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Abstract 19 

Background: Histone deacetylase 1 (HDAC1) is an important epigenetic regulator 20 

involved in tumor progression. However, whether HDAC1 overexpression reduces 21 

chemotherapy sensitivity in breast cancer by promoting cell survival and inhibiting 22 

apoptosis remains unclear. 23 

Methods: In this study, we combined integrative bioinformatic analyses with 24 

experimental validation to investigate the role of HDAC1 in regulating chemosensitivity 25 

in breast cancer. HDAC1 expression patterns and prognostic significance were analyzed 26 

using genomic datasets. Gene signatures associated with chemosensitivity were 27 

identified across multiple independent cohorts, followed by functional enrichment and 28 

protein–protein interaction network analyses. Protein–protein docking and molecular 29 

dynamics simulations were performed to characterize the potential interaction between 30 

HDAC1 and YY1. Tumor microenvironment and immune checkpoint correlations were 31 
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also examined. Further, a stable HDAC1-overexpressing MCF-7 breast cancer cell line 32 

was generated using lentiviral transduction, and cellular responses to pirarubicin (THP), 33 

teniposide (VM-26), and cisplatin (DDP) were assessed using cell viability assays, 34 

morphological analysis, and flow cytometric apoptosis profiling.  35 

Results: HDAC1 was significantly upregulated in breast cancer, especially in subtypes 36 

characterized by more aggressive biological features, and correlated with poor prognosis. 37 

HDAC1 overexpression in MCF-7 cells reduced chemosensitivity to THP, VM-26, and 38 

DDP, while significantly enhancing cell survival and reducing drug-induced apoptosis. 39 

HDAC1 was associated with key proteins involved in chemotherapy response and 40 

enriched in chromatin modification, p53/RB1, and NRF2-related pathways. Structural 41 

modeling further supported a potential HDAC1–YY1 interaction, suggesting a role for 42 

HDAC1 in reduced chemosensitivity in breast cancer. HDAC1 expression was closely 43 

associated with tumor microenvironment remodeling and immune checkpoint regulation 44 

in breast cancer. 45 

Conclusion: In Luminal A breast cancer, HDAC1 overexpression reduces 46 

chemosensitivity by promoting cell survival and inhibiting apoptosis. HDAC1 may 47 

reduce chemosensitivity through coordinated regulation of chromatin remodeling and 48 

chemotherapy response-associated signaling pathways, including p53/RB1 and NRF2, 49 

potentially involving YY1. Targeting HDAC1 may represent a promising therapeutic 50 

strategy for restoring chemosensitivity. 51 

Keywords: HDAC1; Luminal A breast cancer; chemosensitivity; apoptosis; 52 

epigenetic regulation 53 

Introduction 54 

Breast cancer (BRCA) is the most frequently diagnosed malignancy among women 55 

worldwide and continues to represent a major cause of cancer-related mortality. 56 

According to global cancer statistics, BRCA accounted for ~11.6% of newly diagnosed 57 

cancer cases (approximately 2.3 million) and 6.9% of cancer deaths (approximately 58 

665,684) in 20221. Luminal A breast cancer, the most common molecular subtype, is 59 

characterized by hormone receptor positivity, HER2 negativity, and relatively low 60 

proliferative activity2. Although endocrine therapy is the main systemic treatment for 61 

Luminal A tumors, chemotherapy remains an important option for selected patients, 62 

particularly those with high-risk disease, and its clinical benefit may be limited by 63 

reduced responsiveness to cytotoxic agents3. However, the clinical efficacy of 64 
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chemotherapy is frequently undermined by intrinsic or acquired reductions in 65 

chemosensitivity, which constitute major barriers to durable therapeutic responses and 66 

long-term survival4. Elucidating the molecular mechanisms underlying impaired 67 

chemosensitivity is therefore critical for developing more effective therapeutic strategies 68 

for breast cancer. 69 

Epigenetic alterations have been increasingly recognized as important contributors to 70 

cancer development and therapy resistance 5. Histone deacetylases (HDACs) are key 71 

regulators of chromatin organization and gene transcription, primarily through the 72 

removal of acetyl groups from histone and non-histone proteins 6. Among these enzymes, 73 

histone deacetylase 1 (HDAC1), a member of the class I HDAC family, has attracted 74 

considerable attention because of involvement in multiple oncogenic processes 7,8. In 75 

breast cancer, aberrant HDAC1 expression has been associated with aggressive tumor 76 

characteristics, including enhanced proliferation, invasive capacity and metastatic 77 

potential 9,10. Clinical studies have further indicated that elevated HDAC1 levels correlate 78 

with higher tumor grade, increased proliferative activity and unfavorable prognosis 11. 79 

Accumulating evidence indicates that HDAC1 regulates multiple biological processes 80 

associated with reduced chemosensitivity, including cell-cycle control, DNA damage 81 

repair, apoptosis, and epithelial–mesenchymal transition12-15. HDAC1 has also been 82 

reported to interact with major tumor suppressor proteins such as TP53 and RB1, both of 83 

which play critical roles in determining cellular sensitivity to anticancer therapies 16,17. 84 

Histone deacetylase inhibitors (HDACis) exert antitumor effects by reversing histone 85 

deacetylation and inducing cell-cycle arrest, apoptosis, immune activation, anti-86 

angiogenic responses, and defective DNA repair, and have demonstrated promising 87 

therapeutic efficacy across a broad spectrum of solid tumors and hematologic 88 

malignancies 18-20. Moreover, HDAC1 contributes to reduced chemosensitivity through 89 

epigenetic regulation of chromatin accessibility and gene transcription, including 90 

modulation of promoters, enhancers, super-enhancers, and non-histone substrates 21. 91 

However, the precise role of HDAC1 overexpression in regulating chemosensitivity and 92 

tumor cell survival remains incompletely defined. 93 

In this study, we systematically elucidated the role of HDAC1 in breast cancer 94 

chemosensitivity through integrated multi-omics analyses of The Cancer Genome Atlas 95 

(TCGA), Clinical Proteomic Tumor Analysis Consortium (CPTAC), and Gene 96 

Expression Omnibus (GEO) datasets combined with in vitro functional assays. HDAC1 97 
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was markedly upregulated in breast cancer tissues, with elevated expression correlating 98 

with advanced clinical stage, adverse prognosis, and reduced chemosensitivity across 99 

molecular subtypes. We further established and validated a stable HDAC1-100 

overexpressing MCF-7 cell model, in which HDAC1 overexpression conferred 101 

resistance to pirarubicin, teniposide, and cisplatin. HDAC1 overexpression was 102 

accompanied by increased cell viability and reduced drug-induced apoptosis, as 103 

consistently validated by cell viability assays, Hoechst 33258/PI staining, and Annexin 104 

V/PI flow cytometric analysis. Using GEO datasets, we identified 391 drug sensitivity-105 

associated differentially expressed genes (DEGs), with functional enrichment analyses 106 

revealing preferential enrichment of HDAC1 in pathways governing resistance to cell 107 

death and apoptotic regulation. Construction of an HDAC1-centered protein–protein 108 

interaction (PPI) network revealed interactions between HDAC1 and key regulators, 109 

including TP53 and RB1. Protein–protein docking further predicted a favorable 110 

interaction between HDAC1 and YY1, while molecular dynamics simulations supported 111 

the structural stability of the predicted HDAC1–YY1 complex. Elevated HDAC1 112 

expression was closely associated with altered chromatin modification states, p53/RB1 113 

pathway dysfunction, and activation of the NRF2 pathway. Collectively, these findings 114 

identify HDAC1 as a potential epigenetic regulator of chemosensitivity in breast cancer 115 

and a candidate prognostic biomarker and therapeutic target. 116 

Materials and Methods 117 

1. Expression analysis of HDAC1 in breast cancer 118 

We systematically analyzed the expression patterns of HDAC1 in breast cancer using 119 

multiple public databases. All analyses of HDAC1 mRNA and protein expression were 120 

obtained through the UALCAN online analysis portal 121 

(http://ualcan.path.uab.edu/analysis.html)22, which provides comprehensive cancer 122 

transcriptome analysis. UALCAN provides standardized access to TCGA23 and CPTAC 123 

databases. The UALCAN portal normalizes logged expression values to standard 124 

deviations from the median in each proteomic profile. HDAC1 expression changes across 125 

breast cancer were visualized using R software (Version 4.0.2; 126 

https://www.Rproject.org). The HPA, (https://www.proteinatlas.org/) was used to 127 

download the immunohistochemical staining of HDAC1 protein expression. 128 

Representative tissue microarrays showing HDAC1 protein expression in adjacent 129 

normal tissue, ductal carcinoma, and lobular carcinoma were retrieved and analyzed. 130 
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For survival analysis, we extracted overall survival (OS) data from TCGA datasets. 131 

Based on HDAC1 expression levels, patients were stratified into high and low expression 132 

groups using the median expression value as the cutoff. Subsequently, the association 133 

between HDAC1 and survival was evaluated using Kaplan-Meier curves and log-rank 134 

tests.  135 

2. Identification of drug sensitivity-associated genes and functional enrichment 136 

analysis 137 

To identify genes associated with drug sensitivity in breast cancer, we systematically 138 

curated three independent gene expression datasets from the GEO database that 139 

contained samples with documented differential drug-response phenotypes. The datasets 140 

included GSE76540, GSE104050, and GSE41998, all of which contained breast cancer 141 

samples with paired drug-sensitive and drug-resistant groups. We performed Venn 142 

diagram analysis using the "VennDiagram" R package to identify overlapping genes 143 

among these datasets. A total of 391 common DEGs were identified as drug sensitivity-144 

associated DEGs.  145 

Cancer hallmark enrichment analysis for HDAC1 was conducted using the Molecular 146 

Signatures Database (MSigDB) to evaluate the association between HDAC1 expression 147 

and core cancer biological processes. Totally, we assessed enrichment across nine 148 

hallmark gene sets. 149 

Functional enrichment analysis was performed using the 391 common DEGs identified 150 

from the three GEO datasets. Kyoto Encyclopedia of Genes and Genomes (KEGG) 151 

pathway enrichment analysis was conducted to identify biological pathways associated 152 

with these drug sensitivity-associated DEGs, while Gene Ontology (GO) enrichment 153 

analysis was performed to characterize their functional features across the biological 154 

process (BP), molecular function (MF), and cellular component (CC) categories. GO and 155 

KEGG enrichment analyses were performed using the “clusterProfiler” R package, with 156 

adjusted P<0.05 considered statistically significant after Benjamini–Hochberg correction 157 

for multiple testing. The enrichment results were visualized using the “GOplot” R 158 

package.  159 

3. Construction and validation of HDAC1 overexpressing recombinant lentiviral 160 

vectors 161 

To construct the HDAC1 overexpression lentiviral vector, total RNA was extracted from 162 
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MCF-7 cell lines and subjected to RT-PCR amplification. The PCR-amplified HDAC1 163 

fragment was cloned into the pSIMPLE-18 T vector to generate the recombinant plasmid 164 

pSIMPLE-18T-HDAC1. The ligation products were transformed into Escherichia coli 165 

(E. coli) DH5α competent cells, and positive clones were screened and verified by 166 

XbaI/EcoRI double digestion. The confirmed HDAC1 fragment was subsequently 167 

inserted into the pCDH-CMV-MCS-HDAC1-EF1-Puro lentiviral vector. The 168 

corresponding empty vector was used as a negative control. Recombinant plasmids were 169 

further confirmed by XbaI/EcoRI double digestion and sequencing.  170 

Recombinant lentivirus was generated by transient transfection of 293T cells with the 171 

recombinant lentiviral vector expression vector together with the packaging plasmids 172 

pMDLg/pRRE, pRSV-Rev, and pMD 2.G. Viral supernatants were collected at 24 h, 28 173 

h, 32 h, 36 h, 48 h post-transfection, clarified to remove cellular debris, and used to infect 174 

MCF-7 cells. In parallel, an empty vector containing a noncoding sequence was used to 175 

produce control lentivirus. After 4 weeks of selection with 2 μg/mL puromycin, a stable 176 

HDAC1‑overexpressing MCF‑7 cell line was finally established.  177 

The MCF-7 cell line was obtained from the Tumor Cell Bank at the Chinese Academy 178 

of Medical Sciences. MCF-7 serial number: TCHu 74; URL: 179 

https://cellbank.org.cn/search-detail.php?id=152. The identity of the cell lines was 180 

verified based on their characteristic morphology and growth properties before 181 

experimentation. In addition, all cell lines were routinely tested and confirmed to be free 182 

of mycoplasma contamination prior to experimentation. MCF-7 is a luminal A–like, 183 

hormone receptor–positive breast cancer cell line that closely reflects the clinical and 184 

molecular features of this subtype and is widely used to study tumor cell survival, 185 

apoptosis, and responses to chemotherapy. MCF-7 cells were selected due to their well-186 

characterized chemosensitivity and suitability for modeling epigenetic regulation in 187 

breast cancer.  188 

4. Western blot analysis of the effect of recombinant lentiviral vector transfection 189 

on HDAC1 protein expression in MCF-7 cells.  190 

The stably transfected MCF-7-HDAC1 and MCF-7-control cells were lysed for total 191 

protein extraction and concentration determination. Equal amounts (30µg per lane) were 192 

loaded onto a 15% SDS-PAGE gel. Proteins were transferred at 4°C for 2h, the 193 

membrane blocked at room temperature for 2h, and incubated with anti–HDAC1 primary 194 

antibody overnight at 4℃. After washing, the membrane was incubated with the 195 
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appropriate secondary antibody for 2h at room temperature, washed again, treated with 196 

ECL substrate, developed for 2min, and imaged by chemiluminescence imaging system 197 

for Western blot analysis (Clinx, Shanghai, China). 198 

5. Effect of HDAC1 overexpression on chemosensitivity to chemotherapeutic agents 199 

in breast cancer cells. 200 

5.1 Experimental groups and treatment protocol. 201 

To investigate the relationship between HDAC1 overexpression and chemosensitivity in 202 

breast cancer, MCF-7 cells stably overexpressing HDAC1 (MCF-7-HDAC1) and 203 

corresponding control cells (MCF-7-Control) were assessed. Each cell line was allocated 204 

to four treatment groups: untreated control (Control) group, VM-26 group, DDP group 205 

and THP group. Specifically, control cells were maintained in DMEM supplemented 206 

with 10% FBS. For treatment groups, cells in the THP group were treated at three final 207 

concentrations of 0.39, 0.78, and 1.56 µg/mL for 72 h. VM-26 group at 0.39, 0.78, 1.56, 208 

and 3.12 µg/mL for 48 h; and DDP group at 0.3125, 0.625, 1.25, and 2.5 µg/mL for 48 209 

h. THP was dissolved in sterile water, VM-26 in dimethyl sulfoxide (DMSO), and DDP 210 

in phosphate-buffered saline (PBS). 211 

These three drugs were selected as representative chemotherapeutic agents with distinct 212 

mechanisms of action, allowing us to assess whether HDAC1 overexpression reduces 213 

chemosensitivity to multiple chemotherapeutic agents in MCF-7 cells. THP acts through 214 

DNA intercalation and topoisomerase II inhibition, whereas VM-26 and DDP induce 215 

DNA damage by stabilizing topoisomerase Ⅱ-DNA cleavage complexes and forming 216 

DNA crosslinks, respectively. The drug concentrations and incubation times were 217 

determined based on preliminary dose–response experiments and corresponding IC₅₀ 218 

values, and were consistent with conditions reported in previous studies 24,25. 219 

5.2 Assessment of the effect of HDAC1 overexpression on MCF-7 cell viability by the 220 

MTT assay. 221 

Cells in the logarithmic growth phase were seeded into 96-well plates at a density of 222 

3×103 cells per well, with four technical replicates for each of the MCF-7-HDAC1 and 223 

MCF-7-Control groups. After 48-72 h of incubation, MTT solution (0.5%, 20 µL per 224 

well) was added for 4 h, followed by dissolution of formazan crystals in DMSO and 225 

measurement of absorbance at 490 nm to assess cell viability. 226 

5.3 Assessment of Apoptosis in HDAC1-Overexpressing MCF-7 Cells by Hoechst 227 
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33258/PI Double Staining 228 

MCF-7-HDAC1 and MCF-7-Control cells in the logarithmic growth phase were seeded 229 

in 24-well plates at 5 × 104 cells per well. After 48-72 h of drug treatment, cells were 230 

washed twice with phosphate-buffered saline and sequentially stained with Hoechst 231 

33258 (100 µL, 37°C, 15 min, dark) and PI (100 µL, 4°C, 10 min, dark), followed by 232 

imaging using fluorescence microscopy (Nikon, Tokyo, Japan) (Hoechst: blue; PI: red). 233 

5.4 Flow cytometric analysis of the effect of HDAC1 overexpression on apoptosis in 234 

MCF-7 cells. 235 

MCF-7-HDAC1 and MCF-7-Control cells in the logarithmic growth phase were seeded 236 

into 6-well plates at 2×105 cells per well. Following 48-72h of drug treatment, cells were 237 

resuspended in 1× binding buffer, adjusted to 1×105 cells per 100 µL, stained with 238 

Annexin V-FITC and PI for 15 min at room temperature in the dark, and immediately 239 

analyzed by BD FACSCalibur™ flow cytometer (BD Biosciences, San Jose, CA, USA) 240 

(FITC = green; PI = red). 241 

6. Construction of the HDAC1 protein–protein Interaction network and pathway-242 

specific expression analysis in breast cancer 243 

To investigate the molecular interactions and pathway-specific expression patterns of 244 

HDAC1 in breast cancer, we performed comprehensive bioinformatic analyses using 245 

multiple public datasets. For the PPI network construction, we utilized the STRING 246 

database26 (version 11.0; https://string-db.org/ ) with a confidence score threshold of 0.7. 247 

The network was visualized and analyzed using cytoscape software (version 3.8.2), with 248 

node size proportional to degree centrality and edge width representing interaction 249 

confidence. Functional enrichment analysis of the HDAC1-associated network was 250 

performed using the Database for Annotation, Visualization and Integrated Discovery 251 

(DAVID) to identify enriched biological processes and pathways. 252 

The potential interaction between HDAC1 and YY1 was investigated by protein–protein 253 

docking using HADDOCK, with human HDAC1 (PDB ID: 4BKX; structural Zn²⁺ 254 

retained) and full-length human YY1 (UniProt P25490; AlphaFold model) used as 255 

Protein A and Protein B, respectively. The selected docking complex was evaluated using 256 

PDBePISA and visualized in PyMOL 3.0.3 to characterize the predicted binding 257 

interface and interacting residues. A 100-ns molecular dynamics simulation was 258 

performed to assess complex stability and conformational dynamics based on RMSD, 259 
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RMSF, Rg, SASA, and intermolecular hydrogen bonding, together with a three-260 

dimensional free-energy landscape based on RMSD and Rg. MM-PBSA analysis was 261 

further used to estimate the binding free energy of the HDAC1–YY1 complex. 262 

7. Pathway-specific analysis of HDAC1 protein expression in breast cancer 263 

To examine HDAC1 expression in relation to specific molecular pathways, we leveraged 264 

the CPTAC dataset through the UALCAN web portal. The CPTAC dataset contains 265 

proteomic profiles of breast cancer samples with comprehensive molecular annotation. 266 

We specifically analyzed HDAC1 protein expression across different molecular 267 

subgroups: including Chromatin modifier status, p53/RB1 pathway status and NRF2 268 

pathway status. We systematically assessed pathway-level somatic alterations (by small 269 

mutation or copy number alteration) across tumors with combined proteomic, whole-270 

exome, and CNA data, involving key pathways and genes previously annotated across 271 

multiple cancer types based on domain knowledge (pathway annotations from PMID: 272 

33568653). Log2 Spectral count ratio values from CPTAC were first normalized within 273 

each sample profile, then normalized across samples. 274 

8. Analysis of HDAC1 expression in relation to immune cell infiltration  275 

To evaluate the association between HDAC1 expression and the tumor 276 

microenvironment (TME), the “ESTIMATE” R package was employed to calculate the 277 

immune, stromal, and ESTIMATE scores for each breast cancer patient based on 278 

HDAC1 gene expression. The estimation of stromal and immune cells in malignant 279 

tumor tissues using expression data (ESTIMATE) algorithm employs gene expression 280 

signatures to infer the relative proportions of stromal and immune cells in tumor samples. 281 

Additionally, Spearman’s correlation coefficient between HDAC1 expression and 282 

immune infiltration scores across breast cancer was computed using the corr.test function 283 

from the R package psych.  284 

To further characterize immune cell composition, the TIMER algorithm implemented in 285 

the R package IOBR was used to estimate the infiltration levels of six immune cell types 286 

in breast cancer samples based on gene expression data, including B cells, CD4⁺ T cells, 287 

CD8⁺ T cells, neutrophils, macrophages, and dendritic cells. Pearson’s correlation 288 

coefficients between gene expression and immune cell infiltration levels were calculated 289 

using the corr.test function in the R package psych (version 2.1.6) to identify significantly 290 

associated immune cell populations 27.  291 
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9. Analysis of immune checkpoint gene expression and correlation with HDAC1. 292 

The most frequently utilized drugs in immunotherapy target and inhibit immune 293 

checkpoint pathways, thereby aiding the immune system in overcoming immune evasion 294 

mediated by checkpoint overexpression and reactivating immune responses against 295 

neoantigen-expressing cancer cells. Therefore, we performed an immune checkpoint 296 

analysis to investigate the associations between HDAC1 expression and immune 297 

checkpoint-associated genes. Furthermore, expression data for 24 inhibitory immune 298 

checkpoint pathway genes were extracted for each sample. The relationship between 299 

HDAC1 expression and immune checkpoint genes was analyzed using Spearman's 300 

correlation, with the results visualized through a heatmap.  301 

10. Statistical analysis  302 

R software was used in the bioinformatics analysis in this study. Student’s t-test was used 303 

to compare the expression levels of HDAC1 between different groups, and the Wilcoxon 304 

rank-sum test was used to analyze non-normally distributed data. An unpaired two-305 

sample t-test was used to assess differences in expression between two groups, while 306 

one-way ANOVA was applied for comparisons among multiple groups. For the wet lab 307 

experiment performed in this study, homogeneity of variance was assessed prior to 308 

ANOVA. Pearson correlation analysis was employed to evaluate the correlation between 309 

HDAC1 expression and immune infiltration. SPSS 26.0 software was used. P-values < 310 

0.05 were considered significant. 311 

The principal reagents and materials used in this study are listed in Table 1. 312 

Results 313 

1. HDAC1 expression is significantly upregulated in breast cancer. 314 

Analysis of HDAC1 expression based on TCGA dataset revealed significantly elevated 315 

mRNA levels in primary breast cancer tissues compared with normal breast tissues (P 316 

<0.01 vs. Normal; Figure 1A). Analysis of HDAC1 expression across clinical stages 317 

demonstrated a progressive upregulation from stage I to stage IV, with stage IV tumors 318 

exhibiting the highest expression levels (all P < 0.05 vs. Normal; Figure 1B). Further 319 

analysis across the major molecular subtypes of BRCA, including triple-negative breast 320 

cancer (TNBC) subtypes, demonstrated pronounced heterogeneity in expression patterns. 321 

Compared with normal tissues, HDAC1 expression was significantly elevated in 322 

Luminal, TNBC-BL1, TNBC-BL2, TNBC-IM, TNBC-M, TNBC-MSL and TNBC-UNS 323 
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subtypes (all P < 0.05 vs. Normal), while notably reduced in HER2-positive and TNBC-324 

LAR subtypes (Figure 1C). Immunohistochemical (IHC) staining results from the 325 

Human Protein Atlas (HPA) database demonstrated higher HDAC1 expression in breast 326 

tissues than in adjacent normal tissues (Figure 1D). Notably, IHC staining revealed more 327 

intense HDAC1 expression in lobular carcinoma than in ductal carcinoma. (Figure 1D). 328 

Consistent with the transcriptomic findings, proteomic data confirmed that HDAC1 329 

protein levels were significantly elevated in primary BRCA tissues compared with 330 

normal tissues (P <0.01; Figure 1E). Kaplan–Meier survival analysis based on TCGA 331 

datasets demonstrated that high HDAC1 expression was significantly associated with 332 

poorer overall survival (OS) in patients with BRCA (HR = 1.43, 95% CI: 1.03-1.99; 333 

Figure 1F).  334 

Collectively, these findings indicate that HDAC1 is upregulated in BRCA, and that 335 

HDAC1 overexpression is associated with poor clinical outcomes, highlighting HDAC1 336 

potential as a prognostic biomarker and therapeutic target. 337 

2. Identification and functional enrichment analysis of drug sensitivity-associated 338 

DEGs in breast cancer. 339 

To systematically characterize the role of HDAC1 in breast cancer drug sensitivity, we 340 

integrated three GEO datasets comprising breast cancer samples with documented drug-341 

sensitive and drug-resistant phenotypes (Table 2). Venn diagram analysis identified 391 342 

common DEGs (Figure 2A). Further cancer hallmark enrichment analysis revealed that 343 

HDAC1 is centrally associated with malignant phenotypes, including enhanced 344 

proliferation, invasion, genomic instability, and, most notably, resistance to cell death 345 

(Figure 2B).  346 

Subsequently, KEGG pathway enrichment analysis was conducted to investigate the 347 

signaling pathways associated with HDAC1 in breast cancer. KEGG analysis revealed 348 

significant enrichment of several cancer-associated pathways, notably the p53 signaling 349 

pathway, suggesting that HDAC1 may contribute to reduced drug sensitivity through 350 

modulation of apoptosis and cell-cycle related signaling networks (Figure 2C). GO BP 351 

functional enrichment analysis further indicated that HDAC1 is involved in positive 352 

regulation of apoptosis process, negative regulation of cell population proliferation, and 353 

negative regulation of cell migration (Figure 2D). 354 

Collectively, integrative analysis of three GEO datasets identified HDAC1 as a drug 355 
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sensitivity-associated gene in breast cancer, with elevated expression in less sensitive 356 

samples and enrichment in malignant phenotypes and biological processes related to 357 

apoptosis, cell proliferation, and migration. 358 

3. Construction and characterization of the HDAC1 overexpression recombinant 359 

lentiviral vector.  360 

To investigate the role of HDAC1 in breast cancer chemosensitivity, the full-length 361 

HDAC1 coding sequence was amplified by PCR and subcloned into a lentiviral 362 

expression vector (Figure S1); primer sequences are provided in Table 3. PCR 363 

amplification produced a single band of approximately 1,449 bp, consistent with the 364 

expected size of the target fragment (Figure 3A). Restriction enzyme digestion of the 365 

recombinant plasmid pSIMPLE-18T-HDAC1 generated two fragments of approximately 366 

2,700 bp and 1,449 bp, confirming successful cloning (Figure 3B). Double digestion of 367 

XbaⅠ/EcoRⅠ and sequencing of the recombinant lentiviral construct pCDH-CMV-MCS-368 

HDAC1-EF1-Puro revealed two bands of 7400 bp and 1449 bp, consistent with the 369 

expected insert size (Figure 3C). Western blot demonstrated the overexpression of 370 

HDAC1 protein in the MCF-7-HDAC1 group compared with the MCF-7-Control group 371 

(Figure 3D).  372 

Collectively, a stable HDAC1-overexpressing MCF-7 cell line was established and 373 

validated at both the genetic and protein levels, providing an experimental model suitable 374 

for subsequent functional studies of HDAC1 in breast cancer chemosensitivity. 375 

4. Overexpression of HDAC1 reduces chemosensitivity and inhibits apoptosis in 376 

MCF-7 breast cancer cells. 377 

To assess the impact of HDAC1 overexpression on chemosensitivity, MCF-7-HDAC1 378 

and MCF-7-Control cells were treated with increasing concentrations of THP, VM-26, 379 

and DDP for 48 or 72 h. MTT assays showed a dose-dependent reduction in cell viability 380 

in both cell lines, with HDAC1-overexpressing cells consistently exhibiting moderately 381 

higher viability than control cells following drug treatment (Figures 3F–H). Accordingly, 382 

IC₅₀ values for THP, VM-26, and DDP were increased in MCF-7-HDAC1 cells 383 

compared with controls (0.822 vs. 0.514 μg/mL for THP; 1.886 vs. 1.490 μg/mL for VM-384 

26; and 1.831 vs. 1.158 μg/mL for DDP), indicating a modest but reproducible reduction 385 

in chemosensitivity. 386 

Hoechst 33258/propidium iodide (PI) staining further revealed increased nuclear 387 
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abnormalities and PI-positive nuclei following drug exposure in MCF-7-Control cells, 388 

whereas MCF-7-HDAC1 cells exhibited fewer nuclear abnormalities and reduced PI 389 

positivity, consistent with a modest attenuation of chemotherapy-induced cell death. 390 

(Figures 4A–C).  391 

Flow cytometric analysis demonstrated dose-dependent apoptosis in both groups; 392 

however, the apoptotic fraction was significantly lower in MCF-7-HDAC1 cells across 393 

all tested concentrations (P <0.05; Figures 5A–F). For instance, THP treatment resulted 394 

in reduced apoptosis in HDAC1-overexpressing cells compared with controls (3.01% vs. 395 

5.42%, 13.23% vs. 24.63%, 18.79% vs. 38.78%, and 39.4% vs. 52.67% across increasing 396 

doses; P <0.01), with similar trends observed for VM-26 (7.66% vs. 5.86%, 18.13% vs. 397 

25.96%, 26.77% vs. 33.8%, and 39.6% vs. 50.2% across increasing doses; P <0.01) and 398 

DDP (7.98% vs. 6.29%, 13.21% vs.18.66%, 17.78% vs. 24.86%, and 30.19% vs. 53.6% 399 

across increasing doses; P <0.001) . 400 

Overall, HDAC1 overexpression in MCF-7 cells was associated with increased IC₅₀ 401 

values and reduced apoptosis, supporting a modest but consistent role for HDAC1 402 

reducing chemosensitivity through enhanced cell survival and suppression of apoptotic 403 

responses. 404 

5. HDAC1 is associated with chemotherapy response and shows a predicted 405 

interaction with YY1. 406 

To further investigate the potential mechanistic framework underlying HDAC1-407 

associated chemosensitivity in breast cancer, a protein–protein interaction (PPI) network 408 

centered on HDAC1 was constructed. The resulting network identified several prominent 409 

interacting partners, including methyl-CpG binding domain protein 2 (MBD2), snail 410 

family transcriptional repressor 1 (SNAI1), C-terminal binding protein 1 (CTBP1), E1A 411 

binding protein p300 (EP300), and Yin Yang 1 (YY1), all of which have been implicated 412 

in tumor plasticity and chemosensitivity. Notably, the canonical tumor suppressors tumor 413 

protein p53 (TP53) and retinoblastoma protein 1 (RB1) also emerged as central nodes 414 

within the PPI network (Figure 6A).  415 

To further examine the potential interaction between HDAC1 and YY1, protein–protein 416 

docking was performed. The predicted complex yielded a docking score of -9.6 kcal/mol 417 

and showed an extensive interaction interface, with 11 hydrogen bonds and two salt 418 

bridges involving residues from both proteins (Figure 6B–C).  419 
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Further molecular dynamics simulation further supported the stability of the docked 420 

complex. Following an initial conformational adjustment, RMSD remained within 421 

approximately 1.3-1.5 nm, with relatively low residue-level fluctuations across most of 422 

the complex (Figure 7A, B). During the 100-ns simulation, Rg decreased from 423 

approximately 4.3 to 3.6 nm, while intermolecular hydrogen bonding was maintained at 424 

relatively high levels and SASA decreased from approximately 590 to 400 nm² (Figure 425 

7C–E). The free-energy landscape showed that the complex converged toward a limited 426 

set of low-energy conformations (Figure 7F), supporting a compact and relatively stable 427 

HDAC1–YY1 complex throughout the latter phase of the simulation. Collectively, 428 

Collectively, HDAC1 was identified as a central node in a protein-protein interaction 429 

network comprising key regulators of tumor therapeutic response and the computational 430 

analyses provide structural evidence supporting a potential interaction between HDAC1 431 

and YY1 and provide a structural basis for subsequent experimental validation. 432 

6. HDAC1 is upregulated in breast tumors with aberrant chromatin modification 433 

and dysregulated p53/RB1 and NRF2 signaling. 434 

Analysis of the CPTAC dataset revealed that HDAC1 is significantly overexpressed in 435 

breast tumors exhibiting aberrant chromatin modification patterns in breast cancer (all P 436 

<0.05 vs. Normal or Others; Figure 8A). Furthermore, HDAC1 expression is markedly 437 

upregulated in breast tumors exhibiting dysregulation of the p53/RB1 pathways (all P 438 

<0.05 vs. Normal or Others; Figure 8B). Moreover, HDAC1 was markedly upregulated 439 

in breast tumors exhibiting activation of the nuclear factor erythroid 2–related factor 2 440 

(NRF2) pathway (all P <0.05 vs. Normal or Others; Figure 8C). Collectively, HDAC1 441 

was markedly overexpressed in breast tumors exhibiting aberrant chromatin 442 

modifications, P53/RB1 pathway dysregulation, and NRF2 pathway activation. 443 

7. HDAC1 modulates tumor microenvironment and immune checkpoint 444 

interactions in breast cancer. 445 

Immune infiltration analysis demonstrated that HDAC1 expression was significantly 446 

negative correlated with the stromal score (R=-0.21, P=1.5e-12), immune score (R=-0.12, 447 

P=8.1e-5), and ESTIMATE score (R=-0.18, P=1.7e-9) in BRCA (Figure 9A-C). The 448 

correlation analysis between HDAC1 and 24 inhibitory immune checkpoint genes across 449 

breast cancer samples revealed complex patterns of interaction (Figure 9D), with 450 

HDAC1 showing strong positive correlations with several inhibitory checkpoint 451 

molecules including cytotoxic t-lymphocyte associated protein 4 (CTLA4), hepatitis a 452 
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virus cellular receptor 2 (HAVCR2), and programmed cell death 1 (PDCD1). Consistent 453 

with a selective effect on immune composition, HDAC1 expression showed statistically 454 

significant positive correlations with several immune cell types estimated in BRCA 455 

(Figure 9E), including B cells (R=0.07, P=0.02), CD4+ T cells (R=0.12, P=6.0e-5), 456 

CD8+ T cells (R=0.09, P=3.9e-3), neutrophils (R=0.13, P=2.1e-5), and dendritic cells 457 

(DC) (R=0.11, P=3.1e-4). These findings highlight the intricate relationship between 458 

HDAC1 and immune regulation in breast cancer, suggesting that HDAC1 may play a 459 

role in shaping the tumor immune landscape and potentially contributing to 460 

immunosuppressive mechanisms that could influence chemotherapy response. 461 

Discussion 462 

In this study, we provide evidence that HDAC1 reduces chemosensitivity in luminal A 463 

breast cancer. HDAC1 was significantly upregulated in breast cancer tissues and 464 

associated with chemosensitivity-related gene signatures. Functional and pathway 465 

analyses, together with in vitro assays, indicated that HDAC1 promotes cell survival and 466 

suppresses chemotherapy-induced apoptosis, potentially through chromatin remodeling 467 

and dysregulated p53/RB1- and NRF2-associated signaling, with the potential 468 

involvement of YY1. Moreover, HDAC1 expression was associated with tumor 469 

microenvironment alterations, including immune cell infiltration and immune 470 

checkpoint-related gene expression, suggesting that HDAC1 may influence 471 

chemosensitivity through both tumor cell-intrinsic and tumor-immune mechanisms. 472 

Histone deacetylases (HDACs) are frequently located in chromosomal regions prone to 473 

genetic alterations and have been implicated in the initiation and progression of breast 474 

cancer28. Among class I HDACs, HDAC1 is closely associated with tumorigenesis and 475 

regulates multiple biological processes in breast cancer 7,8,10,29. HDAC1 is frequently 476 

upregulated in advanced, poorly differentiated, and highly proliferative tumors, including 477 

breast cancer 11. In breast cancer, increased HDAC1 mRNA expression has been 478 

consistently observed in tumor tissues compared with adjacent normal tissues 30,31 and, 479 

in a subset of cases, is associated with adverse clinical outcomes32. In the present study, 480 

we likewise found that HDAC1 was significantly overexpressed in breast cancer and was 481 

associated with poor prognosis. Notably, our functional studies in MCF-7 cells, a 482 

Luminal A breast cancer model, further showed that HDAC1 overexpression reduced the 483 

response to multiple chemotherapeutic agents by promoting cell survival and suppressing 484 

drug-induced apoptosis. These findings extend the potential role of HDAC1 beyond 485 
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tumor progression to the regulation of chemotherapy response in Luminal A breast 486 

cancer. Accordingly, a range of HDAC inhibitors have been developed and evaluated as 487 

anticancer agents in solid and hematologic malignancies 19,33,34. By inhibiting HDAC 488 

activity, these agents may restore the expression of silenced tumor suppressor genes and 489 

promote cancer cell death, raising the possibility that HDAC1 inhibition could also 490 

improve chemotherapy sensitivity. 491 

To further delineate the functional role of HDAC1 in breast cancer, we conducted cancer 492 

hallmark pathway enrichment analyses, which demonstrated that HDAC1 is strongly 493 

associated with multiple malignant phenotypes, including increased cell proliferation, 494 

invasive capacity, genomic instability, and, most notably, resistance to programmed cell 495 

death. Consistently, GO enrichment analysis indicated that HDAC1 is involved in the 496 

regulation of apoptosis, negative regulation of cell proliferation, and promotion of cell 497 

migration. Accumulating evidence indicates that HDAC1 targeting mediated repression, 498 

genetic silencing, or pharmacological inhibition—reduces breast cancer cell 499 

aggressiveness by suppressing migration and proliferation while promoting apoptosis 500 

and immunogenic cell death9,10,35. Conversely, HDAC1 overexpression substantially 501 

enhances the invasive capacity of MCF-7 breast cancer cells7. Our study further 502 

demonstrated that HDAC1 overexpression promotes cell proliferation and suppresses 503 

chemotherapy-induced apoptosis. Collectively, HDAC1 overexpression is associated 504 

with enhanced Luminal A breast cancer cell proliferation and invasion, reduced 505 

chemosensitivity, and suppressed apoptosis. 506 

Further KEGG enrichment analysis and PPI network analysis revealed that HDAC1 507 

interacts with the key tumor suppressors TP53 and RB1. As central intracellular 508 

“guardians” of genomic integrity, the p53/RB1 pathway plays a pivotal role in regulating 509 

apoptosis in breast cancer16,17. Functional inactivation of this pathway leads to 510 

widespread disruption of cell-cycle checkpoints, senescence, and apoptosis in response 511 

to DNA damage, thereby allowing damaged cells to evade effective elimination. 512 

Collectively, these findings suggest that HDAC1 may contribute to at least in part, 513 

through modulation of critical tumor-suppressive pathways governing cell-cycle 514 

progression and apoptotic responses36. Furthermore, proteomic analyses of patient 515 

samples demonstrated that HDAC1 is significantly upregulated in breast tumors 516 

exhibiting p53/RB1 pathway dysregulation compared with adjacent normal tissues, 517 

suggesting that HDAC1 may regulate apoptotic processes in breast cancer through 518 
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modulation of the p53/RB1.  519 

Accumulating evidence indicates that pharmacological or genetic inhibition of HDAC1 520 

suppresses breast cancer progression by modulating apoptosis and cell proliferation; 521 

moreover, inhibition of histone deacetylases, including HDAC1, has been shown to 522 

restore and enhance sensitivity to anti-estrogen therapy in breast cancer37,38. However, 523 

the precise molecular mechanisms underlying HDAC1-mediated regulation of 524 

chemosensitivity in breast cancer remain largely undefined. Therefore, by constructing 525 

an HDAC1-centered PPI network, we identified several key regulators associated with 526 

chemosensitivity that interact with HDAC1, including MBD2, SNAI1, CTBP1, EP300, 527 

and YY1. MBD2 facilitates tumor progression by recruiting the NuRD chromatin-528 

remodeling complex to specific genomic loci to enforce transcriptional repression39, and 529 

as HDAC1 serves as a core catalytic subunit of NuRD conferring a critical synthetic-530 

lethal dependency in cancer40, inhibition of MBD2 has been shown to suppress ABCB1 531 

expression and significantly reduce cisplatin resistance in cholangiocarcinoma cells 41. 532 

As a transcriptional repressor, SNAI1 directly recruits epigenetic modifiers such as 533 

HDAC1 to assemble transcriptional repressive complexes 42, thereby driving epithelial–534 

mesenchymal transition (EMT)43 and promoting tumor invasion, metastasis, stemness, 535 

and responses to chemotherapy. Emerging evidence further indicates that SNAI1 536 

enhancer RNA (SNAI1e) activates TGF-β/SMAD signaling to reinforce these 537 

phenotypes in breast cancer cells44. CTBP1 as a transcriptional corepressor by recruiting 538 

epigenetic modifiers such as HDAC1 to gene promoters to form repressive chromatin 539 

complexes that silence tumor suppressor genes and drive tumor initiation and 540 

progression45. CTBP1 has also been shown to promote chemoresistance in breast cancer 541 

through both p53-dependent and -independent mechanisms46.This effect is mediated in 542 

part by transactivation of RAD5147, whereas genetic ablation or miR-644a–mediated 543 

repression of CTBP1 markedly suppresses tumor growth, metastasis, and therapeutic 544 

resistance48. P300 and HDAC1 oppositely regulate histone acetylation to control 545 

chromatin structure and gene transcription, and disruption of this balance during 546 

tumorigenesis cooperatively drives malignant phenotypes49, while EP300 has been 547 

identified as a tumor suppressor that modulates paclitaxel resistance and cancer stemness 548 

in breast cancer50. functional integration of TP53 and RB1 with the central epigenetic 549 

regulator HDAC1 through transcriptional repressor complexes and consequent 550 

hyperactivation of the RB1–HDAC1 axis upon TP53 loss drive genomic instability, 551 

malignant progression, and resistance to DNA damage–inducing therapies, including 552 
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doxorubicin and platinum-based chemotherapies 51,52. Moreover, YY1 can recruit 553 

HDAC1 into transcriptional repressor complexes, thereby contributing to the silencing 554 

of tumor suppressor and differentiation programs and the activation of pathways 555 

associated with drug efflux, stemness, DNA repair, microenvironmental remodeling, and 556 

EMT, all of which have been implicated in tumor progression and therapeutic resistance53. 557 

To further explore the potential interaction between HDAC1 and YY1, we performed 558 

computational structural analyses, which predicted a favorable and relatively stable 559 

HDAC1–YY1 complex and identified several candidate residues at the protein–protein 560 

interface. Taken together, these findings suggest that HDAC1 may contribute to 561 

chemoresistance in breast cancer through its association with multiple regulatory 562 

proteins, including MBD2, SNAI1, CTBP1, EP300, and YY1, while the structural 563 

analyses provide additional support for a potential HDAC1–YY1 interaction. 564 

CPTAC proteomic profiling revealed marked upregulation of HDAC1 in breast tumors 565 

with aberrant chromatin states and activated NRF2 signaling. Chromatin modifications 566 

drive tumor drug resistance, as cancer cells dynamically remodel chemical marks and 567 

chromatin structure to reprogram gene expression, evade cytotoxic drugs, and acquire 568 

resistance54. Chromatin modification patterns given that changes in histone 569 

acetylation/methylation can activate oncogenes and silence tumor suppressors, this 570 

upregulation supports a model in which HDAC1 enhances epigenetic plasticity to 571 

promote drug resistance. The NRF2 (Nrf2/KEAP1) pathway promotes chemoresistance 572 

in breast cancer through activation of antioxidant and drug-metabolizing programs, and 573 

concomitant HDAC1 upregulation in NRF2-activated tumors further exacerbates 574 

treatment resistance55-57. In summary, HDAC1 integrates chromatin remodeling, tumor 575 

suppressor dysfunction, and stress-response signaling to drive breast cancer progression 576 

and chemoresistance, highlighting HDAC1 inhibition as a potential strategy to improve 577 

responses to conventional therapies.58. 578 

The tumor immune microenvironment (TIME) is a central determinant of therapeutic 579 

response in breast cancer, and dysregulation of the TIME may contribute to reduced 580 

chemosensitivity by promoting immune evasion and attenuating chemotherapy-induced 581 

immune responses. Neutrophils have emerged as key mediators of resistance 59, with 582 

CD4⁺ T cell–driven neutrophil ferroptosis fostering immunosuppression60, s senescent 583 

neutrophil–derived exosomal piRNA-17560 promotes epithelial–mesenchymal 584 

transition and chemoresistance via the FTO–ZEB1 axis61, and benzyl butyl phthalate 585 
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(BBP) potentiates the pro-chemoresistant effects of tumor-associated dendritic cells in 586 

breast cancer 62. Consistent with these observations, ESTIMATE and TIMER analyses 587 

demonstrated that HDAC1 expression is inversely associated with overall immune and 588 

stromal infiltration, while showing positive correlations with CD4⁺ T cells, neutrophils, 589 

and dendritic cells in breast cancer, indicative of context-dependent immune 590 

microenvironment remodeling. Mechanistically, HDAC1-mediated chromatin regulation 591 

critically shapes both innate and adaptive immune programs, including control of CD4⁺ 592 

T-cell plasticity63 and neutrophil differentiation whereas HDAC inhibition suppresses 593 

neutrophil progenitor expansion, induces apoptosis, promotes dendritic cell maturation 594 

64 , and enhances immunogenic cell death and T-cell activation, collectively eliciting 595 

robust antitumor immune responses 65. These findings suggest that HDAC1 may 596 

contribute to reduced chemosensitivity in breast cancer through alterations in immune 597 

cell composition and function, thereby suppressing antitumor immunity and potentially 598 

attenuating chemotherapy-induced immune responses. Emerging evidence indicates that 599 

combining chemotherapy with immune checkpoint blockade may enhance treatment 600 

sensitivity and limit tumor progression and metastasis66, as multiple immune checkpoints, 601 

including PD-1/PD-L1, CTLA-4, B7-H3, B7-H4, B7-1, and B7-2, act as positive 602 

regulators of multidrug resistance in breast cancer67. Consistently, Spearman correlation 603 

analysis revealed strong positive associations between HDAC1 expression and inhibitory 604 

immune checkpoints, including PDCD1 and CTLA4. Tumor immune evasion is 605 

mediated in part through programmed cell death protein 1 (PD-1, encoded by PDCD1)/ 606 

programmed death-ligand 1 (PD-L1) and CTLA-4 signaling, which suppress T-cell 607 

activation and function68,69, and these pathways have emerged as effective targets for 608 

immune checkpoint blockade70 and promising immunotherapeutic strategies in breast 609 

cancer 71-73. Collectively, these findings indicate that HDAC1 may be associated with 610 

reduced chemosensitivity in breast cancer through modulation of the tumor immune 611 

microenvironment, including neutrophil- and dendritic cell-mediated 612 

immunosuppression and upregulation of inhibitory immune checkpoint pathways, such 613 

as PD-1/PD-L1 and CTLA-4, thereby potentially facilitating immune evasion and 614 

attenuating antitumor immunity while supporting the rationale for combined HDAC-615 

targeted and immunotherapeutic strategies. 616 

Despite the insights provided by the present study, several limitations should be 617 

acknowledged. MCF-7 cells were used as a representative model of hormone receptor–618 

positive breast cancer, owing to their stable growth properties and preserved apoptotic 619 
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responses, which allow consistent evaluation of HDAC1-associated effects on cell 620 

survival and apoptosis. In addition, their relatively high baseline chemosensitivity 621 

facilitates the detection of treatment-induced reductions in chemosensitivity. However, 622 

this model does not fully reflect the biological heterogeneity of breast cancer, particularly 623 

more aggressive subtypes such as triple-negative disease. Given potential subtype-624 

specific differences in HDAC1-related signaling, validation in additional cell models will 625 

be necessary to assess the broader applicability of these findings. In addition, the 626 

functional analyses were primarily based on an HDAC1 overexpression system, without 627 

complementary loss-of-function validation, which would strengthen causal inference. 628 

Although bioinformatic analyses linked HDAC1 to multiple pathways associated with 629 

reduced chemosensitivity and computational modeling supported a potential HDAC1–630 

YY1 interaction, these findings remain largely predictive, and their underlying molecular 631 

mechanisms require further experimental validation. Finally, experimental validation 632 

was restricted to in vitro models, and in vivo studies are required to confirm these 633 

findings. Future investigations incorporating genetic perturbation strategies and animal 634 

models will be essential to further define the role of HDAC1 in breast cancer 635 

chemosensitivity and assess its therapeutic potential. 636 

Conclusions 637 

Overall, our findings indicate that HDAC1 overexpression is associated with reduced 638 

chemosensitivity in Luminal A breast cancer cells. In MCF-7 cells, HDAC1 639 

overexpression decreased the response to THP, VM-26, and DDP by promoting cell 640 

survival and suppressing drug-induced apoptosis. HDAC1 may contribute to 641 

chemoresistance through coordinated regulation of chromatin remodeling and 642 

chemotherapy response-associated signaling pathways, including the p53/RB1 and 643 

NRF2 axes. Computational structural analyses supported a potential interaction between 644 

HDAC1 and YY1, suggesting that the HDAC1–YY1 axis may be involved in the 645 

regulation of chemosensitivity. Collectively, these findings support HDAC1 as a 646 

potential prognostic biomarker and therapeutic target and provide a basis for further 647 

investigation of HDAC1-directed strategies in combination with chemotherapy. 648 
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BSA Bovine serum albumin 

cDNA Complementary deoxyribonucleic acid 

CMV Cytomegalovims 

DDP cis-dichlorodiamineplatinum 

DEGs Differentially expressed genes 

DMEM Dulbecco's modified eagle's medium 

ECL Enhanced chemiluminescence 

EF-1 Elongation factor-1 

ESTIMATE 
Estimation of stromal and immune cells in malignant tumour tissues 

using expression data 

FBS Fetal bovine serum 

FITC Fluorescein isothiocyante 

GFP Green fluorescent protein 

HAT Histone acetyl transferase 

HER-2 Human epidermal growth factor receptor 2 

HDAC Histone deacetylase 

HDACi Histone deacetylase inhibitor 

HPA Human protein atlas 

IHC Immunohistochemical 

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

NRF-2 Nuclear factor erythroid 2-related factor 2 

PCR Polymerase chain reaction 

PI Propidium iodide 

RB1 Retinoblastoma 1 

RT-PCR Reverse Transcription-polymerase chain reaction 

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

THP Pirarubicin 

TNBC Triple-negative breast cancer 

VM-26 Teniposide 
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 915 

Figure 1. HDAC1 expression is significantly upregulated in breast cancer, 916 

particularly in subtypes characterized by more aggressive biological features. 917 

(A) HDAC1 mRNA expression in primary breast cancer (BRCA) (n=1097) and normal 918 

tissues (n=114) based on TCGA dataset. Blue and red boxes represent normal and tumor 919 

groups, respectively. (B) HDAC1 expression across pathological stages (I–IV) in BRCA 920 

(n=183, 615, 247, and 20, respectively) compared with normal tissues (n=114) (C) 921 

HDAC1 expression across major subclasses of BRCA, including Luminal (n=566), 922 

HER2-positive (n=37), and TNBC subtypes (TNBC-BL1 (n=13), TNBC-BL2 (n=11), 923 

TNBC-IM (n=20), TNBC-M (n=8), TNBC-MSL(n=8), TNBC-LAR(n=29), TNBC-924 

UNS(n=27)) and normal (n=114) tissues. (D) Immunohistochemical staining of HDAC1 925 

protein in breast adjacent normal tissue, ductal carcinoma, and lobular carcinoma (HPA 926 

database). (***P<0.001 vs adjacent normal tissue). (E) Protein expression levels (Z-927 
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scores) of HDAC1 in primary BRCA (n=125) and normal tissues (n=18) from CPTAC. 928 

Z-values represent standard deviations from the median across samples for the given 929 

cancer type. (F) Kaplan–Meier analysis of OS between high and low HDAC1 expression 930 

groups in BRCA patients based on TCGA datasets. (log-rank p=0.031; HR=1.43, 95% 931 

CI: 1.03–1.99).  932 
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Figure 2. Identification and functional enrichment analysis of HDAC1 in drug 934 

resistant breast cancer. 935 

(A) Venn diagram illustrating the intersection of three drug sensitivity-associated gene 936 

signatures from independent GEO datasets (GSE76540, GSE104050, GSE41998), 937 

screening 391 common DEGs. Bar plot shows the number of specific and shared 938 

elements across datasets. (B) Cancer hallmark enrichment analysis of HDAC1, with gray 939 

segments representing significantly enriched pathways (adjusted p-value < 0.05). (C) 940 

KEGG pathway enrichment analysis of HDAC1-associated genes in breast cancer, 941 

showing significant enrichment in multiple cancer-related pathways. (The pathway 942 

analysis was performed using the KEGG database; Kanehisa and Goto, Nucleic Acids 943 

Res, 2000.) (D) GO functional enrichment analysis of HDAC1 in breast cancer, showing 944 

BP, CC, and MF. Red boxes highlight key processes: apoptotic process, cell population 945 

proliferation, and cell migration. 946 
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 947 

Figure 3. Lentiviral-mediated HDAC1 overexpression markedly increased the 948 

survival rate of MCF-7 cells following treatment with VM-26, DDP, and THP. 949 

(A) Agarose gel electrophoresis of the PCR-amplified HDAC1 coding sequence showing 950 

a single specific band of the expected size (1449 bp). (B) Agarose gel electrophoresis of 951 

the recombinant pSIMPLE-18T–HDAC1 plasmid before (UD) and after double-enzyme 952 

digestion (DD). Double digestion released a 2700-bp vector backbone and a 1449-bp 953 

HDAC1 insert. (C) Agarose gel electrophoresis of the recombinant pCDH-CMV-MCS-954 

HDAC1-EF1-Puro lentiviral vector before (UD) and after double-enzyme digestion 955 

(DD). Double digestion yielded bands of approximately 7400 bp corresponding to the 956 
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vector backbone and 1449 bp corresponding to the HDAC1 insert. (D) Representative 957 

Western blot showing HDAC1 protein expression in MCF-7-Control and MCF-7-958 

HDAC1 cells, with tubulin as the loading control. (E–G) Dose–response curves of MCF-959 

7-HDAC1 and MCF-7-Control cells treated with THP (E), VM-26 (F), and DDP (G), 960 

respectively. (All **P < 0.01, ***P < 0.001 vs MCF-7-Control group).  961 

 962 

Figure 4. Lentiviral-mediated HDAC1 overexpression markedly reduced nuclear 963 

abnormalities and cell death of MCF-7 cells following treatment with VM-26, DDP, 964 

and THP. 965 
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(A–C) Hoechst33258/PI dual staining of MCF-7-HDAC1 and control cells following 72-966 

hour exposure to (A) THP, and 48-hour exposure to (B) VM-26, and (C) DDP at the 967 

indicated concentrations. Representative images show nuclear morphology (blue 968 

fluorescence) with apoptotic features (condensed and fragmented nuclei) indicated by 969 

arrows. White arrows indicate apoptotic cells with condensed nuclei, while red arrows 970 

indicate dead cells with fragmented nuclei. All images are representative of three 971 

independent experiments. 972 
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 973 

Figure 5 Lentiviral-mediated HDAC1 overexpression reduces chemosensitivity by 974 

attenuating chemotherapy-induced apoptosis in MCF-7 breast cancer cells. 975 

(A-C) Representative flow cytometry plots showing apoptosis in MCF-7-HDAC1 (top) 976 

and MCF-7-Control (bottom) cells following treatment with THP for 72 h (A), VM-26 977 
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for 48 h (B), and DDP for 48 h (C). Apoptosis was assessed by Annexin V-FITC/PI 978 

staining and flow cytometry. (D-F) Quantification of the apoptotic cell population 979 

following treatment with THP (D), VM-26 (E), and DDP (F). (All **P < 0.01, ***P < 980 

0.001 vs MCF-7-Control group). The total apoptotic population was calculated as the 981 

sum of Annexin V-positive/PI-negative and Annexin V-positive/PI-positive cells. Values 982 

are expressed as mean ± SD from three independent experiments.  983 

 984 

Figure 6 HDAC1-associated PPI network and structural analysis of the predicted 985 

HDAC1-YY1 interaction. 986 
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(A) PPI network of HDAC1-associated genes, node color represents gene function. (B) 987 

Two-dimensional LigPlot analysis of the predicted HDAC1–YY1 interaction interface, 988 

highlighting interacting residues. (C) Three-dimensional overall conformation of the 989 

predicted HDAC1–YY1 complex and the major intermolecular interactions at the 990 

binding interface.  991 

 992 

Figure 7. Structural stability and conformational dynamics of the HDAC1–YY1 993 

complex during molecular dynamics simulation. 994 

(A) RMSD of the HDAC1–YY1 complex over 100 ns. (B) Residue-wise RMSF, with 995 

continuous residue numbering along the x-axis for the entire system. (C) Radius of 996 

gyration (Rg). (D) Number of intermolecular hydrogen bonds at the Protein A–Protein B 997 

interface. (E) Solvent-accessible surface area (SASA). (F) Three-dimensional free-998 
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energy landscape based on RMSD and Rg, showing the distribution of conformational 999 

states and the major low-energy regions. 1000 

 1001 

Figure 8 HDAC1 expression across chromatin-modifier, P53/RB1, and NRF2 1002 

pathway states in breast cancer. 1003 

(A-C) Comparative analysis of HDAC1 protein expression (Z-scores) in normal breast 1004 

tissue(n=18) versus breast cancers with alterations in (A) chromatin modifiers(n=79), (B) 1005 

p53/Rb pathway(n=81), and (C) NRF2 pathway(n=4). The others group includes samples 1006 

with alterations in pathways other than the indicated pathway.  1007 
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 1008 

 1009 

Figure 9 HDAC1 expression correlates with tumor microenvironment and immune 1010 

checkpoint interactions in breast cancer. 1011 

(A–C) Scatter plots showing Pearson's correlation coefficients between HDAC1 1012 

expression and (A) stromal score, (B) immune score, and (C) ESTIMATE score in breast 1013 

cancer (BRCA). Black lines represent linear regression trends; gray areas indicate 95% 1014 

confidence intervals. Data were analyzed using the ESTIMATE algorithm. (D) Heatmap 1015 

illustrating Pearson's correlation coefficients between HDAC1 and 24 inhibitory immune 1016 
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checkpoint genes across breast cancer samples (TCGA datasets). Red indicates positive 1017 

correlations; blue indicates negative correlations; black dots denote statistically 1018 

significant associations (p < 0.05). (E) Scatter plots showing the relationship between 1019 

HDAC1 expression and immune cell infiltration levels in BRCA. Each panel displays 1020 

Pearson's correlation coefficient (r) and p-value for B cells, CD4+ T cells, CD8+ T cells, 1021 

neutrophils, macrophages, and dendritic cells. Gray areas represent 95% confidence 1022 

intervals. Data were analyzed using the TIMER algorithm. 1023 

Tables 1024 

Table1. List of reagents and materials 1025 

Experimental materials Supplier/manufacturer Lot number 

DH5α competent cells Solarbio  

MCF-7 
Tumor Cell Bank at the Chinese Academy 

of Medical Sciences 
TCHu 74 

293-T 
Cancer cell bank, Chinese academy of 

medical sciences 
 

pSIMPLE-18 EcoR V/BAP Vector Takara D105A 

pCDH-CMV-MCS-EF1-Puro Addgene CD510B-1 

pMDLg/pRRE Addgene 12251 

pRSV-Rev Addgene 12253 

pMD2.G Addgene 12259 

DMEM (high glucose) Hyclone AXM75422 

XbaⅠ Takara K3801CA 

EcoRⅠ Takara CK2103A 

DNA Marker DL5000 Takara A1001A 

DNA Marker DL15000 Takara A301A 

HDAC 1 antibody Cell signaling technology 2062 

Tubulin antibody Beyotime AT819-1 

HRP-conjugated secondary 

antibody 
Zhongshan-golden bridge 970380 

Supersensitive ECL 

chemiluminescence kit 
Beyotime 107724 

THP: 1 mg/mL Shenzhen Wanle pharma 20120321 

VM-26: 10 mg/mL Beijing double-crane pharma 20111210 
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DDP: 5 mg/mL Yunnan biovalley pharma 20110901 

MTT Amresco 0793 

Hoechst33258 Jiancheng bio 20120224 

PI Solarbio 20120809 

Annexin V/PI apoptosis detection 

kit 
BD 556547 

 1026 

Table 2. GEO sample list: sensitive vs resistant groups 1027 

GEO accession Organisms sensitive samples resistant samples 

GSE41998 Homo sapiens 

Breast cancer patients 

sensitive to neoadjuvant 

ixabepilone or paclitaxel 

treatment following 

doxorubicin/cyclophosphami

de chemotherapy 

(n=201) 

Breast cancer patients 

resistant to neoadjuvant 

ixabepilone or paclitaxel 

treatment following 

doxorubicin/cyclophosph

amide chemotherapy 

(n=69) 

GSE76540 Homo sapiens 

Parental chemosensitive 

MCF-7 breast cancer cells 

(n=3) 

Chemoresistant 

MCF-7 breast cancer cells 

(n=3) 

GSE104050 Homo sapiens 

Parental Tamoxifen-sensitive 

MCF-7 breast cancer cells 

(n=2) 

Tamoxifen-resistant 

MCF-7 breast cancer cells 

(n=1) 

 1028 

Table3. Primer information for HDAC1 1029 

Name Primer sequence (5’-3’) Restriction Site Product size  

HDAC 

1sense 

GCTCTAGAGCCACCATGGCGCA

GACGCAGG 
XbaⅠ 

1449 bp 
HDAC 1 

antisense 

CGGAATTCTCAGGCCAACTTGA

CCTCC 
EcoRⅠ 
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Supplementary Materials 1031 
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  1032 

Table S1. Summary of structural stability, residue-level energy contributions, and 1033 

MM-PBSA binding energy of the HDAC1–YY1 complex. 1034 
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