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A B S T R A C T   

Epigenetic alteration by oxidative stress is vitally involved in carcinogenesis and cancer pro-
gression. Previously, we demonstrated that oxidative stress was increased in hepatocellular car-
cinoma (HCC) patients and associated with tumor aggressiveness. Herein, we 
immunohistochemically investigated whether histone methylation, specifically H4K20me3, was 
upregulated in human hepatic tissues obtained from HCC patients (n = 100). Also, we experi-
mentally explored if the H4K20me3 was upregulated by reactive oxygen species (ROS) and 
contributed to tumor progression in HCC cell lines. We found that H4K20me3 level was increased 
in HCC tissues compared with the adjacent noncancerous liver tissues. H3K9me3 and H3K4me3 
levels were also increased in HCC tissues. Cox regression analysis revealed that the elevated 
H4K20me3 level was associated with tumor recurrence and short survival in HCC patients. 
Experimentally, H2O2 provoked oxidative stress and induced H4K20me3 formation in HepG2 and 
Huh7 cells. Transcript expression of histone methyltransferase Suv420h2 (for H4K20me3), 
Suv39h1 (for H3K9me3), and Smyd3 (for H3K4me3) were upregulated in H2O2-treated HCC cells. 
H2O2 also induced epithelial-mesenchymal transition (EMT) in HCC cells, indicated by decreased 
E-cadherin but increased α-SMA and MMP-9 mRNA expression. Migration, invasion, and colony 
formation in HCC cells were markedly increased following the H2O2 exposure. Inhibition of 
H4K20me3 formation by A196 (a selective inhibitor of Suv420h2) attenuated EMT and reduced 
tumor migration in H2O2-treated HCC cells. In conclusion, we demonstrated for the first time that 
H4K20me3 level was increased in human HCC tissues, and it was independently associated with 
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poor prognosis in HCC patients. ROS upregulated H4K20me3 formation, induced mRNA 
expression of EMT markers, and promoted tumor progression in human HCC cells. Inhibition of 
H4K20me3 formation reduced EMT and tumor aggressive phenotypes in ROS-treated HCC cells. 
Possibly, ROS-induced EMT and tumor progression in HCC cells was epigenetically mediated 
through an increased formation of repressive chromatin H4K20me3.   

1. Introduction 

Alteration of histone methylation changes gene expression and contributes to the development of several diseases, including 
cancer. The most well-characterized chromatin marks for inactive chromatin and gene silencing are H3K9me3, H3K27me3, and 
H4K20me3, whereas the best-known mark for active chromatin and transcriptional activation is H3K4me3. Alteration of these 
chromatin marks is contributed to tumorigenesis and progression of human cancers [1]. In hepatocellular carcinoma (HCC), dysre-
gulation of H3K4me3, H3K9me3, and H3K27me3 are well recognized [2], but the formation and oncogenic contribution of H4K20me3 
in HCC are only slightly explored. 

Mechanistically, development of HCC is linked to oxidative stress [3–6] and dysregulated histone methylation [2]. We previously 
reported an increased oxidative stress in HCC patients compared with healthy subjects [5]. Furthermore, we demonstrated that Nrf2 
and 8-hydroxydeoxyguanosine (8-OHdG) were upregulated in HCC tissues of the patients [3]. According to the literature, H3K4me3 
and its lysine methyltransferase (Smyd3) are upregulated in human HCC tissues, and elevated level of H3K4me3 was associated with 
poor survival in HCC patients [7]. Increased H3K9me3 level is also demonstrated in human HCC tissues, and it is correlated with the 
tumor differentiation [8]. For H3K27me3, its level is also increased in human HCC tissues [9,10]. Still, formation and clinical sig-
nificance of H4K20me3 repressive chromatin mark in human HCC have not been investigated. 

Oxidative stress induced by reactive oxygen species (ROS) has been demonstrated to alter histone modification pattern [11,12]. 
Increased histone H4 acetylation was demonstrated in alveolar epithelial A549 cells exposed to H2O2 [13]. Chronic exposure of human 
kidney cells to H2O2 caused downregulation of H3K4ac and H3K9ac, but upregulation of H3K4me3 and H3K27me3 [14]. Hitherto, a 
cause-and-effect relationship between ROS and H4K20me3 formation in HCC has not been explored. 

In this study, we investigated the level of H4K20me3 in liver tissues obtained from Thai HCC patients using immunohistochemical 
staining. Levels of H3K9me3 and H3K4me3 in HCC tissues were also immunohistochemically explored. Association of H4K20me3 level 
with tumor recurrence and patients’ survival were evaluated. Furthermore, we experimentally investigated whether ROS could in-
crease levels of these three chromatin marks, particularly H4K20me3, and promote HCC progression. 

Table 1 
Demographic and clinical data of the HCC patients.  

Characteristics Frequency (%) 

Number of patients 92 
Age (mean ± SD) (year old) 64.0 ± 11.0 
Sex  
• Male 79 (86.0 %)  
• Female 13 (14.0 %) 
Hepatitis B infection 51 (55.4 %) 
Hepatitis C infection 12 (13.0 %) 
Alcoholic disease 6 (6.5 %) 
Nonalcoholic steatohepatitis (NASH) 2 (2.2 %) 
Tumor differentiation  
• Well differentiation 27 (29.3 %)  
• Moderate differentiation 49 (53.2 %)  
• Poor differentiation 16 (17.4 %) 
Cirrhosis (n = 75)  
• Yes 46 (61.3 %)  
• No 29 (38.7 %) 
Metastasis (n = 74)  
• Yes 5 (6.8 %)  
• No 69 (93.2 %) 
Total bilirubin (mean ± SD, mg/dL) 1.9 ± 4.4 
Albumin (mean ± SD, mg/dL) 3.4 ± 0.7 
SGOT (mean ± SD, U/L) 357.4 ± 603.9 
SGPT (mean ± SD, U/L) 269.8 ± 416.7 
ALP (mean ± SD, U/L) 94.0 ± 81.1  
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2. Materials and methods 

2.1. Patients and paraffin-embedded tissues 

Immunohistochemical (IHC) staining for H4K20me3 was performed in 100 paraffin-embedded liver sections obtained from his-
tologically proved HCC patients. Of 100, 92 cases (mean aged 64 ± 11 years, 79 (86 %) males and 13 (14 %) females) had clinical data 
available for association analysis. Demographic and clinical data of studied HCC patients are displayed in Table 1. Levels of H3K9me3 
and H3K4me3 in human HCC tissues were previously reported in many studies [7,8]. Therefore, in this study, the IHC staining for 
H3K9me3 and H3K4me3 was carried out only in 32 and 31 HCC sections, respectively, to confirm whether their levels in our HCC 
cohorts were similar to that previously reported. In all 100 HCC liver sections, 15 sections contained both cancerous and adjacent 
noncancerous areas and were called paired tissue sections. 

2.2. Immunohistochemical staining 

Paraffin-embedded sections were deparaffinized and rehydrated. Heat-induced antigen retrieval was performed in sodium citrate 
buffer (pH 6.0). Endogenous peroxidase was inactivated by incubating in 0.3 % H2O2 solution for 30 min. Non-specific binding was 
blocked with normal horse serum (RTU Vectastain Kit, PK-7200) for 30 min. Sections were incubated with primary antibodies either 
1:250 H4K20me3 (ab9053, Abcam), or 1:500 H3K9me3 (ab8898, Abcam), or 1:500 H3K4me3 (ab8580, Abcam) at 4 ◦C, overnight. 
After washing, sections were incubated with the biotinylated universal antibody for 1 h, followed by ABC reagent for 30 min (Universal 
Elite Vector Kit, PK-7200). Immunoreactive complexes were visualized using diaminobenzidine (DAB) staining. Sections were 
counterstained with hematoxylin. Finally, the stained sections were dehydrated, cleared, and mounted. 

Relative levels of H4K20me3, H3K9me3, and H3K4me3 formation were evaluated based on the percentage of positive hepatocytes 
(graded into 0 = 0 %, 1 = 1–25 %, 2 = 26–50 %, 3 = 51–75 %, 4 = 75–100 %) and the intensity of staining (quantified by the Celleste 
Image Analysis Software, Thermo Fisher Scientific: intensity level >150–180 = 0, >120–150 = 1, >90–120 = 2, >60–90 = 3, 30–60 =
4), averaged from five different microscopic fields. IHC score was calculated by multiplication of % positive cell score (0–4) with 
intensity score (0–4). Therefore, the minimum IHC score was 0, and the maximum was 16. Representative micrographs for IHC scores 
of 8, 12, and 16 are shown in Supplementary Fig. 1. 

2.3. HCC cell lines and cultured condition 

Two HCC cell lines, HepG2 (kindly gift from Prof. Antonio Bertoleti, Singapore Institute for Clinical Sciences, A*Star) and Huh7 
(JCRB0403, Osaka, Japan), were used in the study. Cells were maintained in DMEM/high glucose medium without pyruvate (Hyclone) 
containing FBS and non-essential amino acid in a 5 % CO2 incubator at 37 ◦C. Oxidative stress in HCC cells was induced by exposure to 
the sub-lethal concentrations of H2O2 (30 μM for HepG2 and 60 μM for Huh7; appropriate concentrations that could induce the highest 
degree of oxidative stress in cells with a minimum cytotoxicity) for 72 h in serum-free medium. Based on the MTT assay, H2O2 
concentrations of 30 μM and 60 μM showed the minimal cytotoxic effect to HepG2 and Huh7 cells, respectively (Supplementary Fig. 2). 
Therefore, we opted to use these concentrations in the subsequent experiments. The treatment period of 72 h was selected because it 
caused an apparent increase in tumor progressive activities in HCC cells following the H2O2 treatment. 

2.4. Intracellular ROS generation 

Dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay was employed to determine ROS production in HCC cells [15]. Cells were 
seeded in 96-well black plate and incubated at 37 ◦C with 5 % CO2 overnight, and then incubated with the freshly prepared DCFH-DA 
solution (0.5 mM in serum-free DMEM) at 37 ◦C for 30 min. After washing with PBS, a conditioned medium containing H2O2 was 
added to each well. Fluorescent intensity was measured (excitation at 480 nm, emission at 535 nm) at the beginning (T0) and at the end 
at 60 min (T60). The arbitrary fluorescent unit (AFU) indicated the level of intracellular ROS was calculated from T60/T0. 

2.5. Protein carbonylation assay 

After 72 h of treatment, cells were lysed using radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitor 
cocktail. Protein concentration was determined by bicinchoninic acid assay. Protein carbonyl content was measured as described 
earlier [15]. Cell lysates were incubated with 10 mM DNPH (test) or 2 N HCl (reagent blank) for 60 min in the dark. Cold 20 % tri-
chloroacetic acid was added and incubated on ice for 10 min. After centrifugation (10,000×g, 4 ◦C for 15 min), the pellet was collected 
and washed with ethanol: ethyl acetate (1:1 vol ratio), then centrifugated at 10,000×g, 4 ◦C for 30 min. The washed pellet was then 
dissolved in 6 M guanidine chloride at 60 ◦C for 30 min. Absorbance at 375 nm was measured. The level of protein carbonyl normalized 
by total protein content was calculated from ((A347DNPH-A375HCl) x 45.45)/protein concentration. 

2.6. Total antioxidant capacity (TAC) measurement 

TAC was measured using the 2, 2-diphenyl-1-picrylhydrazyl (DPPH) method. DPPH was freshly prepared in 80 % methanol. 
Absorbance (at 517 nm) of the DPPH solution was adjusted to 0.650 ± 0.020 before use. Sample (test) or water (blank) (5 μL) was 
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added to the DPPH solution (295 μL). The mixture was incubated at room temperature for 30 min in the dark, and absorbance (A) at 
517 nm was measured. Antioxidant activity (%AA) of each sample was calculated from: %AA = ((Ablank-Atest)/Ablank) x 100. Vitamin C 
standard with known concentrations (0, 0.25, 0.5, and 1 mM) was used to generate a standard curve (%AA vs. vitamin C concen-
trations). TAC of each sample was derived from the standard curve and expressed as vitamin C equivalent antioxidant capacity 
(VCEAC). 

2.7. RNA extraction and quantitative reverse transcription-polymerase chain reaction (qRT-PCR) 

Total RNA was extracted from HCC cells using the GF-1 total RNA extraction kit (Vivantis, Buckinghamshire, Malaysia), and RNA 
concentration was measured using a Nanodrop spectrophotometer (Thermo Scientific, Wilmington, USA). cDNA was synthesized from 
RNA template (1 μg) using the reverse transcription kit (Thermo Scientific, USA). The qPCR was performed in the QuantStudio™ 6 
Real-Time PCR system (Thermo Fisher Scientific) using SYBR Green PCR Master Mix (Biotechrabbit, Germany) and specific primers 
(Supplementary Table 1). Relative mRNA expression was calculated by the 2-△△CT method normalized against GAPDH endogenous 
control. Experiments were done in triplicate. 

2.8. Western blot 

Histone protein samples were separated by SDS-PAGE (12 % gel). After electrophoresis (100 V for 20 min, and 200 V for 30 min), 
proteins were transferred to a PVDF membrane (180 mA for 60 min). Membrane was incubated with 5 % skimmed milk in TBS-T at 
room temperature for 1 h, followed by primary antibodies either 1:10,000 H4K20me3 (ab9053, Abcam) or 1:20,000 H3K9me3 
(ab8898, Abcam) or 1:20,000 H3K4me3 (ab8580, Abcam) antibodies at 4 ◦C overnight. After washing, membrane was incubated with 
1:10,000 corresponding secondary antibodies for 1 h. The immunocomplex signal was developed using the SuperSignal™ West Femto 
Maximum Sensitivity Substrate (ThermoFisher Scientific) and imaged using the ChemiDoc™ Touch Imaging System (Bio-Rad Labo-
ratories). Histone H4 and Histone H3 were detected as loading controls using 1:10,000 anti-Histone H4 mouse antibodies (mAbcam 
31830, Abcam) and 1:20,000 anti-Histone H3 mouse antibodies (14269, Cell Signaling Technology), respectively. Experiments were 
done in triplicate. 

2.9. Transwell assay for cell migration 

After treating with or without H2O2 for 72 h, cells (5 × 104 cells in serum-free DMEM) were seeded in a Transwell chamber (pore 
size of 8 μm). Fresh medium containing 10 % FBS was added to the bottom chamber. After 24 h incubation, cells that migrated to the 
lower chamber were trypsinized and transferred to the medium with FBS. Resuspended cells were incubated with the CellTiter-Glo® 
(Promega) and shaken for 10 min at room temperature. Luciferase activity reflecting numbers of migrated cells was measured (Tecan 
infinite 200 PRO). Experiments were done in triplicate. 

2.10. Boyden chamber assay for cell invasion 

Matrigel-precoated Transwell chambers (8 μM pore size, BD Falcon, USA) were rehydrated in DMEM for 2 h at 37 ◦C. Cells 
resuspended in serum-free DMEM were added to the upper chamber (insert). DMEM supplemented with 10 % FBS was added to the 
lower chamber. After 24 h incubation, non-invaded cells in the upper chamber were removed using a cotton-tipped swab. Invaded cells 
were stained with crystal violet and counted under the light microscope. Experiments were done in triplicate. 

2.11. Clonogenic assay 

After 72 h treatment, approximately 1 × 103 cells in DMEM containing 10 % FBS were seeded in a 6-well plate. Colonies were 
grown for 7–14 days. Cells were fixed and stained with the FixNStain solution containing 4 % formaldehyde and 0.1 % crystal violet for 
10 min. Then, cells were washed with tap water and dried at room temperature. The number of colonies was counted and imaged using 
the AlphaView Stand Alone ver. 1.2 Software. Experiments were done in triplicate. 

2.12. Statistical analysis 

Data were presented as mean ± standard error of mean (SEM). Categorical data were presented as frequency and percentage. Two- 
sample t-test or Mann-Whitney test was used to find the difference between the two independent groups. The difference in paired tissue 
samples was tested by paired sample t-test. Kaplan–Meier (KM) survival curve was created. The equality of KM curves was tested using 
a log-rank test. Cox regression was used to calculate the hazard ratio (HR). GraphPad Prism 9.5.1 (GraphPad, La Jolla, CA) and StataSE 
12 (StataCrop LLC, College Station, TX) were employed for graphs and statistical analyses. P value < 0.05 was considered statistically 
significant. 
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3. Results 

3.1. Increased levels of H4K20me3, H3K9me3, and H3K4me3 in human HCC tissues 

Level of H4K20me3, labeled in the nuclei of hepatocytes, was increased in HCC tissues compared with the adjacent noncancerous 
liver tissues (Fig. 1A). IHC score of H4K20me3 in HCC tissues (n = 100) was significantly higher than that in noncancerous tissues (n =
15) (P = 0.0004). In 15 HCC sections that contained both cancerous and noncancerous areas (paired cancerous and noncancerous liver 
tissues), the level of H4K20me3 in cancerous tissues was significantly greater than in noncancerous tissues (P = 0.001) (Fig. 1A). The 
H3K9me3 level in HCC tissues was increased compared with the noncancerous tissues (Fig. 1B). The IHC score of H3K9me3 in HCC 
tissues (n = 32) was significantly higher than noncancerous tissues (n = 15) (P < 0.0001). Also, the level of H3K4me3 was increased in 
HCC tissues relative to the noncancerous tissues (Fig. 1C). The IHC score of H3K4me3 in HCC tissues (n = 31) was significantly higher 
than in noncancerous tissues (n = 15) (P < 0.0001). In the paired hepatic sections containing both cancerous and noncancerous areas, 
IHC scores of both H3K9me3 and H3K4me3 were significantly higher in cancerous areas than in noncancerous areas. Both H3K9me3 
and H3K4me3 were clearly stained in nuclei of hepatocytes. 

H&E staining was performed in all tissue sections, and the stained sections were evaluated by the pathologist (A.S.) to denote the 
cancerous and noncancerous areas. Representative H&E-stained liver tissues were displayed in Supplementary Fig. 3. 

Fig. 1. IHC staining of H4K20me3, H3K9me3 and H3K4me3 in human HCC tissues. A: Representative micrographs of H4K20me3 compared be-
tween noncancerous and cancerous hepatic tissues. B: Representative micrographs of H3K9me3 compared between noncancerous and cancerous 
hepatic tissues. C: Representative micrographs of H3K4me3 compared between noncancerous and cancerous hepatic tissues. Bars in micrographs: 
100 μm. Magnification: 400×. 
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3.2. Elevated level of H4K20me3 associated with poor prognosis 

Associations of H4K20me3 level with time to tumor recurrence and patients’ survival were evaluated using the KM curve estimator. 
Level of H4K20me3 formation was categorized into two groups, high (IHC score ≥7.3, n = 55) and low (IHC score <7.3, n = 18) levels. 
High level of H4K20me3 was associated with tumor recurrence (Fig. 2A). The log-rank test revealed that high H4K20me3 level was 
significantly associated with an increased risk of tumor recurrence (P = 0.0259). Based on Cox regression analysis, patients with high 
H4K20me3 level had 3.77 times higher risk for tumor recurrence than those with low H4K20me3 level (crude HR: 3.77, 95 % CI: 
1.09–13.11). After adjusting for age, sex, and tumor differentiation, the adjusted HR of 3.72 (95 % CI: 1.07–12.96) was obtained. 

Association of H4K20me3 level with overall survival of HCC patients was further evaluated. Hepatic level of H4K20me3 was 
recategorized into elevated (IHC score ≥11, n = 27) and low (IHC score <11, n = 65) levels. Elevated H4K20me3 was significantly 
associated with a short survival in HCC patients (Log-rank test P = 0.0306) with crude HR of 2.78 (95 % CI: 1.06–7.30) (Fig. 2B). After 
adjusting for age, sex, and tumor differentiation, the adjusted HR of 4.00 (95 % CI: 1.21–13.26) was revealed, indicated that patients 
with elevated H4K20me3 level had 4 times higher risk of death than those with low H4K20me3 level. 

Level of H4K20me3 in HCC tissues were compared among patients with different etiology. We found no significant difference of 
IHC score of H4K20me3 among HCC patients with hepatitis B infection, those with hepatitis C infection, those with alcoholic disease, 
those with NASH, and those with other causes (Supplementary Fig. 4). 

3.3. H4K20me3 formation induced by ROS in HCC cells 

HepG2 and Huh7 cells exposed to H2O2 (at sub-toxic concentrations) had significantly increased intracellular ROS production 
(Fig. 3A and F) and protein carbonylation (Fig. 3B and G). By contrast, the levels of TAC in HepG2 and Huh7 cells treated with H2O2 
were significantly lower than in the untreated controls (Fig. 3C and H). Moreover, transcript expression of Nrf2 and NQO1 were 
significantly upregulated in HepG2 and Huh7 cells treated with H2O2 compared with the untreated controls (Fig. 3D, E, 3I and 3J). 
These indicated that H2O2-treated HCC cells were experiencing oxidative stress. 

Level of H4K20me3, H3K9me3, and H3K4me3 in HCC cells was increased in H2O2-treated conditions relative to untreated controls 
(Fig. 4A). Band intensity quantitation showed that the level of H4K20me3 following H2O2 treatment in both HepG2 and Huh7 cells was 
significantly higher than untreated control (Fig. 4B). Also, H3K4me3 level in H2O2-treated Huh7 cells was significantly higher than in 
untreated control. Following H2O2 treatment, H3K9me3 level tended to be increased in both HepG2 and Huh7 cells, but H3K4me3 
level tended to be increased in HepG2 cells. 

Transcript expression of histone lysine methyltransferases responsible for forming H4K20me3 (Suv420h2), H3K9me3 (Suv39h1) 
and H3K4me3 (Smyd3) were investigated (Fig. 5). The expression of Suv39h1 mRNA was significantly upregulated in H2O2-treated 
HCC cells (both HepG2 and Huh7) compared with untreated controls (Fig. 5B and E). Likewise, Suv420h2 and Smyd3 mRNA 
expression were significantly increased in H2O2-treated Huh7 cells compared with controls (Fig. 5D and F), but they were marginally 
increased in H2O2-treated HepG2 cells (Fig. 5A and C). 

3.4. Tumor aggressiveness augmented by ROS in HCC cells 

Several lines of evidence demonstrate that ROS induce epithelial-mesenchymal transition (EMT) and contribute to tumor pro-
gression [16,17]. In this study, we found that E-cadherin mRNA expression was significantly lower in HepG2 and Huh7 cells treated 
with H2O2 than untreated controls (Fig. 6A and D). By contrast, α-SMA mRNA expression was significantly upregulated following the 
H2O2 treatment in both HepG2 and Huh7 cells compared with untreated controls (Fig. 6B and E). In addition, expression of MMP-9 
mRNA in H2O2-treated cells (both HepG2 and Huh7) was significantly greater than untreated controls (Fig. 6C and F). 

Fig. 2. Kaplan-Meier survival analysis based on H4K20me3 level in HCC patients. A: KM survival curve for tumor recurrence compared between low 
(green line) and high (red line) H4K20me3 level. B: KM survival curve for overall survival compared between low (green line) and high (red line) 
H4K20me3 level. 
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Fig. 3. Oxidative stress induction by ROS in HCC cells (72 h exposure). A: Intracellular ROS production in HepG2. B: Protein carbonyl content in HepG2. C: Total antioxidant capacity in HepG2. D: 
Relative Nrf2 mRNA expression in HepG2. E: Relative NQO1 mRNA expression in HepG2. F: Intracellular ROS production in Huh7. G: Protein carbonyl content in Huh7. H: Total antioxidant capacity in 
Huh7. I: Relative Nrf2 mRNA expression in Huh7. J: Relative NQO1 mRNA expression in Huh7. Experiments were done in triplicate. Error bars indicate SEM. 
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Change in progressiveness of HCC cells following ROS treatment was determined. The number of migrated and invaded cells 
following H2O2 treatment (both for HepG2 and Huh7) were significantly higher than untreated controls (Fig. 7A and B). The colony 
formation assay showed that the number of colonies formed in H2O2-treated condition (both for HepG2 and Huh7) were significantly 
higher than those untreated controls (Fig. 7C). These suggested that ROS increased the progressive activity of HCC cells, at least in part, 
through EMT. 

We further investigated whether inhibition of H4K20me3 formation could inhibit EMT and reduce tumor aggressive activity in 
H2O2-treated HCC cells. A196 was used as a selective inhibitor of Suv420 histone methyltransferases. Tocopheryl acetate (TA), as 
antioxidant, was used to see whether attenuation of oxidative stress could also reduce EMT and tumor aggressiveness in H2O2-treated 
HCC cells. We found that A196, but not TA, effectively reduced H4K20me3 level in H2O2-treated HepG2 and Huh7 cells (Fig. 8A). The 
mRNA expression of EMT mesenchymal marker α-SMA in H2O2-treated HepG2 cells was significantly reduced by both A196 and TA 
(Fig. 8B). Cell migration assay demonstrated that both A196 and TA significantly reduce the migration activity in H2O2-treated HepG2 
and Huh7 cells (Fig. 8C). Therefore, the inhibition of H4K20me3 formation by A196 could reduce EMT and tumor aggressive activity in 
H2O2-treated HCC cells. Although it was not extensively investigated, our present findings suggested that ROS-induced HCC pro-
gression was, at least in part, mediated through an increased H4K20me3 formation. 

4. Discussion 

We investigated whether ROS altered histone methylations and promoted tumor progression in HCC. We found that formation of 
H4K20me3, H3K9me3, and H3K4me3 were significantly increased in human HCC tissues compared with the adjacent noncancerous 
liver tissues. Elevated level of H4K20me3 was independently associated with tumor recurrence and poor survival in HCC patients. 
Experimentally, H2O2 provoked oxidative stress and upregulated H4K20me3 formation in HepG2 and Huh7 cells. H2O2 increased 
mRNA expression of EMT markers and enhanced migration, invasion, and colony formation of HCC cells. Inhibition of H4K20me3 
formation by Suv420 histone methyltransferase inhibitor A196 reduced EMT and migration activity in H2O2-treated HCC cells. Our 
findings suggested that the induction of EMT and tumor aggressiveness in HCC cells following ROS exposure was, at least in part, 
mediated through an increased H4K20me3 formation. 

We clearly showed that H4K20me3 was upregulated in HCC tissues compared with the adjacent noncancerous liver tissues, and the 

Fig. 4. Histone methylation changes by ROS in HepG2 and Huh7 cells. A: Western blot images of H4K20me3, H3K9me3 and H3K4me3 compared 
between H2O2-treated and untreated control conditions. Were also increased in H2O2 treated cells compared with untreated controls. B: Band 
intensity quantitation of H4K20me3, H3K9me3 and H3K4me3 compared between H2O2-treated and control conditions. Experiments were done in 
triplicate. Error bars indicate SEM. The full non-adjusted blot images are shown in Supplementary Fig. 5. 
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elevated level of H4K20me3 could independently predict the tumor recurrence (adjusted HR: 3.72 (95 % CI: 1.07–12.96) and patients’ 
survival (adjusted HR: 4.00 (95 % CI: 1.21–13.26). These data indicated that HCC patients with elevated H4K20me3 level had about 4 
times higher risks for tumor recurrence and death than those with low level. According to the literature, both upregulation and 
downregulation of H4K20me3 were reported in malignant tissues, for instances, upregulation in brain cancer [18], and down-
regulation in lung [19] and colorectal [20] cancers. Our study is the first study demonstrating that H4K20me3 level is increased in HCC 
patients and its upregulation is associated with a poor prognosis. 

In addition to H4K20me3, H3K9me3 and H3K4me3 levels were also increased in HCC tissues compared with noncancerous liver 
tissues. Upregulation of H3K9me3 was reported in several cancers, such as gastric cancer [21], colon cancer [22] and HCC [23]. 
Likewise, H3K4me3 upregulation was demonstrated in esophagus [24] and breast cancers [25]. Patients with esophageal squamous 
cell carcinoma who had a poor prognosis exhibited high level of H3K9me3, high level of H4K20me3, and low level of H3K36me3 [26]. 
In early-stage colon cancer patients, low H3K4me3, high H3K9me3 and high H4K20me3 were associated with a good prognosis [27]. 
Low levels of H3K9me3, H4K20me3, and H3K36me3 in patients with distal common bile duct cancer were associated with poor overall 
survival and event-free survival [28]. In HCC, increased levels of H3K9me3 and H3K4me3 were associated with short survival and HCC 
development [7,23]. Previously, we reported that HCC patients had increased oxidative stress compared with the healthy subjects [3, 
5]. Our present findings showed that upregulation of H4K20me3, H3K9me3, and H3K4me3 coincided with increased oxidative stress 
in human HCC. Recently, we demonstrated in bladder cancer cells that chromatin structures were profoundly altered in cells subjected 
to oxidative stress [12]. Therefore, we hypothesized that ROS might be a cause of histone methylation dysregulation that consequently 
led to tumor progression in HCC. 

Experimentally, we showed that ROS provoked oxidative stress and altered histone methylation in HCC cell lines. In kidney and 

Fig. 5. Transcript levels of histone methyltransferases upregulated by ROS in HepG2 and Huh7 cells. A: Suv420h2 mRNA expression in HepG2 
following H2O2 treatment. B: Suv39h1 mRNA expression in HepG2 following H2O2 treatment. C: Smyd3 mRNA expression in HepG2 following H2O2 
treatment. D: Suv420h2 mRNA expression in Huh7 following H2O2 treatment. E: Suv39h1 mRNA expression in Huh7 following H2O2 treatment. F: 
Smyd3 mRNA expression in Huh7 following H2O2 treatment. Experiments were done in triplicate. Error bars indicate SEM. 
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lung cancers, changes in histone modification and expression of histone-modifying enzymes following H2O2 exposure were shown to 
be associated with tumorigenesis and progression [13,14]. Increased Suv420h2 expression was associated with advanced stage of 
pancreatic cancer [29]. High expression of Suv39h1 and H3K9me3 were associated with development and progression of HCC [23]. In 
addition, elevated expression of Smyd3 was associated with HCC development in patients with hepatic B virus infection [30]. These 
lines of evidence suggest that dysregulation of histone modification and histone-modifying enzymes by ROS play vital roles in cancer 
development. 

It is well recognized that ROS induce oxidative stress and promote tumor progression. Recently, we reported that ROS induced cell 
migration and invasion in bladder cancer cells [31]. However, the role of ROS in tumor progression in HCC is largely unknown. 
Fundamentally, cancer cells acquire EMT to become more aggressive [32]. Induction of EMT by ROS in cancers is well documented 
[16,33]. In this study, we asked if ROS promoted HCC progression through EMT. We showed that E-cadherin mRNA was down-
regulated in HCC cells following the H2O2 treatment. In contrast, α-SMA and MMP-9 transcripts were upregulated in H2O2-treated HCC 
cells. A previous study by Lim et al. demonstrated that ROS activated hypermethylation of E-cadherin promoter via upregulation of 
Snail [34]. Others showed that ROS (generated through NOX4) activated the TGF-β-induced EMT via Nrf2 signaling pathway [35,36]. 
MMP-9 plays an essential role in extracellular matrix remodeling and membrane protein cleavage, and it is associated with cancer 
development. MMP-9 was reported to induce breast cancer metastasis via ROS-dependent MAPK and Akt pathways [37]. Here, we 
demonstrated that ROS enhanced progressiveness of HCC cells, as seen by increases in colony formation, cell migration, and cell 
invasion. Although we did not investigate extensively, our findings suggested that ROS increased the aggressive capability of HCC cells 

Fig. 6. Induction of EMT by ROS in HepG2 and Huh7 cells. A: mRNA expression of epithelial marker E-cadherin in HepG2 treated with H2O2 and 
untreated control. B: mRNA expression of mesenchymal marker α-SMA in HepG2 treated with H2O2 and untreated control. C: mRNA expression of 
MMP-9 in HepG2 treated with H2O2 and untreated control. D: mRNA expression of E-cadherin in Huh7 treated with H2O2 and untreated control. E: 
mRNA expression of α-SMA in Huh7 treated with H2O2 and untreated control. F: mRNA expression of MMP-9 in Huh7 treated with H2O2 and 
untreated control. Experiments were done in triplicate. Error bars indicate SEM. 
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through EMT acquisition and MMP upregulation. 
Recently, Viotti et al. showed that Suv420h2 stimulated EMT through its repressive mark H4K20me3 in pancreatic cancer [29]. In 

this study, we found that H4K20me3 was upregulated in HCC cells following the H2O2 treatment, and it corresponded well with the 

Fig. 7. Tumor aggressiveness induced by ROS in HCC cells. A: Cell migration assay compared between HepG2 and Huh7 cells treated with H2O2 and 
untreated controls. B: Cell invasion assay compared between HepG2 and Huh7 cells treated with H2O2 and untreated controls. C: Colony formation 
assay compared between HepG2 and Huh7 cells treated with H2O2 and untreated controls. Experiments were done in triplicate. Error bars indi-
cate SEM. 
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Fig. 8. Inhibition of H4K20me3 formation by Suv420 inhibitor (A196) in H2O2-treated HCC cells. A196 and tocopheryl acetate (TA at 300 μM, acted as antioxidant) were co-treated with H2O2 in HepG2 
and Huh7 cells for 72 h. A: Western blot images showing efficacy of A196 (at 2.5 and 5 μM) in decreasing H4K20me3 level in HepG2 and Huh7 treated with H2O2. B: qRT-PCR results showing the effect 
of A196 and TA on transcript expression of Suv420h2, E-cadherin, α-SMA and Nrf2 in H2O2-treated HepG2 and Huh7 cells. C: Cell migration assay showing the inhibition of cell migration by A196 and 
TA in HepG2 and Huh7 treated with H2O2. Experiments were done in duplicate. Error bars indicate SEM. The full non-adjusted blot images are shown in Supplementary Fig. 6. 
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upregulation of Suv420h2 mRNA (at least in Huh7 cells). We also showed that inhibition of H4K20me3 formation in H2O2-treated HCC 
cells by Suv420 inhibitor could decrease EMT and tumor aggressive phenotype, profoundly observed in HepG2 cells. Taken together, 
our present findings suggested that upregulation of Suv420h2 by ROS was responsible for an increased formation of H4K20me3 in HCC 
cells, and the increased H4K20me3 further stimulated EMT and promoted HCC aggressiveness. 

Limitations of the study should be mentioned. In this study, HCC cells were treated with a sub-lethal concentration of H2O2 for three 
days. Some epigenetic alterations induced by ROS may require a more extended period, as shown for the 6 months in the study by 
Mahalingaiah et al. [14]. Protein expression of histone methyltransferases (Suv420h2, Suv39h1, and Smyd3) by Western blot in 
H2O2-treated HCC cells were not investigated. Experiments to validate the effects of H2O2 on the levels of histone marks in HCC cells 
using other pro-oxidant agents were not performed in this study. Since HCC cells already have a certain level of basal oxidative stress, it 
would be interesting to explore if the basal expression of histone methyltransferases could be reduced by antioxidant intervention. 
Whether ROS caused changes in chromatin remodeling at EMT-related genes (e.g., inactive chromatin formation at the E-cadherin 
gene and active chromatin formation at the α-SMA gene) was not investigated in this study, and it should be further explored. For the 
induction of EMT by H2O2, we demonstrated only mRNA expression of EMT markers. Protein expression of EMT markers were not 
determined. 

In conclusion, inactive chromatin (H4K20me3 and H3K9me3) and active chromatin (H3K4me3) were upregulated in human HCC 
tissues. To our knowledge, this is the first study reporting an increased level of H4K20me3 in human HCC tissues. The elevated hepatic 
level of H4K20me3 was independently associated with tumor recurrence and poor survival in HCC patients. ROS provoked oxidative 
stress, increased H4K20me3 formation, induced transcript expression of EMT markers, upregulated MMP-9 mRNA expression, and 
increased tumor aggressive activities in HCC cells. Suv420 inhibitor decreased H4K20me3 formation, reduced EMT and attenuated 
tumor aggressive phenotypes in ROS-treated HCC cells. Our findings suggested that the augmentation of EMT and tumor aggres-
siveness by ROS in HCC was, at least in part, mediated through an increased H4K20me3 formation. Decreasing H4K20me3 formation 
by histone methyltransferase inhibitor might be a new therapeutic approach to decelerate HCC progression. 
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