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Abstract. HECT domain and ankyrin repeat containing E3 
ubiquitin protein ligase 1 (HACE1) is frequently downregulated 
or lost in numerous types of cancer, including liver cancer. The 
aim of the present study was to examine whether demethylation 
of the HACE1 gene could inhibit tumour progression. The 
expression of HACE1 was detected in liver cancer cell lines. 
Clustered regularly interspaced short palindromic repeats 
(CRISPR)‑CRISPR‑associated (Cas)‑based demethylation 
single guide RNAs for the HACE1 gene promoter were designed 
and transfected into liver cancer cells. Subsequently, prolif-
eration was detected by MTT and colony formation assays, and 
optineurin (OPTN) ubiquitination and microtubule‑associated 
proteins 1A/1B light chain 3B protein levels were detected 
by immunoblotting. The levels of HACE1 were significantly 
reduced in liver cancer cell lines compared with in a normal 
liver cell line. Demethylation of the HACE1 gene promoter 
increased HACE1 expression, inhibited the proliferation of liver 
cancer cells, and promoted OPTN ubiquitination and autophagy 
activity in liver cancer cells. In conclusion, activation of HACE1 
expression by promoter demethylation may provide a suitable 
approach for anticancer therapy.

Introduction

Liver cancer has the fourth highest cancer mortality rate 
worldwide, and China is a country with a high incidence rate 
of liver cancer, where it accounts for ~40% of the total number 

of cancer cases and cases of cancer‑associated mortality (1,2). 
Surgery remains the most effective treatment option for 
patients with liver cancer (3,4). The majority of liver cancer 
cases are diagnosed at an advanced or unresectable stage; 
therefore, novel therapeutic strategies and therapeutic targets 
are required. Current studies mainly focus on the pathogenic 
genes and molecular mechanisms involved in liver cancer (5,6).

HECT domain and ankyrin repeat containing E3 ubiq-
uitin protein ligase 1 (HACE1) is a member of the HECT 
domain‑containing E3 ligase family and was originally identi-
fied to be associated with the occurrence of Wilms' tumour (7). 
Furthermore, additional studies revealed that lower expres-
sion or mutations of HACE1 are associated with numerous 
types of human malignant tumours, including breast cancer, 
colorectal cancer, lung cancer, liver cancer, gastric cancer and 
lymphoma (5,8‑12), which suggests that HACE1 functions as 
a tumour suppressor. Additional research concerning HACE1 
has focused on a variety of downstream pathways; for example, 
HACE1 has been reported to act as a tumour suppressor by 
ubiquitinating optineurin (OPTN) and activating selective 
autophagy (10).

In mammalian cells, DNA methylation is critical for the 
regulation of gene expression and, therefore, serves a pivotal 
role in numerous physiological and pathological processes (13). 
DNA hypermethylation of tumour suppressor genes silences 
their expression and contributes to several types of human 
cancer (9,14). Targeted DNA demethylation via the widely 
used clustered regularly interspaced short palindromic repeat 
(CRISPR)‑CRISPR‑associated (Cas) system has been widely 
reported on in recent years (15‑17). A strategy for targeted 
demethylation of specific genomic loci by tethering Tet1‑CD to 
the MS2 RNA element‑containing single guide RNA (sgRNA) 
2.0 system‑guided dCas9 and MS2 bacteriophage coat proteins 
was the first sgRNA and Cas9‑mediated demethylation system 
to be reported (15,17).

In the present study, low HACE1 expression was identified 
in human liver cancer cell lines compared with in a normal 
liver cell line. Subsequently, HACE1 expression was activated 
via targeted DNA demethylation using a two‑plasmid system. 
Finally, in the present study, increased HACE1 expression 
was revealed to inhibit proliferation and activate selective 
autophagy in liver cancer cells.
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Materials and methods

Plasmid const ruct ion.  The pdCas9‑Tet1‑CD and 
pcDNA3.1‑MS2‑Tet1‑CD plasmids were provided by Professor 
Ronggui Hu (Chinese Academy of Sciences, Shanghai, 
China). sgRNAs targeting HACE1 were designed using an 
online tool (version 1.2; http://crispr.mit.edu/) as previously 
described (18). The designed sgRNAs (Table I) were synthe-
sized as oligonucleotides (Sangon Biotech Co., Ltd., Shanghai, 
China), annealed and inserted into the pdCas9‑Tet1‑CD vector, 
which was digested with BbsI.

Cell culture and transfection. The human liver cancer cell 
lines HepG2 and Huh7, and the normal liver cell line L02 
were obtained from the Cell Bank of the Chinese Academy 
of Sciences (Shanghai, China). The human liver cancer cell 
line Hep3B was purchased from the American Type Culture 
Collection (Manassas, VA, USA). All four cell lines have been 
authenticated by short tandem repeat profiling within the last 
2 years. All cell lines were cultured in Dulbecco's modified 
Eagle's medium supplemented with 10% foetal bovine serum, 
100 U/ml penicillin and 100 mg/ml streptomycin (all Gibco; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) in a 
37˚C humidified atmosphere with 5% CO2. For the demeth-
ylation experiments, Hep3B or HepG2 cells (104 cells/well) 
were seeded into plates and the pdCas9‑Tet1‑CD (10 µg) and 
pcDNA3.1‑MS2‑Tet1‑CD (8 µg) plasmids were transfected into 
cells using Lipofectamine® 2000 (Thermo Fisher Scientific, 
Inc.). The subsequent experiments were performed 48  h 
post‑transfection. For colony formation assays, cell lines with 
stable expression of the demethylation system were established 
as previously described (15).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from cells using a total 
RNA kit (Tiangen Biotech Co., Ltd., Beijing, China). cDNA 
was synthesized using the ReverTra Ace qPCR RT Master Mix 
(Toyobo Life Science, Osaka, Japan). The temperature protocol 
was as follows: Incubation at 37˚C for 15 min, 50˚C for 5 min, 
and then 98˚C for 5 min. qPCR was performed to assess the 
relative abundance of HACE1 mRNA using specific primers 
(Table II) and SYBR Green dye (Toyobo Life Science) on an 
ABI 7500 fast real‑time PCR system (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). Thermocycling conditions 
were as follows: Initial denaturing at 94˚C for 2 min followed 
by 40 cycles of 95˚C for 15 sec, 58˚C for 15 sec and 72˚C for 
30 sec. The relative abundance of HACE1 was normalized to 
that of GAPDH using the 2‑ΔΔCq method (19). All data were 
obtained from at least three independent experiments.

Bisulphite DNA sequencing. Genomic DNA (gDNA) was 
extracted from cells of the indicated groups (control cells 
and cells transfected with sgRNA  1, 4 and 5) using the 
standard phenol‑chloroform extraction method (20). gDNA 
was treated with bisulphite using the CpGenome Turbo 
Bisulphite Modification kit (EMD Millipore, Billerica, MA, 
USA) according to the manufacturer's protocol. The modified 
DNA was amplified using Platinum Taq DNA Polymerase 
(Thermo Fisher Scientific, Inc.) with the respective primer 
sets that recognize bisulphite‑modified DNA only (Table II). 

The cycling parameters were as follows: Initial denaturing at 
94˚C for 2 min, followed by 33 cycles of 95˚C for 15 sec, 58˚C 
for 15 sec and 72˚C for 30 sec. Subsequently, the PCR prod-
ucts were cloned into the pMD18‑T vector (Takara Bio, Inc., 
Otsu, Japan) and were sent for Sanger sequencing by Biosune 
Biotechnology, Co. (Shanghai, China).

Cell proliferation assay. Cells stably transfected with the 
demethylation system were seeded into a 96‑well plate 
(3,000 cells/well). For this experiment, 6 h post‑cell seeding 
was defined as the 0 h time point. After 0, 24 or 48 h, the cells 
were incubated with MTT solution (cat. no. C0009; Beyotime 
Institute of Biotechnology, Haimen, China) for 4 h at 37˚C. 
The formazan product was then dissolved in dimethyl sulf-
oxide and quantified spectrophotometrically at a wavelength 
of 570 nm using a microplate reader (Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA). Experiments were performed in 
triplicate and repeated three times.

Colony formation assay. Cells stably transfected with 
the demethylation system were seeded into 6‑well plates 
(1,000 cells/well). After 7 days, the cells were fixed with 4% 
paraformaldehyde (Sigma‑Aldrich; Merck KGaA, Darmstadt, 
Germany) on ice for 30 min and stained with 0.1% crystal 
violet (cat. no. C0121; Beyotime Institute of Biotechnology) 
for 20 min at room temperature.

IP and immunoblotting. For IP, ~6 million cells transfected 
with the demethylation system were lysed in IP buffer 
(50 mM Tris‑HCl, 5 mM EDTA, 0.1% SDS and 1% Nonidet 
P‑40) supplemented with a protease inhibitor cocktail 
(Roche Diagnostics, Basel, Switzerland). Protein concen-
tration of cell lysates was determined using the Pierce™ 
Bicinchoninic Acid Protein Assay Kit (Thermo Fisher 
Scientific, Inc.) and 2 mg protein of the whole‑cell‑lysate 
was incubated with OPTN antibody (1:100 dilution; 
cat. no. 10837‑1‑AP; Proteintech Group, Inc., Chicago, IL, 
USA) and protein G agarose beads (cat. no. 16‑266, Merck 
KGaA) overnight at 4˚C. The immunoprecipitants were 
enriched and denatured at 100˚C for 10 min in 2X SDS‑PAGE 
loading buffer. The whole‑cell‑lysate input (20 µg), and 

Table I. Sequences of the sgRNA target sites used in construc-
tion of the pdCas9‑Tet1‑CD expression plasmids.

sgRNA for	 Target site sequence
HACE1	 (protospacer adjacent motif region)

sgRNA1	 5'‑GCCCTGGGCGGAGTCACGTTGGG‑3'
sgRNA2	 5'‑GCGCCCAGGCCACGCCAACGCGG‑3'
sgRNA3	 5'‑TGGGCGTACTCCTAAGCTTCTGG‑3'
sgRNA4	 5'‑GAGTACGCCCAGTCGCTGCGTGG‑3'
sgRNA5	 5'‑CCTGCCGGGCGGCTTTATGAGGG‑3'
sgRNA6	 5'‑CCCTCATAAAGCCGCCCGGCAGG‑3'
sgRNA7	 5'‑CGTTGATGATGTATGTTGGCTGG‑3' 

HACE1, HECT domain and ankyrin repeat containing E3 ubiquitin 
protein ligase 1; sgRNA, single guide RNA.
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immunoprecipitants were then separated by SDS‑PAGE 
(4% concentrating gel and 10% separating gel), and trans-
ferred onto polyvinylidene difluoride membranes (Bio‑Rad 
Laboratories, Inc.). Membranes were blocked in 5% milk 
in TBS with 0.1% Tween‑20 for 1 h at room temperature. 
The membranes were incubated at room temperature for 2 h 
with primary antibodies against ubiquitin (1:1,000 dilution; 
cat. no. sc‑47721; Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA), OPTN (1:2,000 dilution), HACE1 (1:1,000 dilu-
tion; cat. no. ab133637; Abcam, Cambridge, UK), GAPDH 
(1:5,000 dilution; cat. no. 60004‑1‑Ig; Proteintech Group, 
Inc.) and microtubule‑associated proteins 1A/1B light chain 
3B (LC3; 1:500 dilution; cat. no. L7543; Sigma‑Aldrich; 
Merck KGaA). Membranes were incubated with horseradish 
peroxidase(HRP)‑conjugated goat anti‑mouse IgG (H+L) 
or HRP‑conjugated goat anti‑rabbit IgG (H+L) secondary 
antibodies (1:5,000 dilution; cat. nos. G‑21040 and 31460; 
Thermo Fisher Scientific, Inc.) for 1 h at room temperature. 
Protein was then labelled by adding 1 ml SuperSignal™ West 
Pico PLUS Chemiluminescent Substrate (cat. no. 34577; 
Thermo Fisher Scientific, Inc.). The signal was visualized 
using the Tanon 5200 Imaging System (Tanon Science and 
Technology Co., Ltd., Shanghai, China).

Statistical analysis. All experiments were performed in 
triplicate. All values are presented as the means ± standard 
deviation. One‑way analysis of variance was performed with 
Tukey's post hoc multiple comparisons test using GraphPad 
Prism software (version 5; GraphPad Software, Inc., La Jolla, 
CA, USA). P<0.05 was considered to indicate a statistically 
significant difference.

Results

Lower expression of HACE1 in human liver cancer cell lines. 
To explore the expression profile of HACE1 in human liver 
cancer cell lines, lysates from three liver cancer cell lines 
(Hep3B, HepG2 and Huh‑7) and one normal liver cell line 
(L‑02) were prepared. Immunoblot analysis indicated that the 
protein levels of HACE1 decreased in the three liver cancer 
cell lines compared with in the normal liver cell line (Fig. 1A). 
The mRNA expression levels of HACE1 in the normal liver 
cell line were ~4 times higher than those in the liver cancer 
cell lines (Fig. 1B).

CRISPR‑Cas‑based HACE1 promoter demethylation sgRNA 
design and activity detection. Using the previously described (14) 
two‑plasmid demethylation system (Fig. 2A), seven sgRNAs 
were designed that targeted regions between ‑1,000 bp and 
the transcription start site (TSS) of the human HACE1 gene 
(Fig. 2B). At 48 h after the transfection of Hep3B and HepG2 
cells with dCas9‑Tet1‑CD (sgRNAs 1‑7) and MS2‑Tet1‑CD, two 
sgRNAs (4 and 5) were identified to increase the transcription of 
HACE1 mRNA by 4‑5 times compared with the control group 
with no sgRNA (Fig. 2C). Furthermore, immunoblot analysis 

Table II. Sequences of the primers used in RT‑qPCR and bisulphite DNA sequencing.

Target gene	 Forward primer (5'‑3')	 Reverse primer (5'‑3')

Primers for RT‑qPCR		
  GAPDH	 GAGTCAACGGATTTGGTCGTATTG 	 ATTTGCCATGGGTGGAATCATATTG
  HACE1	 GCAAGAAATGGGCAGAAGAAATGTA	 CATCCTCAACATCAACATCACTGAC
Primers for bisulphite
DNA sequencing
  HACE1 promoter	 ATAGGGATATAATATAGTTTAA	 AAAAACTATAATTTCCAACTA 

HACE1, HECT domain and ankyrin repeat containing E3 ubiquitin protein ligase 1; RT‑qPCR, reverse transcription‑quantitative polymerase 
chain reaction. 

Figure 1. Expression profile of HACE1 in normal liver and liver cancer cell 
lines. (A) Protein expression profile of HACE1 in normal liver and liver 
cancer cell lines detected by immunoblotting. L‑02 is a normal liver cell line; 
Hep3B, HepG2 and Huh‑7 are liver cancer cell lines. (B) mRNA expression 
levels of HACE1 in normal liver and liver cancer cell lines detected by reverse 
transcription‑quantitative polymerase chain reaction. Data are presented as 
the means ± standard deviation of three independent experiments and were 
analysed using one‑way analysis of variance with Tukey's post hoc test. 
**P<0.01. HACE1, HECT domain and ankyrin repeat containing E3 ubiquitin 
protein ligase 1; IB, immunoblotting.



YU et al:  DEMETHYLATION OF HACE1 IN LIVER CANCER CELLS4364

indicated that the protein levels of HACE1 were evidently 
increased in cells transfected with the aforementioned two 
sgRNAs (4 and 5) compared with the control group or sgRNA 1, 
which had little effect on HACE1 gene expression and was used 
as a negative control (Fig. 2D).

Upregulation of the target HACE1 gene by specific DNA 
demethylation. To determine whether the upregulated HACE1 
gene transcription was a direct result of targeted demethylation 
that occurred at a specific HACE1 promoter sequence, the meth-
ylation status of sgRNA‑targeted loci (between ‑500 bp and 

Figure 2. CRISPR‑Cas‑based HACE1 promoter demethylation sgRNA design and activity detection. (A) Schematic representation of the sgRNA‑guided 
demethylation system expression cassettes. (B) Seven sgRNAs were designed to target regions between ‑1,000 bp and the TSS of the human HACE1 gene. 
sgRNAs recognizing their respective target sites were shown in a black‑red colour (red colour represents the protospacer adjacent motif region), and the CpG 
sites were indicated with red lines. (C) HACE1 mRNA expression was detected by reverse transcription‑quantitative polymerase chain reaction 48 h after 
co‑transfection with sgHACE1(1‑7)‑guided dCas9‑Tet1‑CD and MS2‑Tet1‑CD in Hep3B and HepG2 cells. The results subsequent to normalization for the 
control group (without sgRNA) are presented. (D) HACE1 protein expression was detected by immunoblotting 48 h after co‑transfection with HACE1 sgRNA 
(1, 4 and 5)‑guided dCas9‑Tet1‑CD and MS2‑Tet1‑CD in Hep3B and HepG2 cells. Data are presented as the means ± standard deviation of three independent 
experiments and were analysed using one‑way analysis of variance with Tukey's post hoc test. **P<0.01 compared with control group. Cas, CRISPR‑associated; 
CRISPR, clustered regularly interspaced short palindromic repeats; HACE1, HECT domain and ankyrin repeat containing E3 ubiquitin protein ligase 1; IB, 
immunoblotting; sgRNA, single guide RNA; TSS, transcription start site.
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TSS) was examined using a bisulphite sequencing approach. As 
shown in Fig. 3A and B, expression of the two‑plasmid demeth-
ylation system resulted in the removal of methyl groups from the 
neighbouring CpG islands of the HACE1 gene promoter in the 
Hep3B and HepG2 cell lines. Additionally, the percentages of 
methylated CpG for each CpG island are shown.

Demethylation of HACE1 inhibits human liver cancer cell 
proliferation and colony formation. A previous study reported 
that HACE1 has a tumour‑suppressive role in hepatocellular 
carcinoma  (5). To evaluate whether CRISPR‑Cas‑induced 
upregulation of HACE1 resulted in physiologically relevant 
effects, the proliferation of Hep3B and HepG2 cells was 

Figure 3. CRISPR‑Cas‑based sgRNA system promotes HACE1 promoter demethylation. Percentages of methylated DNA at each site in the HACE1 promoter 
(between ‑500 bp and TSS) were determined by bisulphite sequencing 48 h after co‑transfection with sgHACE1 (1, 4 and 5)‑guided dCas9‑Tet1‑CD and 
MS2‑Tet1‑CD in (A) Hep3B and (B) HepG2 cells. Each line represents an individual clone, and each circle represents an individual CpG island. A black circle 
represents a methylated CpG and a white circle represents an unmethylated CpG. The percentages of methylated CpG in each CpG island are shown. Cas, 
CRISPR‑associated; CRISPR, clustered regularly interspaced short palindromic repeats; HACE1, HECT domain and ankyrin repeat containing E3 ubiquitin 
protein ligase 1; sgRNA, single guide RNA; TSS, transcription start site.
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detected by MTT assays at 24 and 48 h post transfection. 
sgRNAs 4 and 5‑induced HACE1 upregulation significantly 
inhibited liver cancer cell proliferation compared with the 
control and sgRNA 1 groups (Fig. 4A).

The demethylation systems containing sgRNAs 4 and 5 
were stably expressed in Hep3B and HepG2 cells; subsequently, 
these cells underwent colony formation assays. Decreased 
colony numbers were observed in the sgRNA 4 and 5 groups 
compared with in the control and sgRNA 1 groups (Fig. 4B). 
These data suggested that CRISPR‑Cas‑based upregulation of 
HACE1 resulted in physiologically relevant effects and inhib-
ited liver cancer cell proliferation.

Demethylation of HACE1 promotes OPTN ubiquitination 
and autophagy in liver cancer cells. Ubiquitination of the 
autophagy receptor OPTN by HACE1 has been demonstrated 

to activate selective autophagy, resulting in tumour suppression 
in lung cancer (10). In the present study, it was investigated if 
this phenomenon could also occur in liver cancer cells. The 
ubiquitination of OPTN markedly increased when cells were 
transfected with demethylation system vectors containing 
sgRNAs 4 or 5 (Fig.  5). LC3 is a central protein in the 
autophagy pathway, where it functions in autophagy substrate 
selection and autophagosome biogenesis. As a result, LC3 is 
the most widely used marker of autophagosomes. The ratio 
of LC3 II to LC3 I clearly increased when Hep3B and HepG2 
cells were transfected with demethylation system vectors 
containing sgRNAs 4 or 5 compared with the control and 
sgRNA 1 groups (Fig. 5). Collectively, these results suggested 
that increased expression of HACE1 by targeted demethylation 
may promote OPTN ubiquitination and autophagy activity in 
liver cancer cells.

Figure 4. Demethylation of HACE1 inhibits liver cancer cell proliferation and colony formation. (A) sgRNA‑mediated HACE1 demethylation inhibited liver 
cancer cell proliferation. Hep3B and HepG2 cells stably co‑transfected with sgHACE1 (1, 4 and 5)‑guided dCas9‑Tet1‑CD and MS2‑Tet1‑CD were seeded into 
96‑well plates, and cell proliferation was detected by an MTT assay at different time points. For this assay, 6 h after the cells were seeded was considered as 
the 0 h time point. Three independent experiments were performed. (B) sgRNA‑mediated HACE1 demethylation inhibited liver cancer cell colony formation. 
Hep3B or HepG2 cells (1,000) stably co‑transfected with sgHACE1 (1, 4 and 5)‑guided dCas9‑Tet1‑CD and MS2‑Tet1‑CD were seeded into 6‑well plates. The 
colonies were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet 7 days after seeding. The colony numbers were counted and calculated 
using three samples from each group. Data are expressed as the means ± standard deviation and were analysed using one‑way analysis of variance with 
Tukey's post hoc test. *P<0.05, **P<0.01. Cas, clustered regularly interspaced short palindromic repeats‑associated; HACE1, HECT domain and ankyrin repeat 
containing E3 ubiquitin protein ligase 1; sgRNA, single guide RNA.
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Discussion

HACE1 downregulation has been identified in numerous 
types of cancer, including hepatocellular carcinoma, breast 
cancer, colorectal cancer, gastric cancer and leukaemia (5,11). 
Previous studies have demonstrated that decreased expression 
or deletion of HACE1 caused by HACE1 methylation or ubiq-
uitination is associated with the occurrence and invasion of 
various types of carcinoma (18,21-23). HACE1 is a candidate 
tumour suppressor gene and a potential therapeutic target for 
several types of human cancer, including liver cancer. The 
results of the present study indicated that demethylation of the 
HACE1 promoter enhanced its expression, and inhibited prolif-
eration and colony formation of liver cancer cells. However, a 
previous study demonstrated that HACE1 promotes melanoma 
cell migration and adhesion in vitro and that it is required 
for mouse lung colonization by melanoma cells in vivo (24). 
These findings indicated that whether HACE1 acts as a tumour 
suppressor gene or oncogene may depend on the cancer type.

HACE1 was first studied in Wilms' tumour and was later 
identified to be frequently lost or downregulated in a variety 
of tumours. Its role in tumour suppression has been extensively 
investigated, and a number of studies have indicated that 
HACE1 can restrain reactive oxygen species generation, control 
cell fate by regulating TNF receptor superfamily member 1A, 
and impede tumour growth by accelerating the ubiquitination 
of Rac family small GTPase 1 (11,25,26). Notably, it has been 
reported that HACE1 acts as a tumour suppressor by ubiqui-
tinating OPTN, and that it activates selective autophagy (10). 

The present study indicated that demethylation of the HACE1 
promoter may lead to OPTN ubiquitination and elevated 
protein levels of LC3 II.

A previous study indicated that the dCas9‑based demethyl-
ation system has non‑additive effects (14). In the present study, 
the two‑plasmid demethylation system efficiently removed the 
methyl groups from neighbouring CpG islands on the HACE1 
gene promoter in liver cancer cells.

In conclusion, further efforts are required to apply the 
dCas9‑based demethylation system in animal models to inves-
tigate liver cancer that is aetiologically caused by HACE1 gene 
hypermethylation. Activating the expression of HACE1 may 
be a promising approach for anticancer therapy.
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