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Abstract: Enhancer of zeste homolog 2 (EZH2) mediates epigenetic gene silencing via tri-methylation of histone 
H3 lysine 27 (H3K27-me3). Increased expression of EZH2 is frequently detected in various cancers including he-
patocellular carcinoma (HCC), which is associated with the silencing of tumor suppressor genes. S-adenosyl-L-
methionine (SAM)-competitive EZH2 inhibitors fall into the major category of EZH2 inhibitors for cancer therapy. In 
this study, microarray analyses found that induction of genes related to cholesterol homeostasis is a common effect 
of SAM-competitive EZH2 inhibitors in cancer cells. As a representative, GSK343 induced lipid accumulation which 
promoted cancer cell survival. GSK343 selectively activated sterol regulatory element-binding protein 2 (SREBP2), 
but not SREBP1, in HCC cells. Inhibition of SREBP2 by siRNA reduced cell viability and enhanced the anticancer ef-
fect of GSK343. Cancer genomics analysis indicated that SREBP2 upregulation was associated with the poor overall 
survival of HCC patients. Mechanistically, GSK343-induced SREBP2 activation was unrelated to its original ability 
to compete with SAM and inhibit EZH2 activity. Instead, GSK343 activated SREBP2 in p38α- and site-1 protease 
(S1P)-dependent manners. Inhibition of p38α and S1P by SB-202190 and PF-429242, respectively, enhanced the 
in vitro anticancer activity of GSK343, thereby creating a vulnerability for treating HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth 
most commonly diagnosed cancer and the 
fourth leading cause of cancer death worldwide 
[1]. The main curative treatments for HCC are 
still surgical resection and liver transplantation. 
However, these treatments are suitable for only 
15 to 25% of HCC patients [2]. In addition, HCC 
is relatively chemo-resistant and highly refrac-
tory to cytotoxic chemotherapy. Currently, no 
reliable and effective therapy for patients with 
advanced or metastatic disease are avail- 
able [2]. Molecular targeted agents have been 

viewed as new treatment option in recent years. 
For example, several multi-kinase inhibitors, 
including sorafenib, regorafenib, lenvatinib, and 
cabozantinib, have been approved for treating 
HCC in 2007, 2017, 2018, and 2019, respec-
tively [3-6]. However, these drugs only provide a 
short increase of median overall survival [3-7]. 
Therefore, development of more effective th- 
erapeutic strategy for HCC is still urgently 
needed.

Polycomb repressive complex 2 (PRC2) belongs 
to the polycomb group (PcG) proteins that act 
as transcriptional repressors via chromatin 
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modification. PRC2 consists of the H3K27-spe- 
cific histone methyltransferases, enhancer of 
zeste homolog 2 (EZH2) in complexed with 
other PcG proteins SUZ12 and EED, which is 
responsible for mono-, di- and trimethylation at 
histone H3K27 (H3K27-me1/2/3). EZH2 could 
recruit histone deacetylase (HDAC) and through 
EED to repress transcription cooperatively 
[8-10]. Because EZH2 overexpression is fre-
quently observed in tumors, leading to the sup-
pression of tumor suppressor genes, inhibition 
of EZH2 serves as potential anticancer treat-
ments [8, 9, 11-14]. In recent year, numerous 
EZH2 inhibitors have been developed [15]. The 
major category belongs to the S-adenosyl-L-
methionine (SAM)-competitive inhibitors based 
on the reason that SAM is a universal methyl 
donor for the catalytic reaction of histone meth-
yltransferases. Several SAM-competitive inhibi-
tors, such as EPZ005687, EPZ-6438 (tazeme- 
tostat), EI1, CPI-1205, GSK126, and GSK343, 
have been demonstrated to selectively kill lym-
phoma cells with EZH2-activating mutations 
[16-21]. Among them, EPZ-6438, CPI-1205, 
and GSK126 have entered phase I/II clinical tri-
als [22]. Recently, a phase I study has demon-
strated the favorable safety and anticancer 
activity of EPZ-6438 in refractory B-cell non-
Hodgkin lymphoma and advanced solid tumors 
[23].

Sterol regulatory element-binding proteins 1 
and 2 (SREBP1/2) belong to the basic-helix-
loop-helix leucine zipper class of transcription 
factors. SREBP1/2 sense nutrient levels and 
regulate genes related to lipid metabolism. In 
the presence of sterols, SREBPs are inactivat-
ed and retained in endoplasmic reticulum (ER) 
through the formation of complexes with SRE- 
BP-cleavage-activating protein (SCAP) and 
insulin-induced gene 1 and 2 (INSIG1/2). In 
cells with low levels of sterols, SCAP and the 
INSIGs are separated and the SREBP-SCAP 
complex then travels to the Golgi apparatus to 
be cleaved to a water-soluble N-terminal do- 
main by site-1 protease (S1P) and site-2 prote-
ase (S2P). The mature forms of SREBP1/2 are 
then entered into the nucleus and bind to spe-
cific sterol regulatory elements to upregulate 
the genes involved in sterol biosynthesis. 
Sterols then inhibit the SREBP1/2 cleavage 
and prevent additional sterol synthesis, which 
forms a negative feedback loop [24].

In this study using GSK343 as a representative 
SAM-competitive EZH2 inhibitor, we found that 
activation of p38α-dependent S1P/SREBP2 
signaling is a novel activity of GSK343, which is 
independent to its original mechanism of 
actions (i.e., SAM competition and EZH2 inhibi-
tion). Activation of SREBP2 by GSK343 contrib-
utes to lipid accumulation and cytoprotective 
effect in HCC cells. Therefore, intervention of 
p38α/S1P/SREBP2 signaling pathway enhanc-
es the anticancer activity of GSK343, thereby 
creating a druggable vulnerability for HCC.

Results

Microarray analyses reveal the general induc-
tion of genes related to cholesterol homeosta-
sis by SAM-competitive EZH2 inhibitors

Our previous studies found that two SAM-
competitive EZH2 inhibitors (UNC1999 and 
GSK343) induce cytotoxic autophagy and cyto-
protective unfolded protein response in human 
cancer cells [25, 26]. During the investigation, 
we notice that induction of genes related to 
cholesterol homeostasis is one of the major 
hallmark in UNC1999- and GSK343-treated 
human colorectal cancer HCT116 cells (Table 
1; GSE83633) [25]. To investigate whether this 
phenomenon was a general common effect of 
the SAM-competitive EZH2 inhibitors, we ana-
lyzed the microarray data sets of GSK343-
treated cancer cells (10 μM GSK343 for 6 and/
or 16 h in HepG2, A549, and PLC5 cells) using 
the Gene Set Enrichment Analysis (GSEA) soft-
ware against hallmark gene sets [27-30]. As 
shown in Table 1, “cholesterol homeostasis” 
hallmark was enriched in all these data sets. 
Interestingly, a time-dependent enrichment 
was observed. 34-36% and 48-51% of genes in 
cholesterol homeostasis pathways were en- 
riched in 6-h and 16-h GSK343-treated cancer 
cells, respectively. These results indicated that 
induction of genes related to cholesterol ho- 
meostasis is a common effect and an early 
response of cancer cells treated with SAM-
competitive EZH2 inhibitors.

GSK343 induces lipid accumulation in HCC 
cells

The enrichment of “cholesterol homeostasis” 
hallmark indicated that GSK343 may alter the 
intracellular lipid content of cancer cells. To 
analyze the lipid alterations after GSK343 
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treatment, the Oil Red O (ORO) staining was 
performed in HepG2 cells. As shown in Figure 
1A and 1B, a slight increase of lipid content (P 
< 0.05) was found in HepG2 cells treated with 
20 μM GSK343 for 6 h. The unsaturated long-
chain fatty acid, oleic acid (OA), was used as a 
positive control. Because GSK343 was a cyto-
toxic reagent, a parallel cell viability assay was 
performed. As shown in Figure 1C, treatment of 
20 μM GSK343 for 6 h reduced the cell viabili-
ty. Thus, we normalized the relative ORO stain-
ing ratio with cell viability and found that 
GSK343 significantly (P < 0.001) induced lipid 
accumulation in HepG2 cells (Figure 1D). In- 
terestingly, OA seemed to protect HepG2 cells 
against GSK343-induced cytotoxicity (Figure 
1C). Therefore, these results indicated that 
induction of cholesterol homeostasis pathway 
by GSK343 leads to lipid accumulation, which 
promotes cancer cell survival.

Ingenuity Pathway Analysis (IPA) predicts the 
activation of SREBP signaling pathways by 
GSK343

To investigate the molecular mechanism for the 
activation of cholesterol homeostasis pathway 
by GSK343, the Ingenuity Pathway Analysis 
(IPA) was performed using the microarray data 
sets of HepG2 and PLC5 cells treated with 10 

μM GSK343 for 16 h. As shown in Figure 1E, 
240 and 91 genes were altered in HepG2 and 
PLC5 cells, respectively. Forty-two overlapped 
genes (Table 2) were analyzed by IPA for canon-
ical pathways and upstream regulators. Con- 
sistent to the result of GSEA (Table 1), GSK343 
regulated genes involved in cholesterol biosyn-
thesis (Figure 1E and Table 3). In addition, the 
analysis for upstream regulators indicated that 
GSK343 activated SREBF1/2 and SCAP, but 
inhibited INSIG1 and POR (Figure 1E and Table 
4). According to the results of GSEA and IPA, we 
hypothesized that GSK343 may activate SREBP 
signaling pathways, leading to cholesterol bio-
synthesis and lipid accumulation.

GSK343 activates SREBP2 that promotes can-
cer cell survival

To investigate whether SREBP signaling path-
ways were activated by GSK343, the process-
ing of SREBP1/2 precursors to their mature 
forms was examined by Western blot analysis. 
As shown in Figure 2A, GSK343 increased the 
level of mature SREBP2, but not SREBP1, in 
both HepG2 and PLC5 cells. Although the 
expression of SREBP1 precursor in PLC5 cells 
was reduced by GSK343, no increase of mature 
SREBP1 was observed. To confirm the activa-
tion of SREBP2, the nuclear localization and 

Table 1. Gene Set Enrichment Analysis (GSEA) of cancer cells treated with GSK343 and UNC1999

Cell line & Treatment Hallmark in MSigDB NES p 
value FDR

# of genes in  
pathways  

(ratio)
Reference

HCT116: 10 μM GSK343 for 4 h CHOLESTEROL_HOMEOSTASIS 0.55 1.000 0.994 10/73 (14%) Our previous study (GSE83633)

HCT116: 5 μM UNC1999 for 4 h CHOLESTEROL_HOMEOSTASIS 1.79 0.000 0.013 17/73 (23%)

UNFOLDED_PROTEIN_RESPONSE 1.57 0.020 0.003 25/112 (22%)

HepG2: 10 μM GSK343 for 6 h CHOLESTEROL_HOMEOSTASIS 1.86 0.004 0.022 25/73 (34%) This study (GSE129204)

A549: 10 μM GSK343 for 6 h CHOLESTEROL_HOMEOSTASIS 2.15 0.000 0.000 26/73 (36%)

MTORC1_SIGNALING 1.67 0.000 0.031 36/197 (18%)

HepG2: 10 μM GSK343 for 16 h CHOLESTEROL_HOMEOSTASIS 1.89 0.000 0.001 37/73 (51%)

PLC5: 10 μM GSK343 for 16 h CHOLESTEROL_HOMEOSTASIS 2.88 0.000 0.000 35/73 (48%)

MTORC1_SIGNALING 2.63 0.000 0.000 55/197 (28%)

HYPOXIA 2.35 0.000 0.000 90/198 (45%)

ESTROGEN_RESPONSE_EARLY 1.78 0.000 0.015 67/198 (34%)

REACTIVE_OXIGEN_SPECIES_PATHWAY 1.77 0.005 0.012 6/45 (13%)

ANDROGEN_RESPONSE 1.76 0.007 0.012 24/101 (24%)

GLYCOLYSIS 1.76 0.000 0.011 48/198 (24%)

HEME_METABOLISM 1.72 0.000 0.013 82/193 (42%)

UNFOLDED_PROTEIN_RESPONSE 1.67 0.005 0.017 24/108 (22%)

FATTY_ACID_METABOLISM 1.59 0.002 0.028 38/154 (25%)

UV_RESPONSE_DN 1.57 0.003 0.029 47/143 (33%)
Microarray data from EZH2 inhibitor-treated HepG2, PLC5, A549 and HCT116 cells were analyzed by GSEA against hallmark gene sets. Significant (P < 0.01; FDR < 0.05) 
hallmark gene sets were shown. Although no hallmark gene sets were enriched in HCT116 cells treated with 10 μM GSK343 for 4 h, the result for “CHOLESTEROL_HO-
MEOSTASIS” hallmark was still listed in table as a comparison.
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Figure 1. Effect of GSK343 on lipid accumulation and related pathways. HepG2 cells were treated with 20 μM 
GSK343 for 6 h in the presence or absence of 0.25 mM oleic acid (OA). The lipid content was measured by Oil Red O 
staining assay. Cells were imaged by inverted microscope (A). The lipid content was quantified by extracting the stain 
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Table 2. The overlapped gene profile that is altered in GSK343-treated HepG2 and PLC5 cells

Gene Symbol Description Fold Change 
(HepG2)

Fold Change 
(PLC5)

IL21R interleukin 21 receptor 2.76 1.66
ACSS2 acyl-CoA synthetase short-chain family member 2 2.33 1.95
HMGCR 3-hydroxy-3-methylglutaryl-CoA reductase 2.28 2.16
NUPR1 nuclear protein, transcriptional regulator, 1 1.86 1.6
SNAI3-AS1 SNAI3 antisense RNA 1 1.86 1.72
RASA4 RAS p21 protein activator 4 1.82 1.44
MSMO1 methylsterol monooxygenase 1 1.8 1.75
RASA4B RAS p21 protein activator 4B 1.78 1.11
RASA4CP RAS p21 protein activator 4C, pseudogene 1.78 1.11
LSS lanosterol synthase (2,3-oxidosqualene-lanosterol cyclase) 1.72 1.25
HMGCS1 3-hydroxy-3-methylglutaryl-CoA synthase 1 (soluble) 1.7 1.46
RRAGD Ras-related GTP binding D 1.66 1.35
SCD stearoyl-CoA desaturase (delta-9-desaturase) 1.66 1.13
STARD4 StAR-related lipid transfer (START) domain containing 4 1.66 1.33
EBP emopamil binding protein (sterol isomerase) 1.64 1.04
IDI1 isopentenyl-diphosphate delta isomerase 1 1.64 1.49
TG thyroglobulin 1.61 1.39
INHBE inhibin, beta E 1.57 1.72
C14orf1 chromosome 14 open reading frame 1 1.56 1.03
BMF Bcl2 modifying factor 1.54 1.14
CYP1A1 cytochrome P450, family 1, subfamily A, polypeptide 1 1.5 1.7
PCSK9 proprotein convertase subtilisin/kexin type 9 1.49 1.44
SC5DL sterol-C5-desaturase (ERG3 delta-5-desaturase homolog, S. cerevisiae)-like 1.49 1
CYP51A1 cytochrome P450, family 51, subfamily A, polypeptide 1 1.46 1.34
FADS1 fatty acid desaturase 1 1.44 1.07
LPIN1 lipin 1 1.37 1.41
NSDHL NAD (P) dependent steroid dehydrogenase-like 1.35 1.01
DDIT4 DNA-damage-inducible transcript 4 1.33 1.25
ELOVL6 ELOVL fatty acid elongase 6 1.32 1.33
HSD17B7P2 hydroxysteroid (17-beta) dehydrogenase 7 pseudogene 2 1.3 1.46
OR10A7 olfactory receptor, family 10, subfamily A, member 7 1.29 1.17
TRIB3 tribbles homolog 3 (Drosophila) 1.29 1.74
ALDH1L2 aldehyde dehydrogenase 1 family, member L2 1.26 1.56
MVD mevalonate (diphospho) decarboxylase 1.26 1.05
GARS glycyl-tRNA synthetase 1.2 1.01
HSD17B7 hydroxysteroid (17-beta) dehydrogenase 7 1.19 1.46
ASNS asparagine synthetase (glutamine-hydrolyzing) 1.15 1.3
VLDLR very low density lipoprotein receptor 1.14 1.36
SQLE squalene epoxidase 1.11 1.1
DHCR7 7-dehydrocholesterol reductase 1.08 1.52
ACAT2 acetyl-CoA acetyltransferase 2 1.06 1.16
FDPS farnesyl diphosphate synthase 1 1.24
The fold change value was indicated in log2 scale. Genes were ranked according to their fold changes in HepG2 cells.

with 100% isopropanol. The absorbance at 492 nm was measured (B). A parallel cell viability (C) was performed for 
the normalization of lipid content by viable cell numbers (D). In (B), P < 0.001 (###) indicates significant differences 
between OA-treated and untreated cells. In (C), P < 0.01 (##) and P < 0.001 (###) indicates significant differences 
between OA-treated and untreated cells. In (D), P<0.001 (***) indicates significant differences between GSK343/
OA-treated and untreated cells. (E) HepG2 and PLC5 cells were treated with 10 μM GSK343 for 16 h and the gene 
expression profiles were analyzed by microarray. The overlapped genes (Table 2) were analyzed by IPA for the enrich-
ment of canonical pathways and upstream regulators. The genes for the enrichment were shown in Tables 3 and 
4, respectively.
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Table 3. Pathway enrichment by IPA for the overlapped gene profile that is altered in GSK343-treated HepG2 and PLC5 cells
Pathway Genes in Pathway Ratio p-value
Superpathway of Cholesterol Biosynthesis EBP, HMGCS1, NSDHL, ACAT2, FDPS, HMGCR, SC5D, MSMO1, LSS, 

SQLE, IDI1, HSD17B7, CYP51A1, MVD, DHCR7
15/28 (53.6%) < 0.0001

Cholesterol Biosynthesis I EBP, LSS, NSDHL, SQLE, HSD17B7, CYP51A1, SC5D, MSMO1, DHCR7 9/13 (69.2%) < 0.0001
Cholesterol Biosynthesis II (via 24,25-dihydrolanosterol) EBP, LSS, NSDHL, SQLE, HSD17B7, CYP51A1, SC5D, MSMO1, DHCR7 9/13 (69.2%) < 0.0001
Cholesterol Biosynthesis III (via Desmosterol) EBP, LSS, NSDHL, SQLE, HSD17B7, CYP51A1, SC5D, MSMO1, DHCR7 9/13 (69.2%) < 0.0001
Superpathway of Geranylgeranyldiphosphate Biosynthesis I (via Mevalonate) HMGCS1, IDI1, FDPS, ACAT2, HMGCR, MVD 6/17 (35.3%) < 0.0001
Top 5 canonical pathways were shown.

Table 4. Upstream regulator analysis by IPA for the overlapped gene profile that is altered in GSK343-treated HepG2 and PLC5 cells

Upstream Regulator Description Downstream Genes Predicted  
Activity

Activation 
z-score p-value

SREBF2 Sterol regulatory element binding transcription factor 2 ACSS2, CYP51A1, DHCR7, EBP, ELOVL6, 
FDPS, HMGCR, HMGCS1, IDI1, LSS, MSMO1, 
MVD, NSDHL, PCSK9, SC5D, SCD, SQLE, 
STARD4

Activated 4.063 < 0.0001

SCAP SREBP-cleavage-activating protein ACSS2, CYP51A1, DHCR7, ELOVL6, FDPS, 
HMGCR, IDI1, LSS, MSMO1, MVD, NSDHL, 
PCSK9, SC5D, SCD, SQLE, STARD4

Activated 3.959 < 0.0001

SREBF1 Sterol regulatory element binding transcription factor 1 ACSS2, CYP51A1, DHCR7, ELOVL6, FADS1, 
FDPS, HMGCR, HMGCS1, IDI1, LPIN1, LSS, 
MSMO1, MVD, NSDHL, PCSK9, SC5D, SCD, 
SQLE, STARD4

Activated 4.238 < 0.0001

POR P450 (cytochrome) oxidoreductase ACAT2, ASNS, CYP1A1, CYP51A1, DHCR7, 
ELOVL6, FDPS, HMGCR, HMGCS1, IDI1, LSS, 
MSMO1, MVD, NSDHL, SC5D, SCD, SQLE, 
STARD4

Inhibited -4.084 < 0.0001

INSIG1 Insulin-induced gene 1 ACSS2, CYP51A1, DHCR7, ELOVL6, FADS1, 
FDPS, HMGCR, HMGCS1, IDI1, LPIN1, LSS, 
SCD, SQLE, STARD4

Inhibited -3.654 < 0.0001

Top 5 upstream regulators were shown.
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Figure 2. Effect of GSK343 on SREBP processing. A. HepG2 and PLC5 cells were treated with 0~20 μM GSK343 
for 6 h. The whole cell lysates were analyzed by Western blotting. B. HepG2 and PLC5 cells were treated with 20 μM 
GSK343 for 6 h. The nuclear lysates were analyzed by Western blotting. C. HepG2 and PLC5 cells were treated with 
20 μM GSK343 for 6 h. The nuclear lysates were subjected to SREBP1/2 DNA binding activity assay. P < 0.05 (*) 
or P < 0.01 (**) indicates significant differences between GSK343-treated and untreated cells. D. HepG2 and PLC5 
cells were transfected with SREBP1/2 siRNAs for 3 days. The whole cell lysates were analyzed by Western blotting. 
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DNA binding activity of SREBP1/2 were exam-
ined. Consistently, GSK343 increased nuclear 
level and DNA binding ability of SREBP2, but 
not SREBP1, in HepG2 and PLC5 cells (Figure 
2B and 2C). To investigate the role of SREBP1/2 
in the GSK343-induced cytotoxicity, the expres-
sion of SREBP1/2 was knocked down by siR-
NAs (Figure 2D). Compared to the consequence 
of SREBP1 knockdown, inhibition of SREBP2 
had higher cytotoxicity and could enhance the 
anticancer activity of GSK343 in HepG2 and 
PLC5 cells (Figure 2E). Therefore, GSK343 acti-
vates SREBP2 signaling pathway, which pro-
tects cancer cells against the cytotoxicity of 
GSK343.

To investigate the clinical impacts of SREBP1/2 
on HCC patient, cancer genomics analysis was 
performed using the cBioPortal online tool 
(http://www.cbioportal.org/) [31, 32]. As shown 
in Figure 3A, upregulation of SREBP1/2 mRNA 
was the major type of genetic alterations in 
HCC. Interestingly, patients with genetic altera-
tions of SREBP2 (P = 0.00176), but not SREBP1 
(P = 0.503), had shorter overall survival (Figure 
3B and 3C). Therefore, inhibition of SREBP2 in 
combination with GSK343 may provide clinical 
benefit for HCC patients.

EZH2 inhibition and SAM competition are not 
involved in GSK343-induced SREBP2 process-
ing

To investigation whether GSK343 activated 
SREBP2 through the inhibition of EZH2, HepG2 
and PLC5 cells were transfected with EZH2 
siRNA to knockdown EZH2 expression (Figure 
4A). However, EZH2 knockdown did not induce 
SREBP2 processing (Figure 4A). Consistently, 
overexpression of EZH2 did not suppress GS- 
K343-induced SREBP2 processing (Figure 4B). 
In addition, cells were treated with various 
types of EZH2 inhibitors to compare their abili-
ties to activate SREBP2, including SAM-com- 
petitive inhibitors (GSK343, UNC1999, and 
EPZ-6438), SAH inhibitor (DZNep), EZH2-EED 
disruptor (A395), and the inactive analog of 
A395 (A395N). As shown in Figure 4C, only 
SAM-competitive EZH2 inhibitors could induce 
SREBP2 processing. Therefore, these results 

suggesting that inhibition of EZH2 is not respon-
sible for GSK343-induced SREBP2 activation. 
To investigate whether SAM competition was 
involved in GSK343-induced SREBP2 process-
ing, cells were supplemented with exogenous 
SAM, and then exposed to GSK343. However, 
SAM supplements were not able to reverse 
GSK343-induced SREBP2 processing (Figure 
4D), suggesting that SAM competition is not 
responsible for GSK343-induced SREBP2 ac- 
tivation.

GSK343 induces SREBP2 activation in a S1P-
dependent manner

Because SREBP activation involves multiple 
steps, we further dissected how GSK343 acti-
vated SREBP2 using specific chemical inhibi-
tors (Figure 5A). We first ascertain that GSK343 
did not alter the expression levels of protein 
involved in SREBP pathways, including INSI- 
G1/2, SCAP, S1P, and S2P (Figure 5B). Fato- 
statin inhibits the ER-Golgi translocation of 
SREBP1/2 through binding to SCAP at a dis-
tinct site from the sterol-binding domain [33]. 
Botulin inhibits SREBP1/2 maturation by induc-
ing interaction of SCAP and INSIG1/2 [34]. 
Fatostatin and botulin did not affect GSK343-
induced SREBP2 processing (Figure 5C and 
5D). AEBSF, a serine protease inhibitor used to 
inhibit both S1P and S2P, attenuated GSK343-
induced SREBP2 processing (Figure 6A). To 
clarify which protease was responsible for 
GSK343-induced SREBP2 processing, specific 
S1P (PF-429242) and S2P (Nelfinavir) inhibitors 
were used [35, 36]. As shown in Figure 6B, 
PF-429242, but not Nelfinavir, suppressed GS- 
K343-induced SREBP2 processing, suggesting 
that S1P, but not S2P, is required for GSK343-
induced SREBP2 processing. To investigate 
whether inhibition of S1P/SREBP2 by PF-429- 
242 could potentiate the anticancer activity of 
GSK343, cells were treated with GSK343 with 
or without PF-429242, and then MTT assay 
was performed. As shown in Figure 6C, syner-
gistic anticancer activity was found by PF- 
429242 and GSK343. Therefore, these results 
indicate that GSK343 induces S1P-dependent 
SREBP2 activation.

E. HepG2 and PLC5 cells were transfected with SREBP1/2 siRNAs and then exposed to 10 μM GSK343 for 72 h. 
Cell viability was measured by MTS assay. P < 0.05 (*) or P < 0.001 (***) indicates significant differences between 
siRNA-transfected and untransfected cells.
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Figure 3. Cancer genomics analysis of SREBP1/2 in HCC. The genetic altera-
tions of SREBP1/2 in HCC were analyzed by the cBioPortal for Cancer Ge-
nomics (http://www.cbioportal.org/). The genetic alterations of SREBP1/2 
were shown as an OncoPrint (A). The impacts of SREBP1 (B) and SREBP2 
(C) on the overall survival of HCC patients were shown as Kaplan-Meier plot.

Activation of p38α is involved in GSK343-
induced SREBP2 activation

To further explore the potential upstream me- 
chanisms involved in GSK343-induced S1P/
SREBP2 activation, we searched literatures 

and found that various signal-
ing pathways can modulate 
SREBP activity, including AKT/
mTOR [37], ER stress [38], 
and reactive oxidative species 
(ROS) [39] can activate SR- 
EBP1 or SREBP2. In contrast, 
AMP-activated protein kinase 
(AMPK) is a negative regulator 
of SREBP activation [40]. Th- 
erefore, chemicals targeting 
to these signaling pathways 
were used, including LY-29- 
4002 (AKT inhibitor), rapamy-
cin (mTOR inhibitor), ISRIB (ER 
stress/ATF4 inhibitor), GSK-
2606414 (ER stress/PERK in- 
hibitor), Trolox (antioxidant/vi- 
tamin E analog), AICAR (AMPK 
activator), and compound C 
(AMPK inhibitor). As shown in 
Figures 7 and 8, inhibition of 
AKT, mTOR, ER stress, and 
ROS did not prevent GSK343-
induced SREBP2 processing. 
Inhibition of AMPK by com-
pound C was sufficient to in- 
duce SREBP2 processing, su- 
ggesting a negative role of 
AMPK. However, activation of 
AMPK by AICAR did not affect 
GSK343-induced SREBP2.

To predict the action mecha-
nism of GSK343, we com-
pared the whole- or sub-struc-
tures of GSK343 with other 
compounds with known tar-
gets. As shown in Table 5, wh- 
ole-structure comparison indi-
cated that GSK343 was most-
ly similar to inhibitors of p38α, 
coagulation factor X, glucag- 
on-like peptide 1 receptor, and 
luciferin 4-monooxygenase. 
Sub-structure comparison al- 
so found that GSK343 was 
similar to a compound (BDB- 

M50173635) that can inhibit p38α (Figure 9A). 
In addition, we also predict GSK343’s target by 
using an online tool, HitPick (http://mips.helm-
holtz-muenchen.de/proj/hitpick) [41]. Interes- 
tingly, the result (Figure 9B) also predicted 
p38α as a target of GSK343 based on its simi-
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larity to a compound (CID-44578630). Th- 
erefore, we will further investigate the role of 
p38α in GSK343-induced SREBP2 activation.

Because p38 belongs to mitogen-activated 
protein kinase (MAPK) family with extracellular 
signal-regulated kinase (ERK) and Jun N-ter- 
minal kinase (JNK), we first examined the effect 
of GSK343 on MAPK activity based on their 
phosphorylation. To our surprise, GSK343 ti- 
me-dependently induced phosphorylation of 
p38α and ERK1/2, but inhibited that of JNK1/2 
(Figure 10A), suggesting that GSK343 activat-
ed p38α and ERK1/2 and suppressed JNK1/2 
activity. Thus, the inhibitors of 38α (SB202190), 
ERK1/2 (PD98059), and JNK1/2 (SP600125) 
were used. As shown in Figure 10B, SB202190 
inhibited GSK343-induced SREBP2 process-

ing. In addition, inhibition of p38α enhanced 
the cytotoxicity of GSK343 in HepG2 and PLC5 
cells (Figure 10C), which was similar to the 
effect of PF-429242 (Figure 6C). To ascertain 
the activation of p38α by GSK343, the phos-
phorylation of its substrate, MAPK-activated 
protein kinase 2 (MAPKAPK2), was examined 
by Western blot analysis. As shown in Figure 
10D, GSK343 induced the phosphorylation of 
MAPKAPK2, as the p38 activator (anisomycin) 
did. In vitro p38α activity assay was also per-
formed and found that GSK343 activated p38α 
(Figure 10E). Therefore, these results suggest 
that GSK343 activates SREBP2 in a p38α-
dependent manner. A previous study has found 
that p38 could activate caspase-3 that cleaves 
and activates SREBP2 [42]. However, we sh- 
owed that a caspase-3 inhibitor, Z-DEVD-FMK, 

Figure 4. Role of EZH2 inhibition and SAM supplementation in GSK343-induced SREBP2 activation. A. HepG2 and 
PLC5 cells were transfected with EZH2 siRNAs for 3 days. The whole cell lysates were analyzed by Western blotting. 
B. HepG2 and PLC5 cells were treated with various EZH2 inhibitors for 6 h. A-395N is an inactive structural analog 
of A-395. The whole cell lysates were analyzed by Western blotting. C. HepG2 and PLC5 cells were pretreated with 
various concentration for SAM for 1 h and then exposed to GSK343 for 6 h. The whole cell lysates were analyzed 
by Western blotting. D. HepG2 and PLC5 cells were treated with GSK343 (20 μM), UNC1999 (10 μM), DNZep (20 
μM), A-395 (5 μM), A-395N (5 μM), and EPZ-6438 (5 μM) for 6 h. The whole cell lysates were analyzed by Western 
blotting.
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did not alter GSK343-induced SREBP2 pro-
cessing (Figure 11).

Discussion

This study identified a novel activity of SAM-
competitive EZH2 inhibitors to activate p38α- 
and S1P-dependent SREBP2 signaling path-
way, which may become an obstacle to treat 
cancers in the future. However, we also identi-
fied that pharmacological intervention of this 
pathway could enhance the anticancer activity 
of the SAM-competitive EZH2 inhibitors, there-
by creating a druggable vulnerability. Therefo- 
re, development of combination therapy using 
SAM-competitive EZH2 inhibitors with S1P/

SREBP2 inhibitors or novel SAM-competitive 
EZH2 inhibitors without the activation of S1P/
SREBP2 signaling pathway would be a promis-
ing anticancer strategy.

Although the anticancer activity of SAM-com- 
petitive EZH2 inhibitors has been demonstrat-
ed in different genetically defined hematologic 
and solid tumors, especially for those with 
EZH2-activating mutations [22], their effects 
on HCC are still unclear. Knockdown of EZH2 by 
lentivirus-mediated RNA interference inhibits 
HCC growth in a mouse model [43], providing 
the first hint for using pharmacological EZH2 
inhibitors to treat HCC. Later, an EZH2 inhibitor, 
DZNep, is found to inhibit tumor-initiating HCC 

Figure 5. Effect of fatostatin and betulin on GSK343-induced SREBP2 processing. (A) A cartoon for SREBP process-
ing and the stage-dependent inhibitors. (B) HepG2 and PLC5 cells were treated with GSK343 for 6 h. The whole cell 
lysates were analyzed by Western blotting. (C and D) HepG2 and PLC5 cells were pretreated with fatostatin (C) or 
betulin (D) for 1 h and then exposed to GSK343 for 6 h. The whole cell lysates were analyzed by western blotting.
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Figure 6. Effect of S1P and S2P inhibitors on GSK343-induced SREBP2 processing. A. HepG2 and PLC5 cells were 
pretreated with AEBSF for 1 h and then exposed to GSK343 for 6 h. The whole cell lysates were analyzed by West-
ern blotting. B. HepG2 and PLC5 cells were pretreated with PF-429242 or Nelfinavir for 1 h and then exposed to 
GSK343 for 6 h. The whole cell lysates were analyzed by Western blotting. C. HepG2 and PLC5 cells were treated 
with GSK343 with or without 10 μM PF-429242 for 72 h. Cell viability was analyzed by MTS assay.

cells [44]. Our previous study also shows that 
GSK343 induces autophagic cell death in HCC 
cells [26]. Interestingly, EZH2 inhibition may 
also involve in the anticancer activity of so- 
rafenib, an approved multikinase inhibitor for 
treating HCC. For example, we and other group 
demonstrate that sorafenib inhibits EZH2 ex- 
pression and inhibition of EZH2 promotes the 
anticancer activity of sorafenib in HCC [26, 45]. 
These findings highlight the potential applica-
tion of EZH2 inhibition for HCC cancer therapy.

The SREBP protein family is responsible for 
sensing nutrient levels and regulating genes 
related to lipid metabolism. However, SREBP1 
isoforms (SREBP1a and SREBP1c) preferential-
ly control genes regulating fatty acid, phospho-
lipid, and triacylglycerol biosyntheses, whereas 

SREBP2 prefers to control genes for cholester-
ol biosynthesis [46, 47]. Our results highlighted 
the essential role of SREBP2, but not SREBP1, 
in HCC, implying that alteration of cholesterol 
homeostasis during HCC development. Con- 
sistently, a recent proteomics study has dem-
onstrated that key proteins related to choles-
terol homeostasis, including sterol O-acyl- 
transferase 1 (SOAT1), SCAP, SREBP2, low den-
sity lipoprotein receptor (LDLR), 3-hydroxy-
3-methylglutaryl-CoA reductase (HMGCR), cyto-
chrome P450 family 7 subfamily A member 1 
(CYP7A1), and NPC intracellular cholesterol 
transporter 1 (NPC1), are significantly upregu-
lated in early-stage HCC [48].

We identified that GSK343 activated p38α. It is 
controversial that EZH2 can promote p38 acti-
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vation via binding with phospho-p38, together 
with the core members of PRC2, EED and 
SUZ12 in breast cancer cells [49]. In addition, 
p38 can phosphorylate EZH2 at Thr367 to exe-
cute PRC2-dependent and PRC2-independent 
functions [50, 51]. Although inhibition of EZH2 
expression by shRNA and DZNep could sup-
press p38 phosphorylation, the effect of SAM-
competitive EZH2 inhibitors on p38 activity is 
not investigated yet in these studies [49, 52]. 
Given the fact that SAM-competitive EZH2 
inhibitors did not reduce the level of EZH2, we 
hypothesize that GSK343 may block the inter-

action between EZH2 and p38α without losing 
the phosphorylated p38α.

Materials and methods

Materials

DMEM medium, L-glutamine, sodium pyruvate, 
and antibiotic-antimycotic solution (penicillin G, 
streptomycin and amphotericin B), and Lipo- 
fectamine 3000 and RNAiMAX transfection 
reagents were purchased from Life Tech- 
nologies. Fetal bovine serum was purchased 

Figure 7. Effect of AKT, mTOR, and ER stress inhibitors on GSK343-induced SREBP2 activation. HepG2 and PLC5 
cells were pretreated with LY-294002 (A), rapamycin (B), ISRIB (C), or GSK-2606414 (D) for 1 h and then exposed 
to GSK343 for 6 h. The whole cell lysates were analyzed by western blotting.
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Figure 8. Effect of AMPK modulators 
and ROS inhibitors on GSK343-induced 
SREBP2 activation. HepG2 and PLC5 cells 
were pretreated with AICAR (A), compound 
C (CC) (B), or trolox (B) for 1 h and then 
exposed to GSK343 for 6 h. The whole cell 
lysates were analyzed by western blotting.

Table 5. Top-5 drug targets for compounds similar to 
GSK343 based on whole-structure comparison
Rank Target Description
1 EZH2 Histone-lysine_N-methyltransferase_EZH2
2 MAPK14 MAP_kinase_p38_alpha
3 F10 Coagulation_factor_X
4 GLP1R Glucagon-like_peptide_1_receptor
5 NA Luciferin_4-monooxygenase

from GIBCO. SREBP1 and SREBP2 antibodies 
were purchased from BD Biosciences. Lamin 
B1 and INSIG2 antibodies were purchased from 
ProteinTech. INSIG1 antibody was purchased 
from Abcam. EZH2 and GAPDH antibodies were 
purchased form GeneTex. SCAP antibody was 
purchased from Bethyl Laboratories. S2P, 
phospho-MAPK family antibody sampler kit, 
and phospho-Thr334-MAPKAPK2 antibody we- 
re purchased from Cell Signaling Technolo- 
gy. Horseradish peroxidase-labeled secondary 
antibodies were purchased from Jackson Im- 
munoResearch. Oil Red O lipid staining kit, S1P 
antibody, S-adenosyl-L-methionine (SAM), LY- 
294002, oleic acid (OA), Trolox, AICAR, aniso-
mycin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide (MTT), and dimethyl sul- 
foxide (DMSO) were purchased from Sigma. 
GSK343, PF-429242, Nelfinavir, compound C, 

PD98059, SB202190, SP600125, and 
EPZ-6438 were purchased from Adooq 
BioScience. Betulin was purchased from 
Millipore. UNC1999, DZNep, rapamycin, 
fatostatin, AEBSF, and SREBP1 and 
SREBP2 transcription factor assay kits 
were purchased from Cayman Chemical. 
ISRIB was purchased from Tocris Bio- 
science. Z-DEVD-FMK was purchased from 
R&D Systems. GSK-2606414 was pur-

chased from ApexBio Technology. A-395 and 
A-395N were kindly provided by Structural 
Genomics Consortium. Protease and phospha-
tase inhibitor cocktails were purchased from 
Roche. HepG2 and PLC/PRF/5 (PLC5) cells 
were purchased from the Bioresources Co- 
llection and Research Center in Taiwan. Human 
EZH2-encoding plasmid (pCMV-EZH2) and its 
control vector (pCMV) were purchased from 
Addgene. M-PER mammalian protein extraction 
reagent and TRIzol reagent were purchased 
from ThermoFisher Scientific. Nuclear/cytosol 
fractionation kit was purchased from BioVision.

Cell culture

Cells were cultured at 37°C in DMEM supple-
mented with 10% fetal bovine serum, 1 mM 
sodium pyruvate, 1% L-glutamine, 1% antibiot-
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Figure 9. Prediction of GSK343 targets by structural similarity comparison. A. Three sub-structures (highlighted 
in different colors) were used to compare with other compounds to identify similar compounds to GSK343. Drug 
structures and their accessing numbers in the Binding Database (https://www.bindingdb.org/) were shown. The 
corresponding targets and the activity (IC50 or Ki values) of each compound were indicated. B. Target prediction 
was performed using an online tool, HitPick (http://mips.helmholtz-muenchen.de/hitpick/).

ic-antimycotic solution, and incubated in a 
humidified incubator containing 5% CO2.

Cell viability assay

Cells were cultured in 96-well plates and treat-
ed with drugs before the addition of 0.5 mg/mL 
MTT for 4 h. After incubation, the blue MTT 

formazan precipitates were dissolved in 200 μL 
DMSO. The absorbance at 550 nm was then 
measured on a multiwell plate reader.

Oil Red O (ORO) staining

After treatment, cells were washed twice by 
PBS and fixed by 10% formalin for 30 min. After 
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Figure 10. Role of MAPK in GSK343-induced SREBP2 activation. A. HepG2 and PLC5 cells were treated with 20 μM 
GSK343 for the indicated time intervals. The whole cell lysates were analyzed by western blotting. B. HepG2 and 
PLC5 cells were pretreated with 20 μM of PD98059, SB202190, or SP600125 for 1 h and then exposed to GSK343 
for 6 h. The whole cell lysates were analyzed by western blotting. C. HepG2 and PLC5 cells were treated GSK343 
with or without 10 μM of PD98059, SB202190, or SP600125 for 72 h. Cell viability was analyzed by MTS assay. 
D. HepG2 and PLC5 cells were treated with 20 μM GSK343 or 50 ng/mL anisomycin (Aniso) for 0.5 h. The whole 
cell lysates were analyzed by western blotting. E. HepG2 cells were treated with DMSO or 20 μM GSK343 for 2 h. 
The cell lysates were analyzed by in vitro p38 MAPK activity assay. Blank without the addition of cell lysates was 
performed as a negative control.

fixation, cells were pre-incubated with 60% iso-
propanol for 5 min and then stained with ORO 

working solution for 20 min. After washing with 
water 2-5 times, cells were counterstained with 



Role SREBP2 activation by GSK343 in HCC

2136	 Am J Cancer Res 2019;9(10):2120-2139

Figure 11. Effect of caspase-3 inhibitor on GSK343-induced SREBP2 activation. HepG2 and PLC5 cells were pre-
treated with Z-DEVD-FMK for 1 h and then exposed to GSK343 for 6 h. The whole cell lysates were analyzed by 
western blotting.

hematoxylin for 1 min. Then, cells were washed 
2-5 times with water. Cell morphology was 
observed under microscope. To quantify ORO 
staining levels, 100% isopropanol was added to 
each sample and then the absorbance at 492 
nm was measured on a multiwell plate reader.

SREBP1/2 transcriptional activity assay

Nuclear lysates with or without GSK343 treat-
ment were prepared using the nuclear/cytosol 
fractionation kit according to the manufactur-
er’s instructions. In vitro SREBP1 and SREBP2 
transcriptional activity was performed accord-
ing to the manufacturer’s instructions.

p38 MAPK activity assay

Whole cell lysates with or without GSK343 
treatment were prepared using the M-PER 
mammalian protein extraction reagent. In vitro 
p38 MAPK activity assay was performed 
according to the manufacturer’s instructions.

Transient transfection

For transient EZH2 overexpression, cells were 
transfected with human EZH2-overexpressing 
plasmid (pCMV-EZH2) and its control vector 
(pCMV) by Lipofectamine 3000 transfection 
reagent according to the manufacturer’s in- 
structions. For transient EZH2 siRNA knock-
down analysis, cells were reversely transfected 
with human EZH2 and control siRNAs by 
RNAiMAX transfection reagent according to the 
manufacturer’s instructions.

Western blot analysis

After drug treatment, total cell lysates were pre-
pared using the M-PER mammalian protein 

extraction reagent. Western blot was per-
formed as previously [26].

Microarray analysis and gene set enrichment 
analysis (GSEA)

Total RNA was extracted using TRIzol reagent. 
The mRNA expression was profiled using the 
Human OneArray Plus (Phalanx Biotech, Hsin- 
chu, Taiwan). Results were deposited in NCBI 
GEO database (GSE129204). Gene set enrich-
ment analysis (GSEA) of the 50 cancer hall-
marks from the Molecular Signatures Databa- 
se (MSigDB) v6.2 was performed with defau- 
lt parameter setting using the GSEA v3.0 so- 
ftware (http://www.broadinstitute.org/gsea/) 
[27-30].

Statistical analysis

Means and standard deviations of samples 
were calculated from the numerical data (at 
least three replica) generated in this study. 
Data were analyzed using Student’s t test. p 
values < 0.05 (*) were considered significant.
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