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HDAC1: a promising target for cancer treatment: insights from a 
thorough analysis of tumor functions
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Background: Many significant findings from recent studies have revealed the significance of histone 
deacetylase 1 (HDAC1) in the development of tumors and its strong association with tumor prognosis; these 
studies have mainly focused on one single cancer such as in lung cancer, breast cancer, and hepatocellular 
carcinoma (HCC). To date, there has been no comprehensive analysis and pan-analysis conducted from the 
overall perspective of cancer across all types. Hence, we analyzed public databases, conducted tube formation 
assay, and immunohistochemistry (IHC) staining of HDAC1 on six kinds of clinical samples to explore the 
prognostic and oncogenic effects of HDAC1 on 33 tumors for the first time. There currently remains a 
lack of efficient testing methods, therapies, and diagnostic and prognostic markers of tumor formation and 
development in different tumors. 
Methods: Our initial objective was to investigate the possible cancer-causing functions of HDAC1 in 33 
different types of tumors by utilizing The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus 
(GEO) databases, and many different online websites, such as Tumor IMmune Estimation Resource 2 
(TIMER2), Gene Expression Profiling Interactive Analysis 2 (GEPIA2), Genotype Tissue Expression (GTEx) 
database, Clinical Proteomic Tumor Analysis Consortium (CPTAC) dataset, and University of ALabama at 
Brimingham CANcer data analysis portal (UALCAN) tool, and so on. We even used small interfering RNA 
(siRNA) to knock down HDAC2 in HCC cell lines. IHC of HDAC1 was performed.
Results: HDAC1 exhibited high expression in numerous tumors, and strong correlations were observed 
between the messenger RNA (mRNA) levels of HDAC1 and the prognosis of individuals diagnosed with 
tumors. Human umbilical vein endothelial cells (HUVECs) tube formation and migration were significantly 
inhibited by conditioned media from HCC cells treated with siRNA of HDAC1. Several types of cancer 
have been found to exhibit elevated levels of phosphorylation at S421. Furthermore, as in bladder urothelial 
carcinoma (BLCA), breast invasive carcinoma (BRCA), and kidney renal papillary cell carcinoma (KIRP), 
HDAC1 expression was found to be correlated with inflammatory cell infiltration.
Conclusions: The levels of HDAC1 are expected to adapt to clinical adjuvant targeted therapy in most 
types of solid cancer.
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Introduction

Cancer is a leading factor in global illness and death (1). 
In recent years, most studies on tumors have focused on 
a specific type of cancer (2). However, the tumorigenesis 
and progression of tumors is a comprehensive process, 
and various genes contribute significantly to promote 
tumorigenesis in different tumors. Hence, conducting a 
comprehensive analysis of oncogenes across different types 
of cancer is of utmost importance to establish its association 
with clinical tumor prognosis and relevant signaling 
pathways (3). Oncogenes such as FOXO1 (4), HS6ST2 (5), 
SND1 (6), TWF1 (7), and DLGAP5 (8) have been evaluated 
in pan-cancer studies in recent years. The pan-cancer 
research can be conveniently conducted primarily due to 
The Cancer Genome Atlas (TCGA) initiative and the easily 
accessible Gene Expression Omnibus (GEO) (9-11).

Histone deacetylase 1 (HDAC1), an HDAC class I family 
member, is widely checked in various organs as a significant 
type of epigenetic enzyme. During the mitotic phase 
(12,13), the enzyme HDAC1 is crucial for the condensing of 
chromatin, the formatting of spindles, and the separating of 
chromosomes. Most of the existing studies on the function 
of HDAC1 primarily focus on cancerous growths. The 
multifunctional HDAC1 has been the focus of our research, 

and we have documented the functional relationship between 
HDAC1 and liver cancer development and progression 
(12,13). Previously, HDAC1 has been evaluated only in 
relation to a few types of cancers, and its role has remained 
vague in other kinds of tumors. Furthermore, there has been 
no examination conducted to dig the involvement of HDAC1 
in all cancer’s comprehensive analysis.

Using TCGA and GEO databases, our research 
provided a comprehensive analysis of HDAC1 across 
various cancer types. We investigated in detail the role of 
HDAC1 in the pathogenesis and clinic prognoses of cancer 
by analyzing survival condition, gene expression, protein 
phosphorylation, gene alterations, immune infiltration, 
and relevant cellular pathways. The extensive examination 
uncovered the possible molecular process of HDAC1 in 
the development and medical outlook of various types of 
human malignancies. We present this article in accordance 
with the STROBE reporting checklist (available at https://
tcr.amegroups.com/article/view/10.21037/tcr-24-23/rc).

Methods 

Gene expression analysis 

Tumor IMmune Estimation Resource 2 (TIMER2) was 
utilized for the examination of HDAC1 gene expression in 
tumors and nearby normal tissues with the TCGA. Certain 
tumors, such as skin cutaneous melanoma (SKCM) and 
testicular germ cell tumors (TGCT), may have minimal or 
no surrounding healthy tissues; therefore, we used Gene 
Expression Profiling Interactive Analysis 2 (GEPIA2). We 
obtained the Genotype Tissue Expression (GTEx) database 
box plots comparing the level of HDAC1 (14). We acquired 
violin plots of HDAC1 expression in pathological stages of 
all cancers.

The University of ALabama at Birmingham CANcer data 
analysis Portal (UALCAN) tool was used to acquire cancer 
omics data and protein level analysis was performed in the 
Clinical Proteomic Tumor Analysis Consortium (CPTAC) 
dataset (15). Consequently, we proceeded to inquire into 
the level of the complete protein or phosphoprotein with 
HDAC1 (NP_004955.2) phosphorylation at the S393, 
S406, S410, S421S423, S421, and S423 sites in in normal 
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and primary tumor tissues. Six tumor datasets were chosen 
for the analysis.

Small interfering RNA and conditioned medium 

The small interfering RNA (siRNA) for HDAC1 were 
designed and performed as reported previously (13). Briefly, 
siRNA targeting HDAC1 (siHDAC1), or an siRNA of a 
negative control were transfected into HepG2/Huh7 of 
HCC cell lines. After 48 hours of interference, the medium 
was spun at 700 rpm for 2 minutes, then filtered. 

Tube formation assay

Corning’s Matrigel matrix (Corning, NY, USA), measuring 
70 μL per well (#356234), was introduced into 96-well 
culture plates. After incubating at 37 ℃ for 30 minutes, 
human umbilical vein endothelial cells (HUVECs) were 
resuspended in 100 μL of conditioned medium (CM) 
and gently placed on 96-well plates coated with Matrigel, 
with 2×104 cells per well. Well-developed HUVEC 
tube networks usually form 4–6 hours after the cells are 
seeded into wells. Cells were imaged and then calculated 
at 4–6 hours after plating by using a microscope (ZEISS, 
Oberkochen, Germany) and Image J software (National 
institutes of Health, Bethesda, MD, USA).

Transwell migration assay

The migratory effect of CM to HUVEC was further 
detected by using transwell chambers. In short, the cells 
that were treated with CM were placed in the upper wells, 
whereas CM collected from siHDAC1 was added to the 
lower wells. Following a 10-hour incubation period, the 
cells were fixed for 30 minutes and stained with crystal 
violet. The Leica microscope and ImageJ were used to 
obtain the images and cell numbers, respectively.

Analysis of survival prognosis

We used the GEPIA2 to acquire the overall survival (OS) 
and disease-free survival (DFS) of HDAC1 across all tumors 
in TCGA project. We categorized the cases into two groups 
based on the expression. 

Analysis of gene alteration

In the ‘Quick select’ section of the cBioPortal website 

(https://www.cbioportal.org/), we inputted ‘HDAC1’ of 
the search queries to explore the genetic alteration traits of 
HDAC1. We obtained changes frequency, mutations types, 
and copy number alteration (CNA) in all tumor types in 
TCGA in the section titled ‘Summary of Cancer Types’. 
With the “Mutations” module, we viewed the mutation site 
information of HDAC1 as a schematic or three-dimensional 
(3D) structure. As well as finding the differences in OS, 
DFS, and progression-free survival (PFS), and respectively 
for TCGA cases with or without genetically altered 
HDAC1, we used the “Comparison” module. A schematic 
diagram of the protein structure was used to show the 
mutated site details of HDAC1.

Analysis of immune infiltrations

We used TIMER2 to explore the HDAC1 level and 
immune infiltrates across all kinds of tumors in TCGA. 
Cancer-associated fibroblast was chosen for further analysis. 
Many algorithms, such as CIBERSORT, QUANTISEQ, 
CIBERS-ORT-ABS, Microenvironment Cell Populations-
counter  (MCPCOUNTER),  and Tumor Immune 
Dysfunction and Exclusion (TIDE), were applicable to 
predicate the immunological environment. The data were 
visualized using heatmaps and scatterplots, and the P values 
and partial correlations (cor) were calculated using the 
purity-adjusted Spearman’s rank correlation test.

Analysis of gene enrichment related to HDAC1 

To identify mutually binding proteins, we utilized the 
Search Tool for the Retrieval of Interacting Genes/Proteins 
(STRING) and retrieved 50 HDAC1-binding proteins that 
had been experimentally determined. To acquire the top 
100 genes correlated with HDAC1, we utilized GEPIA2 
to obtain these targeting genes and their ‘correlation 
analysis’. The P and R values were indicated. Furthermore, 
we utilized the TIMER2 ‘Gene_Corr’ module to create a 
heatmap for these chosen genes.

To conduct Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways analyses, we combined and refined 
two datasets: HDAC1-binding analysis, and genes that 
interacted with each other. Furthermore, we submitted the 
gene lists to the Database for Annotation, Visualization and 
Integrated Discovery (DAVID) to obtain the annotation 
chart. The “tidyr” and “ggplot2” packages were used to 
visualize and conduct GO analysis. The cnetplot function 
was used to display the molecular function (MF) data in 
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formation of cnetplots. The statistical significance was 
determined by two-tailed P<0.05 (16) for this analysis.

Immunohistochemistry (IHC) staining 

Tumors sections were subjected to staining using a suitable 
primary antibody. IHC staining of HDAC1 (no.ab7028, 
dilution 1:1,000; Abcam, Cambridge, MA, USA) was 
performed. Cells that had been stained were observed using 
Pannoramic DESK (3DHISTECH, Budapest, Hungary) 
to scan and capture an image in a blinded manner at a 
magnification of 200 times.

Study approval

Patient specimens were collected from the Second Affiliated 
Hospital of Chongqing Medical University (Chongqing, 
China). Before conducting the surgeries, patients provided 
their informed consent and confirmed that they had not 
undergone any treatments. All procedures were conducted 
in compliance with applicable guidelines and regulations. 

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study was 
approved by the ethics committee of Chongqing Medical 
University (No. 2021020). Informed consent was provided 
by all patients.

Statistical analysis

All statistical data were analyzed and plotted using 
GraphPad Prism 8 (GraphPad Software, San Diego, CA, 
USA). Data were represented as mean ± standard deviation 
(SD) [standard error of the mean (SEM)]. A two-tailed 
paired t-test was used to make a comparison of two groups. 
We considered statistical significance to be P value less than 
0.05, with significance levels of 0.05, 0.01, and 0.001.

Results

HDAC1 expression analysis

Specifically, this research investigated the function of 
HDAC1 [messenger RNA (mRNA): NM_004964.3, 
protein: NP_004955.2, Figure S1A] in various types 
of cancer in humans. The HDAC1 protein structure is 
conserved among different species (e.g., H. Sapiens, M. 
mulatta, C. lupus, etc.) typically including an Arginase 
HDAC (Accession numbercl17011) domain (Figure S1B).  

To determine the level of HDAC1 expression in various 
paracancerous and cancerous tissues of the TCGA repository, 
we used the TIMER2 algorithm. The mRNA levels of 
HDAC1 in tumor tissues were significantly elevated 
compared to the corresponding control tissues (Figure 1A) 
[P<0.01 for BLCA and P<0.001 for breast invasive carcinoma 
(BRCA) and cervical squamous cell carcinoma (CESC)].

To assess the difference in HDAC1 expression, we 
examined the GTEx dataset for cancers that lacked the 
normal controls in the TIMER2. In comparison to regular 
tissues, HDAC1 was undoubtedly expressed at a heightened 
level in lower-grade glioma (LGG), glioblastoma 
multiforme (GBM), diffuse large B-cell lymphoma (DLBC), 
and thymoma (THYM) (Figure 1B). Overall, our findings 
indicated that HDAC1 expression was elevated in most 
human tumors. Furthermore, apart from evaluating the 
transcription level, CPTAC proteomic data was also used 
to analyze HDAC1 at the protein expression level. In 
breast, ovarian, colon, and clear cell renal cell carcinoma 
(RCC), endometrium, and lung tumor tissues, the protein 
expression of HDAC1 was significantly elevated compared 
to the normal tissue (Figure 1C). Moreover, we employed the 
GEPIA2 module to reveal a significant association between 
the level of HDAC1 and the pathology stage of a variety of 
tumors, such as bladder cancer (BLCA), kidney chromophobe 
(KICH), liver hepatocellular carcinoma (LIHC), and TGCT. 
This correlation is shown in Figure 1D and most had a P 
value of less than 0.05.

To elucidate the disparity in HDAC1 expression between 
breast, ovarian, colon, clear cell renal cell carcinoma 
(ccRCC), endometrium, lung, and thyroid cancer tissues 
and their paracancerous tissues, and to juxtapose these 
findings with HDAC1 gene expression data from TCGA, 
IHC was conducted on clinical human samples of the 
aforementioned six tissue samples gathered from the 
clinic. In these cancer tissues, the IHC findings indicated a 
significant rise in the protein levels of HDAC1 (Figure 2).

HDAC1 promotes angiogenic activity

Tumor progression and metastasis are heavily dependent 
on the ability of angiogenesis. Tumor cells secrete a variety 
of growth factors to stimulate angiogenesis. We conducted 
experiments using tube formation assay and transwell 
assay to evaluate the ability of HUVECs in generating 
tubes and metastasizing on Matrigel-coated wells and 12-
well transwell chambers. HUVECs were incubated with 
conditioned medium obtained from HepG2/Huh7 cells 

https://cdn.amegroups.cn/static/public/TCR-24-23-Supplementary.pdf
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Figure 1 Gene expression and protein level of HDAC1 gene and pathological stages in different tumors versus adjacent tissues. (A) The 
expression level of the HDAC1 gene in different or specific cancers or cancer subtypes. **, P<0.01; ***, P<0.001. (B) The expression 
statuses of HDAC1 in the TCGA project were compared with the corresponding normal tissues of the GTEx database. *, P<0.05. (C) The 
expression level of HDAC1 total protein between normal tissue and primary tissue of breast cancer, ovarian cancer, colon cancer, ccRCC, 
UCEC, and LUAD based on the CPTAC dataset. (D) According to the TCGA data, the stage-dependent expression level of the HDAC1 
gene were analyzed by the main clinical pathological stages (stage I, stage II, stage III, and stage IV). Log2 (TPM +1) was utilized for log-
scale. HDAC1, histone deacetylase 1; TCGA, The Cancer Genome Atlas; ccRCC, clear cell renal cell carcinoma; UCEC, uterine corpus 
endometrial carcinoma; CPTAC, Clinical Proteomic Tumor Analysis Consortium; TPM, transcripts per million; GTEx, Genotype Tissue 
Expression; LUAD, lung adenocarcinoma.
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transfected with siHDAC1 (Figure 3A). HUVECs cultured 
by the CM from HDAC1-knockdown HepG2/Huh7 caused 
a marked reduction in the number of tubes and junctions, 
and in the cell numbers of transwell compared with those 
treated with CM from siNC-transfected HepG2/Huh7 
cells (Figure 3B,3C), which indicated a possible deficiency 
in the tumor progression and metastasis by knocking down 
HDAC1. 

HDAC1-linked cancer survival

In order to examine the effect of HDAC1 expression on the 
individual’s survival with cancers, we analyzed the survival 
prognoses for patients who had been categorized into high 
and low HDAC1 level groups. Our next step was to examine 
whether HDAC1 expression and prognosis were correlated 
in TCGA and GEO datasets for diverse tumors. Tumors of 
KICH, LGG, and LIHC with increased HDAC1 expression 
had a worse prognosis of OS (Figure 4A). The analysis of 
DFS suggested a consistent association between elevated 
HDAC1 and unfavorable prognoses in TCGA of KICH 
and LGG (Figure 4B). In contrast, a low level of HDAC1 
was related to worse OS and DFS prognosis outcomes for 
THYM (Figure 4A,4B).

In addition, Kaplan-Meier (KM) analysis (17) revealed 
a correlation between decreased HDAC1 expression and 
an unfavorable distant metastasis-free survival (DMFS) 
and post-progression survival (PPS) for breast cancer 
patients (Figure S2A). Furthermore, low HDAC1 levels 
were involved in worse first progression (FP), OS, and PPS 
prognoses for gastric tumors (Figure S2B). Then, lower 
HDAC1 expression level was related to poorer FP for 
lung tumor (Figure S2C). Meanwhile, in ovarian cancer, 

increased levels of HDAC1 had worse FP, PFS, and PPS 
outcomes (Figure S2D). Liver cancer cases had poorer 
OS, PFS, and relapse-free survival (RFS) prognoses with 
a low HDAC1 level (Figure S2E). The above information 
suggests that HDAC1 level is differentially associated with 
the prognosis of tumor cases that the expression of HDAC1 
is decreased in most cancer types, which can lead to a 
poorer prognosis.

Gene alterations of HDAC1 in pan-cancer investigation

We examined the mutations of HDAC1  in TCGA, 
encompassing various tumors, to investigate its potential 
role in carcinogenesis. Variations in HDAC1 can occur 
through amplifications, deep deletion, mutations, fusions, 
and multiple alterations. The form-change most commonly 
encountered are amplifications and mutations, primarily 
found in ovarian cancer, uterine corpus endometrial 
carcinoma (UCEC), stomach cancer, and sarcoma. Notably, 
ovarian cancer exhibited the highest occurrence of the 
‘amplification’ form of CNA, accounting for approximately 
3% in terms of frequency (Figure 5A).

The main genetic alterations on the case number, locations, 
and variations identified were a missense mutation in HDAC1, 
and an E455del alteration in the intron region in 2 cases 
of stomach adenocarcinoma (STAD) and 1 case of UCEC 
(Figure 5B). According to the data presented in Figure 5C,  
STAD cases that had HDAC1 alteration showed a more 
favorable prognosis in terms of disease-specific survival (DSS), 
and OS, but not DFS and PFS compared to individuals 
without HDAC1 alterations. These results suggest that high 
expression correlates with outcomes whereas mutations and 
alterations are too low to make any associations.
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Figure 2 Comparison of the HDAC1 expression level in six tumors (down) and non-tumor issues (upper) by immunohistochemistry 
staining. HDAC1 protein expression was significantly higher in BRCA, colon cancer, LUAD, ovarian cancer, THYM, UCEC. The 
expression of HDAC1 was stained by using immunohistochemistry staining. Bar: 50 µm. HDAC1, histone deacetylase 1; Ca, cancer; LUAD, 
lung adenocarcinoma; BRCA, breast invasive carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma.
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Figure 3 Conditioned medium of siHDAC1 in HCC cells blocked angiogenesis. (A) Schematic diagram. (B,C) Representative 
photomicrographs of tube formation assay and Transwell migration assay of HUVEC cultured in CM. The Transwell migration was stained 
with crystal violet. The images and quantification of tubes and Transwell migration were acquired by the Leica microscope and ImageJ 
software, respectively. **, P<0.01; ***, P<0.001. Bar: 50 µm. HDAC1, histone deacetylase 1; HUVEC, human umbilical vein endothelial 
cells; CM, conditioned medium; HCC, hepatocellular carcinoma.

Protein phosphorylation levels of HDAC1 in cancers

In order to explore the effect of HDAC1 on tumors via 
protein phosphorylation, we examined the phosphorylation 
levels of HDAC1 in both normal and tumor tissues. We 
analyzed the phosphorylation levels of six tumor types in 
breast, colon, ccRCC, lung, ovary, and endometrium in 
CPTAC. In nearly all primary tumor tissues, except for 
ccRCC, the phosphorylation locus of the S421 of HDAC1 
was higher compared to that in normal tissue (Figure 6A-6G).  
Additionally, breast cancer (Figure 6B), colon cancer  
(Figure 6D), and lung adenocarcinoma (LUAD) (Figure 6G)  
exhibited increased phosphorylation levels of the S393 

locus. Meanwhile, the S393 site showed a decrease in 
phosphorylation in ccRCC (Figure 6E) and UCEC (Figure 6F).  
Further molecular assays are warranted to investigate the 
underlying involvement of S421 phosphorylation in tumor 
formation.

Expression of HDAC1 and immune infiltration

Infiltrating immune cells perform the predominant roles 
of microenvironment in tumorigenesis and development 
or metastasis. It is widely known that tumor-associated 
fibroblasts exert a controlling influence on the function of 
different immune cells that infiltrate cancer. Consequently, 
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Figure 4 The correlation between HDAC1 gene expression and survival prognosis of tumors in TCGA. (A) Overall survival and (B)  
disease-free survival analyses of different tumors in TCGA dataset of HDAC1 gene expression by using the GEPIA2 tool. HDAC1, histone 
deacetylase 1; HR, hazard ratio; TCGA, The Cancer Genome Atlas; GEPIA2, Gene Expression Profiling Interactive Analysis 2.

our objective was to examine the possible correlation 
in the immune cell infiltration and HDAC1 expression 
in various genres of tumors. To accomplish this, we 
utilized a range of algorithms including CIBERSORT, 
TIMER, QUANTISEQ, CIBERS-ORT-ABS, XCELL, 
MCPCOUNTER, TIDE, and Estimating the Proportion 
of Immune and Cancer cells (EPIC) (16,18). Surprisingly, 
a negative correlation was observed between the expression 
of HDAC1 and the estimated level of infiltration of cancer-
associated fibroblasts (CAFs) in STAD and TGCT cases (as 
shown in Figure 7). Further, in the TCGA tumor samples 

of kidney renal papillary cell carcinoma (KIRP) and LGG, 
HDAC1 expression was significantly correlated with 
estimated levels of CAF infiltration. However, we observed 
a negative correlation in cases of BLCA, BRCA, BRCA-
LumA, and BRCA-LumB (Figure 7A). Figure 7B presents 
the scatterplot data produced using four algorithms for the 
above tumors. On the basis of EPIC, MCPCOUNTER, 
XCELL, and TIDE, HDAC1 expression levels were shown 
to be positively correlated with the level of infiltration of 
CAFs in KIRP and LGG (Figure 7B). Additionally, we 
assessed the relationship between HDAC1 and CD8+ T cell 
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Figure 5 Mutation trait of HDAC1 in different tumors of TCGA by using the cBioPortal tool. (A,B) Mutation status of HDAC1 in TCGA 
tumors was analyzed. The alteration frequency with mutation type and mutation site (E455del) are displayed. (C) Analysis of the potential 
correlation between mutation status and DFS, DSS, OS, and PFS of STAD. CNA, copy number alteration; TCGA, The Cancer Genome 
Atlas; DLBL, diffuse large B-cell lymphoma; RCCC, clear cell renal cell carcinoma; STAD, stomach adenocarcinoma; UCEC, uterine 
corpus endometrial carcinoma; HDAC1, histone deacetylase 1; DFS, disease-free survival; DSS, disease-specific survival; OS, overall 
survival; PFS, progression-free survival.

and macrophage infiltration (as shown in Figure S3A,S3B).

HDAC1-related pathway enrichment analysis

For pathway enrichment analysis, we selected genes 

associated with HDAC1 expression and HDAC1-
combining proteins to gain a better understanding of 
the molecular mechanism of HDAC1 function in tumor 
development. By utilizing the STRING tool, we acquired 
the interaction network of a total 50 proteins binding to 

https://cdn.amegroups.cn/static/public/TCR-24-23-Supplementary.pdf
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Figure 6 Phosphorylation level of HDAC1 protein. Based on the CPTAC, we analyzed the expression level of HDAC1 phosphoprotein (S393, 
S406, S410, S421, S423, and S421S423 sites) between normal tissue and primary tissue of selected tumors including breast cancer, ovarian 
cancer, colon cancer, ccRCC, and LUAD via the UALCAN. (A) The phosphoprotein sites displayed in the schematic diagram of SND1 
protein. (B-G) Box plots supplied for different cancers, including breast cancer, ovarian cancer, colon cancer, ccRCC, UCEC, and LUAD. NA 
stands for no statistical difference. LUAD, lung adenocarcinoma; UCEC, uterine corpus endometrial carcinoma; RCC, renal cell carcinoma; 
HDAC1, histone deacetylase 1; CPTAC, Clinical Proteomic Tumor Analysis Consortium; ccRCC, clear cell renal cell carcinoma; UALCAN, 
The University of ALabama at Birmingham CANcer data analysis Portal; SND1, staphylococcal nuclease domain-containing protein 1. 
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Figure 7 Correlation analysis between HDAC1 expression level and immune infiltration of cancer-associated fibroblasts across all types of 
cancer in TCGA. (A) EPIC, MCPCOUNTER, XCELL, and TIDE algorithms were used to explore the correlation between the expression 
level of the HDAC1 gene and the infiltration level of CAFs. (B) The relationship of HDAC1 and infiltration level of CAFs across BRCA-
LumA, BRCA-LumB, KIRP, and LGG. TIDE, Tumor Immune Dysfunction and Exclusion; EPIC, Estimating the Proportion of Immune 
and Cancer cells; HDAC1, histone deacetylase 1; TPM, transcripts per million; TCGA, The Cancer Genome Atlas; MCPCOUNTER, 
Microenvironment Cell Populations-counter; BRCA, breast invasive carcinoma; KIRP, kidney renal papillary cell carcinoma; LGG, lower-
grade glioma; CAFs, cancer-associated fibroblasts.
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HDAC1 (as displayed in Figure 8A). By utilizing GEPIA2, we 
merged the entirety of TCGA tumor expression and acquired 
the top 100 genes correlated with HDAC1. HDAC1 
expression showed a positive correlation with with PTBP1, 
HNRNPL, HNRNPA, EIF3, HNRNPF, SNRNP4, SRSF9, 
PTMA, KHDRBS1, and TMEM69 (Figure 8B, Figure S4). 
Figure 8C displays a positive relationship between HDAC1 
and PTBP1, HNRNPL, HNRNPA3, EIF3I, and HNRNPF 
according to the relative heatmap data. Through analyzing 
the intersection of the aforementioned two groups, we 
identified four shared members: Yy1, RBBP4, MTA2, and 
SUDS3 (as shown in Figure 8D).

We combined these two datasets to operate KEGG/ 
Gene Ontology (GO) enrichment experiments. The 
KEGG data suggest that HDAC1 might participate in 
“Viral carcinogenesis” and “Splicesome” in terms of tumor 
progress (Figure 8E). According to the GO data, it was 
revealed that for the most part, these genes are associated 
with DNA or epigenetics function, including DNA 
attachment, chromatin DNA attachment, nucleosome 
attachment, histone deacetylase attachment, and more 
(Figure 8F).

Discussion 

HDAC1 promotes the condensation of chromatin by 
eliminating the acetyl group, leading to the strong binding 
of the positively charged lysine to the negatively charged  
DNA (19). Prior research has shown that the versatile HDAC1 
protein is involved in various biological processes, including 
liver regeneration (20), red blood cell production (21),  
formation of new blood vessels (22), programmed cell  
death (23), and regulation of cell division (24). An increasing 
number of studies have been paying close attention to 
examining the physiology and pathology role of HDAC1 
in multitudinous diseases, particularly in cancer (13). The 
impact of HDAC1 in the progression of most tumors is 
still unknown, as it regulates specific molecular signaling 
pathways that have yet to be determined. Thus, we 
examined HDAC1 in a pan-cancer context.

However, it  is stil l  obscure whether HDAC1 is 
instrumental in the tumorigenesis or has a significant 
role in conventional pathways that promote tumor 
pathogenesis. An extensive review of the literature revealed 
that HDAC1 has not been investigated holistically from 
a tumor perspective in any available publication. With 
that being said, our objective was to comprehensively 
analyze the expression level, genetic modification, and 

gene functionality of HDAC1 in 33 diverse tumors using 
information from the CPTAC, TCGA, and GTEx datasets.

During this study, various types of malignancies showed 
elevated expression of HDAC1 in the tumor tissues 
exceeding those of the corresponding control tissues in our 
findings. In GBM, LGG, DLBC, and THYM, HDAC1 
is undeniably expressed at a greater magnitude in tumor 
cells compared to the normal tissues. Moreover, the level 
of HDAC1 is notably elevated in six types of cancer tissues, 
as observed in clinical human samples using IHC staining 
(Figure 2A-2F). In addition to DLBC, GBM, LGG, and 
THYM, aberrant expression of HDAC1 has also been found 
in asbestos carcinogenesis and mesothelioma. HDAC1 can 
be detected in the nucleus of HCC cancer patients by IHC 
method, and its level is significantly correlated with cancer 
pathological stage (25).

In addition, increased levels of HDAC1 are associated 
with poor prognoses for OS in LGG, KICH, and LIHC 
(Figure 3A). Meanwhile, the examination of KM plotter 
revealed contrasting outcomes. Specifically, decreased 
HDAC1 levels are correlated with unfavorable DMFS and 
PPS prognoses in breast cancer, as well as worse OS, FP, and 
PPS prognoses in gastric cancer. Additionally, it was related 
to poorer FP prognosis in lung cancer, and inferior PFS, OS, 
and RFS prognoses in liver cancer (Figure S2A-S2E). The 
results suggest that HDAC1 has the potential to be a reliable 
indicator for forecasting the prognosis of individuals with 
tumors.

Glioma (26) has been reported to exhibit an increased 
HDAC1 level, which was associated with an unfavorable 
p r o g n o s i s .  H D A C 1  a n d  H D A C 2  w a s  t h e  m o s t 
upregulated histone deacetylases (HDACs) by GEPIA in 
glioblastoma (27). Blood vessel invasion is essential for 
tumor development and metastasis during angiogenesis, 
such as HUVECs proliferating as vessel tubes. Regulators 
of the cell cycle expressed in the body (28) are controlled 
by HDAC1, which in turn regulates this proliferation. 
However, how HDAC1 regulates cancer cells to impact 
vessel information is unknown. By knocking down HDAC1, 
we found that the CM of HCC cell lines were less able to 
form tubes of HUVECs, which indicated that HDAC1 
promotes angiogenic activity.

Afterwards, we utilized the CPTAC to examine the 
molecular pathways of the protein of HDAC1 in breast 
cancer, colon cancer, ccRCC, LUAD, ovarian cancer, and 
UCEC in respect of overall protein and phosphoprotein 
levels. This research shows that there was a high level of 
HDAC1 total protein expression and phosphorylation in 

https://cdn.amegroups.cn/static/public/TCR-24-23-Supplementary.pdf
https://cdn.amegroups.cn/static/public/TCR-24-23-Supplementary.pdf
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Figure 8 Enrichment analysis of HDAC1-related genes. (A) The interaction network of 50 HDAC1-binding proteins determined by the 
STRING tool. (B) The top 100 HDAC1-correlated genes in TCGA projects and analyzed the expression correlation between HDAC1 
and selected targeting top 5 genes, including PTBP1, HNRNPL, HNRNPA3, EIF3I, and HNRNPF by the GEPIA2 approach. (C) The 
corresponding heatmap data in the detailed cancer types are displayed. (D) Venn diagram viewer of the HDAC1-binding and correlated genes 
shown four gene was in the two datasets, namely, Yy1, RBBP4, MTA2, and SUDS3. (E,F) KEGG|GO pathway analysis was performed based 
on the HDAC1-binding and interacted genes. HDAC1, histone deacetylase 1; STRING, Search Tool for the Retrieval of Interacting Genes; 
TCGA, The Cancer Genome Atlas; PTBP1, polypyrimidine tract binding protein 1; HNRNPL, Homo sapiens heterogeneous nuclear 
ribonucleoprotein L; HNRNPA3, heterogeneous nuclear ribonucleoprotein A3; EIF3I, eukaryotic translation initiation factor 3 subunit I; 
HNRNPF, heterogeneous nuclear ribonucleoprotein F; GEPIA2, Gene Expression Profiling Interactive Analysis 2; Yy1, Yin-Yang 1; RBBP4, 
retinoblastoma binding protein 4; RBBP4, retinoblastoma binding protein 4; MTA2, metastasis-associated gene family, member 2; SUDS3, 
suppressor of defective silencing 3 homolog; KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology.
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the primary tumors, except for ccRCC, compared to normal 
controls at the S421 locus within the intron (Figure 6A-6G). 
Nevertheless, further investigations are necessary to assess 
the potential impact of HDAC1 phosphorylation at the 
S421 location on the development of tumors.

Next, we proceeded with KEGG/GO enrichment 
analyses to combine the proteins that bind to HDAC1 and 
the genes related to HDAC1 expression in all tumors. This 
was followed by an enrichment experiment that revealed 
the significance of ‘Viral carcinogenesis’ and ‘Splicesome’ 
in the development and progression of cancer. According to 
the TCGA tumor samples of KIRP and LGG, expression 
of HDAC1 was positively correlated with infiltration of 
CAFs. Inversely, for BLCA, BRCA, BRCA-LumA, and 
BRCA-LumB samples, HDAC1 was negatively correlated 
with fibroblasts (Figure 7A). Therefore, a possible role for 
HDAC1 in CAF and immune cells infiltration needs to be 
investigated further. 

Furthermore, HDAC1 increases Ki-67 level, and plays 
a pivotal role in the proliferation of ovarian tumors (29). 
HDAC1 leads to increase p53 acetylation, which involves in 
blocking cell cycle arrest and apoptosis (23). HDAC1 plays a 
dual role in tumor development. On one hand, several studies 
have reported that HDAC1 enhances oncogene expression. 
HDAC1 regulates YY1 and promotes its transcriptional 
regulation of METTL3 (30). HDAC1 and CK2 are 
confirmed to be involved in cancer development (31). On the 
other hand, HDAC1 suppresses the expression of the tumor 
suppressor gene PTEN (32). 

According to our comprehensive analysis of HDAC1 
expression in various human cancers, HDAC1 is associated 
with cl inical  outcomes,  protein phosphorylation, 
immunological cells infiltration, and epigenetics. It is useful 
to understand the role of HDAC1 holistically. HDAC1 
provides prognostic markers and therapeutic targets on 
tumorigenesis from a multitude of angles. However, our 
studies still have some limitations. In the future, we will 
conduct basic experiments to validate these obtained data 
and potential mechanisms.

Conclusions

This study focused on the cancer-causing functions of 
HDAC1 in different types of tumors, emphasizing the 
potential use of HDAC1 as a targeted approach in cancer 
treatment.
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