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Abstract 

Histone deacetylationase 1 (HDAC1) is ubiquitously expressed in various cell lines and tissues and 
play an important role of regulation gene expression. Overexpression of HDAC1 has been 
observed in various types of cancers, which indicated that it might be a target for cancer therapy. 
To test HDAC1 inhibition for cancer treatment, the gene expression of HDAC1 was knockdown 
mediated by a lentivirus system. Our data showed the gene expression of HDAC1 could be 
efficiently knockdown by RNAi mediated by lentivirus in esophageal carcinoma EC109 cells. 
Knockdown of HDAC1 led to significant decrease of cell growth and altered cell cycle distribution. 
The result of transwell assay showed that the numbers of cells travelled through the micropore 
membrane was significantly decreased as HDAC1 expression was knockdown. Moreover, HDAC1 
knockdown inhibited the migration of EC109 cells as determining by scratch test. Additionally, 
enhancement of cisplatin-stimulated apoptosis was detected by HDAC1 knockdown. Our data 
suggested inhibition of HDAC1 expression by lentivirus mediated shRNA might be further applied 
for esophageal cancer chemotherapy. 
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Introduction 
In eukaryocyte cells, histone acetylation is 

governed by histone acetyltransferases (HATs) and 
histone deacetylationase (HDACs). Under normal 
conditions, the balance between histone acetylation 
and deacetylation is well-controlled for cell 
proliferation and differentiation. However, the 
balance can be disrupted under pathological 
conditions, which leads to hyperacetylation of core 
histones and subsequently altered gene expression. 
Numerous studies have showed that aberrant histone 
modifications and the deregulation of gene expression 
are involved in the process of transformation and 
tumorigenesis [1-3].  

There are 18 characterized members of HDACs 
in human, which can be grouped into four classes 

based on biological function and DNA sequence 
similarity [4]. Among these members, HDAC1 is 
shown to be ubiquitously expressed in various cell 
lines and tissues. As a component of the histone 
deacetylase complex, HDAC1 is believed to regulate 
most of the observed changes in histone acetylation. 
For example, HDAC1 and its homologous HDAC2 
were found to be associated with Sin3A and Sin3B 
and several other proteins to form the Sin3 complex, 
which was thought to deacetylate histones near Sin3 
regulated promoter regions leading to a repressed 
chromatin structure [5]. It also interacts with 
retinoblastoma tumor-suppressor protein (RB) and 
this complex is a key element in the control of cell 
proliferation and differentiation [6]. By using affinity 
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purification and liquid mass spectrophotemetery, 
HDAC1 interacting partners were identified in 
HepG2 cells, which provided new insight into 
mechanism of HDAC1 regulation [7].  

One of the most interesting findings about 
HDAC1 is that it was aberrantly expressed in various 
types of cancer cells, which suggested that the gene 
expression of HDAC1 might be associated with tumor 
progress [8]. For example, a significantly higher level 
of HDAC1 mRNA was expressed in human urinary 
bladder cancer specimens [9]. Moreover, high level of 
HDAC1 expression was associated with 
clinicopathological factors such as Gleason grade, 
advanced pathological tumor stage, positive nodal 
status, elevated preoperative PSA-level, early PSA 
recurrence and increased cell proliferation. Similar 
results were found in other cancer types [10-12]. All 
these data suggested that HDAC1 might be a target 
for cancer therapy. 

In our previous study, we found that inhibition 
of HDAC1 expression by shRNA enhanced 
radiosensitivity of EC109 cells as measured by 
immunofluorescence staining of γH2AX foci and 
single-cell electrophoresis [13]. Inhibition of HDAC1 
expression was performed based on plasmid, which 
limited its application for gene deliver in vivo. To 
further test HDAC1 inhibition for cancer treatment, 
the gene expression of HDAC1 was knockdown 
mediated by a lentivirus system, which has been 
intensively applied for gene transferring. It has been 
reported that HDACis enhanced the chemosensitivity 
of a wide range of DNA-damaging drugs. Thus, we 
tested the sensitivity of DNA-damaging drugs as 
HDAC was knockdown. We found that inhibition of 
HDAC1 enhanced the chemosensitivity in esophageal 
cancer cells. 

Materials and methods 
Cell culture  

The human EC109 cell line (esophageal 
squamous carcinoma) and 293T cell line were 
obtained from the Shanghai Cell Bank 
(http://www.ctcccas.ac.cn/xibao). Cells were 
cultivated in DMEM supplemented with fetal bovine 
serum (FBS,10%) in a humidified at mosphere 
containing 5% CO2 in air at 37℃. 

Plasmid constructs 
A shuttle vector named pGCSIL-GFP was 

applied for gene transferring in this work. This 
plasmid contains an expression cassette driven by the 
human U6 promotor that can produce dsRNA as a 
stem-loop structure in mammalian cells. Synthesized 
oligonucleotides (Table 1) were annealed and ligated 

to the AgeI/EcoRI sites of pGCSIL-GFP to produce 
pGCSIL-GFP-siHDAC1 or pGCSIL-GFP-siCon. The 
inserted sequences were subsequently confirmed by 
sequencing. 

 

Table 1. sequences of shRNA against HDAC or negative control 
(NC) 

Types Sequences 
SiHDAC aattcaaaaa GAAGTCCGAGGCATCTGGC tctcttgaa 

GCCAGATGCCTCGGACTTC  
ccgg GAAGTCCGAGGCATCTGGC ttcaagaga 
GCCAGATGCCTCGGACTTC tttttg 

NC aattcaaaaa TTCTCCGAACGTGTCACGT tctcttgaa 
ACGTGACACGTTCGGAGAA 
ccgg TTCTCCGAACGTGTCACGT ttcaagaga 
ACGTGACACGTTCGGAGAA tttttg 

 
 

Production of lentivirus 
The 293T packaging cell line was grown in 

DMEM supplemented with 10% FBS. Twenty-four 
hours before transfection, cells in monolayer culture 
during the logarithmic growth phase were 
trypsinized and plated in a six-well plate. Cells were 
transfected with shuttle vectors combined with helper 
plamids of pMD2.G and psPAX.2 by Lipofectamine 
2000 according to the manufacturer’s instructions 
(Invitrogen, USA). Four hour later, the medium 
containing the transfection mixture was replaced with 
fresh medium. Transfected cells were incubated for an 
additional period of 2 days and the supernatant were 
harvested for cell infection. 

Cell infection 
On the day before virus infection, EC109 cells 

were seeded in a six-well plate. On the following day, 
the cells were incubated with recombinant virus 
supernatant. Four hour later, the culture media was 
replaced with fresh medium. Cells were further 
screened in media containing puromycin (2μg/mL) 
for 7~10 days. Then individual cell clone with 
GFP-positive cells was picked up for further analysis. 

Realtime RT-PCR 
Total RNA was isolated from EC109 cells with 

Trizol reagent (Invitrogen). An amount of 1.0 µg total 
RNA was reverse transcribed to cDNA according to 
the manufacturer’s directions (Roche (China) Ltd., 
Shanghai, China). Quantitative PCR amplification 
was performed as previously described 13 Primers 
were list in Table 2. The gene expression was 
normalized to the corresponding GAPDH level and 
fold changes was calculated by the 2-△△Ct method 
according to reference sample and amplification 
efficiency. 
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Table 2. sequence of real-time RT-PCR primers 

Gene Name Sequence Product (bp) 
HDAC1 F: TTCAAGCTCCACATCAGTCCTTC 237 

R: CTCTTCCTCACAGGCAATTCGTT 
GAPDH F: GGGAAGGTGAAGGTCGGAGTC 232 

R: CCTGGAAGATGGTGATGGGAT 

 

Western blotting 
EC109 cells were harvested and homogenized in 

ice-cold RIPA buffer containing complete protease 
inhibitors cocktail (Roche). After centrifugation at 
13,200 g for 10min, the protein concentration was 
determined using the Bradford dye-binding assay 
with bovine serum albumin as the standard. Western 
blotting was performed as previously described 13. 
The expression of HDAC1 protein was normalized by 
that of GAPDH. To validate the reproducibility, the 
tests were repeated at least 3 times. 

Cell cycle and cell growth 
For cell cycle, exponentially growing EC109 cells 

were cultivated and synchronized for 24 h in 
serum-free medium, and then changed with a 
complete medium. Then cells were washed with 
ice-cold PBS, fixed in 70% ethanol and labeled with 
propidium iodide (PI). Cell cycle distributions were 
analyzed on a FACSort (Becton Dickinson, San Jose, 
CA) with Cell Quest software (version 313) for the 
proportions of cells in G1, S and G2/M phases of the 
cell cycle. Cell growth was determined by CCK-8 kit 
(Beyotime Biotechnology Inc., Nantong, China) and 
the experiments were performed according to its 
instructions. The plates were read on a Dynatech 
MR600 microplate reader at 450 nm.  

Cell migration assay and invasion assay 
For migration assay, a scratch was made in a 

monolayer of cells using a pipet tip. Fresh media was 
added immediately to remove the floating cells and 
the scratch and surrounding cells were recorded 
immediately after scratching. Images were further 
captured at the end point from at least ten 
independent fields to determine the wound closure. 
Migration was calculated as a percentage of the area 
covered by the cells compared to the original wound 
area. 

Invasion assay was performed in transwell 
plates (BD Biosciences) according to manufacturer’s 
protocol. In brief, cells were seeded in duplicate in 
Matrigel-coated transwell inserts with fetal bovine 
serum as a chemoattractant in the bottom well. The 
lower side of the transwell membranes were fixed and 
stained with 0.05% crystal violet 48 hours after 
plating. After counting the cells, the invasion of 
normal cells was considered as 1 and the relative fold 

change was calculated accordingly. 

Treatment of cisplatin and cell apoptosis 
determination 

HDAC1 knockdown EC109 cells (2x102/well) 
and its control cell (NC) were seeded into 6-well 
plates and further treated with cisplatin (50μM) for 
24h. This concentration was chosen according to other 
study [14]. Then cell viability was determined by 
clonogenic assay, normalized by untreated cells. For 
cell apoptosis, similar treated cells (1x105/well) were 
measured using the Annexin-V fluorescein 
isothiocyanate (FITC) Apoptosis Kit (Beyotime) 
according to the manufacturer’s instructions as 
previously described [13]. 

Statistics 
All data were expressed as mean ± standard 

deviation. One-way analysis of variance (ANOVA) 
and Student’s t-test or Mann-Whitney test were used 
to analyze the significance between groups. A p value 
less than 0.05 was considered statistically significant. 

Results 
Construct of lentivirus-mediated shRNA 
expression vector against HDAC1 

Lentirivus can integrate virus DNA into host 
genome, which has been intensively applied for gene 
transferring. The shuttle vector pGCSIL-GFP, which 
contains a U6 promoter, was used to express the 
shRNA as a stem-loop structure (Fig.1A). Synthesized 
oligonucleotides were annealed and ligated to the 
shuttle vector by digesting with AgeI and EcoRI. As 
expected, result of sequencing showed that 
synthesized oligonucleotide was inserted into the 
shuttle vector (Data not shown). Then the 
recombinant vector and the helper plasmids were 
transfected into 293T cells to product active lentivirus. 
GFP-positive cells were visible 24h after transfection 
in 80-90% of the cells, representing the fraction of the 
population that was successfully transfected (Fig.1B). 
The cells were further cultivated for 48h to product 
sufficient active lentivirus and the supernatant was 
collected for cell infection. 

Knockdown of HDAC1 by lentivirus-mediated 
shRNA 

To determine the efficiency of HDAC1 
knockdown, EC109 cells were infected with 
recombinant lentivirus or contol virus, and were 
further screened in media containing puromycin 
(2μg/mL). Then individual cell clone with 
GFP-positive cells was picked up for further analysis 
of gene expression (Fig.2A). Result of realtime 
RT-PCR showed HDAC1 mRNA was efficiently 
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knockdown in cell clone Si-HDAC1-2, while none was 
observed in the other cell clone (Fig.2B). To further 
confirm the knockdown of HDAC1, the protein level 
of HDAC1 was detected by Western blotting. As 
shown in Fig.2C, the protein level of HDAC1 was 
greatly decreased in the cell clone Si-HDAC1-2, which 
was coincident with RNA level. Thus, this cell clone 
was applied in the following experiments. 

 
Figure 1. Construct of HDAC1 shRNA expression lentivirus. A: diagram of the 
shuttle vector pGCSIL-GFP. B: The lentivirus package 293T cells were 
transfected with recombinant vector and helper plasmids. GFP-positive cells 
were visible 24h after transfection in the package cells. 

 

 
Figure 2. Knockdown of HDAC1 in EC109 cells. A: EC109 cells were infected 
with the lentivirus and GFP-positive cells were visible after screening with 
puromycin. B: The mRNA level of HDAC1 was determined by realtime 
RT-PCR. The gene expression was normalized to the corresponding GAPDH 
level and fold changes was calculated by the 2-△△Ct method according to 
reference sample and amplification efficiency. C: The protein level of HDAC1 
was detected by Western blotting. Western blotting was repeated at least three 
times. *P< 0.05 by t-test. 

 

Alteration of cell growth and cell cycle 
distribution by HDAC knockdown 

As HDAC1 could be efficiently knockdown by 
lentivirus-mediated shRNA in EC109 cell, we further 
wonder its biological effects on cell growth. Cell line 
Si-HDAC1-2 and its control NC were seeded into 
96-well plate and cell growth was determined by 
CCK-8. As shown in Fig.3A, cell growth of 
Si-HDAC1-2 significantly decreased, as compared 
with that of NC. Further analysis of cell cycle 
distribution showed that decreased S-phase and 
increased G2-phase population was observed as 
HDAC1 was knockdown (Fig.3B). These indicated 

that knockdown of HDAC1 affected the biological 
character of EC109 cells. 

Inhibition of cell migration and invasion by 
HDAC1 knockdown 

As metastasis is a strong independent prognostic 
factor for ESCC, we wonder whether HDAC1 
knockdown would affect cell migration and invasion. 
Then transwell assay and scratch test were performed 
to evaluate its effects. The result of transwell assay 
showed that the numbers of cells travelled through 
the micropore membrane was significantly decreased 
as HDAC1 expression was knockdown (Fig.4A). 
Moreover, HDAC1 knockdown inhibited the 
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migration of EC109 cells as determining by scratch 
test (Fig.4B). These data suggested that HDAC1 
knockdown inhibited cancer metastasis. 

Enhancement of cisplatin-stimulated apoptosis 
by HDAC knockdown 

As acetylation of core histones is governed by 
opposing actions of a variety of HATs and HDACs, 
HDAC1 knockdown led to histone hyperacetylation, 
which was similar to that of HDAC inhibitors 
(HDACis) such as TSA and SAHA. As cisplatin is one 
of the most widely used DNA-damaging anticancer 
drugs, we examined the cytotoxic effect of this drug. 
As shown in Fig.5A, cell viability after exposure to 

cisplatin was much lower in HDAC1 knockdown 
group, compared with that of control. Then, we 
wonder the cell apoptosis level induced by cisplatin 
as HDAC was knockdown. The result of Annexin-V 
staining showed that the apoptotic cells were greatly 
increased after cisplatin treatment (Fig.5B). Moreover, 
the protein level of active caspase-3 was measured by 
western blotting. The apoptosis executer induced by 
cisplatin was also significantly increased in SiHDAC 
group, compared with that of NC group (Fig.5C). 
These data clearly indicated that HDAC1 knockdown 
enhanced the chemosensitivity of DNA-damaging 
drugs. 

 
 

 
Figure 3. Knockdown of HDAC1 inhibited cell growth and cell cycle 
distribution. A: HDAC1 knockdown EC109 cells and its control cells (NC) 
were seeded into 96-well plate and cell growth was determined by CCK-8. B: 
Cells cycle distribution was performed as described in Material and Methods. 
Experiments were repeated at least three times. *P< 0.05 by t-test. C: Typical 
cell distribution detected by FACS. 

 
 

 
 

 
Figure 4. Knockdown of HDAC1 inhibited cell migration and invasion. A: 
HDAC1 knockdown EC109 cells and its control cells (NC) were plated in 
Matrigel-coated transwell. The lower side of the transwell membranes were 
fixed, stained and counted. B: Cell migration of EC109 cells was determined by 
scratch test. *P< 0.05 by t-test. 
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Figure 5. Knockdown of HDAC1 enhanced cisplatin-stimulated apoptosis. A: 
HDAC1 knockdown EC109 cells and its control cells (NC) were seeded into 
96-well plate and further treated with cisplatin for 24h. Cell viability was 
detected by clonogenic assay as described in Material and Methods. B: Similarly 
treated cells were harvested for Annexin-V/FITC staining and analyzed by 
FACS. *P< 0.05 by t-test. C: The protein level of active caspase-3 was detected 
by Western blotting. Western blotting was repeated at least three times. 

 

Discussion 
Many studies have shown that the biochemical 

function of HDAC1 is to regulate acetylation status of 
histone and non-histone proteins. As histone 
acetylation is associated with gene expression, the 
function of HDAC1 in the regulation of gene 
transcription has been widely studied [15-17]. 
However, its physiological significance has not been 
fully understood. In this study, the gene expression of 
HDAC1 was efficiently inhibited by lentivirus 
mediated RNAi technology and its effects on cell 
biological function have been detected. The most 
interesting finding of this work is that HDAC 
knockdown enhanced the cell death induced by 
cisplatin. 

HDAC1 is shown to be ubiquitously expressed in 
various cell lines and tissues. Recent studies indicated 
that HDAC1 were associated with DNA damage 
response, cell cycle control and tumorigenesis [18-21]. 
In the field of cancer research, many studies showed 

HDAC1 was over-expressed in various types of 
cancer cells, which suggested that the gene expression 
of HDAC1 might be associated with tumor progress. 
To counteract the excess activity of deacetylation, 
scientists have developed various types of inhibitors 
of HDACs, which have been currently investigated 
for the antitumor activities [22]. The most potential 
inhibitors are hydroxamic acid (SAHA) and 
Romidepsin (FK 228), which have been approved for 
cancer therapy. Although these inhibitors have been 
shown perfect antitumor effects, it is uncertain which 
member is responsible for its activity as such small 
molecule inhibitors have little selectivity for the 
different subtypes of HDAC family [23]. In our 
previous work, we konockdown the HDAC1 
expression using RNAi strategy mediated by plasmid. 
The mRNA level of HDAC1 was significantly 
inhibited, with a decrease of more than 50% [13]. To 
further analyze the gene function of HDAC1 for 
cancer therapy, lentivirus was applied for gene 
transfer. We found that the gene expression was 
efficiently inhibited in current work. As lentivirus can 
infect cancer cell in vivo, it can be further applied for 
animal models. More importantly, lentivirus can lead 
to integration of virus DNA into host genome. In this 
study, we picked up GFP-positive cell clones for 
further study. However, the gene expression of 
HDAC1 remained unchanged both at transcriptional 
and translational level in one cell clone, which might 
be related to the integration site of virus DNA. This 
might be the shortness of lentivirus system. 

Overexpression of HDAC1 was linked to a 
higher proliferation rate of cancer cells. For example, 
Burdelski C et al. found high HDAC1 expression was 
associated with increased cell proliferation of prostate 
cancer. For molecular mechanism, HDAC1 was 
shown to repression of the cell cycle inhibitors p21 
and p27 at transcriptional level [24]. Consequently, 
inhibition of HDAC1 could lead to growth arrest and 
activation of cell cycle inhibitor such as p21 and p27 
[25,26]. In this work, we found a significant decrease 
of cell growth as HDAC1 was knockdown by shRNA. 
Cell cycle analysis revealed an altered distribution 
associated with HDAC1 knockdown (Fig.3). This 
observation was consistent with our previous data 
and other studies. In line with the altered cell growth, 
cancer metastasis of EC109 cells was also significantly 
decreased as HDAC1 expression was knockdown, as 
determined by cell migration and invasion assay. 

As histone hyperacetylation induced by HDAC 
inhibition can lead to complicated changes in 
chromatin structure, the changes may expose sections 
of DNA that are normally protected in tightly packed 
chromatin. Numerous studies have examined the 
effects of HDACi in combination therapy with other 
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agents such as DNA-damaging drugs and and EFGR 
inhibitor [27,28]. Inhibition of HDACs activity 
contributes to the enhancement of chemosensitivity. 
For examples, Ozaki K et al. found that TSA and 
FK228 potentiated induction of apoptosis by cisplatin 
[29]. Moreover, enhanced radiosensitivity was also 
observed as combined HDACi with radiation. We 
observed decreased cell viability and increased cell 
apoptosis induced by cisplatin as HDAC1 was 
knockdown (Fig.5), which was inconsistent with other 
studies [30]. However, there are many limitations of 
the study. Most importantly, in vivo study was 
needed to further confirm the gene functions of 
HDAC1. Also, to unambiguously confirm the gene 
functions, rescue experiments in which forced gene 
expression of HDAC1 in lentivirus infected cells are 
also needed. 

In summary, the gene expression of HDAC1 was 
efficiently inhibited by lentivirus mediated RNAi 
technology. Knockdown of HDAC1 affected the 
biological character of EC109 cells including cell 
growth, cell cycle distribution. It also inhibited the cell 
migration and invasion, as well as chemosensitivity. 
Our data helps to understand the role of HDAC1 for 
esophageal cancer therapy. 
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