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G3BP1 promotes human breast cancer cell proliferation
through coordinating with GSK-3β and stabilizing β-catenin
Cong-hui Zhang1, Hong Liu1, Wu-li Zhao1, Wen-xia Zhao1, Hui-min Zhou1 and Rong-guang Shao1

Ras-GTPase activating SH3 domain-binding protein 1 (G3BP1) is a multifunctional binding protein involved in the development of a
variety of human cancers. However, the role of G3BP1 in breast cancer progression remains largely unknown. In this study, we
report that G3BP1 is upregulated and correlated with poor prognosis in breast cancer. Overexpression of G3BP1 promotes breast
cancer cell proliferation by stimulating β-catenin signaling, which upregulates a number of proliferation-related genes. We further
show that G3BP1 improves the stability of β-catenin by inhibiting its ubiquitin-proteasome degradation rather than affecting the
transcription of β-catenin. Mechanistically, elevated G3BP1 interacts with and inactivates GSK-3β to suppress β-catenin
phosphorylation and degradation. Disturbing the G3BP1-GSK-3β interaction accelerates the degradation of β-catenin, impairing the
proliferative capacity of breast cancer cells. Our study demonstrates that the regulatory mechanism of the G3BP1/GSK-3β/β-catenin
axis may be a potential therapeutic target for breast cancer.
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INTRODUCTION
During mammary gland development and breast tumorigenesis,
the Wnt/β-catenin signaling pathway plays an important role in
many biological and pathological processes [1, 2]. Acting as a
transcriptional coactivator of Wnt target genes, β-catenin is the
key to Wnt carcinogenesis [3]. In the absence of Wnt ligand,
cytoplasmic β-catenin is recruited and phosphorylated by the β-
catenin destruction complex, which consists of Axin, APC, GSK-3β,
and CK1α [4, 5]. Phosphorylated β-catenin is easily recognized by
β-TrCP and degraded [6]. In the presence of Wnt ligand, activation
of the destruction complex is inhibited, increasing β-catenin
accumulation and nuclear transport to promote the transcription
of target genes [7–10]. In breast cancer, β-catenin is frequently
overactivated and predicts poor outcome [11–13]. Elevated β-
catenin promotes the stemness, proliferation, metastasis, and
invasion of breast cancer cells by regulating molecules down-
stream of Wnt signaling [14, 15], suggesting that β-catenin is
essential in the progression of breast cancer.
G3BP1 is an RNA-binding protein that participates in the

regulation of multiple cellular functions, including mRNA stability
[16], stress granule formation [17], virus replication [18], DNA
pattern recognition [19], and tumor signaling transduction
[20, 21]. Studies have shown that G3BP1 is upregulated in a
variety of cancers and promotes tumorigenesis and progression
[22–24]. However, the role and mechanism of G3BP1 in breast
cancer remain elusive. The objective of this study was to
investigate the precise role and mechanism of G3BP1 in the
progression of breast cancer to provide new strategies for breast
cancer therapy.

MATERIALS AND METHODS
Reagents
A CCK-8 kit (FC101-01) was purchased from TransGen (Beijing,
China). A Cell-Light EdU Apollo 488 in vitro Kit (C10310-3) was
purchased from RiboBio (Guangzhou, China). G3BP1 siRNA (sc-
75076) and β-catenin siRNA (sc-29209) were purchased from Santa
Cruz Biotechnology (Santa Cruz, Dallas, TX, USA). Cycloheximide
(CHX) (01810), MG132 (C2211), and bafilomycin A1 (BAF) (196000)
were obtained from Sigma-Aldrich (Sigma, St. Louis, MO, USA). The
peptide GAP161 was synthesized by Sangon Biotech (Shanghai,
China).

Cell culture
The human breast cell line MCF 10A and human breast cancer cell
lines MCF-7, MDA-MB-231, BT-549, BT474, SK-BR-3, and T47D were
purchased from the Cell Culture Center of Peking Union Medical
College (PUMC, Beijing, China). MCF 10A cells were cultured in
DMEM/F12 (1:1) (Gibco, CA, USA) supplemented with 5% horse
serum (Gibco), 100 ng/mL cholera toxin (Sigma), 10 μg/mL insulin
(Gibco), 0.5 μg/mL hydrocortisone (Sigma), and 20 ng/mL EGF
(Gibco). MCF-7 cells were cultured in DMEM (MacGene, Beijing,
China) with 10% fetal bovine serum (Gibco). MDA-MB-231 cells
were cultured in L-15 (Gibco) with 10% fetal bovine serum. BT-549
and T47D cells were cultured in RPMI-1640 (MacGene) with 10%
fetal bovine serum and 0.01 mg/mL insulin. SK-BR-3 and
BT474 cells were cultured in RPMI-1640 with 10% fetal bovine
serum. All the cells were cultured in medium with 0.1 mg/mL
streptomycin and 100 U/mL penicillin (MacGene) at 37 °C in 5%
CO2. All cell lines were maintained and used at ≤20 passages.
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Plasmid construction and cell transfection
Myc-tagged G3BP1 (GenBank: NM_005754) was inserted into
pCDNA3.1-Myc by standard subcloning, and stable cell lines were
selected using hygromycin as described previously [25]. In
previous studies, our laboratory designed and synthesized three
sequences to interfere with G3BP1, from which the target
sequence with the highest silencing efficiency was selected. This
shRNA sequence targeting G3BP1 was 5′-GGATTGGATTCAAATGG
AA-3′; G3BP1-shRNA was subcloned into the pGPU6-shRNA
cloning plasmid, and stable cell lines were selected using
geneticin (G418) as described previously [26]. Via cell transfection,
the G3BP1 overexpression plasmid or G3BP1-shRNA plasmid was
transfected into the target cells. After 24 h of transfection, cells
were cultured in selective medium containing hygromycin or
G418. Through the infinite dilution method, stable single clones
were selected and expanded.
Myc-tagged G3BP1 and the truncated G3BP1 mutants Myc-

G3BP11-135, Myc-G3BP11-240, Myc-G3BP11-330, Myc-G3BP11-420, and
Myc-G3BP11-466 were cloned into the pCDNA3.1 vector (Invitro-
gen, Carlsbad, CA, USA). Flag-tagged G3BP1 and the G3BP1
mutants Flag-G3BP1135-466, Flag-G3BP11-240, Flag-G3BP1241-466,
and Flag-G3BP11-466 were gifts from Dr. Tao Li [19].
The β-catenin siRNA used in this article was purchased from

Santa Cruz (sc-29209) and consisted of 3–5 nucleotide sequences
with a length of 19–25 nt.
MCF-7 and MDA-MB-231 breast cancer cells were seeded in

dishes and transfected with plasmids or siRNA at 70%–80%
confluence using Lipofectamine 2000 or Lipofectamine RNAiMAX
transfection reagent (Invitrogen).

Oncomine and the cancer genome atlas (TCGA) data analysis
To determine the mRNA expression and survival state associated
with G3BP1 in breast cancer, datasets in Oncomine (https://www.
oncomine.org) were used. To determine the biological functions in
which G3BP1 is involved, Kyoto Encyclopedia of Genes and
Genomes (KEGG) gene enrichment analysis was performed using
TCGA database at LinkedOmics (https://www.linkedomics.org).

Breast cancer tissue microarray (TMA)
A TMA containing 192 breast diseases was purchased from
Alenabio (No. BR2082b, Xi’an, China); the TMA included 32 lymph
node metastatic carcinoma samples, 69 invasive ductal carcinoma
samples, 21 invasive lobular carcinoma samples, 4 squamous cell
carcinoma samples, 17 intraductal carcinoma samples, 1 sample
from in situ lobular carcinoma, 9 fibroadenoma samples, 8
hyperplasia samples, 12 inflammatory tissue samples, 17 adjacent
breast tissue samples, and 2 autopsy breast tissue samples.
Immunohistochemical (IHC) analysis was performed to detect the
expression of G3BP1 (1:100; Abcam) and β-catenin (1:100; CST) in
the TMA.
IHC scores for the samples were estimated using the following

method. The staining intensity of the stained cells was determined
as follows: negative staining (−), weak staining (+), moderate
staining (++), and strong staining (+++). The number of positive
cells was scored as follows: fewer than 25% positive cells (+),
25%–49% positive cells (++), and more than 50% positive cells (+
++). Finally, based on comprehensive evaluation of the two
scores, a qualitative and semiquantitative coloring intensity score
was obtained. At least 5–10 high-power fields were randomly
observed, and the average value was counted.

IHC analysis
IHC staining was performed using an UltraSensitive TMS-P kit (KIT-
9720, MX Biotechnologies, Fuzhou, China). The TMA slides
containing paraffin-embedded tissues were baked at 60 °C for
30min, and 1mM Tris-EDTA (pH 8.0) was used to for antigen
repair in a microwave. Subsequently, 3% hydrogen peroxide was
added to block endogenous peroxidases. The tissues were then

blocked with the sera of normal nonimmune animals for 10 min.
The tissues were incubated overnight at 4 °C with a mouse
monoclonal antibody against G3BP1 (Abcam, Cambridge, MA,
USA) or a rabbit polyclonal antibody against β-catenin (CST,
Danvers, MA, USA). The slides were incubated with a biotin-
labeled goat anti-mouse/rabbit IgG for 10min. Streptavidin-
peroxidase and diaminobenzidine were used to observe the
target protein staining.

Cell proliferation assay
Cell growth was determined using the CCK-8 assay. Stably
transfected MCF-7 and MDA-MB-231 cells were seeded in 96-
well plates at a density of 4000 cells per well and incubated with
fresh medium for 24, 48, 72, and 96 h. Subsequently, a 10% CCK-8
solution was added and incubated at 37 °C for 2 h. The optical
density at 450 nm was measured using a spectrophotometer. Each
assay was replicated three times.

Colony formation assay
For the colony formation assay, stably transfected MCF-7 and
MDA-MB-231 cells were seeded in six-well plates at a density of
500 cells per well. After culture with fresh medium for 2 weeks, the
cells were fixed in methanol for 10 min and stained with 0.1%
crystal violet for 10 min. Colonies containing more than 50 cells
were counted and scanned.

5-Ethynyl-2′-deoxyuridine (EdU) assay
An EdU assay was performed to detect active DNA synthesis
(RiboBio). Stably transfected MCF-7 and MDA-MB-231 cells were
seeded in 24-well coverslips and then incubated in EdU solution.
The cells were then fixed and stained with Apollo 488 (RiboBio).
Images were acquired using a Leica SP2 confocal microscope
(Leica Microsystems, Exton, PA, USA) and analyzed with ImageJ
software.

Western blotting and coimmunoprecipitation (co-IP)
Cells were lysed in RIPA buffer (CST), and the protein concentra-
tion was quantified using a BCA Protein Assay Kit (Beyotime,
Shanghai, China). To 1 mL of the above cell lysate, or
approximately 100–1000 µg of total cellular protein, 2 µL of
primary antibody was added and incubated for 2 h at 4 °C, after
which 20 µL of Protein A/G PLUS-Agarose (Santa Cruz, TX, USA sc-
2003) was added. The tubes were capped and incubated at 4 °C on
a rocking platform overnight. The cell pellets were collected, and
the proteins were separated using SDS-PAGE, transferred to a
PVDF membrane (Millipore, Burlington, Massachusetts, USA), and
blocked with 5% skimmed milk. The membranes were immuno-
blotted with the indicated antibodies and developed using the
FluorChem HD2 imaging system (Protein Simple, CA, USA). The
antibodies used in the article are reported in the supplementary
materials (Table S1).

Immunofluorescence assay
MCF-7 and MDA-MB-231 cells were seeded in 24-well coverslips,
fixed with 4% paraformaldehyde, permeabilized with 0.25% Triton
X-100, and incubated with 10% goat serum (ZSGQ-BIO Company,
Beijing, China). Next, the cells were incubated overnight at 4 °C
with antibodies against G3BP1 (1:100, Abcam, Cambridge, UK) and
GSK-3β (1:100, CST). Secondary antibodies were incubated with
the cells for 1 h in the dark. The slides were stained with DAPI
(Vector Labs, CA, USA) to visualize the nuclei. Images were
obtained (Olympus, Tokyo, Japan) and analyzed with ImageJ
software.

Quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA was extracted from MCF-7 and MDA-MB-231 cells using
TRIzol reagent (Invitrogen). qRT-PCR was performed using SYBR
Green Master Mix (Roche, Basel, Switzerland). All samples were
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quantified using the ABI7500Fast real-time PCR detection system
(Applied Biosystems, Foster City, CA, USA). Data were analyzed via
the 2−ΔΔCT method using β-Actin as a housekeeping gene. The
following primers were used:
G3BP1 forward: 5′-GAGAAGCCTAGTCCCCTGCT-3′
G3BP1 reverse: 5′-CCATTTGAATCCAATCCCCCA-3′
β-catenin forward: 5′-ACCTGGATGCCGTCGTGGAC-3′
β-catenin reverse: 5′-TGTGGCAGCACCAGGGCAGC-3′
β-Actin forward: 5′-CCCAGGCACCAGGGCGTGATGGT-3′
β-Actin reverse: 5′-GGACTCCATGCCCAGGAAGGAA-3′.

Xenograft tumor model
Six-week-old female BALB/c nude mice were obtained from SPF
Biotechnology Co., Ltd. (Beijing, China). To determine tumor
growth of G3BP1 in vivo, breast cancer cells stably infected with
shG3BP1 were resuspended in serum-free medium and injected
subcutaneously (107 cells/tumor) into the right axilla of the nude
mice (n= 6 per group). Approximately 1 week later, the mice were
weighed, and tumor width (W) and length (L) were measured with
Vernier calipers every 2 days for 4 weeks. Tumor volume was
estimated based on the formula V= 0.5 × L×W2. The animals were
sacrificed, and the tumors were excised and weighed. The care
and treatment of experimental animals were in accordance with
the institutional guidelines of the Experimental Animal Center of
the Chinese Academy of Medical Sciences.

Statistical analyses
Statistical analyses were conducted using Student’s t-test.
Pearson’s chi-squared test was used to analyze the correlation
between G3BP1 expression and the clinical characteristics of
breast cancer patients. Kaplan–Meier curves were used for overall
survival analysis. The correlation between G3BP1 and β-catenin
was analyzed by Spearman’s correlation coefficient. Statistical
significance was set at *P < 0.05, **P < 0.01, ***P < 0.001 and ****P<
0.0001. NS indicates that no significance was noted. Each
experiment was repeated at least three times, and the data are
presented as the means ± standard deviations. Statistical tests
were carried out with SPSS 24.0 software (SPSS, Inc., Chicago,
IL, USA).

RESULTS
Upregulated G3BP1 in breast cancer corresponds to poor clinical
prognosis
To explore the role of G3BP1 in breast cancer, we first analyzed six
independent microarray datasets from Oncomine and TCGA
database. Meta-analysis showed that G3BP1 was upregulated in
multiple breast cancer types [27] (P= 3.78 × 10−24, Fig. S1a). The
mRNA expression level of G3BP1 in tumor tissues was higher than
that in normal breast tissues [28–31] (Fig. 1a, b). Consistent with
the in vivo results, the expression of G3BP1 was increased in all six
breast cancer cell lines compared to MCF 10A normal breast cells
(Fig. 1c). Furthermore, a tissue array from 192 patients with breast
cancer was tested, and the clinicopathological characteristics of
the patients are summarized in Table S2. Compared to adjacent
nontumor breast tissues, in which G3BP1 was almost undetectable
or expressed at only low levels, the G3BP1 protein was over-
expressed in the tumor tissues (Fig. S1b), but its expression was
relatively low initially (grade 1) and enhanced in the advanced
stages of disease (grades 2–3) (Fig. 1d). Accordingly, more G3BP1
was detected in malignant and metastatic breast cancer (Fig. 1e),
implying that G3BP1 may serve as a candidate marker to
characterize malignant breast cancer. The results of survival
analysis showed that nearly 25% of patients with high G3BP1
expression had lower survival rates than patients with low
expression of the protein [32] (P < 0.001, Fig. 1f). Collectively,
these results indicate that G3BP1 is upregulated in malignant
breast cancer with a poor prognosis.

G3BP1 overexpression promotes breast cancer cell proliferation
and activates β-catenin signaling
To explore the function of G3BP1 in promoting breast cancer
progression, stable cell lines in which G3BP1 was overexpressed
and knocked down were constructed. MCF-7 and MDA-MB-231
cells were selected as representative non-TNBC and TNBC cell
lines, respectively (Fig. 2a, b). Indeed, overexpression of G3BP1
promoted cell growth (Fig. 2c, d), increased colony formation
(Fig. 2e, f), and induced DNA synthesis (Fig. 2g, h), whereas the
knockdown of G3BP1 correspondingly weakened the proliferative
capacity of MCF-7 and MDA-MB-231 cells (Fig. 2c–h). To further
validate the role of G3BP1 in breast cancer cell proliferation, we
generated a xenograft model in BALB/c nude mice using shG3BP1
and Con-shRNA MCF-7 cells. Indeed, tumorigenesis was signifi-
cantly decreased in G3BP1-silenced cells compared to Con-shRNA-
transfected cells in vivo (Fig. 2i).
To investigate how G3BP1 regulates breast cancer cell

proliferation, KEGG pathway enrichment analysis was performed,
and the Wnt/β-catenin signaling pathway was found to be
enriched (Fig. S2a). Consistent with the results of an analysis with
the Gene Expression Profiling Interactive Analysis database (R=
0.5, P < 0.001, Fig. S2b), the expression of G3BP1 was positively
correlated with β-catenin in the breast cancer tissue array (R2=
0.6861, P < 0.0001, Fig. 3a), and both proteins were associated with
breast cancer malignancy grade (Fig. 3b). Furthermore, we
explored whether G3BP1 induces cell proliferation through this
signaling pathway. The results showed that the upregulation of
G3BP1 increased β-catenin expression (Fig. 3c) and supported β-
catenin nuclear localization (Fig. 3d). Downstream genes (c-Myc
and Cyclin D1) regulated by the Wnt/β-catenin signaling pathway
were also elevated in G3BP1-overexpressing cells (Fig. 3c). In
contrast, knockdown of G3BP1 suppressed β-catenin signaling
(Fig. 3c, d). Notably, silencing β-catenin decreased the increases in
colony formation and DNA synthesis caused by G3BP1 over-
expression (Fig. 3e, f). In addition, β-catenin knockdown protected
against the G3BP1-induced expression of genes regulated by Wnt/
β-catenin signaling (Fig. 3g). These data suggest that β-catenin is
critical for the proliferative effect of G3BP1 in breast cancer cells.

G3BP1 improves the stability of β-catenin by inhibiting β-catenin
proteasome pathway degradation
Because G3BP1 was found to promote breast cancer cell
proliferation through β-catenin signaling, we further explored
the internal mechanism by which G3BP1 regulates β-catenin.
Because β-catenin functions as a transcription factor of the Wnt
signaling pathway, we first examined the transcriptional activity of
β-catenin. Neither overexpression nor knockdown of G3BP1
affected β-catenin mRNA expression levels (Fig. 4a, b), indicating
that G3BP1 does not regulate the transcription of β-catenin.
However, the protein expression level of β-catenin changed along
with that of Myc-G3BP1/shG3BP1 in a dose-dependent manner
(Fig. 4c, d), implying that G3BP1 may affect β-catenin protein
stability. In CHX-treated MCF-7 cells, G3BP1 overexpression
prolonged the half-life of β-catenin (Fig. 4e), while the knockdown
of G3BP1 accelerated β-catenin degradation, reducing the half-life
of β-catenin from 23 to 8 h in MCF-7 cells (Fig. 4f). Moreover, the
degradation of β-catenin could be reversed by treatment with the
proteasome inhibitor MG132, whereas the autophagy inhibitor
bafilomycin had little effect (Fig. 4g). Indeed, G3BP1 overexpres-
sion decreased β-catenin ubiquitination (Fig. 4h). These data
demonstrate that G3BP1 inhibits β-catenin degradation through
the ubiquitin-proteasome pathway.

G3BP1 interacts with GSK-3β and regulates its phosphorylation at
the S9 and Y216 sites
In the canonical Wnt/β-catenin signaling pathway, the stability of
cytoplasmic β-catenin is controlled by the destruction complex
[33]. Among members of this complex, GSK-3β acts as a negative
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regulatory factor in this pathway. The activity of GSK-3β is usually
affected by its phosphorylation at two sites. S9 phosphorylation
inhibits GSK-3β activity [34], while Y216 phosphorylation enhances
GSK-3β activity [35]. We found that G3BP1 overexpression not only
promoted GSK-3β S9 phosphorylation but also inhibited GSK-3β

Y216 phosphorylation (Fig. 5a), ultimately leading to GSK-3β
activity inhibition. Moreover, G3BP1 overexpression suppressed
the phosphorylation of β-catenin at serine 33 and 37 and
threonine 41 (Fig. 5a). The phosphorylation activation of
β-catenin at the serine 33 and 37 and threonine 41 sites

Fig. 1 Upregulated G3BP1 in breast cancer correlates with poor prognosis. a G3BP1 mRNA expression levels were upregulated in tumor
tissues compared to normal breast tissues from Oncomine breast cancer datasets. b G3BP1 transcript levels were upregulated in tumor tissues
compared to normal breast tissues from TCGA breast cancer datasets. c Western blotting of G3BP1 expression in breast cancer cells and
MCF 10A normal breast cells. β-Actin was used as a loading control. d G3BP1 protein expression in breast cancer tissues with different tumor
grades. Scale bar, 200 μm. e G3BP1 protein expression in tissues from different breast cancer types. Scale bar, 200 μm. f Kaplan–Meier
overall survival curves for all 75 patients with breast cancer stratified by high and low G3BP1 expression from data in the Oncomine database.
*P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 2 Continued.
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Fig. 2 G3BP1 promotes breast cancer cell proliferation. a, b The expression of G3BP1 in stable G3BP1-overexpressing or G3BP1-knockdown
MCF-7 and MDA-MB-231 cells. c, d CCK-8 assays were performed to detect cell growth in stable G3BP1-overexpressing or G3BP1-knockdown
MCF-7 and MDA-MB-231 cells. e, f Colony formation assays assessed the colony formation capacity of stable G3BP1-overexpressing or G3BP1-
knockdown MCF-7 and MDA-MB-231 cells. g, h EdU incorporation assays were performed to detect cell proliferation in stable G3BP1-
overexpressing or G3BP1-knockdown MCF-7 and MDA-MB-231 cells. Scale bar, 50 μm. i Images of tumors excised from six BALB/c nude mice
at 28 days after injection with Con-shRNA-transfected cells or shG3BP1 cells. *P < 0.05; **P < 0.01; ***P < 0.001.

Fig. 3 Continued.
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Fig. 3 G3BP1 promotes breast cancer cell proliferation by regulating β-catenin signaling. a Correlation analysis following quantitative
immunohistochemical staining of G3BP1 and β-catenin in normal breast tissues and breast cancer tissues. b Representative immunohistochemical
staining images of breast cancer tissues with different grades. cWestern blot analysis of G3BP1, β-catenin, c-Myc, and Cyclin D1 expression in stable
G3BP1-overexpressing or G3BP1-knockdown MCF-7 and MDA-MB-231 cells. d Expression of β-catenin in the cytoplasm and nucleus after G3BP1
overexpression or knockdown in MCF-7 and MDA-MB-231 cells. β-Actin was used as a cytoplasmic protein loading control, and Lamin A/C was used
as a nuclear protein loading control. e Silencing of β-catenin decreased clone formation in G3BP1-overexpressing MCF-7 and MDA-MB-231 cells.
f Silencing of β-catenin decreased DNA synthesis in G3BP1-overexpressing MCF-7 and MDA-MB-231 cells. Scale bar, 50 μm. g Silencing of β-catenin
decreased the expression of β-catenin, c-Myc, and cyclin D1 in G3BP1-overexpressing MCF-7 and MDA-MB-231 cells. *P< 0.05; **P< 0.01; ***P< 0.001.
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(phosphorylated by GSK-3β), as well as the serine 45 site
(phosphorylated by CK1α), is responsible for β-catenin ubiquitin-
mediated degradation [36]. Moreover, the results of the in vivo
experiment showed that silencing G3BP1 decreased the expres-
sion of β-catenin and its downstream molecules (Fig. 5b). These
results suggest that overexpression of G3BP1 protects β-catenin
from phosphorylation and ubiquitin degradation by inhibiting the
activity of GSK-3β in vitro and in vivo.

Since GSK-3β is a phosphorylation substrate of G3BP1, the
two proteins may engage in a protein–protein interaction.
Indeed, endogenous G3BP1 was colocalized with GSK-3β in
breast cancer cells (Fig. 5c), which was confirmed by coimmu-
noprecipitation (Fig. 5d), indicating that G3BP1 physically
interacts with GSK-3β. Furthermore, mapping the regions of
G3BP1 and GSK-3β showed that GSK-3β interacts with the NTF2-
like domain of G3BP1 (Fig. 5e, f and S3a, b). Importantly, a

Fig. 4 G3BP1 inhibits the ubiquitination and degradation of β-catenin. a, b The mRNA levels of β-catenin in stable G3BP1-overexpressing or
G3BP1-knockdown MCF-7 and MDA-MB-231 cells. c, d The expression of β-catenin protein levels in MCF-7 and MDA-MB-231 cells transfected
with the indicated concentrations of Myc-G3BP1 or shG3BP1 for 48 h. e Overexpression of G3BP1 inhibited the degradation of β-catenin in
MCF-7 cells. Cells were transfected with the Myc-G3BP1 plasmid for 24 h and treated with CHX (50 μg/mL) for the indicated durations, after
which the cell lysates were assessed by Western blotting. f Knockdown of G3BP1 accelerated the degradation of β-catenin in MCF-7 cells.
Cells were transfected with the shG3BP1 plasmid for 24 h and treated with CHX (50 μg/mL) for the indicated durations, after which the cell
lysates were assessed by Western blotting. g MG132 inhibition blocked the degradation of β-catenin induced by G3BP1. MCF-7 cells were
transfected with control or shG3BP1 plasmid for 24 h and then treated with MG132 (10 μmol/L) and BAF (200 nmol/L) for 2 h before the
addition of CHX (50 μg/mL) for the indicated durations. h The effect of G3BP1 on β-catenin ubiquitination. MCF-7 cells were transfected with
Flag-β-catenin, HA-ubiquitin, or Myc-G3BP1 expression plasmid for 24 h and then treated with MG132 (10 μmol/L), and the cell lysates were
immunoprecipitated using an anti-Flag antibody. Ubiquitinated β-catenin was detected by immunoblotting. Data are presented as the mean
± SD (n= 3). NS nonsignificant, CHX cycloheximide, BAF bafilomycin A1, UB ubiquitin. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 5 G3BP1 interacts with GSK-3β and regulates its phosphorylation at S9 and Y216. a The expression of GSK-3β, p-GSK-3β (S9), p-GSK-3β
(Y216), β-catenin, and p-β-catenin (S33/37/T41) was detected in G3BP1-overexpressing or G3BP1-knockdown cells. b Western blot analysis of
GSK-3β, p-GSK-3β (S9), p-GSK-3β (Y216), β-catenin, p-β-catenin (S33/37/T41), c-Myc, and Cyclin D1 expression in excised xenograft tumors.
c Immunofluorescence staining of G3BP1 and GSK-3β in MCF-7 and MDA-MB-231 cells. Scale bar, 20 μm. d G3BP1 interacted with GSK-3β in
MCF-7 and MDA-MB-231 cells. e Deletion mutants of the G3BP1 domain were inserted into a Flag-tagged vector. f Map of the domains of the
G3BP1 domain and GSK-3β that interact. g The expression of GSK-3β (S9), GSK-3β (Y216), GSK-3β, β-catenin (S33/37/T41), β-catenin, c-Myc, and
Cyclin D1 in MCF-7 and MDA-MB-231 cells transfected with G3BP1 deletion mutants.
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G3BP1 mutant without the NTF2-like domain (F1) lost the ability
to inhibit GSK-3β activity and increased the expression of
β-catenin target genes (Fig. 5g). These data indicate that the
NTF2-like domain of G3BP1 is crucial for the interaction
between G3BP1 and GSK-3β.

Disrupting the G3BP1-GSK-3β interaction relieves breast cancer
proliferation
The G3BP1-GSK-3β interaction improves the protein stability of
β-catenin, which upregulates the expression of proliferation-
related genes in breast cancer cells. Therefore, disrupting the

Fig. 6 Continued.
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G3BP1-GSK-3β interaction may be a therapeutic option for breast
cancer. To verify the role of the G3BP1-GSK-3β interaction in
β-catenin signaling activation and cell proliferation, an antagonist
peptide of G3BP1 was used to disturb this interaction. GAP161 is a
fusion peptide that specifically targets the NTF2-like domain of
G3BP1. Our previous results indicated that GAP161 suppresses the
progression of colon cancer in vitro and in vivo [37]. Given that
GAP161 and GSK-3β share the same G3BP1-binding domain, we
explored whether GAP161 affects the interaction of G3BP1-GSK-
3β. The immunoprecipitation results suggested that GAP161
effectively disrupted the G3BP1-GSK-3β interaction and moder-
ately decreased G3BP1 expression in MCF-7 and MDA-MB-231
cells (Fig. 6a, b). Furthermore, GAP161 accelerated β-catenin
degradation (Fig. 6c) and increased β-catenin ubiquitination in
MCF-7 cells (Fig. 6d). The activity of GSK-3β was enhanced, and the
expression of target genes regulated by β-catenin was suppressed
(Fig. 6e). Moreover, GAP161 not only decreased colony formation
(Fig. 6f) and DNA synthesis (Fig. 6g) but also inhibited cell
proliferation in MCF-7 and MDA-MB-231 cells (Fig. 6h). These data
confirm that the G3BP1-GSK-3β interaction promotes breast
cancer cell proliferation by enhancing β-catenin stability; disrupt-
ing this interaction may be a promising therapeutic strategy for
the treatment of breast cancer (Fig. 6i).

DISCUSSION
Previous reports have shown that upregulated G3BP1 predicts
poor survival rates in non-small-cell lung cancer and gastric cancer
[38, 39], but there is no evidence to verify the function of G3BP1 in

breast cancer. In our laboratory’s previous research, we reported
the function of G3BP1 in vivo, such as that in lung cancer [26] and
breast cancer [25]. We also found that G3BP1 knockdown
inhibited breast cancer tumor proliferation in vitro and in vivo,
which is consistent with a previous study [25], suggesting that
G3BP1 has an important effect on breast cancer proliferation.
Although G3BP1 is upregulated in breast cancer cells [40] and may
promote proliferation by inhibiting the stability of PMP22 mRNA
[41], its mechanism has not been elucidated. In this study, we
demonstrate that G3BP1 functions as an oncoprotein that drives
breast cancer proliferation in a β-catenin-dependent manner and
further verify that G3BP1 activates and stabilizes β-catenin
signaling. Through database analysis and the analysis of tumor
tissues, coincident increases in G3BP1 and β-catenin were
observed in patients with breast cancer along with low survival
rates, which indicates that G3BP1 and β-catenin are predictive
biomarkers of poor prognosis in breast cancer.
Wnt/β-catenin signaling is critical for cell fate and cancer

formation. The key to Wnt carcinogenesis is β-catenin accumula-
tion and nuclear localization [42, 43], suggesting that nuclear
β-catenin, rather than cytoplasmic β-catenin, determines cancer
progression. Moreover, studies have shown that stabilized
β-catenin shuttles in and out the nucleus independent of
transport receptors [44]. In this study, we observed that the
overexpression of G3BP1 not only elevated the expression of
β-catenin in whole-cell lysates but also increased the levels of
nuclear β-catenin and Wnt target genes. Mechanistically, the
G3BP1-GSK-3β interaction inhibits β-catenin phosphorylation
and degradation, thereby improving the stability of β-catenin.

Fig. 6 GAP161 affects the interaction of G3BP1 and GSK-3β. a, b Effect of GAP161 on the G3BP1-GSK-3β interaction in MCF-7 and MDA-MB-
231 cells. Cells were treated with solvent or GAP161 (30 μmol/L) for 24 h; cell extracts were immunoprecipitated with normal rabbit IgG, anti-
G3BP1, or anti-GSK-3β antibody and blotted with anti-G3BP1 or anti-GSK-3β antibody. c Effect of GAP161 on β-catenin degradation in MCF-7
cells. d Effect of GAP161 on β-catenin ubiquitination. MCF-7 cells were transfected with Flag-β-catenin and HA-ubiquitin expression plasmids
for 24 h and then treated with GAP161 (30 μmol/L), and the cell lysates were immunoprecipitated using an anti-Flag antibody. e The effect of
GAP161 on the expression of G3BP1, GSK-3β (S9), GSK-3β (Y216), GSK-3β, β-catenin, p-β-catenin (S33/37/T41), c-Myc, and Cyclin D1 in MCF-7
and MDA-MB-231 cells. f The effect of GAP161 on clone formation in MCF-7 and MDA-MB-231 cells. g The effect of GAP161 on DNA synthesis
in MCF-7 and MDA-MB-231 cells. h IC50 of GAP161 in MCF-7 and MDA-MB-231 breast cancer cells after GAP161 treatment. Cells were treated
with GAP161 at different concentrations for 48 h, and IC50 values were calculated. i Proposed model of the effect of G3BP1 on breast cancer
growth.
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Nevertheless, a previous study noted that G3BP1 deficiency
increased the mRNA and protein levels of β-catenin [45]. We
speculate that this discrepancy may be due to species
differences between mouse-derived and human-derived cells.
Indeed, a recent study in human esophageal cancer supports
this hypothesis [24]. Overall, elevated G3BP1 is necessary for
improving β-catenin stability and nuclear localization, and
inhibiting the G3BP1-β-catenin axis can alleviate breast cancer
cell proliferation.
Due to the complexity of the Wnt signaling pathway, multiple

levels of this signaling pathway, such as Wnt secretion [46],
ligand–receptor interactions [47], β-catenin stability [48], and β-
catenin transcription [49], have become targets of therapeutic
intervention. Some small-molecule inhibitors, such as
CWP232228, effectively inhibit the growth and progression of
breast cancer [50]. In this study, we found that the G3BP1-GSK-
3β interaction protects β-catenin from ubiquitin recognition and
degradation, enhancing the stability of β-catenin. Furthermore,
we found that GSK-3β binds the NTF2-like domain of G3BP1,
which has been reported to be involved in interactions with
other proteins [51]. Another important domain in G3BP1, the
RRM domain, is responsible for RNA binding [52]. In this study,
we mainly focused on the interaction between the NTF2-like
domain and GSK-3β. Disturbing this interaction effectively
inhibited the proliferation of breast cancer cells, implying that
the G3BP1/GSK-3β/β-catenin axis is a promising therapeutic
target in breast cancer progression.
In addition, we found that G3BP1 interacted with and

inactivated GSK-3β by suppressing its phosphorylation at S9 and
enhancing Y216 phosphorylation. Usually, the S9 site is phos-
phorylated in response to insulin stimulation [53]. Y216 phosphor-
ylation is necessary for the maximum activity of GSK-3β [54].
However, we failed to determine which site’s phosphorylation
leads to the inhibition of GSK-3β activity because GSK-3β is
regulated by a variety of mutual regulatory mechanisms, such as
the crosstalk between Wnt signaling and insulin signaling [55–57].
However, both activation and inactivation by phosphorylation at
S9 and Y216, respectively decrease the activity of GSK-3β. Our next
work will focus on the mechanism by which G3BP1 regulates GSK-
3β.
In summary, our study indicates that G3BP1 promotes breast

cancer cell growth by activating β-catenin signaling and that the
G3BP1-GSK-3β interaction improves β-catenin stability. Disturbing
the G3BP1-GSK-3β interaction suppresses breast cancer cell
proliferation. Therefore, targeting the G3BP1/GSK-3β/β-catenin
axis may be a breast cancer treatment strategy.
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