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Introduction: The SWI/SNF (SWItch/Sucrose Non - Fermentable) complex is a multi - subunit, ATPase - dependent chromatin - 
remodeling complex involved in regulating key cellular processes. Tumors with SWI/SNF loss tend to be poorly differentiated and 
aggressive. Triple - negative breast cancer (TNBC) typically has a high histological grade and a poor prognosis. Given the limited 
reports on the SWI/SNF complex in breast cancer, we focused on its role in TNBC.
Methods: Using tissue microarray and immunohistochemistry (IHC), we evaluated the expression of four important subunits of the 
SWI/SNF complex (SMARCB1, SMARCA2, ARID1A, and SMARCA4) in 104 TNBC tissues, which included 96 cases of conven
tional TNBC and 8 cases of low - grade TNBC. Additionally, we evaluated the endogenous expression of the four subunits in five 
breast cancer cell lines by real - time quantitative PCR (RT - qPCR). These cell lines consisted of two TNBC cell lines (MDA - MB - 
231, MDA - MB - 468) and three non - TNBC cell lines (MCF - 7, T47D, and MDA - MB - 453).
Results: The IHC results indicated that the deletion rate of SMARCA2 was the highest in TNBC compared with other subunits (91/ 
104, 87.5%) (p < 0.0001), and SMARCA4 had the highest retention rate (98/104, 94.2%). Whether low - grade TNBC was excluded or 
not, there was no significant difference between the deletion rate and various clinicopathological parameters. Consistently, we found 
that SMARCA2 exhibited the lowest expression level across all five cell lines (p < 0.01). SMARCA4 showed the highest expression in 
all cell lines except MDA - MB - 453, in which ARID1A expression was the highest.
Conclusion: These results indicate that TNBC is characterized by a high proportion of SMARCA2 deletion and positive expression 
of SMARCA4, which are significant molecular features. The roles and potential mechanisms of these two factors in TNBC require 
further investigation.
Keywords: triple-negative breast cancer, SWI-SNF complex, SMARCA2, SMARCA4, chromatin remodelling, immunohistochemistry

Introduction
Conventional triple - negative breast cancer (TNBC) is a highly aggressive breast cancer subtype, characterized by poor 
differentiation and a poor prognosis. TNBC accounts for approximately 15% to 20% of all breast carcinomas and more 
frequently affects pre - menopausal women under 40 years of age. More than 50% of patients experience a relapse within 
the first 3 to 5 years after diagnosis.1–3 There is an increasing need to explore novel therapeutic targets and develop more 
effective treatments to improve the prognosis of TNBC patients.

A retrospective multicentric study found that the deletion of components of the SWI/SNF (SWItch/Sucrose Non - 
Fermentable) complex was one of the significant molecular alterations in treatment - refractory or treatment - resistant 
invasive breast carcinoma.4 Chromatin remodeling is one of the key mechanisms for the dynamic regulation of gene 
expression. It is facilitated by various protein/protein complexes, including the multi - subunit SWI/SNF complex. This 
complex is a crucial regulator of nucleosome positioning. It utilizes the energy from ATP hydrolysis to reposition 
nucleosomes, thus regulating key cellular processes such as transcription and DNA repair.5–7 The SWI/SNF complex 
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subunits can be classified into three functionally distinct categories: an ATPase - dependent catalytic subunit 
(SMARCA2/BRM or SMARCA4/BRG1), a targeting subunit thought to confer functional specificity to the complex 
(ARID1A, ARID1B, or PBRM1), and the remaining core and variant subunit.8 These proteins are essential for binding 
either to DNA or to other proteins.

Among the numerous subunits of the SWI/SNF complex, mutations occurred most commonly in SMARCA4, as well 
as in subunits believed to confer functional specificity (ARID1A, ARID1B, and PBRM1).8 Concurrent loss of 
SMARCA2 and SMARCA4 expression results in synthetic lethality regarding cancer cell survival and proliferation.9 

Compared to the primary tumor, ARID1A is one of the few genes that are more frequently mutated in metastatic breast 
cancer.10 SMARCB1 (also known as INI1, SNF5, and BAF47) is a highly conserved core subunit of the human SWI/ 
SNF complex and is essential for the complex’s ATP - dependent chromatin - remodeling activity. Homozygous 
inactivation of SMARCB1 is commonly observed in nearly all rhabdomyosarcoma tumors, yet its expression status in 
TNBC remains uncharacterized.11 Given the above findings, we selected four important subunits of the SWI/SNF 
complex: two catalytic subunits, SMARCA2 and SMARCA4; one targeting subunit, ARID1A; and one core subunit, 
SMARCB1, as the research subjects. We aimed to detect their protein expression in TNBC tissues and their endogenous 
expression in five breast cancer cell lines. Our hypotheses were as follows: (1) The SWI/SNF complex subunits are 
differentially expressed in TNBC; (2) The expression of the SWI/SNF complex subunits correlates with clinicopatho
logical characteristics, such as tumor grade, lymph node involvement, Ki - 67 proliferation index, and other indicators.

Materials and Methods
Tissue Specimens
A total of 104 paraffin - embedded TNBC tissue specimens were selected from Qingdao Central Hospital, University of 
Health and Rehabilitation Sciences, between 2017 and 2024. Inclusion criteria: Patients had no prior history of radio
therapy or chemotherapy. Cases had available results of IHC and/or dual - color silver in situ hybridization or 
fluorescence in situ hybridization. Tumor diameter was ≥ 1.5 cm. Exclusion criteria: Biopsy specimens obtained via 
needle aspiration. Cases with incomplete clinical data.

According to the classification in Felipe C Geyer’s research, conventional TNBC shows high - grade morphology and 
aggressive biological behavior. Low - grade TNBC, which can be broadly classified as salivary - gland - like tumors of 
the breast and includes histological entities based on specific genetic alterations regardless of the anatomical site of 
origin, has an indolent behavior.12

As shown in Figure 1A, there were 96 cases of conventional TNBC. These included 80 cases of high - grade invasive 
carcinoma, no special type (NST) (including 1 case of microglandular adenosis - related carcinoma (MGAC), and the 
associated carcinoma was NST), 1 case of invasive pleomorphic lobular carcinoma (P - ILC), 1 case of invasive papillary 
carcinoma (IPC) (with micropapillary carcinoma components), 8 cases of metaplastic carcinoma (MPC) (including 2 cases 
of high - grade spindle cell metaplastic carcinoma (MSCC), 5 cases of matrix - producing carcinoma, and 1 case with 
heterologous mesenchymal differentiation), 5 cases of high - grade carcinoma with apocrine differentiation (C - AD), and 1 
case of lymphoepithelioma - like carcinoma (LELC). Correspondingly, 8 cases of low - grade TNBC were collected, 
including 4 cases of low - grade C - AD, 1 case of adenoid cystic carcinoma (AdCC), 2 cases of malignant adenomyoe
pithelioma (M - AME) (the malignant components were myoepithelial carcinoma), and 1 case of mucinous cystadeno
carcinoma (MCAC). The clinicopathological data were also collected. It should be noted that the sample size of low - grade 
TNBC was small, and this imbalance might introduce statistical bias.

Tissue Microarray Construction
The tissue microarrays were constructed to be of sufficient size to ensure reliable visualization of internal controls 
(normal breast tissue). Representative cores, each with a 5 - mm diameter, were arranged in a standardized 3×4 grid 
pattern from each paraffin - embedded TNBC specimen.
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Immunohistochemistry(IHC)
IHC staining was carried out on the Roche VENTANA platform. Paraffin - embedded tissues were cut into 4 - µm slides and 
stained with a set of IHC markers: SMARCB1 (nuclear staining), SMARCA2 (nuclear and cytoplasmic staining), ARID1A 
(nuclear staining), and SMARCA4 (nuclear staining). The sources and clones of the antibodies are listed in Table 1.

After baking at 60°C for 30 minutes, the sections were automatically deparaffinized and hydrated. The VENTANA 
ULTRA CC1 solution was incubated at 95°C for 64 minutes for antigen retrieval. The primary antibody was incubated at 

Figure 1 (A) It presented the composition of 104 cases of triple-negative breast cancer, including 96 cases of traditional triple-negative breast cancer and 8 cases of low- 
grade triple-negative breast cancer. It also showed the histological types of 8 cases of metaplastic carcinomas. (B) Deletion expression of SWI/SNF complex in 104 cases of 
TNBC with different histological types. The subunits are shown in columns and cases in rows. The deletion and positive IHC results were marked with 0 and 1 points 
respectively. Groups of histological subtypes are depicted in phenotype bar. (C) Endogenous expression of SWI/SNF subunits (SMARCB1, SMARCA2, ARID1A, and 
SMARCA4) in breast cancer cell lines. The type of error bars is SD. * indicates a significant difference compared to group SMARCA4 (*, p < 0.05), # indicates a significant 
difference compared to group ARID1A (#, p < 0.05).
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37°C for 32 minutes, followed by the secondary antibody at 37°C for 8 minutes. After DAB staining and hematoxylin 
counter - staining for bluing, the sections underwent dehydration, clearing, and mounting with neutral gum.

IHC expression was evaluated using the Allred scoring system. All scoring was independently conducted by two 
pathologists. Expression deletion was defined as a complete loss or a significant reduction in nuclear expression in tumor 
cells compared to strong nuclear expression in background stromal cells or non - tumor epithelial cells. Each tissue microarray 
was accompanied by a positive control (normal breast tissue) to guarantee the accuracy of the experimental results.

Cell Culture
The five human breast cancer cell lines—MDA - MB - 231, MDA - MB - 468, MCF - 7, T47D, and MDA - MB - 453— 
were all obtained from the Shanghai Institutes for Biological Sciences. During the experiments, all cell lines were used 
within passages 5 to 20. The cells were cultured in high - glucose DMEM (Sparkjade, Shandong, China) supplemented 
with 10% fetal bovine serum or in RPMI 1640 medium (BasalMedia, Shanghai, China). All cells were kept at 37°C in an 
environment with 5% CO2.

Real-Time Quantitative PCR (RT-qPCR)
Total RNA was extracted using Trizol reagent (Vazyme, R0016), and the A260/A280 ratio was measured by 
a spectrophotometer (Merinton, SMA - 4000). A total of 1 µg of purified RNA was reverse - transcribed to cDNA 
with the Evo M - MLV RT Premix for qPCR (Accurate Biology, AG11706) under the following conditions: 37 °C for 
15 min, 85 °C for 5 s, and 4 °C for hold. The resulting cDNA was then subjected to RT - qPCR analysis.

RT - qPCR was performed using the SYBR Green qPCR Mix (Vazyme, Q311). The RT - qPCR program steps were as follows: 
95 °C for 30s, followed by 40 cycles of 95 °C for 10s and 60 °C for 30s, and finally 95 °C for 15s, 60 °C for 60s, and 95 °C for 15s. 
The 2−ΔΔCt method was used to calculate the relative mRNA amounts of target genes (SMARCB1, SMARCA2, ARID1A, and 
SMARCA4) relative to the endogenous GAPDH control. The sequences of RT - qPCR primers are listed in Table 2.

Statistical Analysis
Data were analyzed using GraphPad Prism software. The chi - square test and Fisher’s exact tests were used to analyze 
the expression of SWI/SNF subunits in TNBC tissues. The chi - square test with Yates’ correction and Fisher’s exact tests 

Table 1 Sources and Clone of the Antibodies

Antibody Source Clone Catalog No.

SMARCB1 Celnovte MRQ-27 CIM-0160
SMARCA2 Gene Tech GR509 GT252402

ARID1A Gene Tech GR014 GT251902

SMARCA4 Gene Tech GR005 GT233302

Table 2 The Primer Sequences Used for RT-qPCR Analysis

Gene Name Sequence (5′-3′) Amplicon Size (bp)

h-GAPDH forward ATGACCCCTTCATTGACCTCA 21

h-GAPDH reverse GAGATGATGACCCTTTTGGCT 21
h-SMARCB1 forward AGAGATTCTGGATGGCAACGA 21

h-SMARCB1 reverse CATGGCACGGCATCTAAGTG 20

h-SMARCA2 forward TCTGTCACAACGCTCAGACGTT 22
h-SMARCA2 reverse TTTGCCTCGGACTCTGACTCTT 22

h-ARID1A forward GCGGCTCACAATGAAAGACAT 21

h-ARID1A reverse GGCATCGTCGGAAATATTCTACA 23
h-SMARCA4 forward GGTCAATGGTGTCCTCAAACAG 22

h-SMARCA4 reverse GATGCGTTTGTGCTCCATGA 20
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were applied to assess the association between the expression of SWI/SNF subunits and the clinicopathological features 
of TNBC. One - way analysis of variance was performed to compare the endogenous expression of SWI/SNF subunits in 
the five breast cancer cell lines. Statistical significance was considered at p < 0.05.

Results
Expression of SWI/SNF Subunits (SMARCB1, SMARCA2, ARID1A, and SMARCA4) in 
TNBC Tissues (Figure 1B and Table 3)
Among 104 TNBC cases, IHC results indicated that the deletion rates of SMARCB1, SMARCA2, ARID1A, and 
SMARCA4 were 7.7% (8/104), 87.5% (91/104), 9.6% (10/104), and 5.8% (6/104), respectively. Whether low - grade 
TNBC was excluded or not, the loss rate of SMARCA2 was the highest in TNBC compared with other SWI/SNF 
subunits (p < 0.0001). Furthermore, we observed nuclear - cytoplasmic co - localization of SMARCA2. On the other 
hand, SMARCA4 expression was positive in the majority of cases (98/104, 94.2%), showing the highest expression rate 
among the four subunits in TNBC.

Regarding the histological subtypes of the 104 cases of TNBC, the deletion rate of the four subunits in NST 
(Figure 2A) was similar to that in the total TNBC cases. For P - ILC (Figure 2B), only SMARCA4 was positive. In 8 
cases of MPC (Figure 2C and D), SMARCA2 was deleted in all cases, and SMARCA4 was lost in 2 cases, with a much 
higher SMARCA4 deletion rate than other subtypes of TNBC (P < 0.05). While in 9 cases of C - AD (Figure 2E), 
SMARCA4 and ARID1A were both positive, accompanied by SMARCB1 deletion in 1 case and SMARCA2 deletion in 
8 cases. Next, AdCC (Figure 3A), M - AME (Figure 3B), MCAC (Figure 3C), LELC (Figure 3D), and MGAC 
(Figure 3E) were analyzed: in 2 cases of M - AME, SMARCA2 was deleted in both, SMARCA4 was deleted in 1 
case, while SMARCB1 and ARID1A were both positive. In the cases of AdCC, MCAC, and MGAC, there was only 
SMARCA2 deletion. In the LELC case, only SMARCA4 was positive. In the IPC case, all four subunits were positive.

Table 3 Expression of SWI/SNF Family Members in TNBC Tissues

SMARCB1 SMARCA2 ARID1A SMARCA4

Total TNBC (n=104)

Deletion 8 (7.7%) 91 (87.5%)**** 10 (9.6%) 6 (5.8%)

Positive 96 (92.3%) 13 (12.5%) 94 (90.4%) 98 (94.2%)

Conventional TNBC (n=96)

Deletion 5 (5.2%) 83 (86.5%)**** 6 (6.3%) 1 (1%)

Positive 91 (94.8%) 13 (13%) 90 (90%) 95 (95%)

NST (n=80)

Deletion 5 (6.3%) 69 (86.3%)**** 7 (8.9%) 3 (3.8%)
Positive 75 (93.8%) 11 (13.9%) 73 (91.3%) 77 (96.3%)

MPC (n=8)

Deletion 0 (0) 8 (100%)**** 1 (12.5%) 2 (25%)
Positive 8 (100%) 0 (0) 7 (87.5%) 6 (75%)

C-AD (n=9)

Deletion 1 (11.1%) 8 (88.9%)**** 0 (0) 0 (0)

Positive 8 (88.9%) 1 (11.1%) 9 (100%) 9 (100%)

Note: ****p<0.0001.
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Co - Deletion of SWI/SNF Subunits (SMARCB1, SMARCA2, ARID1A, and SMARCA4) 
Expression in TNBC
Among the 104 cases of TNBC, 91 cases showed the deletion of SMARCA2 expression. Among these, 8 cases had the 
simultaneous deletion of SMARCB1 expression (including 5 cases of NST, 1 case of P - ILC, 1 case of C - AD, and 1 case of 
LELC); 10 cases had a simultaneous deletion of ARID1A expression (including 7 cases of NST, 1 case of P - ILC, 1 case of 
MSCC, and 1 case of LELC); and 6 cases had a simultaneous deletion of SMARCA4 expression (including 3 cases of NST, 
1 case of MPC, 1 case of MSCC, and 1 case of M - AME). Additionally, there were 3 cases with simultaneous deletion of 
SMARCB1, SMARCA2, and ARID1A expression (1 case of NST, 1 case of P - ILC, and 1 case of LELC); 1 case with 
simultaneous deletion of SMARCA2, ARID1A, and SMARCA4 expression (MSCC); and 1 case with simultaneous 
deletion of all four subunits expression (NST). Furthermore, there were 13 cases with positive expression of all four 
subunits (including 11 cases of NST, 1 case of IPC, and 1 case of C - AD). Among the 91 cases with subunit deletions, all 
had deletion of SMARCA2 alone or in combination with the other three subunits, and there were no cases with deletion of 
any of the other three subunits alone.

Figure 2 H and E and IHC results of representative cases-1. i represents H and E staining; ii–v indicate IHC staining for SMARCB1, SMARCA2, ARID1A and SMARCA4 
respectively. (A) NST with grade III case: IHC results showed deletion of SMARCB1, SMARCA2, ARID1A expression and SMARCA4. (B) P-ILC case: discohesive cells 
arranged in a cord-like pattern. IHC results showed deletion expression of SMARCB1, SMARCA2, and ARID1A, and positive expression of SMARCA4. (C) MPC with matrix 
producing case: IHC results showed deletion of SMARCA2, and positive expression of SMARCB1, ARID1A, and SMARCA4. (D) High-grade MSCC case: IHC results showed 
deletion expression of SMARCA2, ARID1A, and SMARCA4, and with positive expression of SMARCB1. (E) High-grade C-AD case: with eosinophilic cytoplasm. IHC results 
showed deletion expression of SMARCA2 and SMARCB1, and with positive expression of ARID1A and SMARCA4. All panels, original magnification ×400.
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Correlation Between SWI/SNF Subunits Deletion (SMARCB1, SMARCA2, ARID1A, 
and SMARCA4) and Various Clinicopathological Parameters of TNBC
We evaluated the correlation between the deletion rates of SWI/SNF subunits (SMARCB1, SMARCA2, ARID1A, and 
SMARCA4) and various clinicopathological parameters of TNBC. Whether low - grade TNBC was excluded or not, the 
deletion rates of the four subunits showed no significant difference with various clinicopathological parameters, including 
age, histological grade, grade of TILs, tumor size, lymph node (LN) metastasis, and Ki - 67 percentage (Table 4).

Endogenous Expression of SWI/SNF Subunits (SMARCB1, SMARCA2, ARID1A, and 
SMARCA4) in Breast Cancer Cell Lines (Figure 1C)
We compared the endogenous expression of four subunits between TNBC cell lines (MDA - MB - 231, MDA - MB - 
468) and non - TNBC cell lines (MCF - 7, T47D, and MDA - MB - 453). RT - qPCR results confirmed that, as shown in 
Figure 1C, compared with ARID1A and SMARCA4, both SMARCB1 and SMARCA2 exhibited low expression across 
all breast cancer cell lines, including the TNBC cell lines. There was no significant difference between SMARCB1 and 
SMARCA2 expression, but SMARCA2 showed the lowest expression level. The highest expression of SMARCA4 was 
observed in all cell lines except the MDA - MB - 453 cell line, which had the highest expression of ARID1A.

Figure 3 H and E and IHC staining results of representative cases-2. i represents H and E staining; ii–v indicate IHC staining for SMARCB1, SMARCA2, ARID1A and SMARCA4 
respectively. (A) AdCC case: Basaloid cell nests are observed within a hyalinized stroma, with centrally located true glandular lumina exhibiting pink discharge. IHC results 
showed deletion expression of SMARCA2, with positive expression of SMARCB1, ARID1A, and SMARCA4. (B) M-AME case: Tumor cell nests show biphasic differentiation 
into both epithelial and myoepithelial components. IHC results showed deletion expression of SMARCA2, with positive expression of SMARCB1, ARID1A, and SMARCA4. (C) 
MCAC case: Cystically dilated lumina are observed, containing complex glands with intra- and extracellular mucin, along with the loss of the surrounding basement membrane. 
IHC results showed deletion expression of SMARCA2, with positive expression of SMARCB1, ARID1A, and SMARCA4. (D) LELC case: Tumor cells exhibit vesicular nuclei, 
with stromal infiltration by lymphocytes. IHC results showed deletion expression of SMARCA2, SMARCB1 and ARID1A, and positive expression of SMARCA4. (E) MGAC 
case: At the tumor periphery, areas of microglandular adenosis are noted, with coarse eosinophilic granules in tumor cytoplasm, and the associated carcinoma is NST. IHC 
results showed deletion expression of SMARCA2, and positive expression of SMARCB1, ARID1A, and SMARCA4. All panels, original magnification ×400.
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Table 4 Association Between SWI/SNF Subunits Expression and Clinicopathological Features in 104 Cases of TNBC

SMARCB1 Expression P Value SMARCA2 Expression P Value ARID1A Expression P Value SMARCA4 Expression P Value

Deletion Positive Deletion Positive Deletion Positive Deletion Positive

Age (years) 0.67 0.23 >0.99 >0.99

≤50 1 25 25 1 3 23 1 25

>50 7 71 66 12 7 71 5 73
Histological subtype 0.87 0.59 >0.99 0.95

Conventional 7 89 83 13 10 86 5 91
Low-grade 1 7 8 0 0 8 1 7

0.57 0.72 0.88 0.13

NST 5 75 69 11 7 73 3 77
Non-NST 3 21 22 2 3 21 3 21

Histological grade 0.32 0.5 0.78 >0.99

II 3 16 18 1 1 18 1 18
III 5 80 73 12 9 76 5 80

Grade of TILs 0.88 0.39 0.38 0.14

0 0 9 9 0 1 8 2 7
1 7 63 60 10 5 65 4 66

2 1 21 20 2 4 18 0 22

3 0 3 2 1 0 3 0 3
Tumor size 0.32 0.49 0.56 0.3

≤2cm 3 16 18 1 3 16 2 17

>2cm 5 80 72 12 7 78 4 81
LN metastasis 0.43 0.17 0.59 >0.99

Negative 4 64 63 5 8 60 4 64

Positive 4 29 27 6 2 31 2 31
Ki-67 0.15 >0.99 0.85 0.55

≤30% 1 5 6 0 0 6 0 6

30%~50% 0 28 24 4 2 26 3 25
>50% 7 63 61 9 8 62 3 67
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Discussion
The catalytic function of the SWI/SNF complex depends on one of its two mutually exclusive ATP - dependent helicases, 
SMARCA2 or SMARCA4, which share substantial protein sequence homology.13 Given that TNBC is more invasive and 
has a poorer prognosis compared to other types of breast cancer, we focused on the expression of SWI/SNF subunits in 
TNBC. The SMARCA2 and SMARCA4 ATPases may promote breast cancer cell proliferation by regulating cell - cycle 
progression, through independent mechanisms and with at least partially non - overlapping roles.14 SMARCA2 has been 
identified as a potent synthetic - lethal target in SMARCA4 - deficient cancers, and vice versa. SMARCA4 plays a complex 
role, acting as either a tumor suppressor or a tumor promoter, depending on the context. It has been regarded as both 
a prognostic marker and a potential therapeutic target in breast cancer. Low SMARCA4 expression is associated with 
a more favorable prognosis,15 while in TNBC, SMARCA4 promotes cancer progression by upregulating lipid synthesis.16

In our study, we found that the SMARCA2 expression deletion rate (87.5%) in TNBC was the highest among other SWI/ 
SNF subunits (SMARCB1, ARID1A, and SMARCA4). Additionally, SMARCA2 showed the lowest endogenous expression 
level across the breast - cancer cell lines (MDA - MB - 231, MDA - MB - 468, MCF - 7, T47D, and MDA - MB - 453). This 
suggests that it may play a unique biological role in TNBC. As one of the ATPase subunits in the SWI/SNF complex, the loss 
of SMARCA2 may severely compromise chromatin - remodeling functions, resulting in widespread dysregulation of gene 
expression and genomic instability.14 As another ATPase subunit mutually exclusive with SMARCA2, previous studies have 
shown that the loss of expression of both SMARCA2 and SMARCA4 is synthetically lethal to the survival and development 
of cancer cells. SMARCA2 has been identified as an effective synthetic - lethal target for SMARCA4 - deficient cancers.9,17 

Our results indicated that the expression deletion rate of SMARCA4 was the lowest among the four subunits, with positive 
expression in most TNBC samples. Moreover, our RT - qPCR results in cell lines showed significantly higher expression of 
SMARCA4 compared to the other subunits in TNBC cell lines, suggesting a potentially crucial function of SMARCA4 in 
TNBC. Nevertheless, we did not delve further into the effects of the concurrent deletion of SMARCA4 and SMARCA2 on the 
progression of TNBC; this will be the primary focus of our future research.

Interestingly, SMARCA4 exerts different functions under varying conditions. SMARCA4 genetic alterations (muta
tions or deletions) are mainly observed in small - cell lung cancer and ovarian small - cell carcinoma.18 In TNBC, 
SMARCA4 plays dual roles in tumor progression, acting as either a promoter or a suppressor. Studies have shown that 
SMARCA4 can directly bind to gene promoters, increasing DNA accessibility and thereby activating the transcription of 
Rho GTPase - activating protein 29 (ARHGAP29). This up - regulation of ARHGAP29 expression modulates RHOA 
signaling, ultimately inhibiting the growth and metastasis of breast cancer.19 In addition, SMARCA4 interacts with other 
proteins to form complexes and jointly regulates the proliferation of TNBC cells. When combined with SOX4, 
SMARCA4 directly activates the transcription of hexokinase 2 (HK2), enhancing glycolysis and promoting TNBC cell 
proliferation. At the same time, it modulates the expression of TGFBR2, which initiates the activation of the PI3K - AKT 
pathway and thus influences TNBC progression.20

Our findings suggest that SMARCA4 may play an important role in TNBC, and SMARCA2, as the mutually - 
exclusive ATPase subunit, is mostly deleted. However, in 8 MPC cases, SMARCA4 was deleted in 2 cases, and the 
deletion rate was much higher than that of other TNBC subtypes. MPC is a rare subtype of breast cancer, defined as 
mammary carcinoma with squamous or mesenchymal differentiation, which may include spindle - cell, chondroid, 
osseous, or rhabdomyoid differentiation patterns.21 MPC is characterized by a larger tumor size, less lymph - node 
metastasis, a higher histology grade, and a worse prognosis.22 However, the limited number of MPC cases included in 
this study may affect the reliability of our conclusions. In future work, we will increase the sample size of MPC and other 
special subtypes of breast cancer. Additionally, we will conduct targeted studies by integrating multi-omics analysis and 
cellular functional experiments.

One study found that SMARCB1 was homozygously inactivated in nearly all cases of rhabdoid tumors, a rare type of 
pediatric malignancy.11 SMARCB1 knockout mice were also predisposed to developing similar tumors,23 further 
demonstrating that SMARCB1 is a genuine tumor - suppressor gene. Since then, additional studies have identified 
mutations in other SWI/SNF subunits (ARID1A, PBRM1, SMARCA4) in various tumors, including ovarian clear - cell 
carcinoma, clear - cell renal cell carcinoma, and non - small - cell lung cancer.24–26
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In breast cancer research, mutations in ARID1A, ARID1B, and PBRM1 have been reported,8,27,28 suggesting a tumor - 
suppressor role for the SWI/SNF complex. Notably, ARID1A is one of the few genes found to be more frequently mutated 
in metastatic breast cancer than in primary tumors. Mutations in ARID1A have also been implicated in mediating resistance 
to endocrine therapy in metastatic ER - positive breast cancer.29 Previous studies have confirmed that ARID1A functions as 
a tumor suppressor within breast cancer.30

In contrast, the loss rates of SMARCB1 and ARID1A were 7.7% and 9.6%, respectively. These lower loss rates 
suggest that their roles in TNBC may differ from that of SMARCA2, or that their loss may contribute less to the 
carcinogenicity of TNBC. Perhaps they exert more limited effects in certain TNBC subtypes or specific contexts. Our 
research was in line with previous studies. For instance, the deletion of SMARCB1 is very common in certain soft - 
tissue tumors, such as malignant rhabdoid tumors,11 but is relatively rare in breast cancer. ARID1A shows a high 
mutation rate in several cancer types, such as clear - cell ovarian carcinoma and endometrial cancer,24,26 yet has 
a relatively low deletion rate in TNBC.

In this study, we found that the deletion of any SWI/SNF subunit was always accompanied by the deletion of 
SMARCA2, and isolated deletion of the other three subunits was not detected. Previous studies on multiple cancer types 
have shown that mutations in different SWI/SNF subunits are not mutually exclusive, and the frequency of co - mutations 
is approximately what would be expected randomly. This suggests that these subunits have non - redundant functions, 
and their combined abnormalities may gradually impair the complex. Thus, we speculate that the deletion of SMARCA2 
may be a key initiating event that drives the dysfunction of the SWI/SNF complex in TNBC, and the concomitant 
deletion of other subunits could potentially exacerbate this functional impairment.

Through RT - qPCR analysis comparing four SWI/SNF subunits between TNBC cell lines (MDA - MB - 231, MDA - 
MB - 468) and non - TNBC lines (MCF - 7, T47D, MDA - MB - 453), we identified the characteristic high proportion of 
SMARCA2 deletion and SMARCA4 positive expression. The low mRNA expression of SMARCA2 in TNBC cell lines 
is consistent with the high deletion rate of SMARCA2 protein observed by IHC, further strengthening the reliability of 
this study. This conserved expression profile suggests a possible role of SWI/SNF complexes in breast cancer pathogen
esis. Notably, ARID1A is aberrantly expressed in MDA - MB - 453 cells. As a core subunit of the SWI/SNF complex, 
ARID1A mediates cell - specific chromatin remodeling, which may reflect the requirements for subtype - specific 
chromatin remodeling.

One study analyzed a series of 6026 primary and metastatic breast cancers using targeted capture sequencing. 
Alterations in SMARC core subunits (SMARCA4, SMARCB1, and SMARCA2) were identified in less than 1% of all 
breast cancers. These included 27 primary and 30 recurrent/metastatic tumors, and 12% (7/57) had histologic patterns in 
the form of rhabdoid, composite rhabdoid, sarcomatoid, or anaplastic features. In this study, 30 cases of IHC detection 
showed that SMARC proteins (SMARCB1, SMARCA2, and SMARCA4) were preserved in nearly all tumors analyzed 
(26/30, 87%).31 Our study found a high deletion rate of SMARCA2 in TNBC. Although our study did not assess 
SMARCA2 mutations, the minimal mutation rates (<1%) reported in prior genomic studies strongly suggest that non - 
mutational mechanisms predominantly drive SMARCA2 deletion in TNBC. These mechanisms may include post - 
transcriptional regulation, protein stability control, and epigenetic silencing. Epigenetic regulation plays a vital role in the 
progression of TNBC. In follow - up studies, we will further investigate the post - translational modification functions of 
SMARC proteins in TNBC.

Consistent with Ulicna et al’s report that core SWI/SNF subunits (eg, SMARCB1, ARID1A) are predominantly 
localized in the nucleus, our IHC results confirmed the strict nuclear localization of these subunits in TNBC.32 This 
conservation supports their canonical functions in chromatin remodeling. We observed nuclear - cytoplasmic co - 
localization of SMARCA2, in line with Ulicna et al’s biochemical fractionation data demonstrating the cytoplasmic 
presence of SMARCA2. This dual - localization pattern may reflect its bifunctional roles: participating in chromatin 
remodeling within the nucleus while potentially regulating translation (eg, via mRNA or ribosome binding) in the 
cytoplasm. As reported by Ulicna et al, cytoplasmic SMARCA4 predominantly functions in translational regulation. 
Mutations in SMARCA4 can reduce overall translation activity and render cells sensitive to inhibitors targeting specific 
translational pathways. In the nucleus, by contrast, SMARCA4 mainly mediates ATP - dependent chromatin remodeling, 
which involves transcriptional regulation, DNA damage repair, cell - cycle control, and other biological processes. In 
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breast cancer (51% of cases showed nuclear - cytoplasmic co - expression), our TNBC cohort exhibited exclusively 
nuclear SMARCA4. This discrepancy may occur because SMARCA4 in TNBC may preferentially exert oncogenic 
functions within the nucleus, or low - abundance cytoplasmic SMARCA4 was undetectable by our IHC protocol.

The significantly high deletion rate of SMARCA2 and high expression of SMARCA4 in TNBC provide new 
directions for clinical diagnosis and treatment, as their expression status may serve as a potential biomarker for predicting 
patient prognosis. For instance, developing inhibitors against other members of the SWI/SNF complex, such as 
SMARCA4, or targeting cell - survival pathways that depend on SMARCA2 loss through synthetic - lethal strategies 
may offer new treatment options for TNBC patients. Since deletion of SMARCA4 appears to increase the radiosensitivity 
of tumor cells, inhibitors of this ATPase may serve as adjuvant agents for radiotherapy. Additionally, although the 
expression - loss rates of SMARCB1, ARID1A, and SMARCA4 are relatively low, their potential biological roles and 
impacts in specific patient populations still warrant further investigation.

Our study had certain limitations. First, the sample size of this study was relatively small; future research should 
expand the sample size to further validate the conclusions and their correlation with various clinicopathological 
parameters. Second, IHC has a degree of subjectivity, so future studies should incorporate molecular - biology 
techniques, such as gene sequencing and CRISPR/Cas9 gene - knockout experiments, to further explore the specific 
effects of SMARCA2 loss on the biological behavior of TNBC cells. Third, while the NST cases constituted the 
predominant category, the limited sample sizes of other subtypes precluded meaningful statistical analysis. Future 
multi - center collaborations assembling larger cohorts of rare subtypes (eg, MPC, C - AD, and M - AME) are needed 
to validate these preliminary observations. Furthermore, regarding the reliability of the results, this study has several 
major limitations: the absence of in - vitro and in - vivo functional validation, the use of a single reference gene for RT - 
qPCR normalization, and the lack of inter - observer agreement assessment for IHC scoring.

In summary, this study reveals the expression status of key subunits of the SWI/SNF complex in TNBC. Specifically, 
it shows the high deletion rate of SMARCA2 and the high retention rate of SMARCA4, suggesting a potential 
association with TNBC pathogenesis. This finding provides new insights into the diagnosis and treatment of TNBC.
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