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Abstract. The histone deacetylase inhibitor pracinostat 
(SB939) may inhibit metastasis of triple‑negative breast cancer 
by downregulating fibronectin (FN1) expression through the 
STAT3 signaling pathway. SB939 exhibits low cytotoxicity 
and is a potential targeted agent against breast cancer. The 
present study investigated the value of STAT3 and FN1 as 
breast cancer treatment targets and integrated cancer databases 
and bioinformatics tools to evaluate the effect of SB939 on 
breast cancer metastasis. Gene Set Enrichment Analysis, Gene 
Expression Profiling Interactive Analysis, Gene Expression 
Database of Normal and Tumor Tissues 2, The University 
of Alabama at Birmingham Cancer data analysis portal, 
GeneMANIA, Search Tool for the Retrieval of Interacting 
Genes/Proteins, LinkedOmics and Tumor Immune Estimation 
Resource databases were used in the present study. SB939 
inhibited enrichment of the STAT3 pathway and decreased the 
expression of FN1. FN1 and STAT3 expression was markedly 
higher in breast cancer tissues compared with normal tissues. 
Kaplan‑Meier curves demonstrated that increased expres‑
sion of STAT3 and FN1 was associated with low survival in 
patients with breast cancer with overall, recurrence‑free and 
disease‑specific survival and FN1 having the strongest asso‑
ciation with MMP2, which facilitating extracellular matrix 
degradation and metastatic niche formation. Furthermore, 
MMP2 exhibits crosstalk STAT3 to induce metastasis of 
breast cancer cells. To conclude, SB939 may be used as a small 
molecule compound for the clinical treatment of breast cancer.

Introduction

Breast cancer (BC) is the most prevalent malignancy in female 
patients worldwide, representing ~25.1% of all new female 

cancer cases and remains the leading cause of cancer‑related 
mortality in female patients across 112 countries, with an 
estimated 715,000 deaths annually. Over the past five years 
(2019‑2024), global incidence rates have risen by 1.2% 
per year, attributed to lifestyle transitions and expanded 
mammography screening in low‑resource regions, despite 
declining mortality in high‑income countries due to targeted 
therapies (1). Triple‑negative TN(BC) accounts for ~15% of all 
BC cases (2,3). This type of BC has a poor prognosis and low 
survival rate due to its high metastasis rate (4,5). Metastasis 
occurs when tumor cells escape the primary site and travel to 
distant tissue (6). Epithelial‑mesenchymal transition (EMT) is 
a main driver of metastasis and is reportedly a cause of poor 
prognosis in metastatic cancer (7,8). BC is primarily treated 
using surgery; however, due to its high rate of early metastasis, 
TNBC is primarily treated by radiotherapy (5,9). Targeted 
therapies may also be used to treat TNBC. However, due 
to the shortcomings of targeted drugs (10‑14), the effects of 
these treatments in patients with advanced metastasis remain 
unsatisfactory  (15). Therefore, identification of targeted 
small‑molecule drugs has become an important topic in BC 
treatment. Currently, STAT3 is a promising novel target in 
clinical BC therapy (16,17).

STAT3 signaling is involved in tumor cell proliferation, 
survival, invasion and immunosuppression. STAT3 contrib‑
utes to cancer development through epigenetic mechanisms 
associated with mitochondrial function, inflammation, stem 
cells and metastasis (18,19). A growing body of literature 
has demonstrated the association between the tumor micro‑
environment and the STAT3 signaling pathway  (16,20). 
Identification of drugs that target pathways inhibiting STAT3 
signaling may decrease cancer progression and increase 
anticancer immune responses  (21). STAT3 signaling in 
cancer is activated by ligands that bind to cell surface 
receptors, leading to the phosphorylation of STAT3. STAT3 
regulates cell proliferation and survival through genes such 
as cyclin D1, c‑MYC, survivin, B cell lymphoma‑extra‑large 
and induced myeloid leukemia cell differentiation protein 
Mcl‑1. It also promotes vascularization via VEGF and 
hypoxia‑inducible factor 1α  (22‑24). In addition, STAT3 
regulates tumor invasion and metastasis by regulating 
the expression of MMP2, MMP9 and vimentin  (25,26). 
Moreover, STAT3 serves a key role in immunity and tumor 
stem cell formation (27,28) 
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Fibronectin 1 (FN1) is a high molecular weight glycopro‑
tein of the extracellular matrix (ECM) that mediates cellular 
interactions with the ECM and is involved in cell adhesion, 
migration, proliferation and differentiation  (29,30). The 
expression of FN1 is higher in several tumor types including 
nasopharyngeal carcinoma, osteosarcoma and esophageal 
and ovarian cancer, compared with normal tissue  (31‑33). 
Previously, FN1 was identified as an important tumor‑associ‑
ated gene that regulates the development of cancer (34). Studies 
have revealed the role of FN1 in promoting BC invasion and 
metastasis (32,35,36). In addition, high FN1 expression levels 
are associated with advanced BC and poor prognosis (37).

Bioinformatics analysis can be used to screen vital 
disease‑associated proteins and provide direction for 
clinical research  (38). TNBC is characterized by aggres‑
sive metastasis and limited therapeutic options. The STAT3 
signaling pathway has emerged as a critical driver of TNBC 
progression, promoting epithelial‑mesenchymal transition 
(EMT) and extracellular matrix (ECM) remodeling through 
downstream effectors such as FN1). Despite preclinical 
evidence supporting STAT3 inhibition as a therapeutic 
strategy, clinical translation remains hindered by the lack 
of agents capable of simultaneously targeting STAT3 and its 
metastatic mediators.SB939, a novel hydroxamic acid deriva‑
tive, has shown pan‑histone deacetylase (HDAC) inhibitory 
activity in solid tumors (39‑41). However, its potential effects 
on STAT3/FN1 signaling crosstalk in TNBC remain unex‑
plored. Clinical studies have demonstrated that it has good 
tolerability, efficacy and pharmacokinetics in solid tumors 
including non‑small cell lung cancer, HER2‑negative meta‑
static BC and platinum‑resistant ovarian cancer  (42,43). 
It inhibits the metastasis and growth of BC tumors by 
targeting histone deacetylase (HDAC) with minimal overall 
toxicity. Dysregulation of histone acetylation is associated 
with tumorigenesis and cancer progression. SB939 regu‑
lates cellular processes involved in cancer development, 
such as inducing cell cycle arrest, promoting apoptosis and 
suppressing metastasis (44,45) and also serves a role in cell 
differentiation and DNA replication and repair. Acetylation is 
a key post‑transcriptional modification in epigenetics and is 
involved in multiple cellular processes (46,47). Deacetylation 
is catalyzed by HDAC; therefore, SB939 is a promising 
targeted inhibitor for use in BC treatment.

Materials and methods

RNA isolation and transcriptome sequencing. Total RNA 
from MDA‑MB‑231 breast cancer cells) was isolated using 
TRIzol (Catalog #15596026, Invitrogen, USA) according to 
the manufacturer's protocol. RNA sequencing libraries were 
constructed using the Ion Total RNA‑Seq Kit v2 (Catalog 
#4475936, Thermo Fisher Scientific, USA), which includes 
steps for RNA fragmentation, adapter ligation, and amplifica‑
tion, followed by template preparation on the Ion Chef system. 
Libraries were sequenced on an Ion Torrent S5 XL system 
(Thermo Fisher Scientific, Inc.) with a read depth of 10‑20 
million reads per sample, and raw data were processed using 
Torrent Suite software for base calling and quality control. 
Library concentrations (2‑10 nM) were verified using a Qubit 
4.0 Fluorometer (Thermo Fisher Scientific). RNA integrity and 

library fragment size distribution were assessed by agarose gel 
electrophoresis (1.5% gel stained with GelRed) and visualized 
under UV light. 

Culture and pre‑treatment of BC cells
Cell culture. The MDA‑MB‑231 TNBC cell line (purchased 
from ATCC) was cultured in RPMI‑1640 medium (MultiCell 
Technologies, Inc.) containing 10% fetal bovine serum 
(MultiCell Technologies, Inc.) at 37˚C in a 5% CO2 incubator. 
MCF‑10A, as well as the TNBC cell lines MDA‑MB‑468, 
BT549, BT‑20, MCF‑7 and MDA‑MB‑231, were purchased 
from American Type Culture Collection. SUM159 cells were 
a gift from Dr Yuzhu Zhang (Guangdong Academy of Chinese 
Medicine, Guangzhou, China). Cells were cultured in DMEM 
with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific) 
and 1% 100X penicillin and streptomycin in a 37˚C incubator 
with 5% CO2. Tanks with liquid nitrogen (‑196˚C) were used 
for long‑term storage of the cells.

Pre‑treatment of specimens. The control group was three 
groups of MDA‑MB‑231 cell samples (C1‑C3) treated with 
DMSO at the same dosage as that in the experimental group. 
(Selleck Chemicals LLC). The experimental group was two 
groups of MDA‑MB‑231 cell samples treated with SB939 [low 
dose group (T1‑T3, 40 µM); high dose group (T4‑T6, 60 µM)]. 
The SB939 was dissolved in DMSO, and the cells were treated 
for 24 h (37˚C incubator with 5% CO2) (44).

Bioinformatics analysis
Screening of dif ferentially expressed genes. GSEA 
(gsea‑msigdb.org/gsea/index.jsp; version number: 4.3.3) was 
used to analyze genome‑wide expression profiling microarray 
data by sorting functionally similar or identical genes and 
testing whether differentially expressed genes were enriched 
in a predefined set of genes in the control and experimental 
groups. The false discovery rate (FDR) of GSEA was calcu‑
lated using the built‑in program; FDR <0.25 and a nominal 
P‑value <0.05 were considered statistically different.

Gene expression profiling interaction analysis (GEPIA). 
GEPIA (gepia.cancer‑pku.cn/index.html) was used to assess 
differential gene expression of BRCA, disease‑associated 
gene prognosis and expression of tumor‑associated genes in 
tumor and normal tissue. GEPIA was also used to analyze 
disease staging correlations, prognostic survival curves and 
correlation between different proteins.

Kaplan‑Meier analysis was performed using R statis‑
tical platform (v4.2.2; R‑project.org/) with the survival 
(v3.5‑3) (https://CRAN.R‑project.org/package=survival) 
and survminer (v0.4.9)  (ht tps://CRAN.R‑project.
org/package=survminer) packages. The primary endpoint 
was overall survival (OS), defined as the time from initial 
diagnosis to death from any cause, while the secondary 
endpoint, disease‑free survival, was calculated as the 
time from surgery to recurrence or metastasis. Censoring 
criteria included patients lost to follow‑up or deceased from 
non‑cancer‑related causes. Survival curves were compared 
by the log‑rank test with a two‑sided significance threshold 
(α=0.05). Optimal cut‑off thresholds for risk stratifica‑
tion were determined using X‑tile software (v3.6.1, Yale 
University) through a minimum P‑value approach, validated 
on the TCGA‑BRCA cohort (n=1,091).
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Gene expression database of normal and tumor tissues 
2 (GENT2). GENT2 (gent2.appex.kr) was used to compare 
gene expression profiles across normal and tumor tissues, 
enabling the identification of genes with significant expres‑
sion changes for subsequent genomic and survival analyses in 
TCGA cohorts via cBioPortal. Cancer Genomics (cbioportal.
org/), a multidimensional database was used to evaluate tumor 
genomics in The Cancer Genome Atlas (TCGA) datasets (ID: 
syn300013), specifically ‘TCGA Nature 2012 (825 samples)’ 
and the ‘TCGA Pancancer Atlas (1,084 samples)’. These 
datasets were used to study gene copy number alteration, 
mutations, survival rates and pathways using the cBioPortal 
database (cbioportal.org/). The tabs were selected based on the 
default settings of cBioPortal.

Search tool for the retrieval of interacting genes/proteins 
(STRING). STRING (string‑db.org/) was used to analyze the 
protein‑protein interaction (PPI) network of differentially 
expressed proteins, and derive proteins with a strong asso‑
ciation with differential genes, which were used to research 
differential gene‑associated pathways. 

Tumor immune estimation resource (TIMER). TIMER 
(cistrome.shinyapps.io/timer/) was used to evaluate the asso‑
ciation between differential gene expression and immune cell 
infiltration using the ‘gene module’. The ‘survival module’ 
was used to evaluate the association between clinical prog‑
nosis and immune cell infiltration and differential gene 
expression.

University of Alabama at Birmingham cancer data 
analysis portal (UALCAN). UALCAN (ualcan.path.uab.edu/.) 
is a web‑based database of expression levels of specific genes 
in various cancer types and conduct grouped comparisons 
according to clinical variables such as tumor stage, sex and 
age. UALAN database was used to analyze the expression of 
STAT3 in different types of BC. 

LinkedOmics. LinkedOmics (linkedomics.org/) is a 
publicly available portal tool that provides comprehensive 
multi‑omics analysis of data from 32 TCGA cancer types 
(25 cases). The ‘LinkInterpreter’ module was used to obtain 
Gene Ontology (GO; ebi.ac.uk/quickgo/) enrichment for 
STAT3 in BC and Kyoto Encyclopedia of Genes and Genomes 
(KEGG; kegg.jp/) pathway enrichment. Results were analyzed 
using Spearman's correlation test. The P‑value cutoff was 0.05.

Western blotting. Cell were seeded into 60‑mm cell culture 
dishes at a density of 1x105 cells per dish in a cell incubator 
maintained at a temperature of 37˚C and a carbon dioxide 
concentration of 5% for incubation. After 48 h of incubation, 
sample collection was performed on the cells were combined 
with lysis buffer (KeyGen Total Protein Extraction Kit 
cat. no. KGP250; Nanjing KeyGen Biotech Co., Ltd.) containing 
protease and phosphatase inhibitors, following the manufac‑
turer's instructions. The specimens were homogenized on ice 
to extract total protein. The lysate was centrifuged at 12,000 g 
and 4˚C for 15 min and the supernatant was harvested as the 
protein extract. Protein concentration was assessed using a 
BCA kit (Sigma‑Aldrich; Merck KGaA). A polyacrylamide 
gel was prepared, with the separation gel at 15% [based on 
target protein molecular weight (MW)] and the stacking gel 
at 5%. Protein samples (30 µg) were separated and a PVDF 
membrane was prepared. The membrane was soaked in 

methanol for 2 min and equilibrated in transfer buffer for 
transfer at 300 mA for 120 min. The membrane was incubated 
in 3% BSA (Sigma)‑0.1% TBST at room temperature for 1 h 
for blocking. It was incubated with primary antibodies against 
STAT3(Abcam; ab119352)and GAPDH(Abcam; ab8245) 
(1:500) at 4˚C overnight. After washing with TBST 3 times 
(10  min each), the membrane was incubated with horse‑
radish peroxidase‑conjugated secondary antibodies(Abcam; 
cat. no. ab205719‑HRP) of matching species (1:10,000) at 
room temperature for 1 h. Following TBST washing (three 
times, 10 min each), the membrane was inserted into the 
Odyssey system for exposure using ECL kit (PN3300; Beijing 
GenClone Biotechnology Co., Ltd.) and protein band image 
analysis (Image Lab 6.0.1; Bio‑Rad).

Statistical analysis. Statistical analysis was performed using 
GraphPad Prism 9.3 (GraphPad Software, Inc.). Each group 
of experiments was repeated three times. Differences between 
groups were analyzed by one‑way ANOVA followed by Tukey's 
post hoc test for multiple comparisons. Data are expressed as 
mean ± standard deviation. P<0.05 was considered to indicate 
a statistically significant difference. 

Results

Inhibitory effect of SB939 on the STAT3‑enriched pathway. 
The results obtained from GSEA of the high‑dose group 
(T4‑T6) treated with SB939 and the untreated control group 
(C1‑C3) are shown in Fig. 1A (red represents the upregulated 
ploidy and blue represents the downregulated ploidy). There 
were 16,682 genes associated with ‘insulin signaling pathway’. 
Furthermore, ‘TAP63 pathway’, ‘MAPK pathway’, ‘p53 
pathway’, ‘IL2RB pathway’, ‘recycling pathway of L1’ and 
‘VEGFR1/2 pathway’ had a total of 16,682 genes expressed. 
These pathways were enriched in upregulated genes. By 
contrast, STAT3 target genes were enriched in the downregu‑
lated genes, indicating that the STAT3 signaling pathway was 
inhibited by high dose SB939, compared with the control. 
Expression of the STAT3 protein was also higher in TNBC 
cell lines (MDA‑MB‑231, MDA‑MB‑468, SUM159, BT549, 
MCF‑7) compared with a normal breast cell line (MCF‑10A; 
Fig. 1B). Therefore, GSEA results suggest that SB939 inhibited 
BC metastasis and invasion by inhibiting STAT3‑associated 
pathways.

Expression of STAT3. STAT3 was activated and highly 
expressed in several cancer types (Fig. 2A). STAT3 is also 
highly expressed in ~40% of BC cases. STAT3 expression 
serves a vital role in the tumor staging of BC and affects 
the prognosis of patients (48). UALCAN demonstrated that 
STAT3 expression was increased in the TNBC basal‑like1 
phenotype compared with both the luminal and HER2 pheno‑
types (Fig. 2B and C). STAT3 expression in premenopausal 
patients was associated with improved BC survival, with 
postmenopausal patients having the worst prognosis (Fig. 2D). 
GEPIA database demonstrated that STAT3 was highly 
expressed in glioblastoma multiforme, brain low‑grade glioma 
and pancreatic adenocarcinoma (Fig. 2E). These data suggest 
that STAT3 served an essential role in different cancers and 
markedly affected BC prognosis. Therefore, there is need to 

https://www.spandidos-publications.com/10.3892/ol.2025.14982
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identify a small molecule compound targeting STAT3 to treat 
clinical TNBC.

STAT3‑associated enriched pathways in BC. GO enrichment 
analysis was performed using the GSEA. Differentially upreg‑
ulated gene enrichment mediated by STAT3 was associated 
with ‘vascular endothelial growth factor receptor signaling 
pathway’, ‘adaptive immune response’ and ‘positive regulation 
of cell adhesion’ (Fig. 3A). In cellular components, upregu‑
lated genes associated with STAT3 were enriched in ‘ubiquitin 
ligase complex’, endolysosome and ‘protein complex involved 
in cell adhesion’ (Fig. 3B). Among the molecular functions, 
STAT3‑associated upregulated genes were enriched in ‘ubiq‑
uitin‑like protein conjugating enzyme binding’, ‘ubiquitin‑like 

protein binding’ and ‘double‑stranded RNA binding’ (Fig. 3C). 
KEGG pathway analysis was also performed and STAT3 
co‑expressed genes were associated with ‘cell adhesion mole‑
cules (CAMs)’, ‘Th17 cell differentiation’ and ‘JAK‑STAT 
signaling pathway’ (Fig. 3D).

FN1 regulates STAT3 pathway enrichment in tumor tissue. 
GSEA demonstrated that FN1 had the highest impact factor 
and the strongest association (Fig. 4A) in the enrichment heat 
map of genes affected by SB939 treatment compared with the 
control. FN1 is a glycoprotein molecule widely distributed in 
cellular structures such as the smooth muscle cell layer, vascular 
cell membranes and the nerve cell layer. It is involved in cell 
adhesion, migration and motility. FN1 serves an important role 

Figure 1. SB939 targets STAT3 and Tumor‑Suppressive Pathways with Breast Cancer Subtype Specificity (A) Whole transcriptome sequencing by Gene Set 
Enrichment Analysis to obtain pathways associated with SB939 tumor suppression. (B) Relative STAT3 protein expression. MCF‑10A is a normal mammary 
epithelial cell line while SUM159, MDA‑MB‑231, BT20, BT549 and MDA‑MB‑468 are triple‑negative breast cancer cell lines. MCF‑7 is a breast cancer cell 
line with positive estrogen receptor status. **P<0.01; ***P<0.001. NES, normalized enrichment score.
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in regulating lung and colorectal cancer and other malignan‑
cies (49). Based on the UALCAN database and GEPIA data 
(Fig. 4B and C), FN1 expression was upregulated in tumor 
tissue including BC, lymphoid neoplasm diffuse large B cell 
lymphoma and esophageal carcinoma. The BC survival curves 
demonstrate FN1 exerted similar influence to STAT3, as a 
significant difference in survival rates was observed between 
pre‑ and post‑menopausal patients and FN1 expression showed 
a statistically significant association with menopausal status. 

Specifically, high FN1 expression was more prevalent in 
pre‑menopausal (25.9 vs. 23.1%) and peri‑menopausal patients 
(5.3 vs. 3.4%), whereas post‑menopausal patients predominantly 
exhibited low/medium FN1 expression (73.5% vs. 68.7%). This 
pattern suggests a potential interaction between FN1‑mediated 
extracellular matrix remodeling and estrogen‑driven signaling 
pathways (Fig. 4D). The aforementioned results indicate STAT3 
may serve an inhibitory role in BC metastasis and invasion by 
mediating FN1‑associated adhesion proteins.

Figure 2. STAT3 expression in tumors and prognostic analysis. (A) Expression of STAT3 in pan‑cancer obtained from the Gene Expression Database of 
Normal and Tumor Tissues 2 database. Red, T; blue, N. (B) STAT3 expression in different types of breast cancer obtained from the UALCAN database. 
(C) Effect of STAT3 in different stages of breast cancer derived from the Gene Expression Profiling Interaction Analysis database. (D) Prognostic correlation 
analysis of STAT3 from the UALCAN database. (E) Expression levels of STAT3 across varying tumor types. *P<0.05. UALCAN, The University of Alabama 
at Birmingham Cancer data analysis portal; TPM, transcripts per million; GBM, glioblastoma; LGG, low‑grade glioma; PAAD, pancreatic adenocarcinoma; 
TNBC, triple‑negative breast cancer; T, tumor; N, normal; TCGA, The Cancer Genome Atlas; BL, basal‑like 2 subtype); TNBC‑IM [Triple Negative Breast 
Cancer‑Immunomodulatory; TNBC‑MSL (Triple Negative Breast Cancer‑Mesenchymal Stem‑like subtype); UNS (Triple Negative Breast Cancer‑Unclassified 
subtype)].

https://www.spandidos-publications.com/10.3892/ol.2025.14982
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SB939 targets the STAT3 signaling pathway to downregulate 
FN1‑associated proteins involved in BC inhibition. MMP2, 
a member of the MMP family, serves an essential role in 
inflammation regulation, tumor growth and metastasis (50). 
Using GEPIA database correlation analysis, a significant 
correlation was found between MMP2 and FN1 (R=0.63; 
Fig. 5A) and between MMP2 and STAT3 (R=0.19). In addi‑
tion, the correlation coefficient between STAT3 and FN1 was 
0.12. There was a significant degree of correlation between 
STAT3, FN1 and MMP2. PPIs serve a key role in cellular 
functions and biological signaling, which may reveal interac‑
tions and pathways. Therefore, the protein interaction analysis 
database STRING was used for the association analysis of the 
STAT3, FN1 and MMP2 proteins (Fig. 5B). The combined 
score of STAT3 and FN1 was 0.651, STAT3 and MMP2 was 
0.975 and MMP2 and FN1 was 0.607. Therefore, SB939 may 
serve a role in regulating the expression of STAT3 and the 

metastasis‑associated protein MMP2 through downregulation 
of FN1 (Fig. 5C). TIMER database was used to evaluate the 
degree of association of FN1 in types of BC (Fig. 5D). The 
association between FN1 and STAT3 was most pronounced in 
the invasive BC classification (R=0.277). In summary, SB939 
inhibition of BC invasion and metastasis may be mediated by 
targeting FN1 to regulate STAT3 signaling.

Correlation analysis of STAT3 and FN1 in immune 
infiltration. STAT3 chemokines are involved in inflamma‑
tory responses and immune cell infiltration, thus affecting the 
clinical outcome of patients with BC (50). Therefore, evalua‑
tion of the correlation between differentially expressed STAT3 
chemokines and immune cell infiltration was performed using 
TIMER database. In different BC types (basal; BRCA‑Her2; 
BRCA‑Luminal), there was a negative correlation between 
STAT3 expression and tumor purity (R=‑0.106), and a 

Figure 3. STAT3 enrichment analysis of tumors. (A) Biological process, (B) cellular component and (C) molecular function analysis for Gene Ontology enrich‑
ment and (D) Kyoto Encyclopedia of Genes and Genomes pathway analysis from Gene Set Enrichment Analysis. FDR, false discovery rate.
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Figure 4. FN1 expression in T and prognostic correlation analysis. (A) Gene Set Enrichment Analysis of the top 40 most strongly associated genes. (B) Analysis 
of the top 51‑75 genes overexpressed in BRCA‑positive carcinoma using the UALCAN database. Blue, downregulation; red indicates upregulation. (C) Gene 
Expression Profiling Interaction Analysis database yielded differential expression of FN1 in T. Red represents T; gray, N. (D) FN1 prognostic association anal‑
ysis using the UALCAN database. *P<0.05. FN1, fibronectin 1; N, normal; T, tumor; TPM, transcripts per million; ARHGDIB, ρ GDP Dissociation Inhibitor 
Beta; ARHGAP2, Rho GTPase Activating Protein 2; ARMCX2, armadillo Repeat Containing X‑Linked 2; B4GALT1, Beta‑1,4‑Galactosyltransferase 1; 
CALD1, Caldesmon 1; CDH11, Cadherin 11; CDK17, cyclin Dependent Kinase 17; CLDN1, Claudin 1; CLIC4, Chloride Intracellular Channel 4; COL5A1, 
Collagen Type V Alpha 1 Chain; DDX3X, DEAD‑Box Helicase 3 X‑Linked; FN1, Fibronectin 1; FST, Follistatin; GABPB1, GA Binding Protein Transcription 
Factor Beta Subunit 1; GNG11, G Protein Subunit Gamma 11; HMGCS1, 3‑Hydroxy‑3‑Methylglutaryl‑CoA Synthase 1; HRH1, Histamine Receptor H1; IFI16, 
Interferon Gamma Inducible Protein 16; IFITM1, Interferon Induced Transmembrane Protein 1; LPXN, Leupaxin; MAN1A1, Mannosidase Alpha Class 
1A Member 1; NNMT, Nicotinamide N‑Methyltransferase; PALLD, Palladin, Cytoskeletal Associated Protein; PRSS3, Protease Serine 3; PTPN11, Protein 
Tyrosine Phosphatase Non‑Receptor Type 11; PTPRK, Protein Tyrosine Phosphatase Receptor Type K; SCG5, Secretogranin V; SFRP1, Secreted Frizzled 
Related Protein 1; SLC4A7, Solute Carrier Family 4 Member 7; SORL1, Sortilin Related Receptor 1; SRGN, Serglycin; SSR3, Signal Sequence Receptor 
Subunit 3; TGFBR1, Transforming Growth Factor Beta Receptor 1; TGFBR2, Transforming Growth Factor Beta Receptor 2; THBS1, Thrombospondin 1; 
TNC, Tenascin C; TWF1, Twinfilin Actin Binding Protein 1; VNN1, Vanin 1.

https://www.spandidos-publications.com/10.3892/ol.2025.14982
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positive correlation between STAT3 expression and the infil‑
tration of B cells (R=0.067), CD8+ (R=0.239) and CD4+ T cells 
(R=0.233), macrophages (R=0.255), neutrophils (R=0.313) 
and dendritic cells (R=0.202; Fig.  6A). In basal types, 
STAT3 expression was negatively associated with the purity 
(R=‑0.142) and positively associated with the infiltration of B 
(R=0.174) and CD8+ (R=0.205) and CD4+ T cells (R=0.386), 
macrophages (R=0.062), neutrophils (R=0.107) and dendritic 
cells (R=0.305). In HER2 BC types, STAT3 expression was 
negatively associated with the purity (R=‑0.076) and there was 
a positive correlation between STAT3 expression and the infil‑
tration of B (R=0.064) and CD8+ (R=0.193) and CD4+ T cells 
(R=0.283), macrophages (R=0.336), neutrophils (R=0.395) 
and dendritic cells (R=0.311). Similarly, the expression of 
STAT3 was positively associated with the infiltration of B 
(R=0.082) and CD8+ (R=0.186) and CD4+ T cells (R=0.253), 
macrophages (R=0.262), neutrophils (R=0.301) and dendritic 
cells (R=0.204). There was a negative correlation between 
STAT3 expression and purity (R=‑0.163) in luminal BC types 
(Fig. 6A). The correlation between differentially expressed 

FN1 chemokines with immune cell infiltration was similar to 
that of STAT3. FN1 expression is generally positively corre‑
lated with macrophage infiltration across various breast cancer 
subtypes, with differing correlation strengths among other 
immune cells. These patterns suggest a potential role for FN1 
in modulating immune cell infiltration within tumor micro‑
environments. (Fig. 6B). Taken together, these data suggested 
that STAT3 and FN1 not only served a role in regulating 
BC invasion and metastasis but also influenced immune cell 
infiltration.

Discussion 

The 2024 global cancer statistics show that BC is the top 
malignant tumor endangering the lives and health of 
female patients worldwide (51). Its incidence and mortality 
are greater than those of lung cancer, and it has been the 
most common malignant cancer in female patients for the 
past 5 years (1,52). TNBC accounts for 15‑20% of all BC 
cases (53). It is highly malignant and aggressive and has a 

Figure 5. STAT3 and FN1 protein association analysis. (A) Protein‑protein interaction network for STAT3 gene from the Search Tool for the Retrieval of 
Interacting Genes/Proteins database. (B) Degree of association between FN1/MMP2/STAT3 was analyzed using the Gene Expression Profiling Interaction 
Analysis database. (C) Protein‑protein interaction network for the STAT3 gene from the GeneMANIA database. (D) Association between FN1 and STAT3 in 
breast cancer types using the Tumor Immune Estimation Resource database. FN1, fibronectin 1; TPM, transcripts per million.
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poor prognosis. Chemotherapy is typically the main treat‑
ment for TNBC; however, this often has poor results (54,55). 
Therefore, the identification of a novel, targeted drug for 
TNBC is needed to decrease the incidence of metastasis and 
improve prognosis for patients. Targeted drugs often do not 
result in side effects exhibited by standard chemotherapeutic 
drugs (56). 

Distal metastasis occurs when tumor cells lose epithelial 
adhesion and gain mesenchymal cell motility, subsequently 
colonizing distal vital organs (57). SB939 is an effective oral 
HDAC inhibitor with high selectivity and low toxicity compared 
with traditional drugs (such as vorinostat, romidepsin and 
Panobinostat) (51). It has efficacy in inhibiting the proliferation 
of numerous cancer cell lines and has shown marked efficacy 

Figure 6. Association between STAT3, FN1 and breast cancer immune cell infiltration. (A) Correlation between STAT3 and immune cell infiltration using the 
Tumor Immune Estimation Resource and (B) FN1 and immune cell abundance. FN1, fibronectin 1; TPM, transcripts per million.

https://www.spandidos-publications.com/10.3892/ol.2025.14982
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and low toxicity in seven clinical studies  (42,43,58‑62). 
However, its effectiveness in TNBC is unknown. Therefore, 
the potential efficacy of SB939 in TNBC was explored. 
STAT3, one of the seven STAT family members, is responsible 
for transcriptional regulation of the cell cycle in normal cells. 
However, it is activated in BC, highly expressed in TNBC and 
promotes tumor growth, metastasis and invasion. STAT3 is 
activated by upstream signaling, leading to phosphorylation of 
tyrosine and serine residues and dimerization. The activated 
dimer translocates to the nucleus and binds target genes. 
Receptors such as EGFR and VEGFR can activate STAT3 
directly or indirectly to regulate downstream target genes and 
stimulate tumor progression. These target genes control tumor 
cell proliferation, angiogenesis and epithelial‑mesenchymal 
transition. STAT3 regulation is multi‑modal, serving as a 
central link between signaling processes, and is a popular 
target in clinical research (63‑66).

MMPs are involved in cellular phenotypical responses, 
such as the degradation of ECM proteins and cleavage of cell 
surface receptors  (67,68). When STAT3 promoter activity 
increases, MMP‑associated proteins are upregulated. MMP2 
is a Zn2+‑dependent MMP associated with cancer and angio‑
genesis  (69). FN1 is a glycoprotein distributed in cellular 
structures and involved in cell adhesion, migration and 
motility, serving a key role in numerous malignancies (BC and 
Lung cancer) (70). Decreasing FN1 expression can alleviate 
chemotherapy resistance in TNBC. Studies have reported 
that inhibition of metastasis and invasion can be achieved by 
regulating the expression of MMP2 and FN1 (71,72). 

In MDA‑MB‑231 TNBC cell lines with and without 
SB939 treatment, GSEA demonstrated that STAT3 expres‑
sion was inhibited in the treatment group. Therefore, it was 
hypothesized that SB939 may inhibit the metastatic invasion 
of TNBC by downregulating the STAT3 signaling pathway. 
Through heat map enrichment analysis, FN1 was identified as 
a key protein in the downregulation of the STAT3 signaling 
pathway. The expression of STAT3 and FN1 in tumors and 
the prognostic survival curves of patients were analyzed. 
Protein networks were used to study the association between 
STAT3, FN1 and other associated proteins. In TNBC, STAT3 
promotes tumor metastasis and invasion mainly by regulating 
EMT (73,74). MMP2 and FN1 have the same association with 
tumor angiogenesis. Suppression of FN1 and MMP2 expres‑
sion leads to decreased tumor metastasis and invasion (75,76) 
This suggests that SB939 may serve an inhibitory role in 
tumor metastasis and invasion by regulating STAT3 signaling 
and downregulating MMP2 and FN1. STAT3 affects multiple 
intracellular signal transductions through associated pathways 
such as JAK/STAT3, growth factor receptor‑mediated and 
G‑protein‑coupled receptor (77,78). SB939 inhibits activity of 
HDAC, leading to an increase in histone acetylation, which 
may alter the accessibility of the STAT3 gene promoter region, 
thereby regulating the expression of the STAT3 protein (59,79). 
FN1 expression is associated with cell adhesion, migration, 
proliferation and differentiation (54,80).

SB939 inhibits STAT3, changing the activity of HDAC 
in the cell, which affects the expression or modification state 
of FN1 and ultimately has an impact on cell migration or 
proliferation. Future studies should assess STAT3 activity 
and FN1 expression in SB939‑treated cells. Silencing and 

overexpression of STAT3 and FN1, respectively, should be 
performed to assess phenotypical changes of cells and the 
alterations in associated signaling pathways in the presence 
or absence of SB939. These in vitro experiments will more 
accurately analyze the complex mechanism by which SB939 
and STAT3 affect FN1. Cellular and animal experiments are 
required to determine the mechanism of SB939 in vivo.

Although TNBC differs from other BC subtypes in the 
expression of key receptors [estrogen receptor (ER), proges‑
terone receptor (PR) and HER2], they may share key signaling 
pathways. For example, the STAT3 pathway serves a role in 
the proliferation, survival and metastasis of several types of 
cancer cell, including BC. If SB939 mediates FN1 expression 
in TNBC by inhibiting the STAT3 pathway, the same signaling 
pathway may also be partially involved in the development of 
other BC subtypes. However, due to the signal interference of 
receptors such as ER, PR or HER2 in non‑TNBC subtypes, the 
role of the STAT3 pathway may be less prominent or it may be 
regulated by other factors.

SB939 shares both similarities and differences with other 
HDAC inhibitors in terms of efficacy, toxicity and mechanism 
of action. The antitumor activity of SB939 and its combinato‑
rial effects exhibit tumor type‑specific mechanisms. In acute 
myeloid leukemia (AML), SB939 suppresses proliferation and 
induces apoptosis by downregulating JAK/FLT3 signaling in 
JAK2V617F and FLT3‑ITD mutant cell lines. Synergy with the 
JAK2/FLT3 inhibitor pacritinib further reduces tumor growth 
and metastases while normalizing tumor‑induced dysregula‑
tion of plasma cytokines, growth factors, and chemokines. In 
contrast, in colorectal cancer, SB939 demonstrates dose‑depen‑
dent growth inhibition in HCT‑116 xenografts and significant 
antitumor efficacy in the Apc<sup>min</sup> mouse model, 
with selective accumulation observed in tumor tissues. These 
differential manifestations highlight its context‑dependent 
therapeutic potential across malignancies (42,43,81). It exhibits 
common gastrointestinal and hematological toxicity similar to 
those of other inhibitors, as well as low hepatotoxicity (82). 
Inhibition of HDAC and the regulation of downstream 
signaling pathways have distinct epigenetic and non‑epigenetic 
mechanisms: HDAC inhibition directly modulates chromatin 
accessibility through histone acetylation, while concurrently 
disrupting non‑histone protein interactions critical for STAT3 
activation. Unlike broad‑spectrum epigenetic modifiers, 
HDAC‑targeted regulation selectively amplifies feedback 
loops between FN1‑mediated extracellular matrix remodeling 
and STAT3‑dependent transcriptional programs.) in influ‑
encing key factors such as STAT3 and FN1. Understanding of 
these differences is conducive to a more precise selection and 
application of HDAC inhibitors in cancer treatment, providing 
a theoretical basis for the development of more effective tumor 
treatment strategies. In future, more clinical and basic research 
is needed to explore the characteristics and application 
potentials of SB939 as well as other HDAC inhibitors.

The present study primarily relied on bioinformatics tools 
and database analyses, which may have limitations in terms 
of accuracy and representativeness and there is a possibility 
of bias or inaccuracies. In addition, the present study was not 
a large‑scale clinical trial, which is needed to validate the 
efficacy and safety of SB939. Future studies should include 
more comprehensive clinical evaluations to understand its 
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potential in BC treatment. SB939 may show value in cancer 
treatment and underpin future HDAC inhibitor investigation, 
drug structure optimization, target expansion and delivery 
system innovation. Whether used alone or in combination 
with endocrine therapy drugs (such as exemestane, letrozole, 
anastrozole, etc.) and cyclin‑dependent kinase 4/6 (CDK4/6) 
inhibitors), it may offer patients with cancer more choices 
and improved survival, enabling precise treatment based on 
individual differences. As a drug, SB939 has a complex in vivo 
mechanism, affecting multiple organs (42,43). The strict regu‑
latory approval safety evaluations, such as toxicology studies 
and adverse reaction monitoring in animal and clinical trials, 
demonstrate risks, ensure clinical safety and protect the health 
of patients. To provide a more comprehensive understanding 
of the effects of SB939 across a wider range of biological 
systems, further study should include different cell lines and 
animal models. 

In conclusion, SB939 downregulated MMP2 and FN1 
protein expression by regulating STAT3 expression. Western 
blotting demonstrated that STAT3 was highly expressed in 
BC, and TCGA database revealed that STAT3 was strongly 
associated with the development of BC. In summary, the 
present study provides new guidance for the potential use of 
SB939 in BC treatment.
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