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Hepatocellular carcinoma (HCC) is one of the most common malignant diseases in the world. Mutations, 
overexpression, and improper recruitment of HATs can lead to tumorigenesis. HAT1 is the first histone acetyl-
transferase identified and is related with developing HCC, but the mechanism is still unclear. Interestingly, we 
found that HAT1 was upregulated in HCC patient specimens and showed that its upregulation facilitates HCC 
cell growth in vitro and in vivo. Moreover, we demonstrated that HAT1 promoted glycolysis in HCC cells and 
knockdown of HAT1 sensitized HCC cells to apoptotic death induced by cisplatin. Our results suggest that 
HAT1 might act as an oncogenic protein promoting cell proliferation and inducing cisplatin resistance in HCC, 
and targeting HAT1 represents a viable strategy for effective treatment of advanced HCC.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most 
common malignant diseases in the world1 and is con-
sidered to be a global health threat2. Its incidence rate 
has increased worldwide during the past two decades, 
especially in Asian and African countries due to a higher 
rate of HBV and HCV infections3–5. Hepatic resection 
and liver transplantation result in the best clinical out-
come in patients with well-defined tumors; however, the 
5-year survival rate remains at only 60%–70%1. Patients 
with HCC are usually asymptomatic and diagnosed at 
late stages when surgical treatment is no longer suitable. 
Unfortunately, HCC has been considered to be a rela-
tively chemotherapy refractory tumor. It can be difficult 
to achieve benefits from chemotherapy in patients with 
advanced HCC6. Therefore, there is an urgent need to 
develop novel therapeutics to treat HCC.

Histone-related proteins [histone acetyltransferases and  
histone deacetylases (HDACs)] can influence DNA tran-
scription through the balance between histone acetylation 
and deacetylation7. It has been known that mutations, 
overexpression, and improper recruitment of HATs lead to 

developing malignant tumors8. Histone acetyltransferase 1 
(HAT1) is the first histone acetyltransferase identified 
and is one of the most poorly understood members of this 
family9. Some evidence indicates that HAT1 is related to 
developing HCC, but the mechanism is still unclear10.

To date, few studies have examined the role of HAT1 
in HCC. In the present study, we studied HAT1 expression 
in HCC patient samples and demonstrated that HAT1 was 
upregulated in HCC patient specimens. Furthermore, we 
showed that HAT1 regulated HCC cell growth in vitro and 
in vivo. Moreover, HAT1 regulates glucose metabolism 
in HCC cells, and knockdown of HAT1 sensitizes HCC 
cells to apoptotic death induced by cisplatin. Collectively, 
these results are contributing to a better understanding of 
the role of HAT1 in HCC and may also shed new light on 
developing novel therapeutic strategies for HCC.

MATERIALS AND METHODS

Cell Lines and Cell Culture

The HCC cell lines HepG2 and SK-Hep-1 were pur-
chased from the Chinese Academy of Science Cell Bank 
and cultured in a 5% CO2, 37°C, and 95% humidity 
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incubator. HepG2 and SK-Hep-1 cells were cultured 
in DMEM supplemented with 10% fetal bovine serum 
(Thermo Fisher Scientific, Waltham, MA, USA) and 
100 U/ml penicillin and 100 µg/ml streptomycin (Thermo 
Fisher Scientific).

Reagents

Anti-HAT1 (1:1,000 dilution) was purchased from 
Abcam (Cambridge, MA, USA), anti-PARP (1:1,000 dilu-
tion) and anti-cleaved PARP (1:1,000 dilution) antibodies 
were purchased from Cell Signaling Technology (Danvers, 
MA, USA), and anti-b-tubulin (1:5,000 dilution) was 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
Cisplatin was from Sigma-Aldrich (St. Louis, MO, USA).

Western Blot

Cells were lysed with lysis buffer (1% Nonidet P-40, 
1´ PBS, 0.1% sodium dodecyl sulfate, and 1% protease 
inhibitor cocktail) followed by protein quantification by 
the BCA method. Samples were diluted in loading buf-
fer containing DTT and boiled for 5 min. Equal amounts 
of protein for each sample were separated by 10% SDS-
polyacrylamide gels and transferred onto nitrocellulose 
membranes. The membranes were immunoblotted with 
specific primary antibodies followed by horseradish 
peroxidase-conjugated secondary antibodies and visual-
ized by SuperSignal West Pico Stable Peroxide Solution 
(Thermo Fisher Scientific).

Real-Time RT-PCR

Total RNA was extracted from cells using TRIzol  
reagent (Thermo Fisher Scientific). The cDNA was 
syn thesized using SuperScript III reverse transcriptase  
(Thermo Fisher Scientific). Real-time PCR was performed 
using IQ SYRB Green Supermix and an iCycleriQTX 
detection system (Bio-Rad, Hercules, CA, USA). All 
signals were normalized against GAPDH, and the 2−DCt 
method was used to quantify the fold change. Primers  
used were as follows: FBP1, 5¢-ACAGCAGTCAAAG 
CCATCTC-3¢ (forward) and 5¢-GGTTCCACTATGATG 
GCGTG-3¢ (reverse); PKM2, 5¢-TCGCATGCAGCAC 
CTGATT-3¢ (forward) and 5¢-CCTCGAATAGCTGC 
AAGTGGTA-3¢ (reverse); GLUT1, 5¢-CATCATCTTC 
ATCCCGGC-3¢ (forward) and 5¢-CTCCTCGTTGCGG 
TTGAT-3¢ (reverse); LDHA, 5¢-GATCTCGCGCACGC 
TACT-3¢ (forward) and 5¢-CACAATCAGCTGGTCCT 
TGAG-3¢ (reverse); GAPDH, 5¢-ACCCACTCCTCCA 
CCTTTGAC-3¢ (forward) and 5¢-TGTTGCTGTAGCC 
AAATTCGTT-3¢ (reverse).

RNA Interference

Lentivirus-based control and gene-specific shRNAs 
were purchased from Sigma-Aldrich. Transfections were  
performed according to the manufacturer’s protocol. Cells  

were collected 48 h posttransfection. shRNA sequences  
were as follows: shHAT1#1, CCGGCGGCGTGTTATT 
GAACGACTTCTCGAGAAGTCGTTCAATAACA 
CGCCGTTTTTG; and shHAT1#2, CCGGGCTACATG 
ACAGTCTATAATTCTCGAGAATTATAGACTGTC 
ATGTAGCTTTTTG.

Caspase 3 Activity Measurement

The activity of caspase 3 was measured by Caspase 3 
Colorimetric Protease Assay (Life Technologies, Carlsbad, 
CA, USA). Cells were counted and pelleted (3–5 ́  106 cells  
per sample). Cells were lysed with 50 µl of lysis buffer 
followed by protein quantification by the BCA method. 
Each cytosol extract was diluted to a concentration 
of 50–200 µg of protein per 50 µl of cell lysis buffer  
(1–4 mg/ml). Then 50 µl of 2´ reaction buffer (contain-
ing 10 mM DTT) was added to each sample; 5 µl of the 
4 mM DEVD-pNA substrate (200 µM final concentra-
tion) was added and incubated at 37°C for 2 h in the 
dark. Reactions were measured in a microplate reader at 
405-nm wavelength.

Cell Proliferation Assay

Cell growth was monitored by absorbance using the 
MTS assay according to the manufacturer’s instructions 
(Promega, Madison, WI, USA). Briefly, cells were plated 
in 96-well plates at a density of 1,000 cells per well. At 
the indicated times, 20 µl of CellTiter 96R AQueous One 
Solution Reagent (Promega) was added to cells. After 
incubating for 60 min at 37°C in the cell incubator, cell 
growth was measured in a microplate reader at 490 nm.

Generation and Imaging of HCC Xenografts in Mice

The 6-week-old BALB/c-nu mice were randomly 
divided into two groups (n = 3 per group). All mice were 
housed in standard conditions with a 12-h light/dark 
cycle and access to food and water ad libitum. All the 
mice were cared for in compliance with the National 
Research Council’s Guide for Animal Care. SK-Hep-1 
cells (5 ́  106) infected with lentivirus-expressing empty 
vector (shControl) or shHAT1 [in 100 µl of 1´ PBS plus 
100 µl of Matrigel (BD Biosciences, San Jose, CA, USA)] 
were injected subcutaneously into the right flank of mice. 
The tumor size was measured every other day for 21 days 
and calculated using the formula L ́  W 2 ́  0.5. Mice were 
sacrificed with CO2 asphyxiation on day 22 after injec-
tion, and tumor grafts were harvested. Tumor tissue was 
fixed with formalin and embedded in paraffin.

Measurements of Glucose Consumption  
and Lactate Production

At 24 h after plasmid transfection or 48 h after lenti-
virus infection, the spent medium was collected for mea-
surement of glucose and lactate concentrations. Glu cose 
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Figure 1. HAT1 is upregulated in HCC patient specimens. (A) Increased expression of HAT1 in HCC tissues (n = 220) compared with 
the normal liver tissues (n = 225) as revealed by Oncomining of the data reported by Roessler et al.11. (B) Representative images of IHC 
analysis of HAT1 protein expression on TMA (n = 50) tissue sections. Scale bars: 500 µm. (C) Box plots of HAT1 protein expression 
based on their staining index (SI) in nonmalignant adjacent tissues (NAT) and HCC specimens. The p values are also shown in the 
graphs. (D) Representative images of IHC analysis of HAT1 protein expression on TMA (n = 50) tissue sections. Scale bars: 500 µm. 
(E) Box plots of HAT1 protein expression based on their SI in HCC specimens at different clinical stages. G1, G2, and G3 represent 
well-differentiated, moderately differentiated, and poorly differentiated tumors, respectively. The p values are also shown.
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levels were determined using a glucose (GO) assay kit 
(Sigma-Aldrich). Glucose consumption was the differ-
ence in glucose concentration in the spent medium when 
compared with unused cell culture medium. Lactate levels 
were determined using a lactate assay kit (Eton Bioscience, 
San Diego, CA, USA).

Tissue Microarray and Immunohistochemistry

The tissue microarray (TMA) slides were purchased 
from the Department of Pathology of Xijing Hospital, 
Xi’an, P.R. China (Lot No. 1202A). Based on the percent-
age of positive cells, the staining was scored as follows: 
score 0, no positive cells; score 1, 1%–25% of positive 
cells; score 2, 26%–50% of positive cells; score 3, >50% 
of positive cells. The criteria for the staining intensity 
were as follows: 0 for negative, 1 for low staining, 2 for 
media staining, and 3 for strong staining. The final staining 
index (SI) for each staining was obtained by multiplying 
values obtained from staining percentage and intensity.

Statistical Analysis

Experiments were carried out with three or more rep-
licates unless otherwise stated. All values were expressed 
as means ± SD. Comparisons between two mean values 

were made by independent sample t-test. A value of 
p < 0.05 was considered statistically significant.

RESULTS

HAT1 Is Upregulated in HCC Patient Specimens

To examine HAT1 expression in human HCC, we 
first analyzed their mRNA level in HCC and normal pan-
creas tissues using Oncomine microarray gene expres-
sion datasets. We found that the HAT1 mRNA level in 
liver tumors was higher than that in normal liver tissues 
(Fig. 1A)11. Next, we sought to determine the HAT1 pro-
tein levels in human HCC specimens using the TMA 
approach. We examined the expression of the HAT1 
protein by immunohistochemistry (IHC) in HCC speci-
mens obtained from a cohort of patients (n = 50 normal 
tumor paired TMA specimens). IHC staining was evalu-
ated by measuring both percentage of staining-positive 
cells and staining intensity. The analysis showed that 
liver tumor tissues had a higher HAT1 expression level 
( p = 1.57e−6) when compared with adjacent normal tis-
sues (Fig. 1B and C). Furthermore, the HAT1 protein 
level was increased with tumor stage (Fig. 1D and E). 
Together, these data indicate that HAT1 is upregulated 
in HCC patient specimens.

Figure 2. HAT1 promotes HCC growth in culture. HepG2 and SK-Hep-1 cells were infected with control or two independent HAT1-
specific shRNAs. Forty-eight hours after transfection, cells were harvested for Western blot analysis (A), MTS assay (B), and colony 
formation assay (C). *p < 0.05.
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HAT1 Promotes HCC Growth in Culture

To determine the role of HAT1 in HCC progression, 
we examined the effect of HAT1 protein on HCC cell 
growth. HepG2 and SK-Hep-1 cells were infected with 
control, HAT1-specific shRNAs. Western blot showed 
that knockdown of HAT1 was effective in both HCC cells 
(Fig. 2A). Cell viability and colony formation assays indi-
cated that knockdown of HAT1 decreased cell growth in 
HCC cells (Fig. 2B and C). Taken together, these data 
suggest that HAT1 regulates HCC cell growth in vitro.

HAT1 Regulates Glucose Metabolism in HCC Cells

Increased aerobic glycolysis is a common characteristic 
in many human cancers, especially in HCC. Proliferative 
activity in HCC is closely correlated with glucose metabo-
lism12. We have shown that HAT1 played a significant 
role in the proliferative activity of HCC. To further ver-
ify the role of HAT1 in glucose metabolism in HCC, we 
first examined the expression change of genes associated 
with glucose metabolism in HepG2 and SK-Hep-1 cells 
after being infected with control, HAT1-specific shRNA. 

We found that the mRNA level of genes associated with 
glycolysis, such as LDHA, GLUT1, and PKM2, was 
upregulated after knockdown of HAT1 (Fig. 3A and B). In 
contrast, the mRNA level of genes associated with gluco-
neogenesis, including FBP1, decreased after knockdown 
of HAT1 (Fig. 3A and B). Furthermore, knockdown of 
HAT1 decreased glucose consumption and lactate produc-
tion in both HepG2 and SK-Hep-1 cells, which was con-
sistent with gene changes in both cells (Fig. 3C and D). 
These results indicate that HAT1-regulated reprogram-
ming of cancer cell metabolism might be involved, at 
least in part, in changing gene expression correlated with 
glucose metabolism in HCC cells.

Knockdown of HAT1 Sensitizes HCC Cells  
to Apoptotic Death Induced by Cisplatin

HCC is known to be a chemotherapy-resistant tumor6. 
Cisplatin is one of the therapeutic agents for HCC. 
Because of acquired or intrinsic drug resistance, cis-
platin is not efficient in conferring a survival benefit 
in HCC patients13. The Warburg effect is considered to 

Figure 3. HAT1 regulates glucose metabolism in HCC cells. (A, B) HepG2 and SK-Hep-1 cells were infected with control or two 
independent HAT1-specific shRNAs. Forty-eight hours after transfection, cells were harvested for RT-qPCR analysis. *p < 0.05. 
(C, D) Measurement of glucose consumption and L-lactate production in spent medium of HepG2 and SK-Hep-1 cells 48 h after 
transfection with indicated constructs. *p < 0.05.
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be a possible mechanism for cancer chemoresistance. 
Because of HAT1 being highly correlated with aerobic 
glycolysis in HCC, we sought to examine the role of 
HAT1 in cisplatin resistance. HCC cells were treated 
with cisplatin alone or in combination with HAT1 
knockdown. We found that HAT1 knockdown increased 

the cleaved PARP protein level and decreased caspase 3 
activity induced by cisplatin (Fig. 4A and B). MTS and 
colony formation assays showed that knockdown of 
HAT1 reduced HCC cell growth more when compared 
with the control group under cisplatin treatment only 
(Fig. 4C and D). Together, these results demonstrate that 

Figure 4. Knockdown of HAT1 sensitizes HCC cells to apoptotic death induced by cisplatin. HepG2 and SK-Hep-1 cells were 
infected with control or HAT1-specific shRNAs. Twenty-four hours after transfection, cells were treated with cisplatin (HepG2, 5 µM; 
SK-Hep-1, 40 µM). Forty-eight hours after transfection, cells were harvested for Western blot analysis (A). (B) Measurement of 
caspase 3 activity; data are means ± SD from two replicates. *p < 0.05. (C) Cell viability was measured by MTS assays; data are 
means ± SD from three replicates. *p < 0.05, **p < 0.01. (D) Equal numbers of cells and control cells were seeded onto a 60-mm dish. 
After 7 days, the cells were fixed and stained with crystal violet; data are means ± SD from two replicates. *p < 0.05, **p < 0.01.
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knockdown of HAT1 sensitizes HCC cells to apoptotic 
death induced by cisplatin.

Knockdown of HAT1 Inhibits HCC Growth in Mice

To explore the role of HAT1 in HCC growth in vivo, 
SK-Hep-1 cells infected with control or HAT1-specific 
shRNAs were injected subcutaneously into the right 
flank of nude mice for the xenograft assay. Similarly, 
knockdown of HAT1 inhibited the growth of SK-Hep-1 
xenografts in mice (Fig. 5A and B). The xenografts were 
subjected to IHC analysis for Ki-67 expression (Fig. 5C). 
Knockdown of HAT1 resulted in a decrease in Ki-67 
staining compared with the control group (Fig. 5C and D). 
These results suggest that knockdown of HAT1 inhibits 
HCC growth in vivo.

DISCUSSION

HAT1 is a classic type B histone acetyltransferase, and 
it can only acetylate newly synthesized histone H4 but 
not nucleosomal histone14. It acts as an oncoprotein and 
is highly expressed in many cancer cells14. HAT1 mRNA 
and protein levels are elevated in primary and metastatic 
human colon cancer tissues15. Moreover, HAT1 plays an 
important role in the development of malignant lympho-
mas, and it might be an indicator for a poor prognosis in 

cases of diffuse large B-cell lymphoma7. Our data dem-
onstrated that HAT1 was upregulated in HCC patient 
specimens, and HAT1 protein level was increased with 
tumor stage, and upregulation of HAT1 promoted HCC 
growth in culture and in mice. Our results suggest that 
HAT1 may contribute to tumorigenesis in HCC.

Based on the Warburg’s proposal, tumor cells have the 
capacity to produce energy through glycolysis without 
having a sufficient oxygen supply. Increased aerobic gly-
colysis is a common characteristic in rapidly proliferating 
cancer cells16,17. Proliferative activity in HCC is closely 
correlated with glucose metabolism2. HCC displays an 
aerobic glycolytic phenotype, which often correlates 
with tumor progression and worse clinical outcomes18,19. 
Therefore, a better understanding of the mechanism of 
glycolysis could be of paramount significance for the 
development of new therapeutics for HCC treatment. 
Here we demonstrate that HAT1 promotes the Warburg 
effect, in part, via changing gene expression correlated 
with glucose metabolism in HCC cells. Through this 
regulation, HAT1 could be an ideal molecular target in 
HCC therapy.

Cisplatin is one of the chemotherapeutic agents for 
advanced HCC. Cisplatin resistance is a common prob-
lem with improving the survival rate for patients with 

Figure 5. Knockdown of HAT1 inhibits HCC growth in mice. (A, B) SK-Hep-1 cells were infected with control or HAT1-specific 
shRNAs. Seventy-two hours after infection, cells were injected subcutaneously into the right flank of nude mice. Tumor growth 
was measured every other day for 21 days, and tumors were harvested and photographed. Data are presented as means ± SD (n = 3). 
*p < 0.05. (C, D) IHC analysis of Ki-67 expression in xenografts was performed, and staining was quantified. All data shown are 
means ± SD (error bar) from 10 replicates. *p < 0.05.
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HCC13. During the development of cisplatin resistance in 
human cancer cells, numerous epigenetic and/or genetic 
changes are involved in this process20. Here we showed 
that the knockdown of HAT1 sensitizes HCC cells to 
apoptotic death induced by cisplatin. It is reported that 
HAT1 promoted homologous recombination in DNA 
repair by facilitating histone turnover, and HAT1 plays 
an important role in the maintenance of genomic stability 
in higher eukaryotic cells14. Meanwhile, our results also 
showed that HAT1 participated in the aerobic glycolysis 
process in HCC. Collectively, the abovementioned effect 
of HAT1 in malignant cells contributes to cisplatin resis-
tance in HCC.

Taken together, our study demonstrated that HAT1 
was upregulated in HCC patient specimens and promoted 
HCC growth in vivo and in vitro. Furthermore, HAT1 
regulates glucose metabolism and was involved in cispla-
tin resistance in HCC cells. These findings have revealed 
important aspects of the function of HAT1 on the tumor 
progression and drug resistance in HCC and represent a 
viable strategy for effective treatment of HCC.
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