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Abstract: There are 18 lysine deacetylases, also known as histone deacetylases (HDACs), that remove acetyl groups 
from histone and non-histone proteins, thereby playing critical roles in numerous biological processes. In many 
human cancers, HDACs are dysregulated through mutation, altered expression, or inappropriate recruitment to 
certain loci. However, knowledge of the genomic and transcriptomic alterations and the clinical significance of most 
HDACs in breast cancer remain incomplete. We used TCGA and METABRIC datasets to perform comprehensive, 
integrated genomic and transcriptomic analyses of 18 HDAC genes in approximately 3000 primary breast cancers 
and identified associations among recurrent copy number alteration, gene expression, clinicopathological features, 
and patient survival. We found distinct patterns of copy number alteration and expression for each HDAC in breast 
cancer subtypes. We demonstrated that HDAC2 and SIRT7 were the most commonly amplified/overexpressed, 
and SIRT3 was most deleted/underexpressed, particularly in aggressive basal-like breast cancer. Overexpression 
of HDAC2 was significantly correlated with high tumor grade, positive lymph node status, and poor prognosis. The 
HDAC inhibitor mocetinostat showed anti-tumor effects in HDAC2-overexpressing basal-like breast cancer lines in 
vitro. Furthermore, HDAC2 expression was positively correlated with a set of DNA-damage response genes, notably 
RAD51. We revealed a potential mechanism by which HDAC2 regulates RAD51 expression-by indirect mediation 
through microRNAs, e.g., miR-182. HDAC inhibitors have emerged as a promising new class of multifunctional 
anticancer agents. Identifying which breast cancers or patients show HDAC deregulation that contributes to tumor 
development/progression might enable us to improve target cancer therapy.
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Introduction 

Lysine acetylation is an important epigenetic 
modification in the cell that is controlled by two 
groups of enzymes-lysine acetyltransferases 
and lysine deacetylases [1]. Lysine deacety-
lases, more commonly called histone deacety-
lases (HDACs), which were first identified in 
1995, remove acetyl groups from both histone 
and non-histone proteins [2]. Based on 
sequence homology to yeast, domain origina-
tions, and cellular localization, 18 human 

HDACs have been grouped into four classes [3]. 
Class I (HDACs 1, 2, 3 and 8), which is homolo-
gous to Rpd3 in yeast, has robust deacetylase 
activity and primarily localizes to the nucleus of 
all cells. Class IIa (HDACs 4, 5, 7, and 9) and IIb 
(HDACs 6 and 10) are homologous to yeast 
Hda1 and can shuttle between the nucleus and 
cytoplasm, indicating that this class of HDACs is 
also involved in the acetylation of non-histone 
proteins. The recently discovered HDAC11 is 
the only member of class IV, which shares 
sequence similarity with both class I and II 
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HDAC proteins. Class I, II, and IV HDACs are 
Zn2+-dependent histone deacetylases. Class III 
HDACs, which are usually called sirtuins (SIRT 
1-7), are nicotinamide adenine dinucleotide 
-dependent protein deacetylases, and they are 
localized to the nucleus (SIRT1, SIRT6, and 
SIRT7), mitochondria (SIRT3, SIRT4, and SIRT5), 
or cytoplasm (SIRT2). 

HDACs play critical roles in regulating a wide 
array of biological processes, including gene 
transcription, DNA repair, protein stability, 
immune function, and signaling pathways [1, 
3]. Mounting evidence has shown that HDACs 
are dysregulated in a significant subset of can-
cers, including breast cancer [4]. Overexpression 
of class I HDACs (HDACs 1, 2, 3, and 8) has 
been observed in many cancer types, including 
gastric, colorectal, esophageal, pancreatic, 
prostate, and breast; in some cases they are 
significantly related to tumor cell growth and 
poor prognosis [4]. Recent immunohistochemi-
cal analysis revealed that HDAC2 overexpres-
sion is an indicator of poor prognosis of breast 
cancer patients who have elevated expression 
of a multidrug resistance-associated protein 
[5]. In contrast, class III HDACs (SIRT 1-7) have 
complex roles in promoting and/or suppressing 
tumorigenesis [6]. For example, nuclear sirtuin, 
SIRT7, which targets acetylated lysine in the 
N-terminal tail of histone H3 (H3K18Ac), has 
been implicated in maintaining the transformed 
phenotype of cancer cells [7]. Conversely, mito-
chondrial sirtuins SIRT3 and SIRT4 function as 
tumor suppressors, and sirt3-knockout mice 
develop hormone receptor-positive mammary 
tumors [8, 9]. 

Previous studies revealed the importance of 
several HDACs in breast cancer. However, our 
knowledge of the genomic and transcriptomic 
alterations and the clinical significance of most 
HDACs in breast cancer remain incomplete. In 
the present study, we performed a comprehen-
sive, integrated genomic and transcriptomic 
analysis of 18 HDAC genes in approximately 
3000 primary breast cancers and identified 
associations with recurrent copy number alter-
ation (CNA), gene expression, clinicopathologic 
features, and patient survival. Furthermore, we 
investigated how HDACs, particularly HDAC2, 
correlate with and modulate DNA-damage re- 
sponse (DDR) pathway genes, notably RAD51. 
We also evaluated the therapeutic potential of 

the HDAC inhibitor mocetinostat in basal breast 
cancer. HDAC inhibitors have emerged as a 
promising new class of multifunctional antican-
cer agents. Thus, to develop rational, targeted 
cancer therapy it is important to identify which 
breast cancers or which patients have HDAC 
deregulation resulting in tumor development/
progression. 

Materials and methods

Cell culture

The Colo824 cell line was obtained from DSMZ 
(Braunschweig, Germany), SUM cell lines were 
obtained from Dr. Stephen P. Ethier, and all 
other cell lines in this study were obtained from 
American Type Culture Collection (Manassas, 
VA, USA). Our cultures for the SUM series of 
breast cancer cell lines and an immortalized, 
nontransformed human mammary epithelial 
MCF10A cell line have been described in detail 
[10, 11]. All cell lines were tested routinely and 
authenticated using cell morphology, prolifera-
tion rate, a panel of genetic markers, and con-
tamination checks.

Genomic and clinical data on TCGA and META-
BRIC breast cancer samples 

The overall survival data associated with 960 
breast cancer samples from The Cancer Geno- 
me Atlas (TCGA) were obtained from the cBio 
Cancer Genomics Portal (http://www.cbiopor-
tal.org) [12, 13]. In the Cbioportal, the copy 
number for each HDAC gene was generated by 
the GISTIC (Genomic Identification of Significant 
Targets in Cancer) algorithm and categorized as 
copy number level per gene: “-2” is a deep loss 
(possibly a homozygous deletion), “-1” is a het-
erozygous deletion, “0” is diploid, “1” indicates 
a low-level gain, and “2” is a high-level amplifi-
cation. For mRNA expression data, the relative 
expression of an individual gene and the gene’s 
expression distribution in a reference popula-
tion were analyzed. The reference population 
consisted of either tumors that are diploid for 
the gene in question, or, when available, nor-
mal adjacent tissue. The returned value indi-
cates the number of standard deviations from 
the mean of expression in the reference popu-
lation (Z-score). Somatic mutation data were 
obtained by exome sequencing [12, 13]. Breast 
cancer subtype and clinicopathologic informa-
tion were obtained from a previous publication 
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and extracted via the UCSC Cancer Genomics 
Browser (genome-cancer.ucsc.edu) and the 
cBio Cancer Genomics Portal [12, 14]. Among 
the 960 breast cancer samples, 808 had sub-
type data available, including 22 normal-like, 
405 Luminal A, 185 Luminal B, 66 HER2+, and 
130 basal-like breast cancers [12, 15]. The 
METABRIC dataset contains approximately 
2000 primary breast cancers with long-term 
clinical follow-up data. A detailed description of 
the dataset is presented in the original publica-
tion [16]. The CNAs and normalized expression 
data from the METABRIC database were down-
loaded with access permissions from the 
European Genome-phenome Archive (https://
www.ebi.ac.uk/ega) under accession number 
EGAC00000000005 as well as from the cBio 
Cancer Genomics Portal [12]. In the METABRIC 
dataset, 1974 samples had subtype data avail-
able, including 199 normal-like, 718 Luminal A, 
488 Luminal B, 240 HER2+, and 329 basal-like 
breast cancers [16]. 

Semiquantitative PCR reactions

To assess gene expression at the mRNA level, 
RNA was prepared from human breast cancer 
cell lines and the MCF10A cell line by using an 
RNeasy Plus Mini Kit (QIAGEN). RNA was mixed 
with qScript cDNA SuperMix (Quanta Biosci- 
ences, Gaithersburg, MD, USA) then converted 
to cDNA through a reverse-transcription (RT) 
reaction for real-time PCR reactions. Primer 
sets were obtained from Life Technologies 
(Carlsbad, CA, USA). A PUM1 primer set was 
used as a control. Semiquantitative RT-PCR 
was performed using the FastStart Universal 
SYBR Green Master (Roche Diagnostics, 
Indianapolis, IN, USA). To assess expression of 
miRNA-182 (miR-182) in SUM149 and HCC- 
1937 cells, a microRNA LNA™ PCR primer set 
(Exiqon) was used. RNA was isolated by using a 
miRNeasy Mini Kit (QIAGEN) and reverse-tran-
scribed in 20-μl reactions using a Universal 
cDNA Synthesis kit (Exiqon). cDNA was diluted 
50× and assayed in 10-μl PCR reactions acc- 
ording to the manufacturer’s protocol for miR-
CURY LNA™ Universal RT microRNA PCR. To 
normalize the miR-182 expression level, a ref-
erence SNORD48 (hsa) PCR primer set was 
used.

Immunoblotting and antibodies

Whole-cell lysates were prepared by scraping 
cells from the dishes into cold RIPA lysis buffer. 

After centrifugation at high speed, protein con-
tent was estimated by the Bradford method. A 
total of 20-50 μg of total cell lysate was 
resolved by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and transferred onto 
a polyvinylidene difluoride membrane. Antibo- 
dies used in the study included anti-HDAC2 
(1:1000, Bethyl Laboratories A300-705A-T, 
Montgomery, TX, USA), anti-RAD51 (1:1000, 
Cell Signaling 8875, Danvers, MA, USA), anti-
ERα (1:1000, Cell Signaling 8644), anti-β-actin 
(1:5000, Sigma-Aldrich A5441, St. Louis, MO), 
and anti-acetyl-histone H3K9, anti-acetyl-his-
tone H3K27, anti-histone H3 (1:1000, Cell 
Signaling Acetyl-Histone H3 Antibody Sampler 
Kit 9927), and anti-cleaved-caspase 3 (1:1000, 
Cell Signaling 9664P).

Short-term cell viability and long-term growth 
assays

For a short-term cell viability assay, a total of 
5000-10000 cells were plated in each well of a 
96-well plate, allowed to grow for 24 hours, and 
then treated with various concentrations of 
mocetinostat in quadruplicate. The medium 
and drug were replenished on day 3. After incu-
bation for 5 days, cell viability was assessed 
using a CellTiter-Blue® Cell Viability Assay kit 
(Promega), and surviving fractions were calcu-
lated by normalizing the fluorescence signal to 
that of untreated controls. For the long-term 
growth and survival assay, a total of 500-1000 
cells were plated in each well of a 6-well plate. 
After 6-24 hours, the cells were treated with 
mocetinostat for 10-14 days. Then the cells 
were stained with 0.05% Crystal violet solution. 
Cells were photographed and counted with an 
automated mammalian cell colony counter 
(Oxford Optronix GELCOUNT, Oxford, United 
Kingdom).

Flow cytometric analysis

Cell cycle analysis was performed by flow 
cytometry after DAPI (4’,6-diamidino-2-phenyl-
indole, dihydrochloride) staining. Cells were 
seeded on 60-mm dishes, incubated for 24 
hours, and then treated with mocetinostat for 
48 hours. Cells were digested by trypsin, 
washed twice with ice-cold PBS, then fixed in 
ice-cold ethanol for 2 hours. For cell cycle anal-
ysis, fixed cells were pelleted by centrifugation 
and washed once with PBS. Pellets were sus-
pended in staining solution containing 1 μg/ml 
DAPI/Triton X-100 and kept in the dark for 30 
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min. Cell cycle distribution was monitored using 
a BDLSRII (BD Biosciences), and about 10000 
events were counted. For apoptosis experi-
ments, cells were trypsinized and incubated 
with propidium iodide (1 μg/ml) and Annexin 
V-FITC (1 μg/ml; Invitrogen, Carlsbad, CA, USA) 
for 15 min at 37°C. Samples were then ana-
lyzed for apoptosis by BDLSRII (BD Biosciences).

Statistical analysis

Statistical analyses were performed using R 
software (http://www.r-project.org) and Graph- 
pad Prism (version 6.03). Spearman, Kendall, 
and Pearson correlation tests were used to cor-
relate copy numbers and mRNA levels of each 
HDAC from TCGA breast cancer specimens. The 
Spearman and Kendall tests are rank correla-
tions-the Spearman coefficient relates the two 
variables while conserving the order of data 
points, and the Kendall coefficient measures 
the number of ranks that match in the data set. 
We used the “cor” function in R for computa-
tion, specifying which type of test we wanted 
(Spearman, Kendall, or Pearson). The signifi-
cance of difference in mRNA expression level 
for each HDAC among different subtypes, stag-
es and grades of breast cancer samples was 
calculated using ANOVA and Welch’s t-test. To 

analyze the relationships between HDAC mRNA 
expression and overall patient survival in breast 
cancer, samples were divided into high and low 
expression groups of each HDAC, based on 
mRNA expression Z-scores in TCGA and ME- 
TABRIC breast cancer datasets. 

Results

Genetic alterations in HDAC genes in breast 
cancer

To determine the genomic landscape and clini-
cal significance of HDACs in breast cancer, we 
first analyzed genetic alterations, including CNA 
and somatic mutation, in 18 human HDAC 
genes (Supplementary Table 1) from 960 bre- 
ast cancer specimens in TCGA [12, 13]. The 
copy number for each HDAC was generated by 
the copy number analysis algorithm GISTIC, 
and categorized as copy number level per gene 
into high-level amplification, low-level gain, dip-
loid, heterozygous deletion, and homozygous 
deletion [12, 13]. As shown in Table 1, the most 
frequently amplified HDAC gene was SIRT7, 
which is localized to chromosome 17q25.3; the 
most frequently deleted homozygous gene was 
SIRT3 (11p15.5); and the most mutated gene 
was HDAC6. We next examined the relative 

Table 1. Frequency (%) of HDAC genetic alterations and expression levels in TCGA breast cancers 

Gene Location
DNA Alterations mRNA Expression Levels

Amp Gain Diploid Hetloss Homdel Mut Z Score ≥ 1 1 > Z Score > -1 Z Score ≤ -1
HDAC1 1p35 0.63 9.38 56.46 33.33 0.21 0.52 15.52 65.52 18.96
HDAC2 6q21 1.67 14.48 52.19 31.25 0.42 0.21 16.77 69.38 13.85
HDAC3 5q31.3 0.21 20.42 57.71 21.67 0.00 0.10 14.69 67.81 17.50
HDAC4 2q37.3 0.10 6.25 64.58 28.23 0.83 0.42 11.35 71.04 17.60
HDAC5 17q21.31 1.04 19.17 45.31 33.96 0.52 0.63 11.98 63.54 24.48
HDAC6 Xp11.23 0.83 15.52 66.98 16.46 0.21 1.67 15.73 70.31 13.96
HDAC7 12q13.11 0.42 20.00 65.31 14.27 0.00 0.10 10.94 70.21 18.85
HDAC8 Xq13.1 0.21 13.65 67.92 18.02 0.21 0.31 13.54 73.75 12.71
HDAC9 7p21.1 1.56 30.63 56.46 11.25 0.10 0.42 8.23 91.77 0.00
HDAC10 22q13.33 0.73 11.46 42.50 44.48 0.83 0.10 7.92 74.58 17.50
HDAC11 3p25.1 1.46 17.60 64.17 16.67 0.10 0.31 13.33 70.94 15.73
SIRT1 10q21.3 0.73 12.60 65.00 21.46 0.21 0.21 13.85 69.27 16.88
SIRT2 19q13.2 2.19 21.88 60.21 15.52 0.21 0.10 18.75 66.15 15.10
SIRT3 11p15.5 0.10 13.13 57.71 27.71 1.35 0.21 8.23 64.48 27.29
SIRT4 12q24.31 0.63 16.98 62.81 19.38 0.21 0.00 12.19 72.92 14.90
SIRT5 6p23 2.60 24.58 59.58 12.92 0.31 0.10 23.02 61.88 15.10
SIRT6 19p13.3 0.83 13.65 58.02 27.19 0.31 0.10 10.63 80.10 9.27
SIRT7 17q25.3 5.31 30.83 46.15 17.29 0.42 0.31 18.85 67.19 13.96

http://www.ajcr.us/files/ajcr0052111suppldata.pdf
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mRNA expression levels of each HDAC in TCGA 
breast cancer samples. Six HDACs (HDAC1, 
HDAC2, HDAC6, SIRT2, SIRT5, and SIRT7) were 
overexpressed at the mRNA level (Z-score ≥ 1) 
in more than 15% of breast cancers (Table 1). 
In contrast, the most deleted gene, SIRT3, had 
the highest frequency (27.29%) of mRNA under-
expression (Z-score ≤ -1). Next, the correlation 
between copy number and mRNA level of each 
HDAC was analyzed by three different correla-
tion tests-Spearman, Kendall, and Pearson. 
The highest weight was given to the Spearman 
correlation coefficient, as it measures the rela-
tionship between rank-ordered variables and 
relates the two variables while conserving the 
order of data points. Two genes, HDAC2 and 

SIRT3, had a Spearman correlation coefficient 
(r) greater than 0.5 (Supplementary Table 2). 

Using gene expression profiling, breast cancer 
has been classified into five intrinsic subtypes 
with distinct risks and underlying biology; these 
five subtypes are Luminal A, Luminal B, epider-
mal growth factor receptor 2-enriched (HER2+), 
basal-like, and normal-like breast cancers [14, 
17]. Basal-like (closely related to triple-nega-
tive) breast cancer tends to occur in young 
women and presents with an aggressive 
course, recurrence, distant metastasis, and 
shorter survival [18]. To determine whether the 
genetic alteration or mRNA expression of each 
HDAC is specific to a breast cancer subtype, we 
analyzed CNA and mRNA expression across the 

Figure 1. Distinct expression levels of four HDACs in breast cancer subtypes. The differences in HDAC2, HDAC11, 
SIRT3, and SIRT7 mRNA levels among TCGA breast cancer subtypes are statistically significant (P < 0.05).

http://www.ajcr.us/files/ajcr0052111suppldata.pdf
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five breast cancer subtypes in TCGA dataset. 
The frequencies of copy number, somatic muta-
tion, and expression level of HDAC genes in the 
five breast cancer subtypes are shown in 
Supplementary Table 3. Four HDACs (HDAC2, 
SIRT2, SIRT5, and SIRT7) had higher frequen-
cies of amplification (> 5%) and/or overexpres-
sion (> 30%) in basal-like breast cancers com-
pared with other subtypes (Figure 1 and 
Supplementary Table 3). Notably, HDAC2 was 
overexpressed (Z score ≥ 1) in more than 60% 
of TCGA basal-like breast cancers (Figure 1  
and Supplementary Table 3). Conversely, SIRT3 
exhibited deletion and underexpression in mo- 
re than 50% of TCGA basal-like breast cancers 
(Figure 1 and Supplementary Table 3).  

To validate our findings from the TCGA breast 
cancer dataset regarding genetic alterations in 
HDACs, we conducted an independent analysis 
using the METABRIC breast cancer dataset. We 
found that SIRT7 was the most commonly am- 
plified/gained HDAC gene in METABRIC breast 
cancer samples, although the frequency of 
gain/amplification identified in the METABRIC 
dataset is lower than that of the TCGA dataset, 
possibly due to the different CNA analysis plat-
forms (Supplementary Table 4). As in TCGA, 
mRNA expression levels of HDAC2, SIRT5, and 
SIRT7 were significantly higher in basal-like 
breast cancers compared with that in other 
subtypes in the METABRIC dataset (Supple- 
mentary Figure 1 and Supplementary Table 5).  

Figure 2. Expression of HDACs significantly correlates with high tumor grade and poor prognosis in breast cancer. 
A. HDAC2 was significantly more highly expressed in Grade 3 (G3) compared with that in Grade 1 (G1) and Grade 2 
(G2) METABRIC breast cancers (P < 0.001). B. Patients with a poor prognosis (NPI > 3.4) have significantly increased 
levels of HDAC2 expressed in their tumors compared with that with a good prognosis (P < 0.001). C. Kaplan-Meier 
plots of overall survival associated with mRNA expression levels of HDAC2 in TCGA breast cancers. D. Kaplan-Meier 
plots of disease free survival associated with mRNA expression levels of HDAC2 in METABRIC breast cancers. High: 
Z-Score ≥ 0; Low: Z-Score < 0.
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Association of HDAC gene expression with 
clinical features and survival of breast cancer 
patients 

To investigate the clinicopathological relevance 
of HDACs in breast cancer, we examined 
expression levels of each HDAC gene in 
METABRIC breast cancers of different grades. 
Notably, HDAC2 and SIRT7 were significantly 
more highly expressed in higher-grade breast 
cancers (Figure 2A and Supplementary Table 
6). Furthermore, we found that expression of 
HDAC2, but not SIRT7, was significantly higher 
in lymph node-positive breast cancer (Suppl- 
ementary Table 7). The Nottingham prognostic 
index (NPI), a clinicopathological classification 
system based on tumor size, histologic grade, 
and lymph-node status that is widely used in 
Europe for breast cancer prognostication, was 

0.0035) in METABRIC breast cancers (Figure 
2D).

Profiling the expression of HDACs in cell mod-
els of breast cancer

Breast cancer cell lines and related animal 
models are essential tools with which to study 
cancer biology and to test novel therapeutic 
strategies. Thus, we next examined HDAC 
expression in a panel of breast cancer cells. 
Supplementary Figures 2 and 3 show expres-
sion levels of HDAC1-11 and SIRT1-7 based on 
RNA sequencing data from 51 breast cancer 
cell lines compared with five normal mammary 
epithelial cell lines. Consistent with the data 
from primary breast cancer specimens, we also 
found that HDAC2 was highly expressed in bas-
al-like breast cancer cell lines, whereas 

Figure 3. Expression levels of HDAC2 and RAD51 in a panel of breast cancer 
cell lines. A. mRNA expression levels of HDAC2 and RAD51, measured by 
qRT-PCR, in a panel of 21 breast cancer cell lines. mRNA expression levels in 
MCF10A cells were arbitrarily set as 1. Relative expression levels are shown 
as fold changes compared with those of MCF10A cells. LUM = Luminal sub-
types, BL = Basal-like subtype. B. Immunoblot analysis of HDAC2 and RAD51 
expression in a panel of 13 breast cancer cell lines as well as MCF10A line. 

also available in the MET- 
ABRIC cohort [19]. Thus, we 
compared expression level of 
17 HDACs (excluding HDAC10 
as its mRNA expression data 
was not available) in patients 
with high-risk NPI (> 3.4) and 
those with low-risk NPI (≤ 3.4). 
As shown in Figure 2B and 
Supplementary Table 8, we 
found that three HDACs 
(HDAC2, SIRT5, and SIRT7) 
were significantly more highly 
expressed, whereas five (HD- 
AC4, HDAC5, HDAC11, SIRT1, 
and SIRT4) were underex-
pressed in samples with a 
high-risk NPI. Next, we ana-
lyzed the relationship bet- 
ween HDAC mRNA expression 
and overall survival of breast 
cancer patients. In TCGA da- 
taset, we found that high 
mRNA level of HDAC2 was sig-
nificantly associated with 
short overall survival (P = 
0.0018) of breast cancer 
patients (Figure 2C). In the 
METABRIC dataset, disease-
free survival clinical informa-
tion was available. We con-
firmed that higher expression 
of HDAC2 was significantly 
associated with shorter dis-
ease-free survival (P = 
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HDAC11 was highly expressed in Luminal sub-
type breast cancer cell lines (Supplementary 
Figure 2). We next performed qRT-PCR and/or 
western blot assays to measure HDAC2 and 
HDAC11 in our 21 breast cancer cell lines. 
Compared with MCF10A, an immortalized but 
nontumorigenic breast epithelial cell line, 
mRNA levels of HDAC2 were more than two-fold 
higher in 7 of 21 breast cancer cell lines, most 
of which are basal-like breast cancers (Figure 
3). HDAC11 was highly expressed in 9 of 21 
breast cancer cell lines, 6 of which are Luminal 
subtypes (Supplementary Figure 4). 

Therapeutic potential of the HDAC inhibitor 
mocetinostat in basal breast cancer

Based on expression profiling of HDACs in dif-
ferent subtypes of breast cancers, we deter-
mined that Class I HDACs, notably HDAC2, were 
commonly upregulated in the aggressive basal-
like subtype (Figure 1 and Supplementary Table 

3). Thus we chose to test the therapeutic poten-
tial of mocetinostat, a Class I HDAC inhibitor 
that is significantly more potent than vorino-
stat, in two basal breast cancer cell lines that 
express higher levels of HDAC2-HCC1937 and 
SUM49 (Figure 3). Treatment of SUM149 and 
HCC1937 cells with mocetinostat increased 
the acetylation of H3 lysine 9 (H3K9) and 
H3K27 in a dose-dependent manner (Figure 
4A). We found that mocetinostat suppressed 
the proliferation of SUM149 and HCC1937 in 
MTT assays, with an IC50 value of 0.6 and 2.6 
µM, respectively. We next assessed clonogenic 
growth of SUM149 and HCC1937 cells after 
mocetinostat treatment. In the presence of 0.5 
µM mocetinostat, the colony formation was 
reduced by approximately 80% (P < 0.001) 
compared with the control cells (Figure 4B). To 
examine the effect of mocetinostat on cell cycle 
progression and apoptosis, we performed flow 
cytometry of DNA content in SUM149 and 
HCC1937 cells. As shown in Figure 4C and 4D, 

Figure 4. The effect of mocetinostat on growth and survival of HCC1937 and SUM149 basal-like breast cancer cells. 
A. Western blot analyses of acetylated histones H3K9 and H4K27 were performed on the cell lysates from SUM149 
and HCC1937 cells after treatment with mocetinostat (Moc). Protein levels of cleaved caspase-3 were also mea-
sured by western blot after mocetinostat treatment. Protein levels of histone H3 in the same samples were used to 
monitor loading. B. Top: representative images of surviving cells stained with Crystal violet, with or without moceti-
nostat treatment. Bottom: relative growth shown as the mean ± SD of triplicate determinations (***P < 0.001). C, 
D. Cell-cycle analysis revealed an increase in the G2 phase population in both SUM149 and HCC1937 breast cancer 
cells after treatment with mocetinostat for 48 hours.
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mocetinostat treatment led to a substantial 
increase in G2/M phase and decreases in G1 
and S phase cells, suggesting that it hinders 
cell-cycle progression, particularly in SUM149 
cells. Mocetinostat also potently induced apop-
tosis in SUM149 and HCC1937 cells, as shown 
by Annexin V assay and western blot analysis  
of cleaved caspase-3 (Figure 4A and Supple- 
mentary Figure 5).

HDACs linked to DNA-damage response path-
way, and inhibition of HDAC decreased RAD51 
levels 

Previous studies demonstrated that HDACs 
play important roles in the DDR pathway. In 
addition to being directly involved with DNA 
repair processes via deacetylating histones, 
the inhibition of HDACs also induces tumor cell-

selective downregulation of DDR genes [20]. To 
determine which DDR genes had higher posi-
tive or negative correlation with HDAC expres-
sion in breast cancer, we queried the Spearman 
and Pearson correlations between each of the 
11 HDACs (except SIRT1-7) and 129 DDR genes 
in TCGA breast cancer specimens from the 
cBioPortal database. Higher weight was 
assigned to the Spearman correlation coeffi-
cient. We found that expression of four HDACs 
(HDAC2, HDAC7, HDAC10, and HDAC11) was 
highly significantly correlated with expression 
of more than 10 DDR genes. HDAC2 and 
HDAC11 were predominantly positively corre-
lated and HDAC7 and HDAC10 were negatively 
correlated with expression levels of a set of 
DDR genes (Supplementary Table 9). Notably, 
HDAC2 expression was positively correlated 
(Spearman r > 0.3) with 21 DDR genes, includ-

Figure 5. HDAC2 links to DDR gene RAD51 in breast cancer. A. TCGA data show significant positive correlations 
between HDAC2 and RAD51 mRNA expression in 960 TCGA breast cancers. B. qRT-PCR (Top) and western blot 
(Bottom) analysis of RAD51 expression after treatment with mocetinostat (Moc) in SUM149 and HCC1937 cells. 
Mocetinostat downregulated the expression of RAD51 at both mRNA and protein levels in SUM149 and HCC1937 
cell lines. C. Loss of RAD51 was accompanied by increased expression of miR-182, measured by qRT-PCR after 
mocetinostat treatment in HCC1937 and SUM149 cell lines.
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ing RAD51 and FANCD2 (Figure 5A; Supple- 
mentary Table 9). 

RAD51 is an evolutionarily conserved recombi-
nase that is central to the DDR pathway [21]. 
RAD51 is highly expressed in basal-subtype 
TCGA breast cancers and SUM149 and 
HCC1937 lines (Figure 3 and Supplementary 
Figure 6). In addition, we found that after 
SUM149 and HCC1937 cells were treated with 
mocetinostat for 72 hours, expression of 
RAD51 at both mRNA and protein levels dra-
matically decreased in a dose-dependent man-
ner (Figure 5B). A recent study in acute myelog-
enous leukemia revealed that HDAC inhibition 
induces microRNA-182 (miR-182), which sub-
sequently targets and suppresses RAD51 
expression [22]. We measured miR-182 levels 
in SUM149 and HCC1937 cells after mocetino-
stat treatment and found that the expression 
level of miR-182 increased in mocetinostat-
treated SUM149 and HCC1937 cells compared 
to the controls (Figure 5C). Thus, the HDAC 
inhibitor mocetinostat likely induces miR-182 
to target RAD51 in breast cancer. 

Discussion

In this study, we provide a genotranscriptomic 
meta-analysis of 18 HDACs in human breast 
cancer. Integrated genomic, transcriptomic, 
and clinicopathological data revealed that dif-
ferent subtypes of breast cancer had distinc-
tive copy number and expression patterns for 
each HDAC. HDAC2 and SIRT7 were the most 
commonly amplified/overexpressed, whereas 
SIRT3 was the most deleted/underexpressed 
HDAC in breast cancer, particularly in aggres-
sive basal-like breast cancer. HDAC2 had the 
highest correlation between copy number and 
mRNA expression among the 18 HDAC genes 
studied, and higher expression of HDAC2 was 
significantly correlated with high tumor grade, 
positive lymph node status, and poor prognosis 
in breast cancer. Furthermore, HDAC2 expres-
sion was positively correlated with a set of 
DNA-damage response pathway genes, notably 
RAD51. We revealed a potential mechanism by 
which HDAC2 regulates RAD51 expression in 
breast cancer via indirect mediation through 
miRNAs, e.g., miR-182.

HDACs are divided into two superfamilies: the 
classic Zn2+-dependent histone deacetylases 
(HDAC1-11) and the nicotinamide adenine dinu-

cleotide-requiring sirtuins (SIRT1-7) [3]. Alth- 
ough all Zn2+-dependent HDACs can function  
as lysine deacetylases, they do not catalyze 
deacetylation with equal efficiency. Biochemi- 
cal experiments with recombinant HDAC1-11 
provided a ranking of intrinsic deacetylase 
activity in which HDAC2 > 1 > 6 > 3 > 4, 5, 7, 8, 
10 > 11 > 9 [23]. SIRT1-7 also have different 
levels of intrinsic deacetylase activity, with 
SIRT1-3 being more catalytically active than 
SIRT6 and 7 [24]. Furthermore, the deacety-
lase activity of each HDAC in vivo might be high-
ly cell type specific and context dependent, 
e.g., if it is part of a multiprotein complex. 

HDAC1 and 2, which primarily localize to the 
nucleus of all cells, are arguably the most 
important deacetylases involved in epigenetic 
regulation. The genes for HDAC1 and HDAC2 
originate from gene duplication, and the two 
proteins are highly homologous. These two 
HDACs often function together in multisubunit 
repressor complexes, including the Sin3 com-
plex, the nucleosome remodeling and deacety-
lating (NuRD) complex, and the co-repressor for 
element 1-silencing transcription factor (CoR- 
EST) complex [1, 4]. However, studies have also 
shown that HDAC1 and HDAC2 have both dis-
tinct and redundant functions in tumorigenesis, 
neurological diseases, and others [25, 26]. A 
recent study using knock-in mouse models to 
determine the impact of the catalytic activity of 
HDAC1 and HDAC2 on murine development 
demonstrated an essential non-redundant 
function of HDAC2 on murine development 
[27]. In prostate cancer, HDAC1 and HDAC2 
were highly expressed in tumors with a high 
Gleason score, but only HDAC2 expression was 
associated with a shorter relapse-free survival 
time after radical prostatectomy [28]. Overex- 
pression of HDAC2 enhanced the proliferation 
of gastric cancer cells by deregulating expres-
sion of G1/S cell cycle proteins [29]. Jung et al 
revealed that HDAC2 conferred oncogenic 
potential to human lung cancer cells by deregu-
lating expression of apoptosis and cell cycle 
proteins [30]. HDAC2 also plays a fundamental 
role in Myc-mediated oncogenesis [31]. In the 
current study, we found that both HDAC1 and 
HDAC2 were highly expressed in breast cancer 
samples, based on their expression in 144 nor-
mal breast samples compared with 1980 can-
cer samples in the METABRIC cohort (Supple- 
mentary Figure 7). Consistent with findings in 
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prostate cancer, we found that increased 
expression of HDAC2, but not HDAC1, was sig-
nificantly associated with a high-risk NPI score 
and short overall and disease-free survival of 
breast cancer patients. Thus, our meta-analy-
sis indicated that both HDAC1 and HDAC2 are 
highly expressed in breast cancer and that 
HDAC2 might play a more important role in pro-
moting cancer progression.

HDAC11 is the most recently identified HDAC 
family member and has little homology to 
HDAC1 and HDAC2. Early studies found that 
HDAC11 regulates interleukin-10 expression 
and immune tolerance and is implicit in autoim-
munity, transplantation, and cancer immuno-
therapy [32]. A recent study revealed that 
depletion of HDAC11 induced apoptosis and 
inhibited the metabolic activity of colon, breast, 
prostate, and ovarian cancer cell lines [33]. In 
this study, we also found that HDAC11 was 
highly expressed in luminal subtype breast can-
cers, which are characterized by expression of 
estrogen receptor-α (ERα). To test whether 
HDAC11 is a potential target of the ER pathway, 
we used a nonsteroidal, selective ER modulator 
(tamoxifen) to treat the Luminal breast cancer 
cell line ZR75-1. We found that expression of 
HDAC11 at the mRNA level was reduced in 
ZR75-1 line after tamoxifen treatment (Suppl- 
ementary Figure 8). By analyzing published 
data on ERα chromatin immunoprecipitation 
sequencing (ChIP-Seq) in ER-positive breast 
cancer cell lines, we also found that ERα direct-
ly binds to the genomic regions of the HDAC11 
gene (data not shown) [34, 35]. It is necessary 
to further investigate whether and how HDAC11 
functions as an oncogene driving Luminal 
breast cancers.

Among 18 HDAC genes, SIRT7 was most fre-
quently amplified/overexpressed, and SIRT3 
was most deleted/underexpressed in breast 
cancer (Table 1). Seven different sirtuins 
(SIRT1-7) are localized in various cell compart-
ments. SIRT3, SIRT4, and SIRT5 are mitochon-
drial sirtuins that regulate enzymes and other 
mitochondrial proteins, subsequently affecting 
metabolic processes [36]. SIRT3 deacetylates 
key mitochondrial proteins, including acetyl-
coenzyme A synthetase 2, isocitrate dehydro-
genase 2, and manganese superoxide dis-
mutase [36]. Previous studies also revealed 
that SIRT3 depletion increases levels of cellular 

reactive oxygen species, thereby contributing 
to genomic and mitochondrial DNA instability, 
and that sirt3-knockout mice develop ER- 
positive mammary tumors [12, 13]. Conversely, 
overexpression of the nuclear sirtuin SIRT7 
seems to be crucial for maintenance of tumor 
phenotype, and xenografts of human cancer 
cells that are depleted of SIRT7 exhibit reduced 
tumorigenicity [7, 37]. Our data agree with and 
consolidate prior reports on the tumor suppres-
sive role of SIRT3, as well as a tumor-promoting 
role for SIRT7 in various tumors, including 
breast cancer [6, 36].

Numerous studies have shown that HDACs 
have important roles in the DDR pathway in 
mammalian cells [38]. The DDR response is a 
complex cellular network that detects the dam-
aged lesion in DNA, signals the presence of the 
lesion to the cell to activate the appropriate 
response, and ultimately repairs the lesion to 
maintain the correct DNA sequence [39]. One 
particularly dangerous type of lesion is the DNA 
double-strand break. In mammalian cells, dou-
ble-strand breaks are repaired mainly by either 
homologous recombination (HR) or non-homol-
ogous end-joining (NHEJ) [40]. HDAC1 and 
HDAC2 are recruited to DNA-damaged sites to 
deacetylate histones H3K56 and H4K16 and 
facilitate NHEJ, indicating that these two 
enzymes play a direct role in DDR pathways 
[41]. Furthermore, recent studies demonstrat-
ed that HDACs directly or indirectly regulate 
expression of a subset of DDR genes [20]. For 
example, HDAC inhibitors downregulate mRNA 
and protein expression of RAD51, a key compo-
nent of the HR pathway [22, 42, 43]. Both 
BRCA1 and BRCA2, the two best-known genes 
linked to breast cancer risk, colocalize with 
RAD51 at sites of DNA damage and activate HR 
repair. Paradoxically, RAD51 is overexpressed 
in multiple tumor types, including breast cancer 
[44]. Overexpression of RAD51 has been shown 
to stimulate HR efficiency and promote chemo-
therapy resistance in cancer cells [45]. Furth- 
ermore, RAD51 supports metastasis in triple-
negative breast cancer [46]. By siRNA knock-
down of HDAC1, HDAC2, and HDAC3 individu-
ally in melanoma cells, Krumm et al recently 
demonstrated that, of those three HDACs, 
HDAC2 is responsible for regulating RAD51 
[42]. We also found that among class I HDACs, 
HDAC2 expression was dramatically correlated 
with expression of a set of DDR genes, includ-
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ing RAD51, in breast cancer. Treatment with 
the HDAC inhibitor mocetinostat in two basal-
like breast cancer cell lines, SUM149 and 
HCC1937, decreased expression of RAD51 at 
both mRNA and protein levels. In human can-
cer, HDACs contribute to dysregulation of a spe-
cific set of miRNAs (e.g., miR-31, miR-125a, 
miR-125b, miR-200b, and miR-205) [47-50]. 
Recently, studies showed that the breast can-
cer-associated miRNA, miR-182, targets RAD51 
and that HDAC2 binds the miR-182 promoter 
and regulates its expression in leukemia cells 
[22]. We found that mocetinostat treatment 
also induced miR-182 expression in SUM149 
and HCC1937 cells, indicating a possible 
mechanism by which HDAC2 regulates RAD51 
expression in breast cancer, namely, by indirect 
mediation through miRNAs, notably miR-182.

Although current HDAC inhibitors have been 
shown to treat specific hematologic malignan-
cies efficaciously, their therapeutic utility in 
epithelium-based cancers, including breast 
cancer, warrants further evaluation. Further- 
more, HDAC inhibitors are continuously expl- 
ored for use in combination with other antitu-
mor agents, e.g., HDAC inhibitors combined 
with primary chemotherapeutic agents, hor-
mone antagonists, or immunotherapy have 
shown promising results. Given the distinct 
genotranscriptomic patterns for each HDAC in 
breast cancer subtypes, development of more 
selective agents (inhibitors) that target individ-
ual HDACs is likely required, such that they are 
more efficacious with less toxicity. In parallel, to 
develop additional rational cancer therapies, it 
will be necessary to identify the breast cancer 
subtypes or patients in which HDAC deregula-
tion contributes to tumor development/pro- 
gression. 
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