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SETD1A augments sorafenib primary resistance via
activating YAP in hepatocellular carcinoma
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Abstract
Background: Sorafenib, the approved �rst-line chemotherapy drug for HCC, remains the key treatment
agent which can effectively improve the survival rate of advanced HCC patients. However, the sorafenib
primary resistance limits the application of sorafenib for HCC treatment. The aims of current study are to
explore the role and mechanism of SETD1A (Histone Lysine Methyltransferase SET Domain Containing
1A) in sorafenib primary resistance.

Methods: The expression of SETD1A in HCC was analyzed by Gene Expression Pro�ling Interactive
Analysis. The survival of HCC patients was analyzed by KM plotter: Kaplan-Meier Plotter. Western Blot
and Real-time qPCR were performed to measure the protein and mRNA levels, respectively. Cell counting
kit-8 assay and colony formation assay were performed to determine cell viability and proliferation.
Propidium Iodide and Trypan Blue staining assays were performed to investigate cell death.

Results: Here, we showed that the expression of SETD1A was markedly upregulated in both HCC cell lines
and tumor tissues compared to normal hepatocytes and corresponding non-tumor liver tissues,
respectively. The patients who had higher level of SETD1A underwent lower survival rate of overall and
sorafenib treated HCC patients, respectively. In addition, SETD1A expression was positively correlated
with the IC50 of sorafenib treated HCC cell lines. Furthermore, we indicated that knockdown of SETD1
augmented proliferation inhibition and cell death induced by sorafenib. SETD1A de�ciency impaired YAP
phosphorylation and activation. YAP activation contributed to SETD1A mediated sorafenib primary
resistance.

Conclusions: Taken together, the current study demonstrated that STED1A enhanced YAP activation to
induce sorafenib primary resistance in HCC.

Introduction
Hepatocellular carcinoma (HCC) is a malignant tumor with poor prognosis and the �ve-year relative
survival rate of HCC patients is no more than 20% [1]. In past decades, HCC was often diagnosed at
advanced stage, there were no reliable and effective treatment options, and the first-line systemic
palliative drug approved by the Food and Drug Administration (FDA) was sorafenib [2-4].

Sorafenib, a multi-kinase inhibitor, reduces cancer cell proliferation and represents anti-angiogenic
activity by blocking Raf/MEK/ERK (extracellular signaling-regulated kinase), VEGFR (vascular endothelial
growth factor receptor), c-Kit (Mast/stem cell growth factor receptor), PDGFR (platelet-derived growth
factor receptor) and FLT (FMS-like tyrosine kinase) [4]. Therefore, sorafenib can delay HCC development
with prolongation of the survival for nearly 3 months [5]. However, the e�cacy of sorafenib is transient
owing to primary resistant. Although primary resistance is partially due to HCC heterogeneity, the
resistance is mainly caused by long-term exposure to sorafenib which rapidly induced activation of
PI3K/AKT (phosphatidylinositol-3-kinase/protein kinase B, EMT (epithelial–mesenchymal transition) and
JAK/STAT (janus tyrosine kinase/signal transducer and activator of transcription) pathways [6-10].
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SETD1A (Histone Lysine Methyltransferase SET Domain Containing 1A) belongs to the histone
methyltransferase family who adds mono-, di-, and trimethyl on histone H3K4[11]. The abnormal
activation of SETD1A which promotes oncogenes transcription plays key role in tumorigenesis [12-14].
Previous reports showed that SETD1A was upregulated and cooperated with CUDR to augment liver
cancer cell growth and hepatocyte-like stem cell malignant transformation, knockdown of STED1A
suppressed liver cancer cell proliferation, migration and invasion [11, 15]. However, the role of SETD1A in
sorafenib primary resistance of HCC was still largely unclear. The aim of this study was to explore the
function and potential mechanism of SETD1A in sorafenib primary resistance of HCC.

In the current study, we indicated that SETD1A was upregulated in HCC, and high STED1A contributed to
sorafenib resistance. Inhibition of SETD1A augmented sorafenib-induced proliferation inhibition and cell
death by reducing YAP activation.

Materials And Methods
Reagents and Antibodies

DMSO and crystal violet were purchased from Sigma-Aldrich (St. Louis, MO, USA), Sorafenib was
purchased from Selleck (Shanghai, P.R. China). Protease Inhibitor Cocktail (100X) was obtained from Cell
Signaling (Danvers, MA, USA). Propidium Iodide (PI) was purchased from Meilunbio (Dalian, P.R. China).
The antibodies were used as following: anti-SETD1A (Bethyl, Cat#A300-289A, 1:1000 for WB), anti-Cyclin
D1 (Abcam, Cat#ab134175, 1:1000 for WB), anti-PCNA (Cell Signaling, Cat#2586, 1:1000 for WB), anti-
Cleaved-PARP (Cell Signaling, Cat#5625, 1:1,000 for WB), anti-Cleaved Caspase-3 (Cell Signaling,
Cat#9664 1:1,000 for WB), anti-Phospho-YAP (Ser127) (Cell Signaling, Cat#13008, 1:1,000 for WB), anti-
YAP (Cell Signaling, Cat#14074, 1:1,000 for WB), anti-CYR61 (Cell Signaling, Cat#14479, 1:1,000 for WB),
anti-CTGF (Cell Signaling, Cat#86641, 1:1,000 for WB) and anti-β-actin (Sigma, Cat#A5316, 1:2000 for
WB).

Bioinformatic Analysis of Clinical Data

HCC data were obtained from The Cancer Genome Atlas (TCGA). The expression of SETD1A was
analyzed by Gene Expression Pro�ling Interactive Analysis (GEPIA) (http://gepia.cancer-pku.cn/)[16]. The
survival of HCC patients was analyzed by KM plotter: Kaplan-Meier Plotter (http://kmplot.com/analysis/)
[17].

Cell Culture

Normal human hepatic cell line LO2, human hepatocellular carcinoma cell lines SMMC-7721, SK-HEP1-1,
HLE, HepG2 and Hep3B, and HEK293T were purchased from the Cell Bank of Type Culture Collection of
Chinese Academy of Sciences (Shanghai, China). All cells were cultured in DMEM (Invitrogen, Carlsbad,
CA, USA) medium containing 10% fetal bovine serum (FBS, Gibco, Cat#10099141) and 1% penicillin-
streptomycin (Gibco, Cat#15140122) at 37°C with 5% CO2.

http://gepia.cancer-pku.cn/
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Nucleus and cytoplasm protein isolation

Nucleus and cytoplasm protein were isolated by a Nuclear and Cytoplasmic Protein Extraction Kit
(Beyotime, Shanghai, China) according to the manufacturer’s instructions. Brie�y, cells were washed with
cold PBS, added Cytoplasmic Protein Extraction buffer A on ice for 10 mins, and then add Cytoplasmic
Protein Extraction buffer B. After Vortex, the cells were centrifuged for 5 min at 40C and 12,000 rpm. The
supernatant was used as Cytoplasmic protein. The pellet was then dissociated with Nuclear and
Cytoplasmic Protein Extraction buffer. After 30 min of hard vortex, the homogenates were centrifuged for
10 min at 40C and 12,000 rpm. The supernatants were used as nuclear protein.

Western Blot

Western blot assay was used to measure protein levels. Brie�y, after treatment, cells were lysed in RIPA
buffer with Protease Inhibitor Cocktail. The concentration of total proteins was measured by the BCA
assay (Pierce, Rockford, IL, USA), and 20 μg proteins of each sample were separated by SDS-PAGE gel.
Proteins were transferred to PVDF membranes (Millipore, Bedford, MA, USA) and probed with primary
antibodies followed by incubation with an HRP conjugated secondary antibody. The primary and second
antibody complexes were determined with the ECL Western blot kit (Pierce).

Real Time Quantitative polymerase chain reaction (RT-qPCR)

Total RNAs were isolated by using TRIzol (Invitrogen) and Reverse transcription was performed with 2 μg
of total RNA using by gDNA Erase and PrimeScript RT reagent kits (TAKARA Biotechnology, Dalian,
China) following with the manufacturer’s instructions, respectively. SYBR Green PCR master mix was
employed for mRNA quanti�cation. GAPDH was used as a control gene. The primer sequences are as
follows: SETD1A: forward, 5’-TTGCCATGTCAGGTCCAAAAA-3’, reverse, 5’-
CGTACTTACGGCACATATCCTTC-3’; CYR61: forward, 5’- GATCTGCAGAGCTCAGTCAG-3’, reverse, 5’-
GCACTGCCCGGTAACTTTGA-3’; CTGF: forward, 5’-TGCCCTCGCGGCTTACCGAC-3’, reverse, 5’-
TGCAGGAGGCGTTGTCATTG-3’; β-actin: forward, 5’-AGCGAGCATCCCCCAAAGTT-3’, reverse, 5’-
GGGCACGAAGGCTCATCATT-3’.

Establishment of stable SETD1A-knockdown cell lines

Two special SETD1A short hairpin RNAs (shRNAs) were generated by inserting human SETD1A speci�c
targeting sequences shSETD1A-1, 5’-GGAAAGAGCCATCGGAAATTT-3’; shSETD1A-2, 5’-
GACAACAACGAATGAAATATT-3’ into pll3.7 puro vector plasmid. HEK293T cells were transfected with
lentivirus constructs using PolyJet transfection reagent (SignaGen Laboratories, Ljamsville, MD, USA)
following the manufacturer’s instructions. Lentiviral supernatants were harvested during the 48–72-h
after transfection and centrifuged at 2,500 rpm for 30 min to remove contaminating cells. SMMC-7721
and HLE were transfected with the viral supernatant in the presence of 10 μg/ml of polybrene (Sigma-
Aldrich). Puromycin (1 μg/ml) was used to select stable SETD1A-knockdown cell lines. The knockdown
e�ciency was con�rmed by Western blot.
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CCK-8 (Cell Counting Kit-8) assay

CCK-8 assays were used to detect cell growth. A total of 2000 cells of each well were plated into 96-well
plates. After treatment, CCK-8 (10 μl) was added into each well. The plates were incubated at 37°C for 1 h.
OD values at 450 nm wavelength of 450 nm were measured.

Clone formation assay

Control and SETD1A knockdown SMMC-7721 and HLE cells (500 cells per well) were plated onto 6-well
plates overnight and then treated with sorafenib (10 μM) for another 2 weeks. The culture medium was
changed every 3 days and sorafenib treatment was maintained. Cells were �xed and stained with 0.1%
crystal violet.

Cell death assay

Control and SETD1A knockdown SMMC-7721 and HLE cells were plated onto 6-well plates overnight and
then treated with sorafenib (10 μM) for 24 h. Cell death was determined by PI and Trypan Blue staining.
For PI staining, cells were harvested and resuspended in PBS with PI at 1 µg/ml. Cell death was
performed by �ow cytometry. For Trypan Blue staining, 0.9 ml of cells were mixed together with 0.1 ml of
0.4% Trypan Blue and maintained for 5 min at room temperature. Cells were counted.

Statistical analysis

Data were shown as mean ± SD of three or more independent experiments, and analyzed using GraphPad
Prism 8 (GraphPad Software, San Diego, CA, USA). Statistical differences were analyzed by student t-test,
two-way ANOVA and Pearson r, p<0.05 was considered statistically signi�cant.

Results
SETD1A expression is upregulated and associated with poor prognosis in HCC

To determine the function of SETD1A in HCC, we �rstly detected the expression of SETD1A in HCC cell
lines. The Western Blot and RT-qPCR results showed that SETD1A was signi�cantly upregulated in HCC
cell lines compared to normal human hepatocyte (Fig. 1A and B). Then, we analyzed the expression of
SETD1A in HCC tumor and corresponding non-tumorous liver tissues obtained from TCGA and found the
expression of SETD1A in 369 HCC specimens to be much higher than the 50 non-tumor liver tissues (Fig.
1C). Further analysis revealed the patients who had higher SETD1A expression were associated with poor
prognosis with shorter overall survival (Fig. 1D). Although the survival of HCC patients who treated with
sorafenib was not markedly different between the SETD1A high-expression and low-expression groups
(Fig. 1E), the survival of HCC patients with low SETD1A expression was longer than those with high
STED1A expression (Fig. 1E). The above results suggested that SETD1A may play an essential role in the
development and sorafenib primary resistance of HCC.
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SETD1A expression is positively correlated with IC50 of Sorafenib in HCC cell lines

To examine whether SETD1A involved in sorafenib primary resistance, we �rstly detected sorafenib IC50
of HCC cell lines including SMMC-7721, SK-HEP-1, HLE, HepG2, and Hep3B by treating them with
different concentration of sorafenib (0, 1, 5, 10, 50 and 10 μM) for 24 h, and then the cell growth was
detected by CCK-8 assay and the IC50 values of each cells were calculated. The IC50 values varied
among these different HCC cell lines (Fig. 2A). Furthermore, we determined the correlation between
SETD1A expression and sorafenib IC50 among HCC cell lines via Pearson r correlation analysis.
Interestingly, we found that the lower SETD1A expressed, the lower IC50 values of the corresponding HCC
cell line. There was a markedly positive correlation between IC50 values and SETD1A expression levels
(Fig. 2B). Taken together, it stood a good chance that SETD1A was greatly involved in sorafenib primary
resistance.

SETD1A knockdown augments sorafenib-induced proliferation inhibition

In order to determinate the function of SETD1A in sorafenib treated HCC cells, we constructed SETD1A
knockdown HCC cell lines and then the cells were treated with sorafenib (10 μM) for 24 h. CCK-8 assay
was employed to examine the cell growth. The results revealed that knockdown of SETD1A augmented
sorafenib-induced cancer cell proliferation inhibition in SMMC-7721 (Fig. 3A) and HLE (Fig. 3B), with
higher inhibitory rates of sorafenib to DMSO treatment in SETD1A knockdown groups compared to
control group. Next, the clone formation assay results showed that the clone formation abilities of
SETD1A knockdown cells were markedly lower than control cells both with or without sorafenib treatment
in SMMC-7721 (Fig. 3C) and HLE (Fig. 3D), with higher inhibitory rates of sorafenib to DMSO treatment in
SETD1A knockdown groups compared to control group. Furthermore, knockdown of SETD1A signi�cantly
reduced the cell cycle checkpoint protein Cyclin D1 and proliferation marker protein PCNA in SMMC-7721
(Fig. 3E) and HLE (Fig. 3F). These data indicated that knockdown of SETD1A enhanced sorafenib-
induced liver cancer cell proliferation inhibition.

SETD1A knockdown augments sorafenib-induced cell death

It had been reported that sorafenib can induce cell death, we detected whether SETD1A suppressed
sorafenib-induced HCC cell death [18, 19]. Control and SETD1A knockdown HCC cell lines were treated
with sorafenib (10 μM) for 24 h. Trypan blue and PI staining were performed to determine cell death. The
Trypan blue staining results revealed that knockdown of SETD1A enhanced sorafenib-induced cancer cell
death in SMMC-7721 (Fig. 4A) and HLE (Fig. 4B). Next, these �ndings were con�rmed by the PI staining,
SETD1A knockdown markedly increased PI positive cells both with or without sorafenib treatment in
SMMC-7721 (Fig. 4C) and HLE (Fig. 4D). Furthermore, knockdown of SETD1A markedly increased the
expression of the cleaved caspase 3 and PARP in SMMC-7721 (Fig. 4E) and HLE (Fig. 4F). These results
indicated that knockdown of SETD1A enhanced sorafenib-induced liver cancer cell death.

YAP activation contributes to SETD1A mediated sorafenib primary resistance
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Previous reports had demonstrated that YAP aberrant activation contributed to sorafenib resistance [20-
22]. The phosphorylation of YAP at S127 was reported to prevent YAP translocating to nuclear and
suppress YAP transactivation [23, 24]. So, we hypothesized that SETD1A augmented sorafenib resistance
by decreasing YAP phosphorylation and downstream target genes expression. Compared with control
cells, the phosphorylation of YAP in the cytoplasm was signi�cantly increased in SETD1A knockdown
SMMC-7721 (Fig. 5A) and HLE (Fig. 5B) cells, but the activated YAP in the nucleus was not changed in
SETD1A knockdown SMMC-7721 (Fig. 5A) and HLE (Fig. 5B) cells. In addition, knockdown of SETD1A
decreased the protein (Fig. 5A and B) and mRNA (Fig. 5C and D) levels of YAP downstream target genes
CYR61 and CTGF in SMMC-7721 (Fig. 5A and C) and HLE (Fig. 5B and D) cells. Furthermore, we tested
whether SETD1A induced sorafenib primary resistance dependent on YAP activation. Overexpression of
YAP in SETD1A knockdown cells, and then treated with sorafenib (10 μM) for 24 h. Cell proliferation and
cell death were detected by CCK-8 and Trypan blue staining. As expected, overexpression of YAP reversed
sorafenib sensitive induced by knockdown of SETD1A in SMMC-7721 (Fig. 5E and G) and HLE (Fig. 5F
and H) cells. In addition, knockdown YAP in SETD1A overexpression cells, and then detected the effects
of YAP blocked in SETD1A mediated sorafenib primary resistance. Agreed with the former results,
knockdown of YAP reversed sorafenib resistance induced by overexpression of SETD1A in HepG2 (Fig. 5I
and K) and Hep3B (Fig. 5J and L) cells. Taken together, these data suggested that knockdown of SETD1A
increased the phosphorylation of YAP to inhibit YAP activation and YAP activation contributed to SETD1A
mediated sorafenib primary resistance.

Discussion
Epigenetic alterations were employed as pivotal mediators of cancer development and drug resistance
[25-29]. Histone lysine methylation, maintains by lysine methyltransferases and lysine demethylase, has
been involved in both transcriptional repression (H3K9, H3K27 and H4K20) and activation (H3K4, H3K36
and H3K79) [13, 30]. Aberrant methylation of H3K4, which induces oncogene expression, contributes to
numerous tumorigenesis [31-35]. As we all know, SETD1A belongs to SET Domain containing histone
lysine methyltransferase that adds methyl on H3K4, which plays an important role in cancer development
[36]. Previous reports showed that SETD1A was upregulated and promoted HCC development [11, 15].
However, the role of SETD1A in sorafenib primary resistance of HCC was still largely unclear. Here, we
uncovered the function of SETD1A in sorafenib primary resistance to HCC. Our results showed that the
SETD1A expression was highly positively correlated with IC50 of sorafenib in HCC cells and knockdown of
SETD1A augmented sorafenib-induced cell proliferation inhibition and cell death (Fig. 2, 3 and 4). It
should be noted that the current study just demonstrated that inhibition of SETD1A augmented sorafenib-
induced HCC cell proliferation inhibition and cell death in vitro. Future studies in vivo are needed to
con�rm our �ndings.

YAP, the core transcriptional coactivator of Hippo signaling pathway, induces the transcription of
downstream target genes, such as CYR61, CTGF and so on, and plays an important part in cell
proliferation, apoptosis, invasion and metastasis [37, 38]. Previous studies have also reported that YAP
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signaling links to resistance to targeted, chemo-, and immunotherapies in numerous solid tumors [20, 39].
Tian-yi Zhou et al reported that YAP aberrant activation contributed to sorafenib resistance [21]. Agreed
with this previous study, we uncovered that overexpression of YAP suppressed sorafenib-induced cell
proliferation inhibition and cell death in SETD1A knockdown cells (Fig. 5E and F). A previous study had
indicated SET1A mediated YAP K342 mono-methylation and block its nuclear translocation disrupting the
binding of YAP to CRM1, resulting in lung and colorectal cancer cell proliferation and tumorigenesis [40].
Similarly, in the current study we also found that knockdown of SETD1A induced the S127
phosphorylation of YAP in the cytoplasm and reduced the expression of CYR61 and CTGF in HCC cells
(Fig. 5A-D).

Conclusion
In the current study, we demonstrated that SETD1A acted as a novel initiator of sorafenib primary
resistance with decreasing sorafenib-induced cell proliferation inhibition and cell death. Furthermore, YAP
activity was enhanced by SETD1A and contributed to STED1A-initiated sorafenib resistance. All these
�ndings suggested that SETD1A was a potential target for overcoming sorafenib primary resistance in
HCC.

Declarations
Acknowledgments

Not applicable.

Author contributions

Y Gu and H chai contributed to the study concepts, study design and manuscript edit and review. JG Wu
and HJ Chai carried out the study design, most experiments, data acquisition and analysis, manuscript
preparation. F Li and Y Xia performed some cellular experiments. All authors read and approved the �nal
manuscript.

Funding

This research work was supported by grants from the National Natural Science Foundation of China
(81970455) and Shanghai shenkang hospital development center (16CR4010A).

Availability of data and materials

The datasets generated and analyzed during the current study are available from the corresponding
author on reasonable request.

Ethics approval and consent to participate



Page 9/17

Not applicable.

Consent for publication

Not applicable.

Con�ict of interest

The authors declared no conflict of interest.

References
1. Siegel RL, Miller KD, Jemal A: Cancer statistics, 2020. CA Cancer J Clin 2020, 70(1):7-30.

2. Forner A, Gilabert M, Bruix J, Raoul JL: Treatment of intermediate-stage hepatocellular carcinoma.
Nat Rev Clin Oncol 2014, 11(9):525-535.

3. Connell LC, Harding JJ, Abou-Alfa GK: Advanced Hepatocellular Cancer: the Current State of Future
Research. Curr Treat Options Oncol 2016, 17(8):43.

4. Ranieri G, Gadaleta-Caldarola G, Goffredo V, Patruno R, Mangia A, Rizzo A, Sciorsci RL, Gadaleta CD:
Sorafenib (BAY 43-9006) in hepatocellular carcinoma patients: from discovery to clinical
development. Curr Med Chem 2012, 19(7):938-944.

5. Llovet JM, Ricci S, Mazzaferro V, Hilgard P, Gane E, Blanc JF, de Oliveira AC, Santoro A, Raoul JL,
Forner A et al: Sorafenib in advanced hepatocellular carcinoma. N Engl J Med 2008, 359(4):378-390.

�. Chen J, Jin R, Zhao J, Liu J, Ying H, Yan H, Zhou S, Liang Y, Huang D, Liang X et al: Potential
molecular, cellular and microenvironmental mechanism of sorafenib resistance in hepatocellular
carcinoma. Cancer Lett 2015, 367(1):1-11.

7. Chen KF, Chen HL, Tai WT, Feng WC, Hsu CH, Chen PJ, Cheng AL: Activation of phosphatidylinositol
3-kinase/Akt signaling pathway mediates acquired resistance to sorafenib in hepatocellular
carcinoma cells. J Pharmacol Exp Ther 2011, 337(1):155-161.

�. Nishida N, Kitano M, Sakurai T, Kudo M: Molecular Mechanism and Prediction of Sorafenib
Chemoresistance in Human Hepatocellular Carcinoma. Dig Dis 2015, 33(6):771-779.

9. Zhu YJ, Zheng B, Wang HY, Chen L: New knowledge of the mechanisms of sorafenib resistance in
liver cancer. Acta Pharmacol Sin 2017, 38(5):614-622.

10. Zhai B, Sun XY: Mechanisms of resistance to sorafenib and the corresponding strategies in
hepatocellular carcinoma. World J Hepatol 2013, 5(7):345-352.

11. Li T, Zheng Q, An J, Wu M, Li H, Gui X, Pu H, Lu D: SET1A Cooperates With CUDR to Promote Liver
Cancer Growth and Hepatocyte-like Stem Cell Malignant Transformation Epigenetically. Mol Ther
2016, 24(2):261-275.

12. Tate CM, Lee JH, Skalnik DG: CXXC �nger protein 1 restricts the Setd1A histone H3K4
methyltransferase complex to euchromatin. FEBS J 2010, 277(1):210-223.



Page 10/17

13. Tajima K, Yae T, Javaid S, Tam O, Comaills V, Morris R, Wittner BS, Liu M, Engstrom A, Takahashi F et
al: SETD1A modulates cell cycle progression through a miRNA network that regulates p53 target
genes. Nat Commun 2015, 6:8257.

14. Hoshii T, Cifani P, Feng Z, Huang CH, Koche R, Chen CW, Delaney CD, Lowe SW, Kentsis A, Armstrong
SA: A Non-catalytic Function of SETD1A Regulates Cyclin K and the DNA Damage Response. Cell
2018, 172(5):1007-1021 e1017.

15. Cheng XS, Sun SB, Zhong F, He K, Zhou J: Knockdown of Histone Methyltransferase hSETD1A
Inhibits Progression, Migration, and Invasion in Human Hepatocellular Carcinoma. Oncol Res 2016,
24(4):239-245.

1�. Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z: GEPIA: a web server for cancer and normal gene
expression pro�ling and interactive analyses. Nucleic Acids Res 2017, 45(W1):W98-W102.

17. Nagy A, Lanczky A, Menyhart O, Gyorffy B: Validation of miRNA prognostic power in hepatocellular
carcinoma using expression data of independent datasets. Sci Rep 2018, 8(1):9227.

1�. Coriat R, Nicco C, Chereau C, Mir O, Alexandre J, Ropert S, Weill B, Chaussade S, Goldwasser F,
Batteux F: Sorafenib-induced hepatocellular carcinoma cell death depends on reactive oxygen
species production in vitro and in vivo. Mol Cancer Ther 2012, 11(10):2284-2293.

19. Rahmani M, Davis EM, Crabtree TR, Habibi JR, Nguyen TK, Dent P, Grant S: The kinase inhibitor
sorafenib induces cell death through a process involving induction of endoplasmic reticulum stress.
Mol Cell Biol 2007, 27(15):5499-5513.

20. Nguyen CDK, Yi C: YAP/TAZ Signaling and Resistance to Cancer Therapy. Trends Cancer 2019,
5(5):283-296.

21. Zhou TY, Zhuang LH, Hu Y, Zhou YL, Lin WK, Wang DD, Wan ZQ, Chang LL, Chen Y, Ying MD et al:
Inactivation of hypoxia-induced YAP by statins overcomes hypoxic resistance tosorafenib in
hepatocellular carcinoma cells. Sci Rep 2016, 6:30483.

22. Gao J, Rong Y, Huang Y, Shi P, Wang X, Meng X, Dong J, Wu C: Cirrhotic stiffness affects the
migration of hepatocellular carcinoma cells and induces sorafenib resistance through YAP. J Cell
Physiol 2019, 234(3):2639-2648.

23. Zhao B, Wei X, Li W, Udan RS, Yang Q, Kim J, Xie J, Ikenoue T, Yu J, Li L et al: Inactivation of YAP
oncoprotein by the Hippo pathway is involved in cell contact inhibition and tissue growth control.
Genes Dev 2007, 21(21):2747-2761.

24. Zhao B, Li L, Tumaneng K, Wang CY, Guan KL: A coordinated phosphorylation by Lats and CK1
regulates YAP stability through SCF(beta-TRCP). Genes Dev 2010, 24(1):72-85.

25. Hackanson B, Bennett KL, Brena RM, Jiang J, Claus R, Chen SS, Blagitko-Dorfs N, Maharry K,
Whitman SP, Schmittgen TD et al: Epigenetic modi�cation of CCAAT/enhancer binding protein alpha
expression in acute myeloid leukemia. Cancer Res 2008, 68(9):3142-3151.

2�. Rius M, Lyko F: Epigenetic cancer therapy: rationales, targets and drugs. Oncogene 2012,
31(39):4257-4265.



Page 11/17

27. Huang M, Chen C, Geng J, Han D, Wang T, Xie T, Wang L, Wang Y, Wang C, Lei Z et al: Targeting
KDM1A attenuates Wnt/beta-catenin signaling pathway to eliminate sorafenib-resistant stem-like
cells in hepatocellular carcinoma. Cancer Lett 2017, 398:12-21.

2�. Ohata Y, Shimada S, Akiyama Y, Mogushi K, Nakao K, Matsumura S, Aihara A, Mitsunori Y, Ban D,
Ochiai T et al: Acquired Resistance with Epigenetic Alterations Under Long-Term Antiangiogenic
Therapy for Hepatocellular Carcinoma. Mol Cancer Ther 2017, 16(6):1155-1165.

29. Sen Z, Zhan XK, Jing J, Yi Z, Wanqi Z: Chemosensitizing activities of cyclotides from Clitoria ternatea
in paclitaxel-resistant lung cancer cells. Oncol Lett 2013, 5(2):641-644.

30. Black JC, Van Rechem C, Whetstine JR: Histone lysine methylation dynamics: establishment,
regulation, and biological impact. Molecular cell 2012, 48(4):491-507.

31. Khan SA, Reddy D, Gupta S: Global histone post-translational modi�cations and cancer: Biomarkers
for diagnosis, prognosis and treatment?World J Biol Chem 2015, 6(4):333-345.

32. Chervona Y, Costa M: Histone modi�cations and cancer: biomarkers of prognosis?Am J Cancer Res
2012, 2(5):589-597.

33. Ellinger J, Kahl P, von der Gathen J, Rogenhofer S, Heukamp LC, Gutgemann I, Walter B, Hofstadter F,
Buttner R, Muller SC et al: Global levels of histone modi�cations predict prostate cancer recurrence.
Prostate 2010, 70(1):61-69.

34. Seligson DB, Horvath S, McBrian MA, Mah V, Yu H, Tze S, Wang Q, Chia D, Goodglick L, Kurdistani SK:
Global levels of histone modi�cations predict prognosis in different cancers. Am J Pathol 2009,
174(5):1619-1628.

35. Zhang Y, He W, Zhang S: Seeking for Correlative Genes and Signaling Pathways With Bone
Metastasis From Breast Cancer by Integrated Analysis. Front Oncol 2019, 9:138.

3�. Salz T, Li G, Kaye F, Zhou L, Qiu Y, Huang S: hSETD1A regulates Wnt target genes and controls tumor
growth of colorectal cancer cells. Cancer Res 2014, 74(3):775-786.

37. Pan D: The hippo signaling pathway in development and cancer. Dev Cell 2010, 19(4):491-505.

3�. Harvey KF, Zhang X, Thomas DM: The Hippo pathway and human cancer. Nat Rev Cancer 2013,
13(4):246-257.

39. Zhao Y, Yang X: The Hippo pathway in chemotherapeutic drug resistance. Int J Cancer 2015,
137(12):2767-2773.

40. Fang L, Teng H, Wang Y, Liao G, Weng L, Li Y, Wang X, Jin J, Jiao C, Chen L et al: SET1A-Mediated
Mono-Methylation at K342 Regulates YAP Activation by Blocking Its Nuclear Export and Promotes
Tumorigenesis. Cancer Cell 2018, 34(1):103-118 e109.

Figures



Page 12/17

Figure 1

SETD1A expression is upregulated and associated with poor prognosis in HCC. (A) Western Blot and (B)
RT-qPCR analysis showed SETD1A was upregulated in HCC cell lines compared with normal hepatocytes
(n=3). (C) Data from the TCGA database showed a marked upregulation of SETD1A mRNA in HCC
tissues compared with nontumorous liver tissues. (D-E) KM plotter analysis showed high SETD1A
expression suffered shorter overall survival (D) and sorafenib treated survival (E). **p<0.01, ***p<0.001,
****p<0.0001.
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Figure 2

SETD1A expression was positively associated with sorafenib IC50 values of HCC cell lines. (A) IC50
values of sorafenib in different HCC cell lines (n=3). (B) Positive correlation between SETD1A expression
and IC50 in HCC cell lines.
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Figure 3

SETD1A knockdown augments sorafenib-induced proliferation inhibition. (A-B) Knockdown of SETD1A
inhibited cell growth both with or without sorafenib treatment in SMMC-7721 (A) and HLE (B) cells (n=4).
(C-D) Knockdown of SETD1A inhibited clone formation both with or without sorafenib treatment in
SMMC-7721 (C) and HLE (D) cells (n=3). (E-F) Knockdown of SETD1A suppressed Cyclin D1 and PCNA
expression in SMMC-7721 (E) and HLE (F) cells. **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4

SETD1A knockdown augments sorafenib-induced cell death. (A-B) Knockdown of SETD1A increased
trypan blue negative cell ratio both with or without sorafenib treatment in SMMC-7721 (A) and HLE (B)
cells (n=4). (C-D) Knockdown of SETD1A increased PI positive cell ratio both with or without sorafenib
treatment in SMMC-7721 (C) and HLE (D) cells (n=3). (E-F) Knockdown of SETD1A induced cleaved-PARP
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and cleaved-caspase 3 expression in SMMC-7721 (E) and HLE (F) cells. **p<0.01, ***p<0.001,
****p<0.0001.

Figure 5

YAP activation contributes to SETD1A mediated sorafenib primary resistance. (A-B) Knockdown of
SETD1A increased YAP phosphorylation and decreased the protein levels of CYR61 and CTGF in SMMC-
7721 (A) and HLE (B) cells. (C-D) Knockdown of SETD1A decreased the mRNA levels of CYR61 and CTGF
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in SMMC-7721 (C) and HLE (D) cells (n=3). (E-F) Overexpression of YAP in SETD1A knockdown cell
reversed SETD1A knockdown induced cell proliferation inhibition both with or without sorafenib
treatment in SMMC-7721 (E) and HLE (F) cells (n=3). (G-H) Overexpression of YAP in SETD1A knockdown
cell reversed SETD1A knockdown induced cell death both with or without sorafenib treatment in SMMC-
7721 (G) and HLE (H) cells (n=3). (I-J) Knockdown of YAP in SETD1A overexpression cell reversed
SETD1A overexpression arrested cell proliferation inhibition both with or without sorafenib treatment in
HepG2 (I) and Hep3B (J) cells (n=3). (K-L) Knockdown of YAP in SETD1A overexpression cell reversed
SETD1A overexpression arrested cell death both with or without sorafenib treatment in HepG2 (K) and
Hep3B (L) cells (n=3). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.


