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Abstract
Background  The ZBTB (zinc finger and BTB domain-containing) protein family comprises a significant class of 
transcription factors that interact with various corepressors and histone/protein-modifying enzymes. This interaction 
facilitates chromatin remodeling and the regulation of gene silencing or activation, thereby playing a crucial role 
in cancer progression. However, the biological effects and molecular mechanisms of ZBTB6, a member of the ZBTB 
family, in cancer remain unclear.

Methods  The expression levels of ZBTB6 in breast cancer (BC) were investigated through public database queries, 
real-time quantitative PCR (qRT‒PCR), and Western blot analysis. The effects of ZBTB6 on BC cell viability were 
assessed via MTT assays. Flow cytometry was utilized to analyze the cell cycle distribution and apoptosis. Additionally, 
cell-derived xenograft experiments were conducted to study the impact of ZBTB6 on BC growth in vivo. The 
relationship between ZBTB6 and the ARHGAP6 promoter was evaluated via bioinformatics predictions, chromatin 
immunoprecipitation (ChIP) coupled with qRT‒PCR, and luciferase reporter assays.

Results  Our study demonstrated that ZBTB6 is highly expressed in primary BC specimens and cell lines and strongly 
correlated with tumor grade and poor prognosis. In vitro, ZBTB6 knockdown inhibited cell viability and cell cycle 
progression while promoting apoptosis; conversely, ZBTB6 overexpression elicited the opposite effects. In vivo, 
the inhibition of ZBTB6 expression in BC cells significantly suppressed tumor growth. Furthermore, we identified 
ARHGAP6 as a transcriptional target downstream of ZBTB6, with ZBTB6 binding to the promoter region of ARHGAP6 
to repress its transcription. Notably, ARHGAP6 can exert an inhibitory effect on tumors by attenuating STAT3 
activity. Our results indicate that ZBTB6 overexpression enhances the STAT3 signaling pathway, whereas ARHGAP6 
overexpression counteracts the effects of ZBTB6 overexpression in BC cells.

Conclusion  These findings suggest that ZBTB6 promotes breast cancer progression by repressing the transcription 
of ARHGAP6 and activating the STAT3 signaling pathway. Consequently, ZBTB6 may serve as a potential prognostic 
biomarker or therapeutic target for breast cancer patients.
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Background
Although considerable progress has been made in the 
screening, diagnosis and treatment of breast cancer (BC), 
this disease remains a major public health problem [1]. 
With 2.3  million new cases diagnosed in 2020, BC has 
become the most common type of cancer among women 
worldwide, accounting for 11.7% of all cancer diagnoses 
[2]. Although the possibilities resulting from improved 
early detection and treatment modalities are great, many 
patients remain diagnosed (or overdiagnosed) at late 
stages, resulting in a higher mortality risk [3]. Treatment 
options include surgery, chemotherapy, radiotherapy, 
targeted therapy and endocrine therapy [4, 5]. Neverthe-
less, even with an expanding array of treatment options, 
several patients still suffer from suboptimal restoration 
and long-term survival, especially those with recurrent 
disease [6]. Consequently, existing treatment measures 
are still insufficient to deliver a complete and powerful 
course of BC remedies. There is an unmet need for the 
discovery of novel biomarkers and therapeutic targets to 
improve long-term survival, as well as quality of life, in 
BC patients.

The ZBTB (zinc finger and BTB domain-containing) 
family of proteins constitutes a pivotal class of transcrip-
tion factors characterized by unique structural features 
that facilitate their involvement in various biological 
processes. Members of this family typically contain a 
C-terminal zinc finger domain responsible for recogniz-
ing and binding specific DNA sequences, along with an 
N-terminal BTB (broad-complex, tram-track and bric-a-
brac) domain that promotes protein‒protein interactions, 
particularly in the formation of homo or heterodimers 
[7, 8]. In the regulation of gene transcription, ZBTB 
proteins function primarily as transcriptional repres-
sors by recruiting corepressors (such as N-CoR, SMRT, 
and HDACs) to gene promoter regions through their 
BTB domains, thereby inhibiting the transcription of tar-
get genes [7]. Consequently, ZBTB proteins play diverse 
roles in regulating a variety of cellular processes, such as 
proliferation and apoptosis, significantly influencing cell 
growth and death by modulating the expression of cell 
cycle-related genes [9]. Moreover, ZBTB proteins affect 
the proliferation and survival of tumor cells by modulat-
ing critical pathways, including the Wnt signaling path-
way, which is correlated with patient prognosis [10]. 
Certain members of this family, such as BCL6 and LRF, 
are recognized as proto-oncogenes or tumor suppres-
sors in cancer; BCL6 promotes tumorigenesis in non-
Hodgkin’s lymphoma, whereas PLZF is acknowledged 
as a tumor suppressor in acute promyelocytic leukemia 
[11, 12]. Notably, ZBTB1 has been linked to DNA repair 
processes, highlighting its significant role in tumorigen-
esis [13]. Conversely, dysregulation of ZBTB24 has been 
associated with the development of human lymphomas, 

underscoring its potential involvement in tumor sup-
pression [14]. While the current literature primarily 
addresses hematological tumors, the roles of ZBTB pro-
teins in other tumor types (such as solid tumors) are 
under intensive investigation. Overall, ZBTB family pro-
teins play multifaceted roles in various cancers [7]. Dys-
function of these genes may contribute to tumorigenesis 
and progression, making them significant targets for the 
study of tumor development. ZBTB6, a member of the 
ZBTB family, has been reported to be potentially asso-
ciated with clinical outcomes in esophageal cancers [15] 
and has the potential to serve as a therapeutic target for 
type I nasopharyngeal carcinoma [16]. However, the role 
of ZBTB6 in a variety of tumors, including breast cancer, 
has not been definitively investigated, and the biological 
effects of ZBTB6 in cancer and the underlying molecular 
mechanisms are still unclear.

ARHGAP6 (Rho GTPase-activating protein 6) is a key 
member of the RhoGAP family and is primarily respon-
sible for regulating intracellular signaling by promoting 
GTP hydrolysis in Rho GTPases [17]. This regulatory 
function significantly affects cell morphology, motility, 
proliferation, and apoptosis [18]. In various human dis-
eases, particularly cancer, the expression levels of ARH-
GAP6 exhibit considerable variability, with reduced 
expression correlating with tumorigenesis and disease 
progression. For example, decreased levels of ARHGAP6 
in breast cancer have been associated with poor progno-
sis [18]. Diminished expression in lung adenocarcinoma 
is linked to increased resistance to the chemotherapeutic 
agent cisplatin (DDP) [19]. Additionally, in bladder and 
cervical cancers, ARHGAP6 exhibits tumor-suppressive 
properties by inhibiting cell proliferation and migration 
[20, 21]. Consequently, ARHGAP6 tends to play a nega-
tive role in tumorigenesis and progression.

In this study, our experimental findings demonstrated 
that ZBTB6 promotes cell proliferation and inhibits 
apoptosis by regulating the STAT3 signaling pathway in 
BC cells. Mechanistically, we identified ARHGAP6 as 
a transcriptional downstream target of ZBTB6. ARH-
GAP6 is an important signaling molecule. It inhibits 
the activation of the intermediate RhoA, which directly 
leads to the tyrosine phosphorylation of STAT3 and thus 
the activation of STAT3, and the activation of STAT3 is 
closely related to cell survival signaling pathways [22–24]. 
Notably, ZBTB6 enhances the STAT3 signaling pathway 
by downregulating ARHGAP6 expression. Collectively, 
these findings suggest that ZBTB6 drives BC progression 
through the ARHGAP6/STAT3 axis. This work provides 
new insights into the intrinsic mechanisms underlying 
BC development and offers a theoretical framework for 
considering ZBTB6 as a promising prognostic indicator 
or chemotherapeutic target.
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Methods
Clinical specimens
A total of 61 BC patients were enrolled in this study, from 
which clinical tissue samples and corresponding clinico-
pathological characteristics, including age, sex, and ini-
tial stage, were collected. All samples were obtained from 
the Department of Surgical Oncology at the First Affili-
ated Hospital of Xi’an Jiaotong University. None of these 
patients received chemotherapy or radiotherapy prior 
to surgery, as clearly documented in their pathological 
records. This study was approved by the Ethics Commit-
tee of the Health Sciences Centre at Xi’an Jiaotong Uni-
versity, ensuring that the entire research process adhered 
to ethical standards.

Reagents and antibodies
Super ECL prime reagents (Cat: S6008-100 mL) were 
purchased from US Everbright® Inc. (Suzhou, China). 
RIPA lysis buffer, phenylmethanesulfonyl fluoride 
(PMSF) and the transfection reagent Lipofectamine™ 
2000 were obtained from Thermo Fisher Scientific (New 
York, USA). Annexin V-APC (2005128) and propidium 
iodide (2048964) were obtained from Invitrogen (Califor-
nia, USA). 3-(4,5)-Dimethylthiahiazol-2 (-z-y1yl)-32,5-di-
phenyltetrazol-ium di-phenytetrazoliumromide bromide 
(MTT) (M5655) and dimethyl sulfoxide (DMSO) 
(D5879) were purchased from Sigma‒Aldrich (St. Louis, 
MO, USA). The anti-ZBTB6 (PA5-112925) antibody was 
purchased from Invitrogen (California, USA). ARHGAP6 
(SC-81938), STAT3 (SC-293151), p-STAT3 (sc-81523), 
Survivin (SC-10811), c-Myc (SC-789), Histone H3 (SC-
517576) and GAPDH (SC-47724) were purchased from 
Santa Cruz Biotechnology (California, USA). Mouse IgG 
(B900620) antibodies were purchased from Proteintech 
Group (Wuhan, China).

Cell culture
The cell lines utilized in this study included HMECs, 
BT-747 cells, T-47D cells and MCF-7 cells, all of which 
were obtained from Procell Life Science & Technology 
Co. Ltd. (Shanghai, China). To ensure the reliability of 
our experiments, each cell line was assessed for myco-
plasma contamination via Lonza’s MycoAlert kit, which 
was provided by the supplier. The cell lines were cultured 
in 1640 medium supplemented with 1% penicillin‒strep-
tomycin solution and 10% fetal bovine serum under stan-
dard conditions (5% CO2 and 37 °C).

Quantitative and reverse transcription PCR
Total RNA was extracted from the collected cells and 
human tissues via TRIzol reagent (Invitrogen, Carlsbad, 
CA, USA) following the manufacturer’s instructions. The 
extracted total RNA was further reverse transcribed to 
synthesize cDNA via the PrimeScript™ RT Kit (TaKaRa 

Biotechnology Co., Ltd., Dalian, China). cDNA was sub-
sequently detected via the iCycler iQ Multicolor qRT‒
PCR Detection System (Bio‒Rad, Hercules, CA, USA) 
for qRT‒PCR experiments to analyze gene expression 
levels. The results were normalized for glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) gene expression, 
and each reaction was repeated three times to ensure the 
reliability and consistency of the data. All primers used 
were as follows:

ZBTB6-F: 5’- ​T​G​G​T​G​T​C​G​A​A​A​A​T​G​G​G​C​A​G​T-3’.
ZBTB6-R: 5’- ​A​G​G​A​A​C​T​T​C​A​G​C​C​A​C​T​C​T​G​C-3’.
ARHGAP6-F: 5’- ​T​G​A​G​G​T​C​A​G​T​C​C​C​C​A​T​C​C-3’.
ARHGAP6-R: 5’- ​G​C​A​T​C​T​T​T​C​T​G​C​T​C​G​T​C​C-3’.
GAPDH-F: 5’-​G​C​C​G​T​A​T​C​G​C​T​C​A​G​A​C​A​C-3’.
GAPDH-R: 5’-​G​C​C​T​A​A​T​A​C​G​A​C​C​A​A​A​T​C​C-3’.

Transfection and infection experiments and plasmids
The short hairpin RNA (shRNA) lentiviruses used in 
this study to target human ZBTB6 were obtained from 
Gene Pharma Co. Ltd. (Shanghai, China). Small inter-
fering RNAs (siRNAs) for the knockdown of ARHGAP6 
and ZBTB6, along with their negative controls, were also 
obtained from the same company as follows:

Negative siRNA (NC-siRNA) sense: 5′-​U​U​C​U​C​C​G​A​A​
C​G​U​G​U​C​A​C​G​U​T​T-3′.

Negative siRNA (NC-siRNA) antisense: 5′- ​A​C​G​U​G​A​
C​A​C​G​U​U​C​G​G​A​G​A​A​T​T-3′.

ZBTB6 siRNA-1 sense: 5′- ​C​A​G​A​A​A​G​A​U​U​U​G​U​G​C​A​
C​C​A​T​T-3′.

ZBTB6 siRNA-1 antisense: 5′- ​U​G​G​U​G​C​A​C​A​A​A​U​C​U​
U​U​C​U​G​T​T-3′.

ZBTB6 siRNA-2 sense: 5’- ​G​U​U​A​U​G​G​U​A​C​A​G​U​G​A​G​
U​G​A​T​T-3’.

ZBTB6 siRNA-2 antisense: 5’- ​U​C​A​C​U​C​A​C​U​G​U​A​C​C​
A​U​A​A​C​T​T-3’.

ARHGAP6 siRNA-1 sense: 5’- ​G​A​A​A​C​T​G​G​A​T​T​C​A​C​
T​A​G​G​A​T​T-3’.

ARHGAP6 siRNA-1 antisense: 5’- ​U​C​C​U​A​G​U​G​A​A​U​C​
C​A​G​U​U​U​C​T​T-3’.

ARHGAP6 siRNA-2 sense: 5’- ​C​A​U​U​A​A​A​A​A​G​C​G​G​A​
U​C​C​A​A​T​T-3’.

ARHGAP6 siRNA-2 antisense: 5’- ​U​U​G​G​A​U​C​C​G​C​U​
U​U​U​U​A​A​U​G​T​T-3’.

sh-Control:
5′- ​A​A​A​A​G​A​G​G​C​T​T​G​C​A​C​A​G​T​G​C​A​T​T​C​A​A​G​A​C​G​

T​G​C​A​C​T​G​T​G​C​A​A​G​C​C​T​C​T​T​T​T-3′.
ZBTB6 shRNA:
5’- ​T​G​G​A​G​A​A​A​C​T​G​A​T​G​T​G​G​A​T​T​T​T​C​T​C​G​A​G​T​G​G​

T​G​C​A​C​A​A​A​T​C​T​T​T​C​T​G​T​T​T​T​T​T​C-3’.
The recombinant plasmids containing full-length 

cDNAs of human ZBTB6 as well as ARHGAP6 were 
cloned and inserted into the PCDH-CMV-MCS-EF1-
Hygro vector, which was purchased from Youbao Com-
pany (Changsha, China).
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For the cell transfection experiments, BT-747 and 
MCF-7 cells were seeded in 6-well plates during the 
logarithmic growth phase, with 2 × 10⁵ cells and 2 mL 
of medium added to each well, and incubated overnight 
at 37  °C. Transfection was subsequently optimized with 
siRNA and an overexpression plasmid (2  µg/well) via 
Lipofectamine™ 2000 (6 µL/well) for 72 h.

For the infection experiments, BT-747 cells were 
infected with lentivirus at 40% confluency, with each 
infection lasting 12 h. A total of two infections were per-
formed. Following infection, the cells were treated with 
puromycin (Life Technologies, New York, USA) for 36 h 
to select successfully integrated cells. The surviving cells 
were then frozen and stored in liquid nitrogen for future 
experiments.

Cell viability detection
The cells were seeded in 96-well culture plates at a den-
sity of 3000 cells per well, with 100 µL of 1640 medium 
added to each well. The cells were subsequently treated 
with either small interfering RNA (siRNA) or overexpres-
sion plasmids for 24, 48, or 72  h. At the specified time 
points, 10 µL of a 5 mg/mL MTT solution was added to 
each well, followed by incubation at 37 °C for 4 h. After 
incubation, the suspension was removed, and 150 µL of 
DMSO was added to each well to dissolve the formed 
formazan crystals. Finally, the absorbance values at 
492 nm were measured via a multifunctional microplate 
reader (POLARstar OPTIMA, BMG LabTechnologies, 
Germany) to assess cell viability.

Cell cycle analysis
The treated BC cells were cultured in six-well plates until 
they reached 50% confluence within 24 h prior to analy-
sis. The cells were then collected via trypsin digestion and 
resuspended in phosphate-buffered saline (PBS). For fixa-
tion, the cells were treated overnight with ice-cold 70% 
ethanol at 4 °C. The cells were subsequently stained with 
50  µg/mL propidium iodide (PI) and 50  µg/mL DNase-
free RNase A for 20  min at room temperature. Finally, 
flow cytometry was conducted via a fluorescence-acti-
vated cell sorter (FACSCalibur, BD Biosciences, San Jose, 
CA, USA) to analyze the cell cycle.

Apoptosis analysis
Treated BC cells were cultured in six-well plates and 
allowed to reach 50% confluence within 24  h prior to 
analysis. The cells were harvested through trypsin diges-
tion and subsequently resuspended in phosphate-buff-
ered saline (PBS). Next, the cells were stained with the 
Annexin-V FITC Apoptosis Detection Kit according to 
the manufacturer’s instructions. Apoptosis analysis was 
then conducted via flow cytometry with a FACSCalibur 
flow cytometer (BD Biosciences, San Jose, CA, USA) for 

data acquisition. Finally, the population of apoptotic cells 
was analyzed and quantified via ModFit software.

Western blot analysis
This study utilized samples from BC clinical tissues, nor-
mal breast tissues, and BC cells. For protein extraction, 
RIPA lysis buffer supplemented with PMSF and protease 
inhibitors (Roche, Indianapolis, IN, USA) was used, using 
Nuclear Extraction Kit SK-0001 (signosisinc) for nuclear 
protein extraction. Equal amounts of extracted proteins 
were loaded onto a 10% SDS polyacrylamide gel for sepa-
ration, followed by transfer to polyvinylidene difluoride 
(PVDF) membranes. After transfer, the membranes were 
blocked at room temperature for 2 h with 5% BSA. The 
membranes were then incubated overnight at 4  °C with 
the primary antibody. The membranes were subsequently 
incubated with secondary antibodies (peroxidase-labeled 
anti-mouse and anti-rabbit antibodies) for 2  h at room 
temperature. Finally, the membranes were treated with 
Super ECL reagent for signal detection, and the resulting 
luminescent signals were scanned, recorded, and quanti-
fied via Syngene GBox (Syngene, UK).

Subcutaneous tumor xenografts
This study adhered to the Guidelines for Animal Health 
and Use established by the Ministry of Science and 
Technology of China (2006). A total of ten five-week-
old female nude mice were obtained from Huafu Kang 
Biotechnology Co., Ltd. (Beijing, China) and randomly 
divided into two groups. The mice were housed in a spe-
cific pathogen-free (SPF) environment for one week to 
acclimatize to their new surroundings. Subsequently, 
BT-747 cells transfected with negative control shRNA or 
ZBTB6 shRNA (1.5 × 107 cells per mouse) were injected 
subcutaneously into the left upper backs of the mice in 
both groups via a 0.1 mL serum-free RPMI-1640 sus-
pension. To mitigate pain, isoflurane was used for nasal 
anesthesia, which is known for its rapid onset and ease 
of control; mice typically recover within 2 min after ces-
sation of anesthesia. If any mouse exhibited abnormal 
signs during anesthesia, the anesthesia equipment was 
immediately turned off, and emergency treatment was 
provided to ensure safety. Isoflurane is excreted entirely 
through respiration and does not affect mouse metabo-
lism, thereby minimizing interference with the experi-
mental results. To maintain sterility, the skin of the mice 
was disinfected with 75% medical alcohol before and 
after subcutaneous injection.

One week after injection, the tumor volume was mea-
sured every three days after injection under stringent 
feeding conditions, and the following formula was used: 
[tumor volume = (length×width2)/2]. Prior to tumor col-
lection, the mice were anesthetized nasally to alleviate 
pain, after which they were euthanized, and the tumors 
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were harvested. The carcasses were weighed, frozen at 
-20  °C, and subsequently processed for photographic 
documentation.

Immunohistochemical staining
The paraffin-embedded tumors were initially sectioned 
at a thickness of 5  mm and subjected to dewaxing and 
hydration. The sections were then placed in citrate buf-
fer (pH 6.0) and heated to 95 °C in a microwave oven for 
20  min to facilitate antigen retrieval. Following antigen 
retrieval, endogenous peroxidase activity was inhibited, 
and nonspecific binding was prevented by blocking with 
normal goat serum. Subsequently, an anti-ZBTB6 anti-
body diluted in PBS (1:20) was applied to the paraffin 
sections, which were subsequently incubated overnight 
at 4 °C. Upon completion of the incubation, a horseradish 
peroxidase-conjugated secondary antibody was added, 
and the sections were further incubated. Afterward, the 
DBA reagent was introduced for color development, 
and the final results were observed under a microscope. 
Hematoxylin restaining was performed to enhance 
contrast.

ChIP‒qRT‒PCR assay
The reagents and equipment utilized included a chroma-
tin immunoprecipitation (ChIP) kit (Millipore), Dyna-
beads Protein A (Thermo Fisher Scientific, USA), and a 
QIAquick PCR purification kit (QIAGEN, Germany). In 
BT-747 and MCF-7 cells, cross-linking was achieved via 
the addition of 1% formaldehyde for 15  min, followed 
by quenching with glycine. The DNA was subsequently 
sheared into fragments ranging from 200 to 800 base 
pairs via ultrasonic treatment. These DNA fragments 
were then incubated with ZBTB6 or IgG antibodies for 
12  h at 4  °C to facilitate specific immunoprecipitation. 
Following the extraction of DNA‒protein complexes via 
Dynabeads Protein A, the complexes were eluted with TE 
buffer at 65 °C. The next step involved inverse cross-link-
ing of the complexes at 65 °C for 8 h. Finally, the isolated 
DNA products were purified via a QIAquick PCR puri-
fication kit for quantitative reverse transcription PCR 
(qRT‒PCR) analysis. The corresponding gene-specific 
primers used are as follows:

ARHGAP6 (ChIP)-Primer 1-F: 5’- ​C​T​G​G​A​T​G​G​C​C​T​C​
T​A​A​G​A​C​T​C​C​A​G​C​A-3’.

ARHGAP6 (ChIP)-Primer 1-R: 5’- ​G​C​C​G​G​G​A​G​C​G​C​
G​G​T​G​G​A​C​G​C​G​C​C​C​T-3’.

ARHGAP6 (ChIP)-Primer 2-F: 5’- ​C​G​C​T​C​C​C​G​G​C​G​C​
C​G​C​G​A​G​A​A​C​T​T​C​C-3’.

ARHGAP6 (ChIP)-Primer 2-R: 5’- ​G​A​G​C​C​T​C​T​G​C​A​G​
T​C​G​G​A​A​G​A​G​T​G​G​G-3’.

ARHGAP6 (ChIP)-Primer 3-F: 5’- ​C​A​A​G​G​G​T​T​G​T​T​C​
C​A​A​G​C​T​C​A​A​G​G​T​T-3’.

ARHGAP6 (ChIP)-Primer 3-R: 5’- ​C​A​C​C​G​T​G​G​G​C​A​C​
G​C​A​G​T​C​T​T​T​G​G​A​G-3’.

ARHGAP6 (ChIP)-Primer 4-F: 5’- ​C​C​G​G​G​A​C​C​T​C​C​A​
A​A​G​A​C​T​G​C​G​T​G​C​C-3’.

ARHGAP6 (ChIP)-Primer 4-R: 5’- ​G​G​G​C​T​G​C​G​A​A​T​A​
G​C​G​T​G​T​T​C​C​T​C​T​C-3’.

ARHGAP6 (ChIP)-Primer 5-F: 5’- ​G​A​G​G​A​A​C​A​C​G​C​T​
A​T​T​C​G​C​A​G​C​C​C​A​G-3’.

ARHGAP6 (ChIP)-Primer 5-R: 5’- ​C​T​C​T​A​C​A​C​G​T​C​C​
T​G​G​C​C​G​C​C​C​C​C​T​T-3’.

ARHGAP6 (ChIP)-Primer 6-F: 5’- ​A​C​G​T​G​T​A​G​A​G​C​T​
G​G​A​G​G​A​A​T​G​C​C​G​G-3’.

ARHGAP6 (ChIP)-Primer 6-R: 5’- ​T​C​C​T​C​G​C​C​G​C​T​T​
G​C​A​G​G​T​T​T​G​G​C​G​C-3’.

GAPDH (ChIP)-F: 5’-​G​T​G​G​C​A​A​A​G​T​G​G​A​G​A​T​T​G​T​
T-3’.

GAPDH (ChIP)-R: 5’-​C​T​C​G​C​T​C​C​T​G​G​A​A​G​A​T​G​G-3’.

Luciferase reporter assay
The dual-luciferase expression plasmids pGL3-luc and 
pGL3-ARHGAP6-luc were constructed by AuGCT 
DNA-SYN Biotechnology (Beijing, China). Subsequently, 
either the pGL3-luc or pGL3-ARHGAP6-luc plasmid 
was transfected into BC cells to evaluate its effective-
ness. Additionally, ZBTB6 siRNA was cotransfected with 
a negative control siRNA (NC-siRNA) into BC cells pre-
viously transfected with pGL3-ARHGAP6-luc, along 
with the overexpression of ZBTB6 and vector transfec-
tion. Forty-eight hours posttransfection, BC cells were 
harvested, and luciferase activity was quantified via the 
Dual-Luciferase Reporter System (Promega, USA).

Public clinical data sets analysis
Data regarding ZBTB6 and ARHGAP6 expression as 
well as prognosis were downloaded from The Univer-
sity of ALabama at Birmingham CANcer data analysis 
Portal (UALCAN) (​h​t​t​p​​s​:​/​​/​u​a​l​​c​a​​n​.​p​​a​t​h​​.​u​a​b​​.​e​​d​u​/​i​n​d​e​x​
.​h​t​m​l). The ChIP data of ZBTB6 (CistromeDB: 65189; 
65192; 65190)were downloaded from the Cistrome Data 
Browser (http://cistrome.org/db/). Data regarding the 
correlation between ZBTB6 and ARHGAP6 was down-
loaded from GEPIA 2 (​h​t​t​p​​:​/​/​​g​e​p​i​​a​2​​.​c​a​​n​c​e​​r​-​p​k​​u​.​​c​n​/​#​c​o​r​
r​e​l​a​t​i​o​n).

Statistical analysis
The experimental results of this study consisted of three 
replicates of quantitative data derived from indepen-
dent experiments, with all the data presented as the 
means ± standard errors of the means (SEMs). Statistical 
analyses were conducted via SPSS 19.0 software (Abbott 
Laboratories, Chicago, IL), and the quantitative data are 
expressed as the means ± standard deviations and were 
analyzed according to their characteristics. The statisti-
cal methods employed included Student’s t test, two-way 

https://ualcan.path.uab.edu/index.html
https://ualcan.path.uab.edu/index.html
http://cistrome.org/db/
http://gepia2.cancer-pku.cn/#correlation
http://gepia2.cancer-pku.cn/#correlation
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ANOVA, and the Pearson chi-square test. A significance 
threshold of P < 0.05 was established to determine statis-
tically significant results.

Results
High expression of ZBTB6 in BC is related to 
clinicopathologic characteristics
To elucidate the role of ZBTB6 in the progression of 
BC, we first examined the correlation between ZBTB6 
expression and the clinicopathological features of BC. 
Analysis through the University of Alabama at Birming-
ham Cancer Data Analysis Portal (UALCAN) revealed 
that ZBTB6 was significantly overexpressed in BC tissues 
compared with normal breast tissue (P < 0.05) and cor-
related with nodal metastasis and TP53 mutation status 
(P < 0.05) (Fig.  1a–c). Moreover, Kaplan‒Meier survival 
analysis via UALCAN data indicated that high ZBTB6 
expression was correlated with poor prognosis (P < 0.01) 
(Fig. 1d).

We subsequently investigated ZBTB6 expression levels 
in 61 BC tissues alongside matched adjacent nontumor 
tissues via quantitative real-time PCR (qRT‒PCR), con-
firming the significant upregulation of ZBTB6 mRNA 
in BC tissues compared with normal tissues (P < 0.05) 
(Fig. 1e). Western blot analysis demonstrated that ZBTB6 
expression was also elevated in BC tissues compared with 
normal breast tissues (Fig. 1f ).

To support subsequent in vitro experiments, we vali-
dated these findings in BC cell lines (BT-747, T-74d, and 
MCF-7) via Western blotting and qRT‒PCR. The results 
indicated that ZBTB6 expression was significantly higher 
in BC cell lines than in normal human breast epithelial 
cell lines (HMECs) (Fig. 1f, g). In summary, these findings 
suggest that ZBTB6 may serve as a potential biomarker 
for the progression of human breast cancer.

ZBTB6 promotes BC cell proliferation and inhibits 
apoptosis in vitro
Given the clinical significance of ZBTB6 in BC, we inves-
tigated the effects of ZBTB6 gain and knockdown on the 
malignant growth potential of BC cells to elucidate the 
role of ZBTB6 in this context. Using the BC cell lines 
BT-747 and MCF-7, which exhibit high levels of ZBTB6 
expression, we performed in vitro experiments. qRT‒
PCR and Western blotting analyses demonstrated that 
ZBTB6 siRNAs significantly reduced ZBTB6 expression 
in BT-747 and MCF-7 cells (Fig. 2a, b; P < 0.01), whereas 
the ZBTB6 overexpression vector effectively increased 
ZBTB6 levels (Fig. 2a, b; P < 0.01). MTT assays revealed 
that ZBTB6 knockdown led to decreased viability in BC 
cells (Fig.  2c; P < 0.01), whereas ZBTB6 overexpression 
resulted in increased viability (Fig.  2d; P < 0.01). Flow 
cytometry analysis revealed that ZBTB6 knockdown 
caused cell cycle arrest in the G0/G1 phase (Fig.  2e; 

P < 0.01) and increased the percentage of apoptotic cells 
(Fig. 2g; P < 0.01), whereas ZBTB6 overexpression had the 
opposite effect (Fig. 2f, h; P < 0.01).

ZBTB6 ShRNA inhibits BC cell proliferation and promotes 
apoptosis in vitro and in vivo
To assess the role of ZBTB6 in regulating BC cell growth 
more precisely, we generated a stable ZBTB6-knockdown 
BT-747 cell line via a shRNA lentivirus transfection sys-
tem. qRT‒PCR and Western blotting confirmed that 
ZBTB6 shRNAs significantly suppressed ZBTB6 expres-
sion in BT-747 cells (Fig.  3a, b; P < 0.01), subsequently 
inhibiting BC cell viability, as demonstrated by MTT 
assays (Fig.  3c; P < 0.01). Similar to the results observed 
with ZBTB6 siRNAs, flow cytometry revealed that 
ZBTB6 shRNA also induced cell cycle arrest in the G0/
G1 phase (Fig. 3d; P < 0.01) and increased the percentage 
of apoptotic cells (Fig. 3e; P < 0.01).

Subsequently, we subcutaneously injected BT-747 cells 
with ZBTB6 shRNA or control shRNA into 5-week-old 
female nude mice. Compared with those in the control 
groups, the growth, volume, and weight of the tumors 
derived from ZBTB6 shRNA-expressing cells were sig-
nificantly lower (Fig.  3f-h). qRT‒PCR and immuno-
histochemical staining were conducted to verify the 
downregulation of ZBTB6 in tumors derived from 
ZBTB6 shRNA-transduced BT-747 cells (Fig.  3i, j; 
p < 0.01). Together, these data indicate that ZBTB6 pro-
motes the malignancy and progression of BC cells.

ZBTB6 binds the promoter of ARHGAP6 to mediate its 
transcription
In light of the role of ZBTB6 as a transcription fac-
tor, we utilized bioinformatics analysis (Cistrome Data 
Browser) to identify potential target genes of ZBTB6, 
further elucidating the molecular mechanisms by which 
ZBTB6 regulates BC progression. Our findings indicate 
that ZBTB6 can bind to the promoter region of ARH-
GAP6 (Fig.  4a). Data from The Cancer Genome Atlas 
(TCGA) revealed a negative correlation between ZBTB6 
and ARHGAP6 expression in human BC tissues (Fig. 4b; 
P < 0.01). Notably, qRT‒PCR analysis of 61 BC tissues and 
their matched adjacent nontumor counterparts revealed 
a significant negative correlation between ZBTB6 mRNA 
and ARHGAP6 mRNA expression (Fig.  4c; P < 0.01). 
Importantly, we confirmed that ZBTB6 binds to the 
ARHGAP6 promoter in BT-747 and MCF-7 cells via a 
chromatin immunoprecipitation (ChIP)-quantitative 
PCR (QPCR) assay (Fig. 4d; P < 0.01). To further validate 
these findings, we employed a dual-luciferase reporter 
system in which the target sequence of the ARHGAP6 
promoter was inserted into the luciferase gene of the 
pGL3 reporter plasmid, which was subsequently trans-
fected into BT-747 and MCF-7 cells. Luciferase activity 
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was measured after 48 h, revealing a significant increase 
in luciferase activity in the pGL3-ARHGAP6-luc group 
compared with the pGL3-luc group (Fig.  4e; P < 0.01). 
ZBTB6 siRNAs and the ZBTB6 overexpression vector 
were subsequently cotransfected with pGL3-ARHGAP6-
luc into BT-747 and MCF-7 cells. We observed a remark-
able increase in luciferase activity in the ZBTB6 siRNA 

groups compared with the negative control siRNA group 
(Fig. 4f; P < 0.01), whereas luciferase activity was signifi-
cantly lower in the ZBTB6 overexpression vector group 
than in the control vector group (Fig. 4g; P < 0.01). To fur-
ther assess the effect of ZBTB6 on ARHGAP6 expression, 
we performed qRT‒PCR and Western blotting analy-
ses. The results indicated that ZBTB6 siRNAs markedly 

Fig. 1  High expression of ZBTB6 in BC is related to clinicopathologic characteristics. (a) ZBTB6 expression in BC patients. (b) Correlation between ZBTB6 
expression and nodal metastasis in BC patients. (c) Correlation between ZBTB6 expression and TP53 mutation status in BC patients. (d) OS estimation 
datasets from patients in the high ZBTB6 expression correlation group compared with those in the low expression correlation group. (e) ZBTB6 mRNA 
expression in BC tissues versus normal breast tissues (n = 61; P < 0.01). (f) ZBTB6 protein expression in BC tissues and cell lines. GAPDH was used as an 
internal reference. (g) ZBTB6 mRNA expression in BC cells (BT-747, T-47d, and MCF-7) versus a normal human breast epithelial cell line (HMEC). GAPDH 
was used as an internal reference. Each experiment was performed in triplicate. The quantitative data in (a-c, g) were analyzed via Student’s t test, and the 
quantitative data in (d) were analyzed via Pearson’s chi-square test; *p < 0.05
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Fig. 2  ZBTB6 promotes BC cell proliferation and inhibits apoptosis in vitro. (a) ZBTB6 mRNA expression after transfection with ZBTB6 siRNA and ZBTB6-
overexpression plasmid in BC cells. GAPDH was used as an internal reference. (b) ZBTB6 protein expression after transfection with ZBTB6 siRNA and 
ZBTB6-overexpression plasmid in BC cells. GAPDH was used as an internal reference. (c) Viability of BC cells after transfection with ZBTB6 siRNA. (d) Viability 
of BC cells after transfection with the ZBTB6-overexpression plasmid. (e) The cell cycle of BC cells after transfection with ZBTB6 siRNA was analyzed by 
flow cytometry. (f) The cell cycle distribution of BC cells after transfection with the ZBTB6-overexpression plasmid was analyzed by flow cytometry. (g) 
Apoptosis of BC cells after transfection with ZBTB6 siRNA was examined via flow cytometry. (h) Apoptosis of BC cells after transfection with the ZBTB6-
overexpression plasmid was examined via flow cytometry. Each experiment was performed in triplicate. The quantitative data in (c, d) were analyzed via 
Pearson’s chi-square test, and the quantitative data in (a, e-h) were analyzed via Student’s t test; *p < 0.05
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Fig. 3  ZBTB6 shRNA inhibits BC cell proliferation and promotes apoptosis in vitro and in vivo. (a) ZBTB6 mRNA expression after ZBTB6 knockdown in BC 
cells. GAPDH was used as an internal reference. (b) ZBTB6 protein expression after ZBTB6 knockdown in BC cells. GAPDH was used as an internal refer-
ence. (c) Viability of BC cells after ZBTB6 knockdown. (d) The cell cycle distribution of BC cells after ZBTB6 knockdown was analyzed via flow cytometry. (e) 
Apoptosis of BC cells after ZBTB6 knockdown was analyzed via flow cytometry. (f) Morphology of isolated tumors from nude mice. (g) Tumor weights of 
the indicated mice on the 31st day. (h) Growth curves of tumor volume were obtained from 7 to 31 days. (i) ZBTB6 mRNA expression in xenograft tumors. 
GAPDH was used as an internal reference. (j) Immunohistochemical staining was performed to detect the expression of ZBTB6. Each experiment was 
performed in triplicate. The quantitative data in (c, h) were analyzed via Pearson’s chi-square test, and the quantitative data in (a, d, e, g, h, and i) were 
analyzed via Student’s t test, *p < 0.05
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Fig. 4  ZBTB6 binds the promoter of ARHGAP6 to mediate its transcription. (a) Bioinformatics analysis (Cistrome Data Browser) was used to predict the 
ZBTB6 binding site in the promoter of ARHGAP6. (b) Correlation analysis between ZBTB6 and ARHGAP6 using TCGA data. (c) mRNA correlation between 
ZBTB6 and ARHGAP6 in BC tissues. (d) ChIP‒qRT‒PCR analysis revealed that ZBTB6 binds the promoter of ARHGAP6. (e) BC cells were transfected with 
pGL3-ARHGAP6-luc (target sequences of ZBTB6), and the luciferase activity was examined at 48 h after transfection. Renilla luciferase was used as the in-
ternal control. (f) BC cells were cotransfected with pGL3-ARHGAP6-luc and ZBTB6 siRNAs, and the luciferase activity was determined. Renilla luciferase was 
used as the internal control. (g) BC cells were cotransfected with pGL3-ARHGAP6-luc and ZBTB6-overexpression plasmids, and the luciferase activity was 
determined. Renilla luciferase was used as the internal control. (h) ARHGAP6 mRNA expression after transfection with ZBTB6 siRNA in BC cells. GAPDH was 
used as an internal reference. (i) ARHGAP6 mRNA expression after transfection with the ZBTB6-overexpression plasmid in BC cells. GAPDH was used as an 
internal reference. (j) ARHGAP6 protein expression after transfection with ZBTB6 siRNA in BC cells. GAPDH was used as an internal reference. (k) ARHGAP6 
protein expression after transfection with the ZBTB6-overexpression plasmid in BC cells. GAPDH was used as an internal reference. (l) ARHGAP6 protein 
expression after ZBTB6 knockdown in BC cells. GAPDH was used as an internal reference. Each experiment was performed in triplicate. The quantitative 
data in (b, c, d) were analyzed via two-way ANOVA, and the quantitative data in (e-i) were analyzed via Student’s t test, *p < 0.05
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increased ARHGAP6 expression in BT-747 and MCF-7 
cells (Fig. 4h, j; P < 0.01), whereas the ZBTB6 overexpres-
sion vector significantly suppressed ARHGAP6 expres-
sion (Fig.  4i, k; P < 0.01). Additionally, consistent with 
the results obtained via ZBTB6 siRNAs, Western blot-
ting confirmed the upregulation of ARHGAP6 in tumors 
derived from ZBTB6 shRNA-transduced BT-747 cells 
(Fig. 4l).

Low expression of ARHGAP6 occurs in BC and is associated 
with clinicopathologic features
Previous studies have identified ARHGAP6 as a potential 
prognostic marker in BC, with low ARHGAP6 expres-
sion correlated with decreased patient survival [18]. 
We further validated and expanded upon these findings 
through bioinformatics analysis. Data obtained from 
UALCAN indicated that ARHGAP6 expression was sig-
nificantly downregulated in BC tissues compared with 
normal breast tissues (Fig. S1a, b; P < 0.01). Further-
more, the methylation level of ARHGAP6 was signifi-
cantly increased, suggesting a tumor-suppressive role for 
ARHGAP6 (Fig. S1c; P < 0.01). Additionally, ARHGAP6 
expression in BC tissues was found to be associated with 
individual cancer stage and TP53 mutation status (Fig. 
S1d, e; P < 0.05). qRT‒PCR analysis of 61 BC tissues and 
matched adjacent nontumor tissues demonstrated that 
the mRNA expression of ARHGAP6 was markedly lower 
in BC tissues than in normal tissues (Fig. S1f; P < 0.01). 
Consistent with these findings, Western blotting revealed 
a significant decrease in ARHGAP6 protein expression in 
BC tissues (Fig. S1g).

ARHGAP6 inhibits BC cell proliferation and promotes 
apoptosis in vitro
ARHGAP6 plays a crucial role in regulating cell signal-
ing pathways and influencing tumor growth. Previous 
studies have demonstrated that ARHGAP6 can inhibit 
BC growth by promoting ferroptosis [25]. To further elu-
cidate the role of ARHGAP6 in BC, we independently 
transfected the ARHGAP6 overexpression vector and 
ARHGAP6 siRNAs into BT-747 and MCF-7 cells. West-
ern blotting and qRT‒PCR analyses revealed that the 
ARHGAP6 overexpression vector effectively increased 
ARHGAP6 expression in both BT-747 and MCF-7 cells, 
whereas ARHGAP6 siRNAs significantly decreased 
ARHGAP6 expression (Fig.  5a, b; P < 0.01). MTT assays 
revealed reduced viability of BC cells following ARH-
GAP6 overexpression (Fig.  5c; P < 0.01), whereas ARH-
GAP6 knockdown resulted in increased viability of BC 
cells (Fig. 5d; P < 0.01). Furthermore, flow cytometry anal-
ysis demonstrated that ARHGAP6 overexpression led 
to cell cycle arrest at the G0/G1 phase (Fig. 5e; P < 0.01) 
and an increased percentage of apoptotic cells (Fig.  5g; 
P < 0.01), whereas ARHGAP6 knockdown yielded the 

opposite effects (Fig.  5f, h; P < 0.01). Notably, decreased 
ARHGAP6 has been reported in lung adenocarcinoma, 
leading to increased levels of p-STAT3 and downstream 
targets such as c-Myc and Survivin [19, 25, 26]. Conse-
quently, we assessed the expression of genes related to 
cell proliferation and the apoptosis-related signaling 
pathways STAT3/Survivin and STAT3/c-Myc through 
Western blotting. Our results indicated that ARHGAP6 
overexpression increased the protein expression levels 
of p-STAT3, survivin, and c-Myc in BC cells (Fig.  5b). 
In contrast, ARHGAP6 knockdown led to a decrease 
in the expression of these proteins (Fig. 5b). We further 
obtained consistent results by isolating nuclear proteins 
and detecting the level of p-STAT3 in the nucleus (Fig. 
S2a). Collectively, these findings suggest that ARH-
GAP6, as a transcriptional downstream target of ZBTB6, 
modulates the cell cycle and apoptosis by inhibiting the 
STAT3/Survivin and STAT3/c-Myc signaling pathways, 
thereby repressing BC progression.

ZBTB6 facilitates BC progression by modulating the STAT3 
signaling pathway by inhibiting ARHGAP6 transcription
Next, we aimed to elucidate the oncogenic function of 
ZBTB6 through its regulation of ARHGAP6 transcrip-
tion. The qRT‒PCR and Western blotting results demon-
strated that ZBTB6 overexpression led to downregulation 
of ARHGAP6 expression, whereas overexpressing ARH-
GAP6 offset the effects of ZBTB6 overexpression on 
ARHGAP6 expression (Fig.  6a, b; P < 0.01). MTT assays 
revealed that ARHGAP6 overexpression reversed the 
promoting effect of ZBTB6 overexpression on cell viabil-
ity (Fig. 6c; P < 0.01). Additionally, flow cytometry analy-
sis indicated that ARHGAP6 overexpression reversed the 
decrease in G0/G1 phase cells and the reduction in apop-
tosis, both of which were induced by ZBTB6 overexpres-
sion (Fig. 6d, e; P < 0.01).

Moreover, we investigated key molecules within the 
signaling pathway and found that ZBTB6 overexpres-
sion upregulated the protein expression of p-STAT3, 
survivin and c-Myc, accompanied by a downregulation 
of ARHGAP6 (Fig. 6b), which is consistent with ZBTB6 
being a transcriptional upstream regulator of ARHGAP6. 
As anticipated, ARHGAP6 overexpression effectively 
reversed the increases in p-STAT3, survivin and c-Myc 
levels caused by ZBTB6 overexpression (Fig.  6b). We 
obtained consistent results by detecting nuclear p-STAT3 
levels in cell lines as well as xenograft tumors, further 
illustrating the regulation of p-STAT3 by ZBTB6 (Fig. 
S2b, c). Collectively, these findings suggest that ZBTB6 
activates the STAT3 signaling pathway and subsequent 
cell survival signaling pathways by inhibiting ARHGAP6 
transcription, thereby facilitating BC progression.
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Fig. 5  ARHGAP6 inhibits BC cell proliferation and promotes apoptosis in vitro. (a) ARHGAP6 mRNA expression after transfection with ARHGAP6 siRNA and 
the ARHGAP6-overexpression plasmid in BC cells. GAPDH was used as an internal reference. (b) ARHGAP6, STAT3, p-STAT3, Survivin and c-Myc expression 
was measured after BC cells were transfected with ARHGAP6 siRNA and the ARHGAP6-overexpression plasmid. GAPDH was used as an internal reference. 
(c) Viability of BC cells after transfection with ARHGAP6 siRNA. (d) Viability of BC cells after transfection with the ARHGAP6-overexpression plasmid. (e) 
The cell cycle of BC cells after transfection with ARHGAP6 siRNA was analyzed by flow cytometry. (f) The cell cycle of BC cells after transfection with the 
ARHGAP6-overexpression plasmid was analyzed by flow cytometry. (g) Apoptosis of BC cells after transfection with ARHGAP6 siRNA was examined via 
flow cytometry. (h) Apoptosis of BC cells after transfection with the ARHGAP6-overexpression plasmid was examined via flow cytometry. Each experi-
ment was performed in triplicate. The quantitative data in (a, e-h) were analyzed via Student’s t test, and the quantitative data in (c, d) were analyzed via 
Pearson’s chi-square test; *p < 0.05
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Discussion
With the use of mammography, magnetic resonance 
imaging (MRI), and various biomarkers, screening, diag-
nosis, and treatment of breast cancer have improved. 
However, as the most prevalent type of cancer among 
women and severely affects their quality of life and sur-
vival, breast cancer remains a major global public health 
challenge and is therefore a focus of biomedical research 
[27]. Researchers have aimed to deepen the under-
standing of breast cancer pathogenesis and molecular 

characterization, thereby advancing the development of 
innovative therapeutic approaches. The onset and pro-
gression of breast cancer are closely linked to the dys-
regulation of multiple gene regulatory networks affecting 
transcription, posttranscriptional modifications and epi-
genetics. For example, mutations in key genes such as 
BRCA1 and BRCA2 are strongly associated with genetic 
susceptibility to breast cancer [28]. In addition, altera-
tions in posttranscriptional regulatory mechanisms can 
lead to aberrant activation or inhibition of signaling 

Fig. 6  ZBTB6 facilitates BC progression by modulating the STAT3 signaling pathway by inhibiting ARHGAP6 transcription. (a) ZBTB6 and ARHGAP6 
mRNA expression after cotransfection with the ZBTB6-overexpression plasmid and ARHGAP6-overexpression plasmid. GAPDH was used as an internal 
reference. (b) ZBTB6, ARHGAP6, STAT3, p-STAT3, Survivin and c-Myc protein expression after cotransfection with the ZBTB6-overexpression plasmid and 
ARHGAP6-overexpression plasmid. GAPDH was used as an internal reference. Each experiment was performed in triplicate. (c) Viability of BC cells after 
cotransfection with the ZBTB6-overexpression plasmid and ARHGAP6-overexpression plasmid. (d) The cell cycle of BC cells after cotransfection with the 
ZBTB6-overexpression plasmid and ARHGAP6-overexpression plasmid was analyzed via flow cytometry. (e) Apoptosis of BC cells after cotransfection 
with the ZBTB6-overexpression plasmid and ARHGAP6-overexpression plasmid was analyzed via flow cytometry. The quantitative data in (a, d, e) were 
analyzed via Student’s t test, and the quantitative data in (c) were analyzed via Pearson’s chi-square test; *p < 0.05
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pathways, thereby promoting tumorigenesis [29]. Epigen-
etic studies are increasingly highlighting the importance 
of changes such as DNA methylation and histone modi-
fications in processes such as the proliferation, migra-
tion and invasion of breast cancer cells. These changes 
not only determine the characteristics of the tumor but 
also may influence the response of the tumor to treat-
ment [30]. While early detection and improved treat-
ments can significantly improve survival rates, many 
patients are diagnosed at an advanced stage and therefore 
face a greater risk of death [31] (45). Breast cancer can 
be treated in a variety of ways, including surgical exci-
sion, chemotherapy, radiotherapy, targeted therapy and 
endocrine therapy. These treatments play different roles 
depending on the type and stage of the patient’s cancer. 
However, despite the increasing number of treatment 
options available and technological advances, long-term 
survival remains suboptimal for many patients, especially 
if tumors recur despite multiple therapeutic interven-
tions [32]. This situation suggests that current therapeu-
tic strategies may not be sufficient to treat breast cancer 
comprehensively and effectively, highlighting the urgent 
need for the development of new biomarkers and chemo-
therapy targets.

The ZBTB is an evolutionarily conserved family of 
nuclear transcription factors [33] involved in cellular 
processes such as the DNA damage response, cell cycle 
progression, and a variety of developmental events, such 
as proto-gut embryo formation, organ formation, and 
hematopoietic stem cell fate determination [8, 33]. The 
role of the ZBTB family in hematopoietic cell develop-
ment and tumor transformation has been extensively 
studied since the discovery of chromosomal translo-
cations of ZBTB16 and BCL6 in acute promyelocytic 
leukemia and B-cell lymphoma in the 1990s [8, 33, 34]. 
The current literature primarily addresses hematologi-
cal tumors: the promotion of cell cycle progression and 
malignant transformation of T cells by ZBTB17 through 
interaction with BCL6, GFI-1 and/or MYC [35]. ZBTB7A 
induces precursor T-cell lymphomas in mice by repress-
ing the transcription of the tumor suppressor gene 
CDKN2a [36]. In addition, the roles of ZBTB proteins in 
solid tumors are under further investigation. Currently, 
ZBTB7A has been identified as a potential prognostic 
and immunoinfiltration biomarker to inhibit the progres-
sion of endometrial cancer [37]. BCL6 promotes glioma 
development and is an important therapeutic target [38]. 
ZBTB28 acts as a tumor suppressor in multiple types 
of carcinogenesis by targeting p53 in competition with 
BCL6 [39]. As an uncharacterized member of the ZBTB 
family, the biological effects and molecular mechanisms 
of ZBTB6 in cancer remain poorly understood. Despite 
the growing interest in other ZBTB family members, the 
specific role and significance of ZBTB6 in tumor biology 

remain to be elucidated. Therefore, further investiga-
tions of the detailed biological functions of ZBTB6 and 
its related mechanisms in cancer development and pro-
gression are necessary. Our studies provide the first evi-
dence that ZBTB6 is upregulated in both BC tissues and 
cell lines and that its expression is correlated with nodal 
metastasis, TP53 mutation status, and poor prognosis 
(Fig.  1). Through the knockdown and overexpression of 
ZBTB6 in BC cells, we subsequently demonstrated that 
ZBTB6 promotes cell viability, facilitates the cell cycle 
transition from the G0/G1 phase to the S phase, and 
inhibits apoptosis (Fig.  2). Non-p53-dependent apop-
tosis pathways, such as p21 activation [40], may further 
explain ZBTB6’s role in BC cell survival. Correspond-
ingly, cell-derived xenograft experiments revealed that 
ZBTB6 significantly enhances tumor growth in vivo 
(Fig. 3f-j). Collectively, these results indicate that ZBTB6 
plays a crucial role in promoting BC cell growth and pro-
liferation while inhibiting apoptosis, thereby contributing 
to the progression of breast cancer.

To further clarify the potential molecular mechanism 
by which ZBTB6 facilitates BC, we combined bioinfor-
matics prediction, ChIP‒qRT‒PCR, and a dual-luciferase 
reporting system to determine whether ARHGAP6 is 
transcribed downstream of the ZBTB6 transcription fac-
tor (Fig. 4). ARHGAP6 has multiple key functions in cell 
biology, including regulating the cytoskeleton and influ-
encing processes such as cell proliferation, migration and 
apoptosis. Moreover, the expression level of ARHGAP6 
is closely associated with a variety of human diseases, 
especially cancer, where low expression of ARHGAP6 is 
significantly associated with tumorigenesis and progres-
sion, which may affect patient survival. In breast cancer, 
for example, downregulation of ARHGAP6 expression 
was associated with tumor progression, and its overex-
pression reduced cell proliferation and inhibited tumor 
growth by inducing a ferroptosis mechanism [25]. In this 
study, we verified that ARHGAP6 is downregulated in 
both BC tissues and cell lines and that its expression is 
correlated with individual cancer stage and TP53 muta-
tion status (Fig. S1). On the other hand, our data demon-
strated that ARHGAP6 could also decrease breast cancer 
cell viability, induce cell cycle arrest in the S phase and 
promote apoptosis, thereby inhibiting breast cancer pro-
gression (Fig. 5c-h).

ARHGAP6 has been reported to inhibit the intermedi-
ate RhoA, which directly activates STAT3 in the nucleus 
through tyrosine phosphorylation, and the activation of 
STAT3 is closely related to cell survival signaling path-
ways (such as survivin and c-Myc), thus influencing the 
cell cycle and apoptosis [19, 22–24, 42–44]. Given the 
effect of ARHGAP6 on the BC cell cycle and apopto-
sis, we speculate that ARHGAP6 could also regulate the 
STAT3/Survivin and STAT3/c-Myc signaling pathways 
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in BC cells. As expected, the results showed that ARH-
GAP6 knockdown increased p-STAT3, survivin and 
c-Myc expression, whereas ARHGAP6 overexpres-
sion decreased the p-STAT3, survivin and c-Myc levels 
(Fig. 5a, b). Importantly, ZBTB6 overexpression upregu-
lated p-STAT3, survivin and c-Myc expression (Fig. 6b). 
The reversed experiments for ZBTB6 overexpression via 
ARHGAP6 overexpression vectors subsequently revealed 
that ARHGAP6 overexpression reversed the promotion 
of cell viability and proliferation as well as the reduction 
in apoptosis caused by ZBTB6 overexpression (Fig.  6c-
e). Furthermore, overexpressing ARHGAP6 reversed the 
increases in p-STAT3, survivin and c-Myc levels caused 
by ZBTB6 overexpression (Fig. 6b). These data illustrated 
that ZBTB6 could activate the STAT3 signaling path-
way and subsequently cell survival signaling pathways by 
inhibiting ARHGAP6 transcription, thereby facilitating 
BC progression (Fig. 7).

This study elucidates the molecular mechanism by 
which ZBTB6 drives breast cancer progression through 
transcriptional repression of ARHGAP6 and subsequent 
activation of the STAT3 signaling pathway, while propos-
ing clinically actionable strategies for translation. First, 
ZBTB6 expression levels may serve as a prognostic bio-
marker, enabling risk stratification and dynamic monitor-
ing of therapeutic response via histopathological assays 
(such as immunohistochemistry) or liquid biopsies (such 
as circulating tumor DNA [ctDNA]) [45]. Second, tar-
geting ZBTB6 with small-molecule inhibitors or gene-
silencing technologies (such as siRNA/CRISPR) could 
block its oncogenic function, and combinatorial regimens 
with STAT3 inhibitors (such as Napabucasin) or chemo-
therapeutic agents may synergistically enhance efficacy 
and overcome drug resistance. Furthermore, restor-
ing ARHGAP6 expression through epigenetic modula-
tors (such as HDAC/DNMT inhibitors) or gene therapy 

vectors could suppress the STAT3/Survivin/c-Myc axis, 
offering a novel approach to reverse tumor progression. 
In personalized oncology, ZBTB6 expression levels may 
guide therapeutic selection: patients with ZBTB6-high 
tumors may benefit preferentially from STAT3-targeted 
therapies or immune checkpoint inhibitor combinations 
(particularly in triple-negative breast cancer [TNBC]), 
whereas those with ZBTB6-low tumors might respond 
better to conventional chemotherapy. Future studies 
should focus on pharmacological optimization of ZBTB6 
inhibitors, clinical trial design, and the role of ZBTB6 
in metastasis and therapy resistance, thereby bridging 
mechanistic insights to clinical applications and advanc-
ing this target from bench to bedside [46].

Despite the promising implications of our findings, 
this study has several limitations that should be noted. 
First, the experimental findings are primarily based on 
established breast cancer cell lines (such as MCF-7, 
MDA-MB-231) and cell-derived xenograft (CDX) mod-
els, which may not fully recapitulate the heterogeneity of 
human tumors or the tumor microenvironment (TME), 
particularly stromal-immune interactions. This con-
straint could underestimate the functional diversity of 
ZBTB6 across breast cancer subtypes (such as HER2+) 
or metastatic contexts. Second, in vivo analyses relied 
on subcutaneous xenografts, which fail to model organ-
specific metastatic niches (such as bone, lung) critical to 
clinical disease progression. Furthermore, while we iden-
tified ZBTB6 as a transcriptional repressor of ARHGAP6 
leading to STAT3 activation, the structural domains of 
ZBTB6 responsible for this regulation (such as zinc fin-
ger motifs), its cooperative transcriptional partners, and 
posttranslational modifications (such as phosphoryla-
tion) remain uncharacterized, posing challenges for 
targeted drug development. Clinically, the biomarker 
potential of ZBTB6 requires validation in larger, multi-
ethnic cohorts with diverse treatment histories. Addi-
tionally, the complexity of STAT3 signaling—including 
crosstalk with other oncogenic pathways (such as NF-κB, 
PI3K/AKT)—may limit the efficacy of single-axis thera-
peutic strategies. These limitations could affect the gen-
eralizability of our conclusions, necessitating further 
validation through patient-derived organoids, geneti-
cally engineered mouse models (GEMMs), and multi-
omics profiling to bridge mechanistic insights to clinical 
applications.

Conclusions
Overall, in this study, we are the first to reveal that 
ZBTB6 expression is upregulated in BC and promotes 
BC progression by modulating the STAT3 signaling path-
way by inhibiting ARHGAP6 transcription (Fig. 7). This 
study suggests that ZBTB6 plays a crucial role in BC and 

Fig. 7  Proposed model for the role of ZBTB6 in BC proliferation. ARHGAP6 
could inhibit STAT3 activation and thus subsequent cell survival-related 
STAT3/Survivin and STAT3/c-Myc signaling pathways. In contrast, ZTBT6 
can bind to the ARHGAP6 promoter and inhibit its transcription, thereby 
activating STAT3 and the subsequent STAT3/Survivin and STAT3/c-Myc sig-
naling pathways, which in turn promotes breast cancer progression
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may be a promising prognostic indicator and potential 
chemotherapy target.
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