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Hepatocellular carcinoma (HCC) is an aggressive and 
incurable cancer. Although understanding of the molecular 
pathogenesis of HCC has greatly advanced, therapeutic 
options for the disease remain limited. In this study, we 
demonstrated that SETD5 expression is positively associated 
with poor prognosis of HCC and that SETD5 depletion 
decreased HCC cell proliferation and invasion while inducing 
cell death. Transcriptome analysis revealed that SETD5 loss 
downregulated the interferon-mediated inflammatory 
response in HCC cells. In addition, SETD5 depletion 
downregulated the expression of a critical glycolysis gene, 
PKM (pyruvate kinase M1/2), and decreased glycolysis activity 
in HCC cells. Finally, SETD5 knockdown inhibited tumor 
growth in xenograft mouse models. These results collectively 
suggest that SETD5 is involved in the tumorigenic features 
of HCC cells and that targeting SETD5 may suppress HCC 
progression.
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INTRODUCTION

Liver cancer is a globally prevalent disease, and its incidence 

has increased annually (Qiu et al., 2019). Among different 

types of liver cancer, hepatocellular carcinoma (HCC) is the 

most common, accounting for approximately 90% of liver 

cancers (Llovet et al., 2021). Although extensive efforts have 

reduced the mortality of many cancers through early detec-

tion and treatment, HCC remains challenging and has a poor 

prognosis (Siegel et al., 2018). Along with the difficulty of 

diagnosing asymptomatic cancerous outgrowth in the liver, 

limited effective therapeutic options for liver cancer are ob-

stacles to improving HCC prognosis. Patients with early-stage 

HCC tumors can be cured by resection, transplantation or 

transarterial chemoembolization and ablation (Llovet et al., 

2021). However, patients with advanced HCC who are not 

eligible for surgical treatments require systemic therapies. In 

an effort to develop more efficient systemic therapies, more 

than 10 candidate drugs have been clinically tested in recent 

decades, but only a few of these drugs, such as sorafenib, 

lenvatinib, regorafenib, and cabozantinib, have been ap-

proved (Chen et al., 2020). Intriguingly, the approved drugs 

are small molecules that inhibit multiple protein kinases 

rather than single molecular targets, and the efficacies of 
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these drugs have been quite small. The overall survival of 

sorafenib-treated patients increased ~3 months compared 

with control treatment (Llovet et al., 2008). The effective 

response rate for lenvatinib was reported to be only 24% 

(Kudo et al., 2018). The median survival time of regorafenib 

administered to sorafenib-resistant patients was only 6.4 

months (Bruix et al., 2017). In addition, the median pro-

gression-free survival of cabozantinib increased 3.3 months 

compared to the placebo group (Abou-Alfa et al., 2018). 

Targeting the tumor microenvironment by inhibiting angio-

genesis (bevacizumab, ramucirumab) or immune checkpoints 

(atezolizumab, nivolumab, ipilimumab) through monoclonal 

antibody-based drugs was also approved for the treatment 

of advanced HCC and displayed prominent efficacy in some 

cases (Saung et al., 2021). However, these immunotherapies 

have been beneficial for only a subset of patients, the bio-

markers of which remain unclear (Feng et al., 2021). These 

low efficacies of current approved therapies highlight the ne-

cessity to explore more therapeutic targets to overcome HCC.

 Epigenetic alterations linked to transcriptional reprogram-

ming or genomic stability are highly implicated in cancer 

(Shen and Laird, 2013). Epigenetic instability often mediates 

the phenotypic plasticity of cancer cells and thus promotes 

aggressive progression via drug resistance and metastasis 

(Brown et al., 2014). Several epigenetic regulators, includ-

ing SET domain-containing histone lysine methyltransfer-

ases (KMTs), which enable the catalysis of histone and/or 

nonhistone protein methylation at lysine residues (Dillon 

et al., 2005), have emerged as potent biomarkers and/or 

therapeutic targets in different cancers (Jones et al., 2016). 

For example, EZH2 and MLL are intimately associated with 

the tumorigenesis of glioblastoma and leukemia (Kim and 

Roberts, 2016; Liedtke and Cleary, 2009). Other KMTs, in-

cluding Suv39H1 and SETD2, were reported to be involved 

in the drug resistance of colorectal cancer and non-small-cell 

lung cancer, respectively (Kim et al., 2019; Lu et al., 2020). 

Together, these findings raise the possibility that the identi-

fication of KMTs involved in HCC progression may aid in the 

development of more efficient targets for HCC.

 The human genome encodes at least 48 different SET 

domain-containing KMTs. Some of these KMTs have been 

well characterized, whereas the others remain understudied 

(Albert and Helin, 2010). SETD5 is a putative KMT-containing 

SET domain. The biological function of SETD5 was initially 

characterized in mouse models. SETD5-haploinsufficient 

mice exhibit severe developmental defects, such as abnormal 

brain-to-body weight ratios (Deliu et al., 2018) and impair-

ment in the proliferative dynamics of neural progenitors 

(Sessa et al., 2019). At the cellular level, SETD5 loss reduced 

embryonic stem cell proliferation by increasing apoptosis and 

aberrant cell cycle progression (Osipovich et al., 2016). The 

physiological importance of SETD5 in humans was reported 

by studies to show loss-of-function mutations of SETD5 in 

intellectual disability and autism disorders (Deliu et al., 2018; 

Fernandes et al., 2018; Moore et al., 2019). Molecular analy-

ses proposed that SETD5 might function through its interac-

tion with the HDAC3 and PAF1 complexes (Deliu et al., 2018; 

Osipovich et al., 2016). More recently, SETD5 was shown to 

be involved in different cancers (Piao et al., 2020; Sowalsky 

et al., 2015; Yu et al., 2019; Yang et al., 2021). These studies 

demonstrate that SETD5 is implicated in aggressive tumori-

genic progression. However, the functional involvement of 

SETD5 in liver cancer remains unclear.

 In this study, we explored the clinical significance of 48 

different SET domain-containing human KMTs in liver cancer 

progression and showed that SETD5 is a novel HCC-related 

gene. In subsequent functional analyses, we demonstrated 

that SETD5 promotes glycolytic activity and survival of HCC. 

Together, this study suggests SETD5 as a possible target to 

treat HCC.

MATERIALS AND METHODS

Cell culture
The human HCC cell lines HLE, HepG2, HLF, and Huh1 were 

obtained from the American Type Culture Collection (ATCC, 

USA). The human HCC cell line Huh7 was purchased from 

the Japanese Collection of Research Bioresources Cell Bank 

(JCRB, Japan). HepG2, Huh1, and Huh7 cells were main-

tained in Dulbecco’s modified Eagle’s medium (DMEM), and 

HLE and HLF cells were cultured in Roswell Park Memorial 

Institute 1640 medium (RPMI 1640). All of these media were 

supplemented with 10% (v/v) heat-inactivated fetal bovine 

serum (FBS) and 1% (v/v) antibiotic-antimycotic. Cells were 

cultured at 37°C with 5% CO2.

Transfection reagents and chemicals
Small interfering RNA (siRNA) transfection and DNA transfec-

tion were performed using RNAiMAX (Invitrogen, USA) and 

Lipofectamine 3000 transfection reagent (Invitrogen), respec-

tively. 2-Deoxy-D-glucose (D6134) and doxycycline (D9891) 

were purchased from Sigma-Aldrich (USA). Doxycycline was 

added at 50 ng/ml for short hairpin RNA (shRNA) induction.

Western blot analysis
Whole cells were lysed in a chilled lysis buffer (150 mM sodi-

um chloride, 1% Triton X-100, 0.5% sodium deoxycholate, 

0.1% SDS, and 50 mM Tris pH 8.0) with protease inhibitor 

cocktail (Roche, Switzerland). The protein concentration was 

determined using the Bradford assay. The same amount of 

protein was resolved by SDS-PAGE. After electrophoresis, 

the proteins were transferred onto nitrocellulose membranes 

(BioTrace NT Nitrocellulose membrane; PALL, USA). Then, 

the membrane was blocked for 1 h at room temperature 

using 5% skim milk in TBST buffer. The membrane was 

incubated overnight at 4°C with the following primary anti-

bodies: anti-SETD5 (MBS8245298, 1:1,000; MyBioSource, 

USA), anti-alpha-tubulin (SC-23948, 1:10,000; Santa Cruz 

Biotechnology, USA), anti-PARP (9542, 1:1,000; Cell Signal-

ing Technology, USA), anti-H3K27me3 (07-449, 1:1,000; 

Sigma-Aldrich), anti-H3K4me3 (39159, 1:1,000; Active 

Motif, Germany), anti-H3K9me2 (39375, 1:1,000; Active 

Motif), anti-H3K36me3 (ab9050, 1:1,000; Abcam, UK), an-

ti-total H3 (ab1791, 1:1,000; Abcam), anti-phospho-STAT1 

(9167, 1:1,000; Cell Signaling Technology), anti-STAT1 

(9172, 1:1,000; Cell Signaling Technology), anti-MDA5 

(5321, 1:1,000; Cell Signaling Technology), and anti-PKM 

(ab137791, 1:1,000; Abcam).
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Cell proliferation assay
To examine the growth rate of SETD5-depleted cells, cells 

were directly transfected in 96-well plates (Day 0). After 

transfection, the cells were analyzed 1 and 3 days after trans-

fection. At the experimental time point, MTT solution was 

added, and the sample was incubated for 2 h in a 37°C in-

cubator. Then, the medium was removed by suctioning, and 

insoluble formazan was dissolved in DMSO. The absorbance 

was measured at 570 nm using a Luminoskan Ascent Micro-

plate Luminometer (Thermo Fisher Scientific, USA). The value 

at Day 3 was normalized to the value at Day 1, and the value 

of the measurement was calculated relative to the control. All 

experiments were conducted independently thrice. To exam-

ine the sensitivity of SETD5-depleted HCC cells to 2-DG, cells 

were directly transfected in 96-well plates. Twenty-four hours 

after transfection, the cells were treated with 2.5 mM 2-DG 

for 48 h. Cell viability was determined by measuring lumi-

nescent signals from cells treated with CellTiter-Glo reagent 

(G7572; Promega, USA) using a multilabel plate reader (Vic-

tor X3; Perkin Elmer, USA). All experiments were conducted 

independently thrice.

Transfection of small-interfering RNAs
For transfection, cells were treated with a complex contain-

ing RNAi duplex and Lipofectamine. To achieve 60%-70% 

confluence 24 h after plating, cells were diluted in complete 

growth medium without antibiotics. Complex-made RNAi 

duplexes and Lipofectamine RNAiMAX were prepared ac-

cording to the manufacturer’s protocol. The complex was 

added to the diluted cells. At 48 h, the assays were exam-

ined. The siRNA for transfection is described in Supplementa-

ry Table S1. 

Invasion assay
An invasion assay was performed using a plate with a 

pore size of 8 μm (3422; Corning, USA). Transwell inserts 

were precoated with human collagen type IV and Matrigel 

(354234; Corning) for 2 h. Cells (1 × 104) were suspended 

in 200 µl of serum-free DMEM. As a source of chemoattrac-

tants, the lower chamber contained DMEM supplemented 

with 10% (v/v) calf serum. After incubation for 24 h at 37°C, 

cells that passed through the Matrigel-coated membrane 

were stained with 0.5% crystal violet solution.

Clonogenic assay
Using a lentiviral vector, a stable SETD5-depleted cell line was 

constructed. The sequences of shRNA are shown in Supple-

mentary Table S1. shSETD5 or shControl cells were seeded in 

6-well plates (1 × 105 cells) and incubated for 7 days. After 7 

days of incubation, the cells were washed in phosphate-buff-

ered saline (PBS) and stained with crystal violet solution.

Soft agar assay
To investigate the anchorage-independent growth ability in 

SETD5-depleted cells, we employed the doxycycline-inducible 

cell line. Agar was prepared at concentrations of 0.6% and 

1.2% in PBS. Using 2× FBS medium, the bottom agar was 

generated by mixing 2× FBS medium and 1.2% agar, and the 

final concentration was 0.6% agar. Agar (0.6%) was poured 

into 6-well plates and incubated for 1 h at room temperature 

until the agar solidified. After the bottom agar was solidified, 

the upper layer of agar was prepared. The upper layer was 

made by mixing 2× FBS medium containing 1 × 105 cells and 

0.6% agar. The final concentration of the upper agar was 

0.3%.

Quantitative real-time reverse transcription polymerase 
chain reaction (RT-PCR)
Total RNA was extracted using TRIzol reagent (Invitrogen) 

according to the manufacturer’s instructions. cDNA synthesis 

was performed using RevertAid Reverse Transcriptase (Ther-

mo Fisher Scientific). RT-PCR was performed with AccuPower 

PCR Master Mix (Bioneer, Korea) and PCR machinery (Mini-

Amp Plus Thermal Cycler; Thermo Fisher Scientific). Quanti-

tative reverse transcription-PCR was performed using Power 

SYBR Green PCR master mix (Applied Biosystems, USA) and 

a StepOnePlus Real-Time PCR System (Applied Biosystems). 

All experiments were performed independently in triplicate. 

Primer sequences used in quantitative real-time RT-PCR listed 

in Supplementary Table S2.

Flow cytometry analysis
For cell cycle analysis, the cells were trypsinized and collected 

using ice-cold PBS containing 2% FBS. The cells were fixed 

with ethanol and incubated for at least 1 h. After fixation, the 

cells were treated with RNase and propidium iodide (PI) and 

were then analyzed by flow cytometry.

 For cell death analysis, the cells were collected, including 

cells in the supernatant. The cells were washed twice using 

ice-cold PBS containing 2% FBS. The cells were prepared in 

suspension using 1× Annexin V Binding Buffer (556547; BD 

Bioscience, USA) followed by Annexin V and PI staining. The 

cells were incubated for 15 min at room temperature in the 

dark. Within 1 h, the samples were analyzed by flow cytome-

try.

RNA sequencing (RNA-seq) analysis
To profile the transcriptome in cells, total RNA was extracted 

using an RNeasy micro kit (74004; Qiagen, Germany). The 

RNA-seq library was made with total RNA using the TruSeq 

Stranded mRNA LT Sample Prep Kit according to the man-

ufacturer’s protocol (RS-122-9004DOC; Illumina, USA), and 

sequencing was performed using the Illumina HiSeq2000 

platform to generate 100-bp paired-end reads. The reference 

genome of humans was obtained from the National Center 

for Biotechnology Information (NCBI) genome (https://www.

ncbi.nlm.nih.gov/genome/), and genome indexing was 

performed using STAR (v.2.5.1) (Dobin et al., 2013). The se-

quenced reads were mapped to the human genome (mm10) 

STAR, and the gene expression levels were quantified with 

the count module in the STAR. The edgeR (v.3.12.1) (Mc-

Carthy et al., 2012) package was used to select differentially 

expressed genes from the RNA-seq count data between 

conditions (fold change > 1.5, FDR [false discovery rate] < 

0.05). The heatmap was generated using MeV (Howe et al., 

2011) and R (v.3.5.0; https://www.r-project.org/) pheatmap 

package (v.1.0.12; https://cran.r-project.org/web/packages/

pheatmap/index.html). NGS (next generation sequencing) 

https://www.ncbi.nlm.nih.gov/genome/
https://www.ncbi.nlm.nih.gov/genome/
https://cran.r-project.org/web/packages/pheatmap/index.html
https://cran.r-project.org/web/packages/pheatmap/index.html
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data were deposited in the NCBI Gene Expression Omnibus 

under accession number GSE193431 and Korean Nucleotide 

Archive (KoNA; https://www.kobic.re.kr/kona/) with the ac-

cession ID, PRJKA220167.

Histone extraction
Histones were extracted as previously described (Shechter et 

al., 2007). Briefly, cells were collected and washed with PBS. 

Cell pellets were lysed in hypotonic lysis buffer (10 mM Tris-Cl 

pH 8.0, 1 mM KCl, 1.5 mM MgCl2, 1 mM DTT, and protease 

inhibitor [Roche]). After centrifugation, the supernatant con-

taining histones was stored in a tube. To precipitate histones, 

trichloroacetic acid solution (TCA solution) was added drop-

wise, and the sample was inverted to mix the solutions. After 

centrifugation, histone pellets were obtained.

In vitro histone methyltransferase assays
For in vitro histone methyltransferase assays, the Set1B 

complex was prepared as previously described (Kwon et al., 

2020). Flag-tagged SETD5 was purified from insect cells using 

the same purification process as that described for the Set1B 

complex (Jeon et al., 2018). In vitro histone methyltransfer-

ase assays were also performed as previously described (Jeon 

et al., 2018). Briefly, for histone H3 methyltransferase assays, 

reactions containing 200 ng of recombinant histone H3 and 

50 ng of purified SETD5 in 15 µl of reaction buffer (25 mM 

Fig. 1. Elevated SETD5 expression correlates with poor prognosis of HCC. (A) Venn diagram displaying KMT genes, the high expression 

of which displays significant correlations with poor survival of liver cancer determined by GEPIA2 (http://gepia2.cancer-pku.cn/)- and 

Human Protein Atlas (HPA; https://www.proteinatlas.org/)-associated analyses. (B and C) Kaplan–Meier plots visualizing the significant 

association of SETD5 expression with low survival of liver cancer patients in TCGA (B) and GSE14520 (C) datasets. The red line depicts the 

SETD5-low expression group, and the blue line represents the SETD5-high expression group. (D) Correlation of SETD5 expression with 

HCC progression in GSE6764. HCC progression was divided into 3 stages: normal, preneoplastic, and neoplastic.

https://www.kobic.re.kr/kona/
http://gepia2.cancer-pku.cn/
https://www.proteinatlas.org/
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HEPES [pH 7.6], 50 mM KCl, 5 mM MgCl2, 0.1 mM EDTA, 

and 10% glycerol) supplemented with 100 µM SAM (S-ade-

nosyl methionine; NEB, USA) were incubated at 30°C for 1 h. 

Proteins were resolved by SDS-PAGE and subjected to immu-

noblotting.

Extracellular acidification rate (ECAR) measurement
To measure the ECAR, we used the Agilent Seahorse XF 

Glycolysis Stress Test Kit (103020-100; Agilent Technologies, 

USA). Prior to the assay, cells were plated in a Seahorse XF 

microplate using DMEM. On the following day, the appropri-

ate compounds were loaded into the infection ports of the 

sensor cartridge: glucose (25 mM), oligomycin (1 μM), and 

2-DG (50 mM). Glycolytic measurements were calculated 

using the Seahorse XF glycolysis stress test report generator. 

The experiment was performed independently thrice.

Mouse xenografts
Six-week-old mice were used for xenograft studies. Cells 

(each 5 × 106) resuspended in HBSS were subcutaneously in-

jected into the mice. When the tumor volume reached ~150 

mm3, the mice were divided into two groups: one group was 

fed a doxycycline diet, and the other group was fed a stan-

dard diet. The tumor volumes and weights of individual mice 

were measured every other day. After 13 days on a doxycy-

cline diet, mice were sacrificed to excise primary tumors.

Immunohistochemistry
Samples were fixed in 10% formalin and embedded in par-

affin. The paraffin blocks were sectioned at 3 μm. Sections 

on microslides were deparaffinized with xylene and hydrated 

using a diluted alcohol series. Sections were treated with so-

dium citrate buffer (pH 6.0) at 95°C for 30 min. To minimize 

nonspecific staining, each section was blocked with 10% 

goat serum at room temperature for 1 h. The sections were 

then incubated with anti-Ki67 (ab16667, 1:200; Abcam) 

in PBS with 1% bovine serum albumin overnight at 4°C. To 

quench endogenous peroxidase activity, sections were im-

mersed in 3% H2O2 and incubated for 15 min. Biotinylated 

antibody was incubated with the cells for 30 min. Sections 

were then incubated with peroxidase substrate (NovaRED; 

LSBio, USA). Finally, slides were counterstained with hema-

toxylin.

Statistical analysis
The results are represented as the means of three indepen-

dent experiments ± SEM. The statistical significance of the 

differences between the control and experimental groups 

was calculated with Student’s t-tests (two-tailed, unpaired). 

For multiple-group comparisons, one-way ANOVA followed 

by Tukey’s multiple comparison test was performed. Prism 9 

software (GraphPad Software, USA) was used to calculate 

the statistical significance.

RESULTS

Elevated SETD5 expression is associated with liver cancer 
progression
To identify liver cancer-related KMTs, we analyzed the clinical 

significance of KMT genes encoding SET domain-contain-

ing proteins (Albert and Helin, 2010). Gepia2 analysis of 

the TCGA database (Tang et al., 2019) revealed that high 

expression of 12 KMTs was associated with short survival 

of liver cancer patients (Figs. 1A and 1B, P < 0.05). In con-

trast, the expression levels of 14 KMTs were significantly 

correlated with poor prognosis of liver cancer in the Human 

Protein Atlas (Uhlen et al., 2017) (P < 0.001). Among the 

9 genes identified by both analyses, we decided to further 

investigate the functional relevance of SETD5 in liver cancer, 

which has remained unclear to date. In an independent liver 

cancer cohort (GSE14520), high SETD5 expression displayed 

a significant correlation with poor patient survival compared 

with low SETD5 expression (Fig. 1C). In addition, SETD5 ex-

pression was highly associated with the carcinogenic process 

from normal to neoplastic liver (GSE6764, Fig. 1D). Together, 

these results suggest that upregulation of SETD5 in liver can-

cer is associated with unfavorable patient outcomes.

SETD5 depletion attenuates the tumorigenic features of 
liver cancer cells
To assess SETD5 expression in liver cancer cell lines, we ex-

amined endogenous SETD5 protein levels in various HCC 

cell lines (Fig. 2A). All the tested cells displayed substantial 

amounts of SETD5 protein to different degrees. The highest 

level was noted in Huh7 cells, whereas the lowest was noted 

in Huh1 cells. To investigate whether SETD5 was involved in 

cancerous phenotypes, we genetically manipulated SETD5 

expression. Knockdown (KD) of SETD5 by two independent 

siRNAs targeting SETD5 (Fig. 2B) impaired the growth and 

proliferation of all the cells examined except Huh1 cells (Fig. 

2C). Clonogenic assays also showed that stable depletion of 

SETD5 via lentiviral shRNAs specific to SETD5 led to severe 

growth defects in Huh7 and HepG2 cells (Fig. 2D). We also 

observed that SETD5 KD significantly reduced sphere forma-

tion of Huh7 cells (Fig. 2E). Transwell invasion assays demon-

strated that depletion of SETD5 impaired the motility of both 

Huh7 and HepG2 cells (Fig. 2F). Collectively, these findings 

indicate that SETD5 is involved in the tumorigenic features of 

HCC cells.

SETD5 loss induces apoptotic cell death without affecting 
the cell cycle
Then, we examined molecular pathways associated with de-

fects in the growth and proliferation of SETD5 KD HCC cells. 

First, we analyzed the distribution of the cell cycle phase in 

Huh7 and HepG2 cells and found that SETD5 KD had little 

effect on the cell cycle (Figs. 3A and 3B). This finding demon-

strates that SETD5 is not involved in regulating the cell cycle. 

In contrast, SETD5 KD increased the population of annexin V 

and PI double-stained cells, indicating that cells are dying via 

apoptosis (Figs. 3C and 3D). Moreover, cleaved PARP, a well-

known molecular marker of apoptotic cell death, was elevat-

ed in SETD5-depleted Huh7 and HepG2 cells (Fig. 3E). These 

results indicate that SETD5 loss induced apoptotic death of 

liver cancer cells without affecting the cell cycle.

SETD5 lacks intrinsic histone methyltransferase activity
SETD5 contains a SET domain that generally exhibits lysine 
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Fig. 2. SETD5 depletion impairs HCC cell proliferation and motility. (A) Endogenous SETD5 protein levels in different HCC cell lines were 

determined by immunoblotting against SETD5. α-Tubulin served as the loading control. The intensities of immunoblotting signals were 

semiquantitatively measured by ImageJ. (B) RT-PCR to show siRNA-mediated SETD5 KD in different HCC cell lines. β-Actin served as the 

loading control. (C) SETD5 KD decreased proliferation in SETD5-depleted HCC cells, as determined by MTT assays (n = 3, *P < 0.05, **P < 

0.01, ***P < 0.001, one-way ANOVA). (D) Upper: Clonogenic assay of Huh7 and HepG2 cells stably expressing shRNAs targeting SETD5 

(shSETD5#1, shSETD5#2) and control shRNA (shCTL). Lower: SETD5 depletion was verified by RT-PCR visualized in agarose gel. ACTB 

was used as a loading control for RT-PCR. (E) Upper: Representative image of the soft agar assay to examine anchorage-independent 

growth of SETD5-depleted Huh7 cells. SETD5 KD was induced by doxycycline treatment. Dox(+) denotes cells treated with doxycycline, 

whereas Dox(–) indicates cells without doxycycline treatment. Lower: Quantification of colony numbers in soft agar assays counted by 

ImageJ (n = 3, *P < 0.05, **P < 0.01, one-way ANOVA). (F) Left: Transwell invasion assays showed that SETD5 KD in the indicated cells 

attenuated the invasion capacity. Right: The number of invaded cells was normalized to the control group (n = 3, *P < 0.05, **P < 0.01, 

one-way ANOVA).
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Fig. 3. SETD5 KD induces Huh7 and HepG2 cell apoptosis. (A and B) Left: Effects of SETD5 KD in Huh7 and HepG2 cells on the cell cycle 

were examined by FACS analysis to detect propidium iodide signals. Right: Quantification of cell cycle distribution as determined using a 

flow cytometer. Values are the mean ± SEM of biological triplicate experiments. (C and D) Left: Effects of SETD5 KD in Huh7 and HepG2 

cells on cell death were examined by FACS analysis based on annexin V and propidium iodide double staining. Right: Quantification of 

the dead cell population as determined using a flow cytometer. Values are the mean ± SEM of biological triplicate experiments (n = 3, *P 

< 0.05, one-way ANOVA). (E) Cleaved PARP in Huh7 and HepG2 cells was examined by immunoblotting with anti-PARP antibody. The 

intensities of immunoblotting signals were semiquantitatively measured by ImageJ.
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methyltransferase activity. We assessed whether potential 

KMT activity was involved in the function of SETD5 in HCC 

cells. To examine the effect of SETD5 KD on the methylation 

status of histones in HCC cells at the global level, we deter-

mined the levels of four well-known histone methylation 

markers: H3K27me3, H3K4me3, H3K9me2, and H3K36me3. 

Intriguingly, SETD5 KD in Huh7 cells had minimal effect on 

global levels of histone methylation marks (Fig. 4A). Then, 

we postulated that SETD5 might be involved in the methyla-

tion of only a subset of chromatin, a change that is subtle to 

detect at the global level. However, our in vitro histone meth-

yltransferase assay showed that the SETD5 protein purified 

from insect cells failed to methylate any histone proteins in ei-

ther the octamer or nucleosomal form (Fig. 4B). Of note, the 

SET1B complex used as a positive control for the assay (Lee 

et al., 2007) robustly generated methylated histones in both 

modes. This result suggests that unlike the SET1B complex, 

SETD5 lacks intrinsic histone methyltransferase activity. There-

fore, it is unlikely that SETD5-mediated histone methylation 

underlies the functional involvement of SETD5 in HCC cells.

SETD5 depletion downregulates interferon (IFN)/inflam-
matory response pathways in HCC cells
To identify the underlying mechanism by which SETD5 is 

involved in cancer cell survival, we analyzed transcriptomic 

changes in SETD5-depleted Huh7 cells by RNA-seq and found 

that 796 and 639 genes were differentially downregulated 

and upregulated, respectively (Fig. 5A). Gene set enrichment 

analysis showed that the inflammatory and IFN responses 

were significantly downregulated in SETD5 KD cells (Fig. 5B). 

The effect of SETD5 depletion on the expression of genes 

involved in the IFN/inflammatory pathways was validated by 

assessing the expression of individual representative genes, 

including MDA5 and DDX60, which are crucial for intrinsic 

inflammatory signals (Fig. 5C). Consistently, we observed that 

SETD5 KD decreased the MDA5 protein level as well as STAT1 

phosphorylation, reflecting the activity of IFN and the inflam-

matory response pathways (Fig. 5D). These results imply that 

SETD5 is involved in the active state of IFN/inflammatory re-

sponse pathways in HCC cells.

SETD5 promotes glycolysis in HCC cells
Given that IFN/inflammatory responses function as negative 

regulators of liver cancer cells (Grivennikov et al., 2010), the 

positive association of SETD5 expression with the IFN/inflam-

matory response pathways fails to explain SETD5 KD-mediat-

ed defects in liver cancer cell growth and proliferation. In the 

transcriptome data above, we found that a critical glycolysis 

gene encoding pyruvate kinase M1/2 (PKM) was significantly 

downregulated in SETD5 KD cells (Fig. 5A). The decrease in 

PKM expression by SETD5 depletion was further verified by 

individually examining the mRNA and protein levels (Figs. 6A 

and 6B). Given that PKM functions in the rate-limiting step of 

glycolysis, which is essential for cancer cell growth and prolif-

eration, we examined the effect of SETD5 KD on glycolysis in 

liver cancer cells. The ECAR, which reflects glycolytic activity 

and capacity, was significantly attenuated in SETD5 KD cells 

(Figs. 6C and 6D). In addition, we observed that SETD5-de-

Fig. 4. SETD5 has no intrinsic 

histone methyltransferase activity. 

(A) Global levels of four different 

histone methylation marks were 

determined using the indicated 

antibodies. Total H3 was used as 

the loading control. Immunoblots 

were semiquantitatively measured 

by ImageJ. (B) In vitro methyltrans-

ferase assays to examine the 

catalytic activity of SETD5 toward 

histones in either octamers (histone 

only) or nucleosomes. The SET1B 

complex was used as a positive 

control to display histone methyl-

transferase activity in this assay.
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Fig. 5. SETD5 regulates the interferon-mediated inflammatory response in HCC cells. (A) Heatmap showing the differentially expressed 

genes between control (siCTL) and SETD5 KD (siSETD5) Huh7 cells. (B) Gene set enrichment analysis displaying the downregulation of 

interferon responses in SETD5-depleted cells. (C) The mRNA levels of genes related to the interferon response in SETD5-depleted Huh7 

cells were measured by quantitative real-time RT-PCR (n = 3, *P < 0.05, **P < 0.01, one-way ANOVA). (D) Immunoblots showed that 

SETD5 KD decreased the levels of MDA5 and phosphorylated STAT1.



Mol. Cells 2022; 45(8): 550-563  559

SETD5 for HCC Tumorigenicity
Mijin Park et al.

Fig. 6. SETD5 controls the glycolytic rate in HCC. (A and B) In SETD5-depleted Huh7 and HepG2 cells, PKM expression was 

downregulated at both the mRNA (A) and protein levels (B). The numbers indicate the value of semiquantified immunoblotting bands 

by ImageJ. Statistical significance was determined by one-way ANOVA (*P < 0.05, **P < 0.01). (C) The ECAR in SETD5-depleted HCC 

cells upon the sequential addition of glucose (25 mM), oligomycin (1 µM), and 2-DG (50 mM). ECAR values were normalized to the 

number of cells. All experiments were performed independently in triplicate. (D) Glycolysis and glycolytic capacity were quantified in 

SETD5-depleted Huh7 and HepG2 cells. Relative activity was normalized to the values for siCTL. Values are the mean ± SEM of biological 

triplicate experiments. (n = 3, *P < 0.05, **P < 0.01, one-way ANOVA). (E) SETD5-depleted Huh7 and HepG2 cells were treated with 2.5 

mM 2-DG for 48 h. Cell viability was measured using the Cell titer-Glo assay. Relative viability indicates the viability of cells treated with 

2-DG normalized to those treated with vehicle only. Values are the mean ± SEM of biological triplicate experiments (n = 3, *P < 0.05, **P 

< 0.01, one-way ANOVA).
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Fig. 7. SETD5 depletion inhibited tumorigenesis in vivo. (A) Images of tumors taken from xenograft mice fed doxycycline (DOX(+)) 

or control diets (DOX(–)) for 13 days. (B and C) SETD5 protein (B) and mRNA levels (C) in the tumor tissues displayed in (A). The 

numbers indicate the value of semiquantified immunoblotting bands by ImageJ. (D and E) Tumor weight and size were measured at 

the time mice were sacrificed. Statistical significance was determined by Student’s t-test. (F) Representative images of H&E staining and 

immunohistochemistry for Ki67 in paraffin-embedded tumor sections. Scale bars = 200 μm.
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pleted cells were significantly more sensitive to treatment 

with 2-Deoxy-D-glucose, a glycolysis inhibitor (Fig. 6E). These 

results imply that SETD5 promotes glycolysis by upregulating 

PKM expression, supporting liver cancer cell survival.

SETD5 is important for maintaining HCC tumor growth in 
vivo
To determine whether SETD5 was relevant to tumor growth 

in vivo, we generated a xenograft mouse model harboring 

Huh7-derived tumors in which SETD5 expression was reg-

ulated by shSETD5 RNAs under the regulation of a doxycy-

cline-responsive promoter (Figs. 7A-7C). Consistent with the 

defects in cancer cell growth in vitro, SETD5 depletion com-

promised tumor growth in vivo (Figs. 7D and 7E). In addition, 

the expression of Ki67, which indicates cancer cell prolifera-

tion, was largely decreased in SETD5 KD tumor tissues (Fig. 

7F). Collectively, these results demonstrate that SETD5 func-

tions are important for HCC tumor growth in vivo.

DISCUSSION

Despite extensive efforts in recent decades, liver cancer 

remains one of the most challenging malignancies (Llovet 

et al., 2021). The findings that only a subset of liver cancer 

patients possess targetable oncogenic mutations (de Lope et 

al., 2012; Ji and Wang, 2012; Wörns and Galle, 2010) high-

light the difficulty of developing molecular therapies to treat 

liver cancer. Targeting epigenetic regulators has emerged as 

a promising approach to treat cancers associated with less 

distinctive genomic aberrations (Cheng et al., 2019). KMTs 

containing well-conserved SET domains are among the drug-

gable epigenetic regulators possibly exhibiting enzymatic 

activities (Vougiouklakis et al., 2020). In this study, by ana-

lyzing the association of different KMT expression levels with 

liver cancer patient prognosis, we identified SETD5 as a novel 

putative KMT involved in liver cancer progression. We found 

that SETD5 expression was highly correlated with low sur-

vival of liver cancer patients. In addition, functional analyses 

showed that SETD5 loss induced cell death without affecting 

the cell cycle. Intriguingly, SETD5 failed to methylate histones 

either in a free form or in a nucleosomal context. Nonethe-

less, our transcriptomic analyses revealed that SETD5 was in-

volved in IFN-mediated inflammatory responses in HCC cells. 

In addition, we disclosed that SETD5 depletion compromised 

glycolytic activity by downregulating the expression of PKM, 

a rate-limiting enzyme of glycolysis. Finally, we demonstrated 

that SETD5 loss impairs tumor growth in mouse xenograft 

models.

 Several previous studies have shown the functional im-

plication of SETD5 in cancer. Consistent with our findings, 

these studies showed that SETD5 plays a tumorigenic role in 

different cancers. Wang et al. (2020) found that SETD5 pro-

moted the resistance of pancreatic ductal adenocarcinoma 

(PDAC) to MEK1/2 inhibitors (MEKi). This group found that 

SETD5 lacked intrinsic methyltransferase activity toward nu-

cleosomes. Instead, SETD5 formed a complex with G9a and 

thus mediated histone H3K9 methylation-associated MEKi 

resistance in PDAC cells. Nonetheless, it remains unclear 

whether SETD5 methylates nonhistone proteins linked to 

cancer progression. The involvement of SETD5 in the MEK-

ERK pathway was also observed in non-small cell lung cancer 

(Yu et al., 2019). In addition, SETD5 promoted cancer stem 

cell properties and PI3K-Akt-mTOR axis activity in esopha-

geal squamous cell carcinoma (ESCC) (Piao et al., 2020) and 

breast cancer (Yang et al., 2021). More interestingly, SETD5 

expression in ESCC was positively correlated with HIF-1α lev-

els, which regulate glycolytic activity (Piao et al., 2020). Our 

finding that SETD5 promoted glycolysis by upregulating PKM 

expression raises the possibility that SETD5 may cooperate 

with HIF-1α for metabolic reprogramming in cancer cells or 

cells exposed to hypoxic stress.

 IFN-mediated inflammatory responses are pleiotropic, 

either tumor-suppressive or tumor-promoting, in different 

cellular and microenvironmental contexts (Martin-Hijano and 

Sainz, 2020). Our transcriptomic analyses demonstrated that 

SETD5 depletion downregulated IFN responses and inflam-

matory pathways in HCC cells. Double-stranded RNA (dsRNA) 

generated in cells for various reasons endogenously activates 

the IFN-inflammatory response without extracellular stimuli. 

We found that SETD5 loss reduced the expression of MDA5 

and DDX60, which are critical for sensing dsRNAs (Cao et al., 

2015; Miyashita et al., 2011; Oshiumi et al., 2015; Reikine et 

al., 2014). This finding implies that SETD5 may be involved 

in IFN-inflammatory signaling pathways by regulating the 

expression of inflammatory signal sensors. However, given 

that activation of innate IFN signaling pathways induces tum-

origenic activities, we hypothesized that suppression of these 

pathways might not be directly related to SETD5 loss-induced 

HCC cell death in this study. Interestingly, IFN signaling is im-

plicated in cancer cell dormancy, a major obstacle to efficient 

cancer therapy (Pietras et al., 2014). Our finding that SETD5 

loss compromised IFN responses in liver cancer cells suggests 

that suppressing IFN-mediated signaling by SETD5 inactiva-

tion may awaken dormant cancer cells to be susceptible to 

agents targeting proliferative cancer cells. Future investiga-

tion may reveal a strategy to target SETD5 for the removal of 

dormant cancer cells.

 In summary, this study proposes that SETD5 is a novel tu-

morigenic gene involved in HCC progression. We anticipate 

that further studies to characterize the molecular mecha-

nisms underlying SETD5 function in liver HCC will shed light 

on the development of novel anticancer strategies against 

liver cancer.

Note: Supplementary information is available on the Mole-

cules and Cells website (www.molcells.org).
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