in human tumors and the possible regulatory role 
in sorafenib-induced STAT3 activity are still largely unknown. 
We performed the present study to investigate the potential 
function of ARHGAP24 in the formation and progression of 
BC and to discover the molecular mechanisms involved. Our 
results demonstrate that ARHGAP24 suppresses the develop-
ment of MDA-MB-231 cells via the STAT3 signaling pathway 
and sorafenib inhibits cell viability, migration, invasion, and 
STAT3 activation in MDA-MB-231 cells through ARHGAP24.

Material and Methods

Tissues and cells

Thirty pairs of tumor tissues and adjacent normal tissues 
were obtained from BC patients at Yantai Affiliated Hospital 
of Binzhou Medical University with the permission of patients 
and Ethics Committee approval. MDA-MB-231 cells (American 
Type Culture Collection, ATCC, USA) were used for the in vitro 
experiments. Dulbecco’s modified Eagle’s medium (DMEM) 
(Hyclone, USA) containing 1% penicillin-streptomycin (PS) 
(Solarbio, Beijing, China) and 10% fetal bovine serum (FBS) 
(Gibco, USA) was used for cell culture. MDA-MB-231 cells were 
incubated in a 37°C incubator with 5% CO2.

Quantitative real-time PCR (qRT-PCR)

The expression level of ARHGAP24 was detected by qRT-PCR. 
The total RNA in tissues or cells was extracted by TRIzol re-
agent (Invitrogen, USA). After confirming the purity by a micro-
spectrophotometer, RNA was reverse-transcribed using a cDNA 
Synthesis Kit (Thermo-Fisher, Saint Louis, MO, USA). QRT-PCR 
was conducted with SYBR Green Real-Time PCR Master Mixes 
(Thermo-Fisher). Results were evaluated using ABI Prism 7300 
SDS software (Applied Biosystems, USA). ARHGAP24 mRNA 
levels were normalized to GAPDH and calculated by the 2–DDCt 
method. Primers used in the study were as follows: ARHGAP24 
(NM_001025616.2): forward: 5’-AACTCCTGTCGCTCTTCTACC-3’; 
reverse: 5’-GCTGTTGCCCACAAATGTCTC-3’. GAPDH (NM_ 
001256799.1): forward: 5’-CACCCACTCCTCCACCTTTG-3’; re-
verse: 5’-CCACCACCCTGTTGCTGTAG-3’.

Cell transfection

To investigate the regulatory function of ARHGAP24 in MDA-
MB-231 cells, we constructed the lentiviral vectors to reduce 
or increase ARHGAP24 expression. We designed the RNAi 
(RNA interference) sequence targeting position 727-749 
(GATCGGATGACAGCAAATC) of human ARHGAP24 gene and 
synthesized the short hairpin RNA (shRNA). Then, ARHGAP24-
shRNA was integrated into pLKO.1-puro (Addgen, Cambridge, 
MA, USA) and transferred into DH5a cells (TransGen, Beijing, 
China). The colonies were identified by PCR. Afterwards, pLKO.1-
shARHGAP24, psPAX2, and pMD2G plasmids were extracted 
from the bacteria solution by E.Z.N.A.® Endo-free Plasmid Mini 
Kit I (Omega, USA) and cotransfected into 293T cells for 4–6 h. 
After 48-h transfection, the supernatant was collected for viral 
transduction in MDA-MB-231 cells.

Similarly, ARHGAP24 ectopic expression lentiviral vector was con-
structed by integrating the coding sequence (CDS) of ARHGAP24 
into pLVX-Puro. The primers used to synthesize the CDS were 
as follows: forward: 5’-GCGAATTCATGGAGGAGAACAATGACT 
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(EcoR I); reverse: 5’-CGGGATCCCTGAATCCATATTGTGTTT (BamH I) 
(underscoring indicates the restriction enzyme cutting site). 
Virus particles were produced by transfecting 293T cells with 
ARHGAP24-pLVX-Puro together with viral packaging vectors 
(psPAX2, pMD2G) as described above, and then MDA-MB-231 
cells were infected with virus-containing supernatants.

Cell counting kit-8 (CCK-8) assay

MDA-MB-231 cells were seeded in 96-well plates (3×103 
cell/well). Then, the wells were divided into 4 groups: in the WT 
group, MDA-MB-231 cells were cultured in normal medium; in 
the NC group, MDA-MB-231 cells were cultured with negative 
control lentiviral vectors viral transduction; in the shARHGAP24 
group, MDA-MB-231 cells were cultured with ARHGAP24-shRNA 
lentiviral vectors viral transduction; and in the pLVX-ARHGAP24 
group, MDA-MB-231 cells were cultured with ARHGAP24-pLVX-
Puro lentiviral vectors viral transduction. After culturing for 
different lengths of time, CCK-8 solution was added to each 
well. Optical density (OD) value at 450 nm was detected to 
evaluate cell viability.

Transwell assays

To observe cell migration, MDA-MB-231 cells were divided 
into 4 groups and virally transduced with different recombi-
nant lentiviral vectors as described above. Next, cells were 
digested with trypsin and were resuspended in DMEM supple-
mented with 1% FBS. Then, the upper layer of the Transwell 
chamber was filled with cell suspension (0.3 ml/chamber) and 
the lower layer was filled with 0.7 ml of DMEM supplemented 
with 10% FBS. Each group was tested in triplicate. After cul-
turing for 48 h, the Transwell chambers were soaked in 4% 
paraformaldehyde for 10 min. Finally, the migrated cells were 
stained by crystal violet solution (Solarbio, Beijing, China) and 
photographed with light microscopy under ×200 magnifica-
tion. Similar to in the migration assay, 80 μl of matrigel (BD, 
Franklin Lakes, USA) was first added to the upper layer. Then, 
the treated cells were seeded for invasion assay.

Western blot analysis

Protein samples were extracted from tissues or MDA-MB-231 
cells by RIPA lysis buffer (Solarbio) and quantified using a 
BCA Protein Assay Kit (Thermo-Fisher). Then, the protein sam-
ples were separated with sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) and were transferred to 
nitrocellulose membranes (Millipore, MA, USA). Protein bands 
were incubated with primary antibodies and paired secondary 
antibodies. The Tanon 5200 imaging system (Tanon, Shanghai, 
China) was used to analyze the protein levels. The antibodies 
used were as follows: ARHGAP24 (Abcam, Ab203874, diluted 
1: 200), p-STAT3 (Abcam, Ab76315, diluted 1: 5000), STAT3 

(CST, #9139, diluted 1: 2000), MMP-2 (Abcam, Ab97779, 
diluted 1: 1000), MMP-9 (Abcam, Ab38898, diluted 1: 2000), 
and GAPDH (CST, #5174, diluted 1: 2000).

Statistical analysis

All experiments were performed 3 times. Results are presented 
as mean ± standard deviation (SD) and were analyzed by 
GraphPad Prism 6 software (GraphPad, USA). The paired-sam-
ples t test was used to compare the differences in ARHGAP24 
expression between tumor tissues and paired adjacent tis-
sues. Other results were analyzed by the independent-sam-
ples t test. P<0.05 was considered to be significant.

Characteristics
Number of patients/ 
number analyzed (%)

Age (years)

 <60  18/30 (60.0%)

 ³60  12/30 (40.0%)

TNM stage

 I  8/30 (26.7%)

 II  12/30 (40.0%)

 III  10/30 (33.3%)

Lymph node metastasis

 Yes  11/30 (36.7%)

 No  19/30 (63.3%)

ER status

 Positive  12/30 (40.0%)

 Negative  18/30 (60.0%)

PR status

 Positive  16/30 (53.3%)

 Negative  14/30 (46.7%)

HER2 status

 Positive  13/30 (43.3%)

 Negative  17/30 (56.7%)

Table 1.  Clinicopathological characteristics and follow-up data of 
30 patients with BC.

ER – estrogen receptor; PR – progesterone receptor; 
HER2 – human epidermal growth factor receptor-2.
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Results

The expression of ARHGAP24 in BC tissues

To investigate the expression of ARHGAP24 in BC tissues, 30 
tumor tissues and paired adjacent tissues were collected. The 
clinicopathologic characteristics of the 30 BC patients enrolled 
in the study are shown in Table 1. We detected the protein and 
mRNA levels of ARHGAP24. According to the qRT-PCR results, 
ARHGAP24 expression level significantly decreased in tumor 
tissues with a lower mRNA level (Figure 1A). Western blot anal-
ysis demonstrated that ARHGAP24 protein was also reduced 
in tumor tissues (Figure 1B, 1C), which was consistent with 
qRT-PCR results. These results suggest that ARHGAP24 was 
downregulated in BC tissues. Whether ARHGAP24 downreg-
ulation is correlated with the development of BC needs fur-
ther exploration.

The regulatory effect of ARHGAP24 on MDA-MB-231 cells

Due to the low-expression of ARHGAP24 in BC tissues, 
ARHGAP24 may be a negative regulator for BC formation. 
Next, we examined the regulatory function of ARHGAP24 in 

the BC cell line. MDA-MB-231 cells were virally transduced 
with ARHGAP24-shRNA lentiviral vectors or ARHGAP24-pLVX-
Puro lentiviral vectors. QRT-PCR was performed to confirm the 
silencing or overexpression of ARHGAP24. As shown in Figure 
2A, ARHGAP24 transcription was significantly suppressed due to 
the interference of ARHGAP24-shRNA. Conversely, ARHGAP24-
pLVX elevated ARHGAP24 expression. The effect of ARHGAP24 
on cell viability was evaluated by CCK-8 assay. Figure 2B shows 
that depletion of the endogenous ARHGAP24 by shRNA signifi-
cantly promoted the viability of MDA-MB-231 cells. On the con-
trary, the cell viability was suppressed by the ectopic expression 
of ARHGAP24. Furthermore, Transwell assays revealed more 
migrated and invaded cells with the silencing of ARHGAP24, 
whereas forced expression of ARHGAP24 brought about the 
opposite results (Figure 2C, 2D). Taken together, our results 
show that ARHGAP24 suppressed the viability, migration, and 
invasion of MDA-MB-231 cells.

The functional mechanism of ARHGAP24 suppressing 
viability, migration, and invasion in MDA-MB-231 cells

To investigate the underlying molecular mechanisms of the anti-
cancer effect, Western blot analysis was performed to detect 
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Figure 1.  ARHGAP24 was downregulated in BC tissues. Thirty BC tissue samples and the paired adjacent tissues were used to detect 
the expression of ARHGAP24. (A) qRT-PCR results of ARHGAP24 mRNA levels normalized to GAPDH. (B) Western blot results 
of ARHGAP24 protein levels. GAPDH was used as the loading control. T1-4, tumor tissues; A1–4, BC adjacent tissues. 
(C) Statistical analysis of the relative protein levels of ARHGAP24. ** P<0.01, *** P<0.001 compared with adjacent tissues.
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Figure 2.  ARHGAP24 suppressed proliferation, migration, and invasion in MDA-MB-231 cells. MDA-MB-231 cells were virally 
transduced with different recombinant lentiviral vectors to induce ARHGAP24 silencing or ectopic expression. (A) The 
relative fold change of ARHGAP24 mRNA levels confirmed by qRT-PCR. (B) MDA-MB-231 cell proliferation detected by CCK-
8 assay after viral transduction for 24, 48, and 72 h. MDA-MB-231 cell migration and invasion were detected by Transwell 
assays after viral transduction for 48 h. (C) Left panel shows the statistical analysis of cell numbers. Right panel shows 
representative pictures of the migrated cells under ×200 magnification. (D) Left panel shows the statistical analysis of cell 
numbers. Right panel shows representative pictures of the invaded cells under ×200 magnification. ** P<0.01, *** P<0.001 
compared with WT and NC.
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Figure 4.  Effect of ARHGAP24 on sorafenib-induced decrease of viability, migration and invasion in MDA-MB-231 cells. MDA-MB-231 
cells were treated with sorafenib (1.5 µM) and virally transduced with or without different recombinant lentiviral vectors to 
induce ARHGAP24 silencing or ectopic expression. (A) MDA-MB-231 cell viability detected by CCK-8 assay after treatment 
for 24, 48, and 72 h. MDA-MB-231 cell migration and invasion were detected by Transwell assays after viral transduction for 
48 h. (B) Left panel shows the statistical analysis of cell numbers, while the right panel shows representative pictures of the 
migrated cells under ×200 magnification. (C) Left panel shows the statistical analysis of cell numbers. Right panel shows 
representative pictures of the invaded cells under ×200 magnification. ### P<0.001 compared with NC. ** P<0.01, *** P<0.001 
compared with sorafenib+NC.
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the related proteins. As shown in Figure 3, the silencing and 
overexpressing of ARHGAP24 were again confirmed by Western 
blot. Stimulating ARHGAP24 expression with ARHGAP24-pLVX-
Puro lentiviral vectors reduced the protein level of p-STAT3 but 
had no effect on the total STAT3, indicating the suppression 
of STAT3 activation. Furthermore, the expression of MMP-2 
and MMP-9 was also reduced. These results suggest that the 
decreased viability, migration, and invasion ability of MDA-
MB-231 cells were due to the activation of STAT3. We obtained 
the opposite results when blocking ARHGAP24 expression with 
shRNA. Collectively, ARHGAP24 seems to exert, at least in part, 
its anti-cancer effect in MDA-MB-231 cells via the STAT3/MMP-
2 and MMP-9 pathways.

Effect of ARHGAP24 on sorafenib-induced decrease of cell 
viability, migration and invasion in MDA-MB-231 cells

To evaluate the effect of sorafenib on BC cell viability, migration, 
and invasion and the potential mechanism involved, MDA-
MB-231 cells were treated with sorafenib (1.5 µM) with or with-
out pLKO.1-shARHGAP24 and ARHGAP24-pLVX-Puro viral trans-
duction. CCK-8 and Transwell analysis showed that sorafenib 
treatment significantly inhibited the viability, migration, and 
invasion of MDA-MB-231 cells (Figure 4). Furthermore, stimu-
lating ARHGAP24 expression with ARHGAP24-pLVX-Puro len-
tiviral vectors enhanced sorafenib-induced inhibition of cell 
viability, migration, and invasion. Western blot analysis dem-
onstrated that sorafenib treatment significantly inhibited the 
STAT3 activation and the MMP-2 and MMP-9 expression, and 
increased the ARHGAP24 expression, which were enhanced by 
stimulating ARHGAP24 expression with ARHGAP24-pLVX-Puro 

lentiviral vectors (Figure 5). Conversely, we found the oppo-
site results when blocking ARHGAP24 expression with shRNA. 
Taken together, our results suggest that ARHGAP24 is involved 
in the sorafenib-induced changes in MDA-MB-231 cell viability, 
migration, and invasion.

Discussion

Few studies have focused on the effect of ARHGAP24 in human 
tumors. Nishi et al. demonstrated that ARHGAP24 was a novel 
prognostic factor for follicular lymphoma [21]. Xu et al. showed 
that ARHGAP24 induced cell cycle arrest and apoptosis and 
impaired invasion in renal cancer cell lines. In addition, it 
was reported that tumor formation was inhibited in vivo [20]. 
Moreover, RASAL2 negatively regulated ARHGAP24 activity by 
reducing the serine phosphorylation and then stimulated RAC1 
activation to promote triple-negative BC progression. These 
reports indicate that ARHGAP24 appears to be not only a Rho 
GAP exerting the antagonism effect against Rac GTPases, but 
also is a downstream effector of Rho GTPases. Similar to these 
findings, in the present study, ARHGAP24 expression was down-
regulated in BC tissues. ARHGAP24 silencing by shRNA con-
tributed to changes in MDA-MB-231 cell viability, migration, 
and invasion. Notably, ectopic expression of ARHGAP24 was 
confirmed as an effective method to suppress MDA-MB-231 
cell viability, migration, and invasion.

Grandis et al. demonstrated the essential role of STAT3 in the 
regulation of the growth of cancer cells [22], and great efforts 
have been made to explore the effect of STAT3 in human tumors. 
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An abundance of evidence confirms the aberrant activation 
of STAT3 in diverse human tumor tissues or cell lines and 
hyperactive Stat3 contributing to cell proliferation, survival, 
migration, invasion, and angiogenesis [14]. Moreover, targeting 
STAT3 is effective for cancer therapy [23,24]. Expectedly, the 
STAT3 signaling pathway is implicated in the development of 
BC, and excessive activation of STAT3 in BC tissues has been 
found [25,26]. In general, STAT3 is mainly activated in 3 ways: 
by cytokine receptors such as the interleukin-6 (IL-6) receptor, 
by growth-factor receptors such as epidermal growth factor 
receptor (EGFR), and by non-receptor tyrosine kinases such as 
SRC and ABL [14]. Interestingly, Rho GTPases are proved to be 
important for STAT3 activation. Previous studies showed that 
mutationally activated RhoA, Rac1, and Cdc42 can stimulate 
STAT3 activation [27–29]. In the present study, ARHGAP24 as 
a negative regulator of STAT3 activation significantly inhibited 
the expression of proteins belonging to the STAT3 pathway, 
such as MMP-2 and MMP-9.

As ARHGAP24 is downregulated in BC tissues, whether 
ARHGAP24 could be developed as a predictive or prognostic 
marker for BC deserves further study. In addition, the mecha-
nism by which Rho GTPases activates STAT3 is controversial. 
Simon et al. showed that Rac1 bound directly to STAT3 and 
regulated STAT3 activity [30]. In another study, Rac1 activated 
Stat3 indirectly through IL-6 autocrine [28]. A recent study sug-
gested that gp130 is required for the activation of Stat3 by 
Rac1 [31]. Moreover, MgcRacGAP as a kind of Rho GAP also neg-
atively regulates STAT3 activation [32]. However, the present 
study only demonstrated the inhibitory effect of ARHGAP24 on 
STAT3 activation, and the underlying regulatory mechanism is 
still unclear. Therefore, more efforts should be made to inves-
tigate the detailed mechanisms involved.

BC mainly has 4 subtypes according to the gene expression 
profile – luminal A, luminal B, HER2+/ER–, and basal-like [3] – 
which affects the selection of therapy [33]. Systemic adjuvant 

treatment, such as chemotherapy, endocrine therapy, targeted 
therapy, or their combinations, plays a prominent role in the 
treatment of BC [34]. Unfortunately, the emergence of drug 
resistance limits the efficacy of these therapies [35,36]. Previous 
studies have shown that targeted therapies can trigger the feed-
back activation of STAT3, which eventually induces drug resis-
tance [37,38]. Therefore, the combination of STAT3 inhibitors 
with the clinically approved targeted agents is a promising 
strategy to overcome drug resistance. Our results showed 
that sorafenib, a multikinase inhibitor, significantly inhibited 
MDA-MB-231 cell viability, migration, and invasion, along with 
the STAT3 activation and expression of MMP-2 and MMP-9, 
which is in line with previous studies showing that sorafenib 
inhibits pancreatic and liver cancer cell proliferation, migra-
tion, and invasion through inhibiting STAT3 activation [39,40]. 
In the present study, forced expression of ARHGAP24 enhanced 
sorafenib-induced inhibition of cell viability, migration, and 
invasion, along with the STAT3 activation and MMP-2 and 
MMP-9 expression. However, inhibiting ARHGAP24 suppressed 
the effects of sorafenib on MDA-MB-231 cell viability, migra-
tion, invasion, and related protein expression.

Conclusions

In conclusion, the present study preliminarily provides insights 
into the anti-cancer effect of ARHGAP24 in MDA-MB-231 cells. 
ARHGAP24 overexpression suppressed the viability, migration, 
and invasion of MDA-MB-231 cells via the STAT3 signaling path-
way, and sorafenib inhibited cell viability, migration, invasion, 
and STAT3 activation in BC through ARHGAP24. Therefore, 
ARHGAP24 may be a promising candidate for new therapeutic 
targets for BC.
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