
Page 1/27

Overexpression of SMYD3 contributes to sorafenib
resistance by epigenetically activating the
expression of multiple cancer-promoting genes in
hepatocellular carcinoma
Shanshan Wang 

Hangzhou Red Cross Hospital https://orcid.org/0000-0001-7364-768X
Xinxin You 

Xidian University
Fengwei Zhang 

Hangzhou Red Cross Hospital
Hongjuan Zhou 

Hangzhou Red Cross Hospital
Xuechai Shang 

Hangzhou Red Cross Hospital
Cai Long  (  c13588709359@163.com )

Zhejiang Province, People’s Republic of China

Research

Keywords: Cancer stem cells, epithelial-mesenchymal transition, Sorafenib resistance, SMYD3, SMYD3-
mediated cancer-promoting genes

Posted Date: January 19th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-147859/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-147859/v1
https://orcid.org/0000-0001-7364-768X
mailto:c13588709359@163.com
https://doi.org/10.21203/rs.3.rs-147859/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/27

Abstract

Background
The resistance mechanism to sorafenib in hepatocellular carcinoma (HCC) remains poorly understood.
Recent evidence has demonstrated the enrichment of liver cancer stem cells (CSCs) as culprit for
treatment resistance. In liver cancer development, SMYD3 epigenetically activates or overexpresses
JAK/STAT3 pathway, epithelial-mesenchymal transition (EMT) pathway, SOX4 and MYC oncogenes,
which play crucial roles in liver CSC. In this study, we demonstrate the novel role of SMYD3 in HCC
resistance to sorafenib therapy.

Methods
We used sorafenib-resistant HCC in vitro and in vivo models to study the relationship between sorafenib
resistance and SMYD3 expression. Chromatin immunoprecipitation (ChIP) and quantitative real-time PCR
(qRT-PCR) were used to analyze the mechanism of SMYD3 regulation. Stemness and metastatic
properties were investigated after treatment with SMYD3 depletion alone or in combination with
sorafenib to evaluate the therapeutic effect on sorafenib resistance by in vitro and in vivo experiments.

Result
We identi�ed overexpression of SMYD3 and subsequent increase of histone H3K4me3 as a novel
pathway of acquired resistance to sorafenib in HCC. We also found that multiple SMYD3-mediated
cancer-promoting genes exhibited up-regulation in sorafenib-resistant HCC cells and tumors. Inhibition of
SMYD3 by a small-molecular inhibitor BCL121 or genetic means suppressed the transcription of SMYD3
target genes via the inhibition of the recruitment of H3K4me3-midifed histone tails to the core promoter
regions of these genes. Restoration of wide-type SMYD3 protein in sorafenib-resistant cells with SMYD3
knockdown partly rescued the expression of target genes, while mutant SMYD3 did not. As such,
modulating SMYD3 expression or activity in vitro and in vivo models inhibited the transcription output of
target genes, mainly through SOX4, MYC, JAK1 and ZEB1 genes, and suppressed activation of their
associated pathways, including EMT, JAK/STAT3, SOX4 and MYC pathway, and consequently weakened
the stemness and metastatic properties of sorafenib-resistant cells in vitro and suppressed the relapse
and metastasis of sorafenib-resistant tumors in vivo.

Conclusion
SMYD3 conferred sorafenib-resistant cells enhanced stemness and metastatic properties in HCC by
epigenetically activating the expression of multiple cancer-promoting genes. SMYD3 could be a rational
target for therapeutic intervention in sorafenib-resistant HCC.
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Background
Sorafenib is a standard treatment for patients with advanced hepatocellular carcinoma (HCC) [1].
However, therapeutic resistance and relapse are common and represent major obstacles to the
improvement of patient survival in HCC [2]. Evidence indicates that liver cancer stem cells (CSCs)
accumulate after long-term sorafenib treatments and are likely to contribute to their failure and
subsequent generation of metastasis and local recurrence [3–5]. The development of liver CSCs and
maintenance of their “stemness” are associated with aberrations of several molecular cascades involving
signaling triggered by Notch, Wnt/beta-catenin, JAK/STAT3, SOX4 and MYC, which are regulated and
de�ned by genetic and epigenetic mechanisms [4, 6–10]. Therefore, intervention of CSCs self-renewal by
epigenetic regulators maybe a potential strategy for evading sorafenib resistance in HCC.

Epithelial mesenchymal transition (EMT) confers metastatic properties upon liver cancer cells by
enhancing invasion,metastasis and resistance to drug treatment including sorafenib [3, 11–14]. EMT has
been implicated in the generation of cancer cells with stem cell-like characteristics including increased
self-renewal, tumor-initiating capabilities [12, 13, 15]. In addition, core EMT programs involving EMT
transcription factors (SNAIL1, ZEB1, TWIST1, etc.) and epigenetic regulators accompany cell plasticity
[11, 12, 16–20]. Therefore, blocking EMT pathways by epigenetic regulators constitutes an attractive
strategy for sorafenib-resistant cancer treatment.

Aberrant Epigenetic regulators have been associated with liver CSCs, EMT, and chemoresistance
including sorafenib in HCC [4, 21]. Alterations of epigenetic modi�ers can determine the outcome of HCC
[4, 21, 22]. What’s more, the activity of established and investigational epigenetic therapies, including
inhibitors of DNA methyltransferases (DNMT), histone deacetylases (HDAC), histone lysine
methytransferases (KMTs) and histone lysine demethylases (HDMs), in well-de�ned clinical contexts has
provided evidence that this strategy can be effective [22]. Therefore, achieving a deep understanding of
epigenetic mechanisms is needed to develop better therapies.

SMYD3 is a member of the SMYD lysine methylase family and plays an important role in the methylation
of various histone and non-histone targets [23, 24]. SMYD3 was descripted as a histone 3 lysine-4 (H3K4)
methyltransferase, which displays oncogenic activity in liver cancer [24, 25]. It is always overexpressed in
several tumors including HCC, and plays an important role in modulating several cellular processes
involved in cell survival, oncogene activation and epithelial to mesenchymal transition (EMT) [24]. What’s
more, SMYD3 expression in human HCC has a prognostic value. SMYD3 expression correlated with the
probability of overall survival, the probability of surviving as a ‘‘tumor-free’’ patient after chemotherapy, the
probability of developing new tumor foci and the probability of progressing to high-grade (G3/G4) tumors
for a given time frame in HCC [24]. However, direct demonstration about the role of SMYD3 in acquired
resistance to sorafenib of HCC is lacking, and the responsible mechanisms need further investigation.

In liver cancer development, SMYD3, as a transcriptional potentiator of multiple cancer-promoting genes,
including SNAIL1, TWIST1, ZEB1, PCNA, CCNE1, CCNA2, MYC, JAK1, JAK2 and IGFPB1, directly interacts
with H3K4me3-modi�ed histone tails and is recruited to the core promoter regions of active genes [24].
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SNAIL1, TWIST1 and ZEB1 are key EMT transcription factors [12, 15–17]. Overexpression of JAK1 and
JAK2 promote the activation of JAK/STAT3 signaling pathway [24]. Activated JAK/STAT3 pathway or
overexpressed SOX4 or MYC protein is required for liver CSCs self-renewal [7, 9, 10]. Besides, inhibiting
them is bene�cial to the elimination of cancer stem cells [7, 9, 10]. Given the critical role of these targets
in liver cancer, SMYD3 maybe is a promising candidate to targeting liver CSCs and EMT.

Here, we found that SMYD3 is overexpressed in sorafenib-resistant in vivo and in vitro models, and
overexpressed SMYD3 confers hepatoma cells sorafenib resistance through enhanced stem-cell and
metastatic properties. Multiple cancer-promoting genes mediated by SMYD3 were up-regulated in
Sorafenib-resistant cells and tumors. Furthermore, molecular and pharmacological inhibition of SMYD3
attenuated EMT, JAK/STAT3, SOX4 and MYC pathway by decreasing the expression of SMYD3-mediated
cancer-promoting genes, mainly through ZEB1, JAK1, SOX4 and MYC gene, and consequently weakened
self-renewal ability and migration and invasion ability in vitro, and then suppressed sorafenib-resistant
cancer relapse and metastasis in vivo. Taken together, these results suggest that pharmacological
targeting of SMYD3 is a promising strategy to overcome sorafenib resistance in HCC.

Methods
Cell culture

Human hepatoma cell lines Huh7, SMMC-7721, BEL-7404 and SK-Hep1 were obtained directly from
Shanghai Cell Bank of Chinese Academy of Sciences (Shanghai, China) [26]. Cells were maintained in
Dulbecco’s modi�ed eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin. All cultures were maintained in a humidi�ed incubator at 37°C and 5% CO2. The
cell lines have been characterized at the cell bank by DNA �ngerprinting analysis using short tandem
repeat markers. All cell lines were placed under cryostage after they were obtained from the cell bank and
used within 6 months of thawing fresh vials, as described previously [4, 26].

Construction of plasmids, shRNAs, transfection, and lentivirus-mediated gene knockdown

For expression of wide type SMYD3, the cDNA was ampli�ed by PCR and ligated into the correct reading
frames of pcDNA3.0-�ag vector containing FLAG coding sequences as described previously [26]. To
generate catalytic dead mutant SMYD3-Y239F expression vectors, SMYD3 cDNA was mutated by the
QuikChange® II site-directed mutagenesis kit (Agilent Technologies) before the construction [27]. All
plasmid constructs were con�rmed by DNA sequencing. Plasmid transfections were performed using
Lipofectamine 2000 (Invitrogen, USA). The shRNA against SMYD3 gene shSMYD3s and corresponding
nonspeci�c shRNA (Sigma, USA) were used for RNA interference as described previously [4, 26]. The
sequences are listed in Supplementary Table S1.

Treatment of cells with inhibitors in vitro and establishment of sorafenib-resistant cells in vitro
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Different amounts of inhibitor(s) were dissolved in dimethyl sulfoxide. Cells were plated in 6-well plates.
When cells reached 60% con�uence, they were treated with the appropriate dose of inhibitor at different
times. After treatment, cells were collected for further experiments and analyses. Chemical reagents are
listed in Supplementary Table S2.

Sorafenib-resistant cells in vitro from Huh7, SMMC-7721, BEL-7404 and SK-Hep1 cells were established
as described previously [4]. Brie�y, Huh7, SMMC-7721, BEL-7404 and SK-Hep1 cells were exposed to
sorafenib from low dose (2.5 μM) and when cells stably grew then started to change to the higher dosage
of sorafenib (5, 7.5, and then 10 μM). Medium containing sorafenib was replaced every two days for three
months. In the ends, the cells could grow slowly in medium containing 10 μM sorafenib (a clinically
relevant dose).

Western blotting and immuno�uorescence assay

Proteins extracted for western blotting assay were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), transferred to polyvinylidene �uoride membranes, and blotted with primary
and secondary antibodies. Densitometry was performed using ImageJ 1.51h v software
(http://rsb.info.nih.gov/ij/). Regarding the immuno�uorescence assay, cells were �xed, and then blocked
with 1% bovine serum albumin-phosphate-buffered saline prior to incubation with primary and secondary
antibodies. Antibody list used is shown in Supplementary Table S2.

RNA extraction and quantitative real-time PCR (qRT-PCR)

Total RNA was isolated using TRIzol reagent (Invitrogen, NY) and reverse transcription was performed
with 500ng of RNA using PrimeScript™ RT Master Mix (Takara, Japan), according to the manufacturer’s
instructions. qPCR was performed with FastStart Universal SYBR® Green Master (Roche, USA) on an
Applied Biosystems 7500 Real Time PCR System supplied with analytical software (Applied Biosystems,
USA). The average of the technical replicated was normalized to GAPDH levels using the comparative CT
method (2-△△CT). Average and standard deviations of at least 3 experiments are shown in the �gures.
The primer pairs were listed in Supplementary Table S3.

Annexin V ⁄ Propidium iodide staining and �ow cytometry analysis

Annexin V⁄ propidium iodide (PI) staining and �ow cytometry analysis were carried out using the Annexin
V-FITC Apoptosis Detection Kit (BD Biosciences, USA) according to the manufacturers’ instructions.

Colony formation assay

Two days after transfection, 3103 tumor cells per well were resuspended in DMEM containing 0.3%
agarose (Promega, USA). This suspension was laid over DMEM containing 0.6% noble agarose in 6-well
plates and further overlaid with DMEM. The plates were then incubated for 14 days in a 5% CO2 incubator
at 37°C, with replenishment of medium every other day. Colonies were imaged using Olympus IX71 and
macroscopically visible colonies in three randomly chosen �elds per well were counted for quanti�cation.
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Sphere formation assay

Spheres were generated in DMEM:F12 (Life Technologies, , USA) supplemented with 2% B-27 (Life
Technologies, USA), EGF, bFGF (PeproTech, USA), 100 IU/mL penicillin, and 100 mg/mL streptomycin on
ultralow attachment plates for 14 days. Spheres were imaged using Olympus IX71 and macroscopically
visible colonies in three randomly chosen �elds per well were counted for quanti�cation.

Chromatin immunoprecipitation (ChIP)

Chromatin immunoprecipitation (ChIP) was carried out with the ChIP Assay Kit (Millipore, USA) according
to the manufacturer’s instructions as described previously [4, 26]. The percentage of the bound DNA was
quanti�ed against the original DNA input by PCR analysis. The PCR primer sets used are shown in
Supplementary Table S1.

Migration and invasion assays

Migration and invasion were assessed using transwell assays with polycarbonate membrane inserts with
8.0μM pore size (Corning) coated with or without Matrigel (Corning) as described previously [28].

Animal models, histology, immunohistochemistry analysis, and evaluation

All animal experiments were approved by the Institutional Animal Care and Use Committee of Zhejiang
Chinese Medical University (Zhejiang, China) and carried out in accordance with the approved
guideline“code of practice: animal experiments in cancer research” (Netherlands Inspectorate for Health
Protection, Commodities and Veterinary Public Health, 1999).

Sorafenib-resistant subcutaneous tumors were generated as described previously [4]. Brie�y, 1×107 Huh7
cells in 200 µl phosphate buffered saline were injected subcutaneously in 3-4 week-old male nude mice.
After two weeks, mice were randomly allocated into groups and treated with sorafenib (60
mg/kg/intraperitoneal injection (i.p.), once every other day) for two months. On day 60 after the start of
treatment, tumors were removed.

To establish in vivo tumor formation model, 100 to 10,000 Huh7-Res or 7721-Res cells with NS shRNA or
shSMYD3-#1, were mixed with Matrigel, and were injected subcutaneously into the �anks of three-four
week-old male nude mice. Tumors grew for approximately 4 weeks and were removed.

1×107 Huh7-Res or Huh7-Res shSMYD3-#1 cells in 200 µl phosphate buffered saline were injected
subcutaneously in 3-4 week-old male nude mice. After two weeks, mice with Huh7-Res cells were
randomly allocated into 4 groups and treated with DMSO, sorafenib (60 mg/kg/intraperitoneal injection
(i.p.)), BCL121 (5 mg/kg/ i.p.), sorafenib (60 mg/kg/i.p.) plus BCL121 (5 mg/kg/i.p.)) for 4 weeks. Mice
with Huh7-Res shSMYD3-#1 cells were randomly allocated into 2 groups and treated with DMSO or
sorafenib (60 mg/kg/ i.p.) for 4 weeks.
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Tumors were measured twice weekly and volumes. Tumor size was measured with digital calipers and
calculated based on the following formula: length(width)2/6. Tumors sections from subcutaneous tumor
xenografted male nude mice were H&E stained, immunohistochemically analyzed, and evaluated as
described previously [4].

Statistical analysis

Experimental data were presented as mean±standard error of mean of at least 3 independent replicates
through analyzing with GraphPad Prism 5 (GraphPad Software, La Jolla, CA) and assessing comparisons
between different groups by the Student t test, one-way ANOVA, and two-way ANOVA analysis of
variance.

Results
SMYD3 is overexpressed in sorafenib-resistant tumors and cells.

Establishment of different sorafenib-resistant HCC cell lines has previously been successful in vitro and
in vivo [4]. These cells were found to exhibit enhanced anti-apoptosis ability, slow cell-cycle and liver CSC
properties, including enhanced tumorigenecity, self-renewal ability, and migration and invasion ability in
vitro, by Annexin V staining, IP staining, colony and sphere formation assay, and migration and invasion
assay (Fig. 1a) [4]. These cells exhibited enhanced metastatic potential, including liver and lung
metastasis, upon long-term exposure to sorafenib in vivo (Fig. 1b) [4]. These results are in line with the
�nding that label-retaining liver cancer cells with resistance to sorafenib [5].

In order to study the role of SMYD3 in the treatment of sorafenib resistance in liver cancer, we �rstly
detected the expression of SMYD3 in sorafenib-resistant cell lines. Western blotting revealed that SMYD3
protein was highly expressed in sorafenib-resistant cell lines (Fig. 1c). Immuno�uorescence assay further
con�rmed that the expression of SMYD3 in Huh7-derived sorafenib-resistant cells was signi�cantly
increased (Fig. 1c). Although it was also expressed in the nucleus, it was mainly enriched in the
cytoplasm (Fig. 1c). The quantitative RT-PCR (qRT-PCR) method further con�rmed the expression of
SMYD3 at the transcription level was also signi�cantly increased (Fig. 1c). Next, the SMYD3 protein level
was detected by western blotting and immunohistochemistry in sorafenib-resistant tumors, and it was
found that compared with control tumors, the SMYD3 protein level in sorafenib-resistant tumors was
signi�cantly increased (Fig. 1d). And qRT-PCR method further con�rmed that the mRNA level of SMYD3 in
sorafenib-resistant tissues was also signi�cantly increased (Fig. 1d). Finally, we analyzed the liver cancer
samples in the TCGA database and selected 3 groups: the group that did not receive chemotherapy drugs,
the group that received sorafenib or other drug treatment groups, and compared the sequencing results of
SMYD3 to �nd that compared with the untreated group, the expression of SMYD3 from drug-treatment
groups was signi�cantly higher, but there was no signi�cant difference between sorafenib and other
treatment groups (Fig. 1e). Therefore, SMYD3 is overexpressed in sorafenib-resistant cells and tumors.
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Sorafenib-resistant cells exhibit widespread up-regulation of multiple cancer-promoting genes mediated
by SMYD3.

In the progression of liver cancer, SMYD3 invades active chromatin domains via association with
H3K4Me3 and RNA Pol-II, thereby stimulating the transcription of key genes in cancer-related pathways
[24]. These genes include: JAK1, JAK2, SNAIL1, TWIST1, ZEB1, SOX4, MYC, IGFBP1, PCNA, CCNE1 and
CCNA2 [24]. Therefore, as a �rst step toward understanding the signi�cance of targeted SMYD3 therapy,
we measured the expression of these genes in sorafenib-resistant cells and tumors by qRT-PCR. We found
that a large majority of sorafenib-resistant samples exhibited a signi�cant up-regulation the expression of
these oncogenes compared with control samples (Fig. 2a). For example, except for IGFBP1 gene in Huh7-
Res, JAK2, SOX4, SNAIL1, CCNE1, IGFBP1, and PCNA gene in 7404-Res cells, TWIST1 gene in 7721-Res
cells, CCNA2 in SK-Hep1-Res cells, all other resistant cells expressed signi�cantly higher levels of JAK1,
JAK2, SNAIL1, TWIST1, ZEB1, SOX4, and MYC gene compared with parental cells (Fig. 2a). In sorafenib-
resistant tumors derived from Huh7 cells, JAK1, SNAIL1, TWIST1, ZEB1, SOX4, and MYC gene were
signi�cantly higher compared with DMSO-treated tumors (Fig. 2b). However, JAK2, SOX4, IGFBP1, PCNA,
CCNE1, and CCNA2 gene were not signi�cantly up-regulated in sorafenib-resistant tumors, but some
tended to be up-regulated (Fig. 2b). Therefore, sorafenib-resistant cells exhibit widespread up-regulation
of multiple cancer-promoting genes in vitro and in vivo.

Genetic and pharmacological inhibition of SMYD3 suppresses the expression of multiple cancer-
promoting genes and activation of their associated signaling pathways in sorafenib-resistant cells.

Next, we investigate whether SMYD3 regulates the expression of these cancer-promoting genes. We
conducted loss-of-function analysis of SMYD3 in vitro, and achieved the stable knockdown of SMYD3 in
Huh7-Res and 7721-Res cells with lentivirus-mediated-shRNA against SMYD3 (shSMYD3). Two different
shSMYD3, labeled shSMYD3-#1 and shSMYD3-#2, effectively suppressed the expression of SMYD3
protein and mRNA levels (Fig. 3a and b). After silencing SMYD3 or inhibiting the activity of SMYD3 with a
small molecule inhibitor BCL121 [29], qRT-PCR was used to detect the effect on the transcription level of
these cancer-promoting genes, and it was found that both signi�cantly reduced the expression of their
mRNA (Fig. 3a and c). Western blotting assay was used to detect the effect on their proteins and found
that SMYD3 depletion signi�cantly reduced the protein contents of these genes in sorafenib-resistant cell
lines, thereby inhibiting the phosphorylation of STAT3 and N-cadherin protein, as well as the increase of
E-cadherin protein, suggesting that SMYD3 depletion inhibited cell stemness, activation of JAK/STAT3
and EMT pathway (Fig. 3b and d). However, the synergy of the combined use of BCL121 and sorafenib is
not signi�cant in the transcriptional level, but it is signi�cant in the protein level (Fig. 3c and d). Therefore,
these �ndings indicated that SMYD3 depletion inhibited the expression of these oncogenes and the
activation of related signal pathways. Moreover, BCL121 also played a similar inhibitory effect on the
expression of SMYD3 target genes, indicating that this effect requires the participation of SMYD3
enzyme activity.
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SMYD3 epigenetically activated the expression of multiple cancer-promoting genes and is dependent on
its HMT activity.

In order to further con�rm the role of SMYD3 in the regulation of these genes, we conducted gain-of-
function analysis of SMYD3 in vitro in sorafenib-resistant cells with SMYD3 knockdown. We constructed
wild-type SMYD3 (SMYD3) and catalytic dead mutant SMYD3-Y239F (SMYD3-M) in the pcDNA3.1-�ag
vector, and transferred wild-type SMYD3 or mutant SMYD3 to sorafenib-resistant cells with SMYD3
knockdown, and studied the effect on the transcription level of target genes. Because knockdown of
SMYD3 was more prominent with shSMYD3-#1 than shSMYD3-#2, we used shSMYD3-#1 for most of
subsequent experiments. Quantitative RT-PCR showed that the expression of wild-type SMYD3
complemented down-regulated the expression of multiple cancer-promoting factors caused by SMYD3
silencing, but not mutant SMYD3 (Fig. 4a). This result suggested that SMYD3 was necessary for the
regulation of multiple cancer-promoting genes and dependent on its enzyme activity. In order to further
evaluate the mechanism of SMYD3 in the regulation of these genes, chromotin immunoprecipitation
(ChIP) assay was performed to detect the recruitment of SMYD3 and RNA polymerase II in the promoter
regions of these oncogenes and the modi�cation of histone H3K4me3 in sorafenib-resistant cells with
SMYD3 silence or inhibition. JAK1, SOX4, and ZEB1 gene were selected as representatives for further
research. It was found that the recruitment of SMYD3 and RNA polymerase II in the promoter regions of
JAK1, SOX4, and ZEB1 gene was reduced, and histone H3K4Me3 modi�cation was also signi�cantly
reduced by SMYD3 depletion (Fig. 4b and c). Secondly, we transferred wild-type SMYD3 and enzyme-
mutated SMYD3 into sorafenib-resistant cells with SMYD3 knockdown, and performed ChIP assay with
�ag antibody, and found that both wild-type and mutant SMYD3 can bind to the promoter regions of
JAK1, SOX4, and ZEB1 gene (Fig. 4d). However, compared with the mutant SMYD3, the recruitment of
RNA polymerase II and histone H3K4me3 modi�cation on the detected promoters were signi�cantly
increased in cells expressing wild-type SMYD3 (Fig. 4d). These results showed that SMYD3 epigenetically
regulated the expression of these cancer-promoting genes via histone H3K4me3 modi�cation.

Genetic and pharmacological inhibition of SMYD3 suppresses tumorigenecity, self-renewal ability, and
migration and invasion ability in HMT-dependent manner.

Drug-resistant cells have more cancer stem cells (CSCs), resulting in cancer relapse and metastasis.
SMYD3-mediated cancer-promoting genes and their associated pathway directly or indirectly involved in
liver CSCs. After con�rming that both genetic and pharmacological inhibition of SMYD3 resulted in
suppressing JAK/STAT3, SOX4, MYC, and EMT pathway, we tested if the treatment of sorafenib-resistant
HCC cells with SMYD3 knockdown or inhibition result in decreasing these pathways mediated
tumorigenecity, self-renewal, and migration and invasion ability. Regarding the relative self-renewal
potential of sorafenib-resistant cells, silencing SMYD3 signi�cantly decreased colony and sphere
formation frequencies than controls (Fig. 5a). Consistent with this �nding, limiting dilution analysis
showed that sorafenib-resistant cells with shSMYD3 required more cells and longer incubation times to
generate tumors in vivo as compared those with nonspeci�c shRNA, indicating that sorafenib-resistant
cells with shSMYD3 were signi�cantly less enriched in CSCs (Fig. 5b). To con�rm the results obtained
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using SMYD3 shRNA, we treated sorafenib-resistant cells with SMYD3 inhibitor BCL121 and measured
tumorigenecity and self-renewal ability. In agreement with the results observed with SMYD3 knockdown,
SMYD3 inhibitor also resulted in decreasing colony and sphere formation frequencies, and the
combination with sorafenib also has a signi�cant synergistic effect (Fig. 5c). We further recovered
SMYD3 expression to rescue the weakening of the stemness of sorafnieb-resistant cells caused by
SMYD3 knockdown, and found that overexpression of wide-type SMYD3 signi�cantly restored
tumorigenecity and self-renewal ability of sorafenib-resistant cells, but not mutant SMYD3(Fig. 5d).
Regarding the relative migration and invasion ability of sorafenib-resistant cells, we found that SMYD3
knockdown or SMYD3 inhibition by BCL121 signi�cantly inhibited migration and invasion ability of
sorafenib-resistant cells using transwell assay with or without matrigel (Fig. 6a-d). What’s more,
overexpression of wild-type SMYD3 signi�cantly restored the migration and invasion capabilities of
sorafenib-resistant cells upon SMYD3 knockdown, but not mutant SMYD3 (Fig. 6e-f). These �ndings
indicated that SMYD3 depletion could effectively inhibit the stemness, migration and invasion ability of
sorafenib-resistant cells in HMT-dependent manner.

Genetic and pharmacological inhibition of SMYD3 inhibited the growth and metastasis of sorafenib-
resistant tumors by inhibiting the expression of SMYD3-related cancer-promoting genes in vivo.

To evaluate to the impact of targeting SMYD3 in the treatment of sorafenib-resistant tumors, we used a
xenograft model to test the effects of shSMYD3 or BCL121 on sorafenib-resistant tumor growth and
metastasis. We subcutaneously injected Huh7-Res cells or Huh7-Res with stably expressing shSMYD3-#1
vector, and treated with sorafenib or not, or treated with BCL121 or not, and divided into 6 groups,
including DMSO group, Sorafenib group, shSMYD3-#1 DMSO group, shSMYD3-#1 sorafenib group,
BCL121 group and Sorafenib + BCL121 group (Fig. 7a). First, we found that compared with the DMSO
treatment, sorafenib treatment continued to inhibit the growth of sorafenib-resistant tumors in vivo
(Fig. 7b-c). Second, targeting SMYD3 by shSMYD3 or BCL121 both signi�cantly inhibited the growth of
sorafenib-resistant tumors, and silencing SMYD3 combined with sorafenib had a good synergistic effect
on tumor growth, while BCL121 combined with sorafenib had not (Fig. 7b-c). Because Sorafenib-resistant
cells acquire stem cell properties and metastatic properties, which induce cancer relapse and metastasis
in multiple organs of nude mice [4, 5]. Finally, we studied the metastasis in liver, lung and spleen by H&E
staining, and found that the DMSO and sorafenib treatment groups developed multiple obvious liver and
lung metastases, with abnormal in�ammatory cell enrichment in the spleen, while SMYD3 depletion by
shSMYD3 or BCL121 had no obvious liver or lung metastasis was found in the group and its combination
group with sorafenib, but there was still abnormal in�ammatory cell enrichment in the lung and spleen
(Fig. 7d). These �ndings directly show that SMYD3 depletion can effectively inhibit sorafenib-resistant
tumor growth and distant metastasis in vivo.

To further con�rm whether SMYD3 exerts a therapeutic effect by regulating the expression of related
cancer-promoting genes in vivo, as a �rst step, we used qRT-PCR assay to detect the expression of
SMYD3-related cancer-promoting genes at the transcriptional level (Fig. 8a). We �rstly found that
compared with the DMSO group, SMYD3 expression and its related multiple oncogene expressions were
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signi�cantly increased in the sorafenib group (Fig. 8a). Secondly, compared with the sorafenib group, the
expression of SMYD3 gene and its related multiple oncogenes, including SOX4, MYC, JAK1, ZEB1, and
TWIST1 gene, were signi�cantly reduced by SMYD3 depletion via shSMYD3 or BCL121, while their
combination with sorafenib did not have a signi�cant synergistic effect on these genes (Fig. 8a). In
addition, for other genes such as CCNA2, CCNE1, and SNAIL1 genes, silencing SMYD3 signi�cantly
inhibited the expression, while BCL121 treatment caused a slight decrease in expression but not
signi�cant (Fig. 8a). However, regardless of silencing SMYD3 or BCL121 treatment, the JAK2 gene
expression decreased slightly, but there was no statistical signi�cance. What’s more, any treatment has
no signi�cant effect on the expression of PCNA gene (Fig. 8a). Next, we performed western blotting assay
to detect the protein content of SMYD3-related cancer-promoting genes and related signaling pathways
(Fig. 8b-c). The expression of �ve genes is consistent with qRT-PCR results, including SMYD3, SOX4, MYC,
JAK1, and ZEB1 gene, which was increased signi�cantly in sorafenib group compared with DMSO group,
and was partially reversed by SMYD3 depletion via shSMYD3 or BCL121, but was not synergistically
affect by combination with sorafenib (Fig. 8b-c). Besides, another cell stemness marker NANOG protein,
and activated marker of JAK/STAT signaling pathway phosphorylated STAT3 (pSTAT3) were similar
trends with them (Fig. 8b-c). However, only silencing SMYD3 exhibited molecular alterations as
demonstrated by the decreased expression of epithelial marker E-cadherin and increased expression of
mesenchymal markers N-cadherin, indicating that cancer cells was undergoing EMT. These �ndings
showed that targeting SMYD3 inhibited the expression of multiple cancer-promoting genes, resulting in a
signi�cant reduction in protein production, thereby inhibiting the activation of corresponding signaling
pathways such as stemness-related factors, JAK/STAT3 and EMT pathway.

Discussion
Previous studies have shown that SMYD3 expression correlates with tumor progression and poor
prognosis of HCC [24]. SMYD3 has been identi�ed as an attractive therapeutic target for liver cancer [24].
Because SMYD3, as an oncogene, functions in the nucleus, stimulating the transcription of several key
regulators involved in cell proliferation, EMT, the JAK/STAT3 pathway, as well as the MYC and SOX4
oncogenes [24]. In this paper, we explored the role and mechanism of SMYD3 in sorafenib resistance and
evaluated the therapeutic effect of inhibition of SMYD3 in sorafenib-resistant in vitro and in vivo models
to improve sorafenib treatment e�cacy. We �rstly found that SMYD3 expression was consistently up-
regulated in all four established sorafenib-resistant HCC cell lines and sorafenib-resistant HCC tumors
derived from Huh7 cells. In the TCGA database, compared with the untreated group, the expression of
SMYD3 from drug-treatment groups was signi�cantly higher, but there was no signi�cant difference
between sorafenib and other treatment groups. No matter it is due to the high expression of SMYD3
caused by drug treatment or the high malignancy of high-expressing SMYD3 tumors requiring targeted
therapy or other chemotherapy, it can be determined that the SMYD3 mRNA level in the sorafenib
treatment group is indeed higher. These results suggested the therapeutic potential of targeting SMYD3,
as an oncogene, alone or together with sorafenib treatment in HCC.
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In term of mechanism, alterations of epigenetic modi�ers can affect HCC epigenome in multiple aspects
and determine HCC outcome [21, 22, 24]. In chemically induced liver cancer development in mice, SMYD3
can directly interact with H3K4me3-modi�ed histone tail, which facilitates its recruitment to active gene
regulatory regions [24]. While in most locations the function of SMYD3 is neutral, on a speci�c set of
genes SMYD3 acts as an essential transcriptional potentiator [24]. Except for promoting carcinogenesis,
SMYD3 target genes are also key regulators involved in liver CSCs and EMT core programs [7, 9, 10, 12,
15–17, 30, 31]. Therefore, we next examine the expression of these speci�c genes mediated by SMYD3.
As we expected, they exhibited widespread overexpression in all four established sorafenib-resistant HCC
cell lines and sorafenib-resistant HCC tumors derived from Huh7 cells. SMYD3 was recruited to their
transcriptional active region of the chromosome, coupling with histone H3K4Me3 modi�cation and RNA
polymerase II. SMYD3 depletion epigenetically decreased the expression of these genes via H3K4me3
modi�cation, and indirectly or directly suppressed the activation JAK/STAT3, SOX4, MYC, and EMT
pathway in sorafenib-resistant cells. Conversely, SMYD3 overexpression in sorafenib-resistant cells
epigenetically activated the expression of multiple oncogenes, which in turn directly or indirectly
activating JAK/STAT3, SOX4, MYC, and EMT pathway. The results present in this paper demonstrate that
SMYD3 has a nuclear function, which is essential for the transcriptional regulation of multiple cancer-
promoting genes in sorafenib-resistant cells.

To examine the role of SMYD3 in sorafenib resistance, we stably suppressed SMYD3 expression in two
sorafenib-resistant cell lines highly expressing SMYD3 using a lentivirus-based approach, or treated two
sorafenib-resistant cells with an inhibitor of SMYD3 activity BCL121. The results revealed that SMYD3
depletion alone or together with sorafenib both weakened tumorigenecity, self-renewal ability, and
migration and invasion ability of sorafenib-resistant cells in vitro, and suppressed sorafenib-resistant
tumors relapse and metastasis in vivo. What’s more, the restoration of wide-type SMYD3 protein rescued
weakened tumorigenecity, self-renewal ability, and migration and invasion ability of sorafenib-resistant
cells upon SMYD3 knockdown, while the overexpression of HMT-mutant SMYD3 did not. These results
suggested that SMYD3 played a functional role in enhanced liver CSC properties of sorafenib resistant
cells in a HMT-dependent manner. However, like other solid cancers, other mechanisms modi�ed by
SMYD3 may also be involved in controlling acquired sorafenib resistance in HCC, for example, protein
methylation-induced kinase group reprogramming and immune escape of cancer cells [32–34].
Therefore, we identi�ed SMYD3 served as an important molecular switch controlling acquired sorafenib
resistance in HCC.

Conclusion
In conclusion, our results indicated that sorafenib resistance in HCC was due in part to a compromised
direct anti-tumor effect which appears to be regulated by SMYD3. Active multiple oncogene signalings by
resistance to sorafenib were associated with epigenetic regulator SMYD3, which up-regulated the
expression of multiple oncogenes as a mechanism to escape sorafenib stress. We anticipate that our
�ndings will have direct clinical implications as SMYD3 inhibitors are already in advanced clinical
development to overcome/delay HCC resistance.
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Figure 1

SMYD3 is overexpressed in sorafenib-resistant tumors and cells. (a) Apoptosis ability (i), cell cycle (ii),
tumorigenecity (iii), self-renewal ability (iv), and migration (v) and invasion (vi) ability were checked by
Annexin V staining , IP staining, colony and sphere formation assay, and migration and invasion assay in
parental and sorafenib-resistant cells. (b) Macroscopic appearance livers and lungs, and representative
pictures of livers and lungs with metastatic tumors stained for H&E. (c) i: Up, immunoblotting analysis of
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SMYD3 and GAPDH in parental and sorafenib-resistant cells. Down, Quanti�cation of relative protein
expression of SMYD3/GAPDH is shown. ii: Immuno�uorescence staining for SMYD3 expression in
parental and sorafenib-resistant cells. iii: Real-time PCR analysis of SMYD3 in parental and sorafenib-
resistant cells. (d) i: Up, immunoblotting analysis of SMYD3 and GAPDH in DMSO-treated and Sorafenib-
resistant tumors. Down, Quanti�cation of relative protein expression of SMYD3/GAPDH is shown. ii: IHC
staining for SMYD3 expression. iv: Real-time PCR analysis of SMYD3 (down) in DMSO-treated and
Sorafenib-resistant tumors. (e) Analysis of SMYD3 expression changes in the human liver cancer
samples deposited to “The Cancer Genome Atlas”. Patients treated with sorafenib or other drugs.
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Figure 2

Sorafenib-resistant cells and tumors exhibit widespread up-regulation of multiple cancer-promoting
genes. The expression of indicated genes was analyzed in parental and sorafenib-resistant cells (a) and
DMSO-treated and Sorafenib-resistant tumors (b) using RT-PCR analysis. mRNA expression for indicated
genes relative parental cells or DMSO-treated tumors in indicated HCC cell lines or tumors is shown.
Results are expressed as the relative expression (mean±SD). N=3-6, each in triplicate; NS, not signi�cant.
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Figure 3

Genetic and pharmacological inhibition of SMYD3 suppresses the expression of multiple cancer-
promoting genes and signal pathways in sorafenib-resistant cells. Sorafenib-resistant cells expressed
scrambled shRNA (NS shRNA) and two different SMYD3 shRNAs (shSMYD3, #1 and #2) (a and b).
Sorafenib-resistant cells were treated with SMYD3 inhibitors 10μM BCL121, 10μM Sorafenib, or 10μM
Sorafenib+10μM BCL121, for 48hr (c and d). Real-time PCR analysis of the indicated genes in parental
and sorafenib-resistant cells (a and c, up: Huh7-Res, down: 7721-Res). Immunoblotting analysis of the
indicated proteins in parental and sorafenib-resistant cells (b and d, left: Huh7-Res, right: 7721-Res).
Results are expressed as the relative expression (mean±SD). N=3, each in triplicate.
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Figure 4

SMYD3 is necessary for the regulation of multiple cancer-promoting genes, dependent on its histone
methyl-transferase activity. (a) Effect of overexpressing wide-type SMYD3 (pcDNA3.1-�ag-SMYD3-
widetype, short for “SMYD3”) and mutant SMYD3 (pcDNA3.1-�ag-SMYD3-Y239F, short for “SMYD3-M”)
on expression of indicated proteins and genes using immunoblotting analysis (Left) and RT-PCR analysis
(Right) in sorafenib-resistant HCC cells with SMYD3 knockdown. (b-c) Effects of the recruitment of
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SMYD3, RNA POLII and the enrichment of H3K4me3 mark on JAK1, SOX4 and ZEB1 loci upon SMYD3
knockdown (b) or SMYD3 inhibition by BCL121(c) using ChIP-qPCR analysis. Sorafenib-resistant cells
were treated with 10μM Sorafenib, 10μM BCL121, 10μM Sorafenib plus 10 μM BCL121 for 48 hours (c).
(d) Effects of the recruitment of SMYD3, RNA POLII and the enrichment of H3K4me3 mark on JAK1,
SOX4 and ZEB1 gene loci upon SMYD3 or SMYD3-M overexpression in sorafenib-resistant HCC cells with
SMYD3 knockdown using ChIP-qPCR analysis. Results are expressed as the relative expression
(mean±SD). N=3, each in triplicate; NS, not signi�cant.
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Figure 5

SMYD3 is essential for the maintenance of liver CSC self-renewal and tumorigenecity in sorafenib-
resistant cells in vitro. (a) Clone formation e�ciency assays and Sphere formation e�ciency in the �rst
and second generations, with shSMYD3 or NS shRNA in sorafenib-resistant cells were performed after 2
weeks. (b) Effect of SMYD3 knockdown on the tumor-forming frequency of sorafenib-resistant cells, as
determined by limiting dilution assays. CSC frequency was calculated using the ELDA
(http://bioinf.wehi.edu.au/software/elda). (c) Effect of SMYD3 inhibitor BCL121 on clone and sphere
formation. Sorafenib-resistant cells were treated with 10μM Sorafenib, 10μM BCL121, 10μM Sorafenib
plus 10μM BCL121. (d) Effect of overexpressing SMYD3 or SMYD3-M on liver CSC self-renewal and
tumorigenecity. Sorafenib-resistant cells were stably infected with NS shRNA or shSMYD3-#1 vectors,
and then transfected with SMYD3 or SMYD3-M vector for 24h. Clone formation e�ciency assays and
sphere formation e�ciency in the �rst and second generations, were performed after 2 weeks.
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Figure 6

SMYD3 is essential for enhanced migration and invasion abilities in sorafenib-resistant cells in vitro. (a-d)
Effects of migration and invasion upon SMYD3 knockdown (a-b) or SMYD3 inhibition by BCL121 (c-d) in
sorafenib-resistant cells using migration and invasion assay. Sorafenib-resistant cells were stably
infected with shSMYD3 or NS shRNA vector (a-b) or were treated with 10μM Sorafenib, 10μM BCL121,
10μM Sorafenib plus 10μM BCL121 (c-d). (e-f) Effect of overexpressing SMYD3 or SMYD3-M on
migration and invasion using migration and invasion assay. Sorafenib-resistant cells were stably infected
with NS shRNA or shSMYD3-#1 vectors, and then transfected with SMYD3 or SMYD3-M vector for 24h.
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Figure 7

Genetic inhibition and pharmacological of SMYD3 suppresses in vivo tumor growth and liver and lung
metastasis. (a) Schematic illustration of treatment schedule. (b-d) Effects of BCL121 and shSMYD3-#1
on tumor growth of Sorafenib-resistant cells in nude mice; (b) Left: Macroscopic appearance of tumors
from indicated treatment. Right: Final tumor masses are represented. (c) Tumor volume was monitored
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every 3 days with indicated (mean±SD, n=4-10/group). (d) Macroscopic appearance of livers, lungs and
spleen, and representative pictures of livers, lungs and spleen stained for H&E. NS, not signi�cant.

Figure 8

Genetic inhibition and pharmacological of SMYD3 inhibit the expression of multiple cancer-promoting
genes and their associated signaling pathway. (a-b) The expression of indicated genes and proteins was
analyzed in tumor using qRT-PCR analysis (a) and western blotting analysis (b). (c) Relative protein band
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density of indicated proteins to GAPDH or pSTAT3 to STAT3 by imageJ. Results are expressed as the
relative expression (mean±SD); N=4-10/group; no signi�cant is shown as NS or not shown.
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