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Positive feedback between arginine
methylation of YAP and methionine
transporter SLC43A2 drives anticancer drug
resistance

Xia-Lu Hong1,4, Chen-Kai Huang2,4, Hui Qian1,4, Chen-Hong Ding3, Fang Liu1,
Huan-Yu Hong1, Shu-Qing Liu1, Si-Han Wu1, Xin Zhang1 & Wei-Fen Xie 1

Yes-associated protein (YAP) activation confers resistance to chemotherapy
and targeted therapy. Methionine participates in cellular processes by con-
verting to methyl donor for the methylation of DNA, RNA and protein. How-
ever, it remains unclear whether methionine affects drug resistance by
influencing YAP activity. In this study, we report that methionine deprivation
remarkably suppresses the transcriptional activity of YAP–TEAD in cancer
cells. Methionine promotes PRMT1-catalyzed asymmetric dimethylation at
R124 of YAP (YAP R124me2a). Mimicking of YAP methylation abolishes the
reduction effect ofmethionine-restricteddiet onYAP-induceddrug resistance.
YAP activates the transcription of SLC43A2, the methionine transporter, to
increasemethionine uptake in cancer cells. Knockdown of SLC43A2 decreases
the level of YAPR124me2a. BCH, the inhibitor of SLC43A2, sensitizes tumors to
anticancer drugs. Thus, our results unravel the positive feedback between YAP
R124methylation and SLC43A2 that contributes to anticancer drug resistance.
Disrupting this positive feedback could be a potential strategy for cancer
therapy.

Methionine is a sulfur-containing essential amino acid, and its meta-
bolism and biological function have been extensively explored in
metabolic disorders, aging, and particularly in cancer1,2. Emerging
evidence has demonstrated that multiple cancer cells depend on
exogenous sources of methionine compared to normal cells, which is
called the Hoffman effect. Given that an adequate amount of methio-
ninemust be obtained from food, dietarymethionine intervention has
emerged as a promising strategy for cancer treatment3. Dietary
methionine restriction has been shown to impede tumor growth and
sensitize tumors to chemotherapy, radiation therapy, and

immunotherapy in multiple tumor types4–8. Methionine contributes to
therapy resistance by participating in a variety of biological processes,
including nucleotide synthesis, redox homeostasis, as well as con-
verting to S-adenosylmethionine (SAM), the methyl donor for the
methylation of DNA, RNA, and protein5,7. The roles of DNA or RNA
methylation in drug resistance have been intensively investigated9,10.
However, the mechanism of methionine-induced protein methylation
in drug resistance remains to be illustrated.

The oncogenic transcriptional coactivator Yes-associated protein
(YAP) is the primary effector of the Hippo signaling pathway, which

Received: 25 April 2024

Accepted: 20 December 2024

Check for updates

1Department of Gastroenterology, ChangzhengHospital, Naval Medical University, Shanghai, China. 2Department of Gastroenterology, Jiangxi Provincial Key
Laboratory of Digestive Diseases, Jiangxi Clinical Research Center for Gastroenterology, Digestive Disease Hospital, The First Affiliated Hospital, Jiangxi
Medical College, Nanchang University, Nanchang, Jiangxi, China. 3Department of Gastroenterology, Shanghai East Hospital, School of Medicine, Tongji
University, Shanghai, China. 4These authors contributed equally: Xia-Lu Hong, Chen-Kai Huang, Hui Qian. e-mail: zhang68@hotmail.com;
weifenxie@medmail.com.cn

Nature Communications |           (2025) 16:87 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-7137-112X
http://orcid.org/0000-0002-7137-112X
http://orcid.org/0000-0002-7137-112X
http://orcid.org/0000-0002-7137-112X
http://orcid.org/0000-0002-7137-112X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55769-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55769-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55769-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-55769-8&domain=pdf
mailto:zhang68@hotmail.com
mailto:weifenxie@medmail.com.cn
www.nature.com/naturecommunications


plays a critical role in organ size control, tissue homeostasis, tumor-
igenesis, and drug resistance11–14. Post-translational modifications
(PTMs) are crucial modifiers involved in the subcellular localization
and transcriptional activity of YAP. Phosphorylation of YAP at S127
inhibits its activity by retaining YAP in the cytoplasm and enhances the
therapeutic sensitivity of hepatocellular carcinoma (HCC) to lenvatinib
treatment15. YAP-K342 methylation enhances the nuclear retention of
YAP and promotes tumorigenesis and sorafenib resistance16,17. In
contrast, methylation of YAP at K494 is critical for its cytoplasmic
retention18. Recently, we revealed that protein arginine methyl-
transferase 1 (PRMT1) catalyzes asymmetric dimethylation at R124 of
YAP (YAP R124me2a)19. YAP R124me2a facilitates YAP nuclear translo-
cation, enhances YAP–TEAD transcriptional activity, and is associated
with poor patient prognosis in multiple cancers. However, whether
methionine affects the methylation of YAP and the role of YAP
R124me2a in drug resistance remains unclear.

YAP is involved in metabolic reprogramming and serves as a cri-
tical coordinator of nutrient availability with the development and
progression of cancer20. YAP increases glycolysis via augmenting the
transcription of glucose transporter 3 (GLUT3)21 and several key
enzymes in glycolysis, including hexokinase 2 (HK2)22 and phospho-
fructokinase B3 (PFKFB3)23. YAP also upregulates the transcription of
glutaminase1 (GLS1) and glutamine transporters to promote glutami-
nolysis by interacting with TEAD24–26. In addition, YAP activates poly-
amine biosynthesis and cholesterol biogenesis in cancers27,28. Previous
metabolomic analyses have found that overexpression of YAP led to an
increase, whereas knockdown of YAP resulted in a decrease in the level
of methionine-related metabolites27,29. Nevertheless, the mechanism
by which YAP regulates methionine metabolism has not been
reported.

In the present study, we find that methionine induces resistance
to sorafenib and oxaliplatin by elevating PRMT1-catalyzedmethylation
of YAP R124.We also demonstrate that YAP activates the transcription
of SLC43A2, the major methionine transporter, to sustain high
methionine levels in cancer cells by interacting with TEAD4. We reveal
positive feedback between YAP R124me2a and SLC43A2 during drug
resistance. Furthermore, the disruption of this positive feedback with
BCH, a pharmacologic inhibitor of SLC43A2, results in the sensitization
of YAP-related drug resistance.

Results
Methionine is essential for YAP–TEAD activation and PRMT1-
mediated YAP R124me2a
Previous studies have found that methionine deficiency sensitizes
cancer cells to drug therapy5. In this study, we found that methionine
deprivation significantly enhanced the effect of anticancer drugs on
the cell viability and the apoptosis ofHuh-7 andHCT 116 cells, although
methionine deprivation alone did not inhibit the cell viability and
induce the apoptosis of Huh-7 cells at 24 h and HCT 116 cells at 48 h
(Supplementary Fig. 1a–e). We also generated sorafenib-resistant Huh-
7 cells and oxaliplatin-resistant HCT 116 cells and found methionine
deprivation also enhanced the drug sensitivity of these cells (Supple-
mentary Fig. 1f, g). These data further confirmed that methionine
confers potent drug resistance to HCC and CRC cells.

Methionine participates in a variety of biological processes,
including protein synthesis, redox homeostasis, as well as converting
to SAM. We found that short-term methionine deprivation showed no
obvious effect on protein synthesis and redox homeostasis in Huh-7
and HCT 116 cells (Supplementary Fig. 1h–k), suggesting that the
conversion of methionine to SAMmay be involved in drug resistance.
It is known that the methylation of proteins modulates the activity of
signal transduction. Thus, we conducted dual-luciferase assays to
investigate the activities of canonical oncogenic signaling pathways in
Huh-7 and HCT 116 cells cultured with methionine-depleted medium.
The results showed that the activity of YAP–TEAD, but not other tested

pathways, was remarkably suppressed by methionine deprivation
(Fig. 1a, b). As methionine is converted into SAM, the major methyl
donor for protein methylation (Supplementary Fig. 2a), we then
investigate whether methionine promoted drug resistance by
improving themethylation of YAP. Our recent study has demonstrated
that PRMT1-mediated asymmetric arginine dimethylation of YAP at
R124 (YAP R124me2a) enhanced YAP–TEAD transcriptional activity19.
Consistently, we confirmed that PRMT1 knockdown reduced
YAP–TEAD activity and downregulated the expression of YAP target
genes (Supplementary Fig. 2b, c). Bioinformatic analyses of the Cancer
Genome Atlas (TCGA) data revealed increased expression of YAP tar-
get genes in HCC tissues with high PRMT1 levels compared to those
with low PRMT1 levels (Supplementary Fig. 2d). PRMT1 expression
showed a positive correlation with YAP target genes, such as CDC20,
FOXM1, TGFB2, and ANKRD1 (Supplementary Fig. 2e). Moreover, we
found that PRMT1 knockdown significantly decreased the cell viability
upon sorafenib administration in Huh-7 cells and upon oxaliplatin
administration in HCT 116 cells (Supplementary Fig. 2f, g). In addition,
MS023, an inhibitor of PRMT1, exhibited similar effects on enhancing
drug sensitivity and hampering YAP–TEAD transcriptional activity
in vivo and in vitro (Supplementary Fig. 3a–g).

Then, we evaluated the effect of methionine on YAP R124me2a.
Supplementation withmethionine elevated the level of YAP R124me2a
(Fig. 1c, d), accompaniedbyenhancedmRNA levels of YAP target genes
in a dose-dependent manner in Huh-7 and HCT 116 cells (Fig. 1e, f).
UPLC-MS/MS results indicated that the intracellular level of SAM in
Huh-7 cells was decreased inmethionine-depletedmedium, and it was
significantly elevated after SAM supplementation, which was also
confirmed by ELISA in Huh-7 cells and HCT 116 cells (Fig. 1g and Sup-
plementary Fig. 4a, b). Supplementation with the methyl donor SAM
blocked the inhibitory effect of methionine deprivation on the level of
YAP R124me2a and the expression of YAP target genes (Fig. 1h–k).
Moreover, PRMT1 knockdown reduced the level of YAP R124me2a and
inhibited cell growth in the complete medium, but not in methionine-
depleted medium in Huh-7 cells (Fig. 1l, m). Furthermore, PRMT1
knockdown sensitized Huh-7 cells to sorafenib in a completed med-
ium, but not in methionine-deprived medium (Supplementary Fig. 5).
Taken together, these results suggested that methionine is important
for PRMT1-mediated methylation of YAP R124 and YAP–TEAD activity
through providing methyl donor.

R124 asymmetric dimethylation of YAP enhances YAP-related
drug resistance
It is known that YAP activation contributes to drug resistance in a
variety of cancers30. As expected, treatment with sorafenib and oxali-
platin increased YAP–TEAD transactivation in a time- and dose-
dependent manner (Fig. 2a, b). In addition, sorafenib and oxaliplatin
markedly upregulated the transcriptionof YAP target genes (Fig. 2c, d).
Interestingly, western blot analysis showed that the level of YAP
R124me2a was significantly increased in sorafenib-treated Huh-7 cells
and oxaliplatin-treated HCT 116 cells (Fig. 2e, f). Similar effects were
also observed in human lung cancer A549 cells treated with gemcita-
bine and gastric cancer SGC7901 cells treatedwith 5-fluorouracil (5-Fu)
(Supplementary Fig. 6a–e). These observations suggested that YAP
R124 methylation may be involved in drug resistance.

To clarify the role of YAP R124 methylation in drug resistance, we
replaced R124 with lysine (K) to block methylation, and with pheny-
lalanine (F) to mimic methylation31 (Supplementary Fig. 6f). Of note,
both R124 and S127 residues are located in a 14-3-3 bindingmotif (RX1-
2SX2-3S), which is well-known for suppressing YAP transcriptional
activity upon phosphorylation of Ser127 (Supplementary Fig. 6f). This
prompted us to evaluate the impact of R124 methylation on S127
phosphorylation. In line with a previous study32, the YAP-R124K
mutation resulted in a modest decrease in S127 phosphorylation in
YAP (Supplementary Fig. 6g). However, YAP-R124F mutation
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completely blocked S127 phosphorylation (Supplementary Fig. 6g). To
eliminate the potential bias of S127 phosphorylation on drug resis-
tance, we employed YAP-S127A, a mutation that prevents phosphory-
lated while maintaining YAP activation, as a control for YAP-R124F.
Compared with YAP, YAP-R124Kmutation reduced the transactivation
of the YAP–TEAD reporter, while YAP-S127A and YAP-R124F mutations

enhanced its activity (Supplementary Fig. 6h). Moreover, the pro-
moting effect of YAP-R124F on YAP–TEAD transcriptional activity was
stronger than that of YAP-S127A (Supplementary Fig. 6h). Similarly,
YAP-R124K mutation abolished the drug resistance induced by YAP,
while YAP-S127A and YAP-R124F mutations enhanced drug resistance
comparedwithYAP-overexpressedHuh-7 andHCT 116 cells (Fig. 2g, h).

Article https://doi.org/10.1038/s41467-024-55769-8

Nature Communications |           (2025) 16:87 3

www.nature.com/naturecommunications


Furthermore, YAP-R124F-overexpressed cells exhibited greater resis-
tance to drug therapy than YAP-S127A-overexpressed cells (Fig. 2g, h).

To further investigate the functional contribution of YAP
R124me2a in sorafenib resistance, the levels of YAP R124me2a in HCC
tissues were detected with immunohistochemistry staining. Patients
from HCC tissue arrays were stratified into groups with either low or
high levels of YAP R124me2a. The Kaplan–Meier survival analysis
showed that patients with HCC presenting low levels of YAP R124me2a
benefited from sorafenib administration, while patients with high
levels of YAP R124me2a did not (Fig. 2i). Collectively, these data sug-
gested that R124 asymmetric dimethylation of YAP promotes the drug
resistance induced by YAP.

Dietary methionine restriction enhances drug efficacy by redu-
cing YAP R124me2a
Next, we explored whether methionine deprivation enhanced the
efficacy of sorafenib and oxaliplatin by blocking YAP R124me2a.
Compared with YAP-overexpressed cells, YAP-R124K mutation
decreased survival and increased apoptosis in the complete medium
upon sorafenib and oxaliplatin treatment (Supplementary Fig. 7a–d),
confirming that methylation of R124 is involved in the anti-drug cap-
ability of YAP. Moreover, methionine deprivation significantly
enhanced the effect of sorafenib and oxaliplatin on the cell viability
and the apoptosis of the YAP- or YAP-S127A-overexpressed cells, but
not of the YAP-R124F-overexpressed cells (Fig. 3a, b and Supplemen-
tary Fig. 7e, f). Similarly, methionine deprivation significantly reduced
YAP–TEAD transcriptional activity in YAP-, YAP-S127A-overexpressed
cells but not of the YAP-R124F-overexpressed cells (Supplementary
Fig. 6h). Taken together, our data indicated that methionine depriva-
tion could improve sensitivity to drug therapy by diminishing YAP
R124me2a in vitro.

To further verify this view in vivo, we established subcutaneous
tumor models via inoculating stable Huh-7 cells overexpressing YAP-
R124F or YAP-S127A into Balb/c nudemice, followed by treatment with
sorafenib and methionine-restricted diet (Fig. 3c). Methionine-
restricted diet significantly reduced serum methionine in mice (Sup-
plementary Fig. 7g). Eight days of dietary methionine restriction alone
showed little effect on tumor growth, tumor volumes, and tumor
weights in both YAP-R124F- and YAP-S127A-overexpressed cells
(Fig. 3d–f). Dietary methionine restriction effectively sensitized YAP-
S127A-overexpressed tumors to sorafenib, resulting in a considerable
inhibition of tumor growth (Fig. 3d–f). IHC staining showed that the
combination treatment of methionine restriction and sorafenib
reduced cell proliferation in YAP-S127A-overexpressed tumors
(Fig. 3g, h). Moreover, the combination treatment decreased the level
of YAP R124me2a and the expression of CTGF, CYR61 in YAP-S127A-
overexpressed tumors (Supplementary Fig. 7h and Fig. 3i, j). However,
overexpression of YAP-R124F blunted the sensitizing effect of dietary
methionine restriction onYAP-induced sorafenib resistance (Fig. 3d–j).
Consistently, similar results were observed in subcutaneous CRC

tumor models injected with HCT 116 cells and treated with oxaliplatin
(Supplementary Fig. 8a–e).

It is known methionine-restricted diet played an antitumor role
by enhancing adaptive immunity6. Thus, we subcutaneously injected
Hepa1-6 cells into immunocompetent C57BL mice. Interestingly, the
combination of methionine-restricted diet and sorafenib sig-
nificantly inhibited tumor growth, tumor weight, and the prolifera-
tion of tumor cells in both YAP-S127A-overexpressed tumors and
YAP-R124F-overexpressed tumors (Supplementary 8f–k). However,
the combination therapy exhibited a greater effect on inhibiting
tumor growth in YAP-S127A-overexpressed tumors compared to
YAP-R124F-overexpressed tumors (Supplementary Fig. 8f–k). These
data implied that apart from its impact on immunity, methionine
restriction still improved drug sensitivity through modulating YAP
R124me2a in tumor cells within a syngeneic cancer model. Alto-
gether, these findings further indicate that dietary restriction of
methionine enhances the therapeutic effect of sorafenib and oxali-
platin by diminishing YAP R124me2a.

YAP promotes methionine uptake by upregulating SLC43A2
expression
It has long been recognized that YAP plays a vital role in regulating
various cellular metabolic processes, including glycolysis, glutamino-
lysis, and polyamine biosynthesis, which contribute to tumorigenesis
and tumor progression20. However, it remains unknown whether YAP
regulates methionine metabolism. Previous metabolomic analyses
found that overexpression of YAP led to an increase, whereas knock-
down of YAP resulted in a decrease in the levels of methionine-related
metabolites27,29. Consistent with previous reports, we found intracel-
lular methionine was elevated by about 1.5-fold in YAP-overexpressed
Huh-7 and HCT 116 cells (Fig. 4a, b).

To understand how YAP improves intracellularmethionine levels,
seven-week-old wild-type mice were injected with AAV8-TBG-control
or AAV8-TBG-YAP-S127A. The primary hepatocytes were isolated for
RNA sequence analysis (Fig. 4c). A total of 4028 transcripts were dif-
ferentially expressed in YAP-S127A-overexpressed hepatocytes versus
control hepatocytes (Supplementary Fig. 9a). KEGG analysis indicated
that metabolic pathways, including lipid, carbohydrate, nucleotide,
and amino acid, were strongly enriched in YAP-S127A-overexpressed
hepatocytes (Supplementary Fig. 9b). We compared the expression of
key enzymes involved inmethionine metabolism and the transporters
from the solute carrier (SLC) family that mediates methionine uptake.
The expression of most key enzymes involved in methionine meta-
bolism was not significantly altered, except for Mat1a, which is the
primary enzyme responsible for converting methionine to SAM in the
liver (Fig. 4d). However, most methionine-related transporters (Slc1a5,
Slc7a5, Slc7a6, Slc7a8, Slc38a1, Slc43a2, and Slc43a3) were upregulated
in mouse hepatocytes overexpressing YAP-S127A, while Slc38a2 and
Slc43a1 were downregulated (Fig. 4d). Consistently, YAP over-
expression markedly increased the expression of SLC1A5, SLC7A5,

Fig. 1 | Methionine is essential for YAP–TEAD activation and YAP R124me2a.
a, b The relative luciferase activity of YAP-TEAD,Wnt, TGF-β, NF-κB, and Hedgehog
signaling pathways in Huh-7 cells (a) and HCT 116 cells (b) cultured in completed
medium (CM) ormethionine-deprivedmedium (MD) for 48h. c, d The level of YAP
R124 methylation in Huh-7 cells (c) and HCT 116 cells (d) cultured in MD for 72 h.
The data represents the relative ratio of YAP R124me2a to YAP. The red arrow
indicates the brand of YAP R124me2a. e, f The transcriptional expression of YAP,
CTGF, CYR61, and AREG in Huh-7 cells (e) and HCT 116 cells (f) cultured in MD and
supplemented with methionine for 72 h. g The S-adenosylmethionine (SAM) con-
centration in Huh-7 cells cultured in MD and supplemented with SAM (50μM) was
detected by UPLC-MS/MS. h, i The level of YAP R124me2a in Huh-7 cells (h) and
HCT 116 cells (i) cultured inMD for 24h and then supplemented with SAM (50μM)
for another 24h. The data represents the relative ratio of YAP R124me2a to YAP.

j, kThe transcriptional expression of YAP, CTGF, CYR61, and AREG in Huh-7 cells (j)
and HCT 116 cells (k) cultured in MD for 24h and then supplemented with SAM
(50μM) for 36 h. l The level of YAP R124me2a in Huh-7 cells transfected with si-
PRMT1 and cultured in MD for 48h. The data represents the relative ratio of YAP
R124me2a to YAP and PRMT1 to GAPDH.m The viability of Huh-7 cells transfected
with si-PRMT1 and cultured in MD for 6 days. Statistical analyses were performed
using two-sided unpaired Student’s t-test (a, b), one-way ANOVA with multiple
comparisons (e–g, j, k), or two-way ANOVA with multiple comparisons (m). Data
were presented as mean ± SD. n = 3 biologically independent samples
(a, b, e–g, j, k, m). The data presented in (c, d, h, i) are representative of three
independent experiments, and those in (l) are representative of two independent
experiments. Source data are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-024-55769-8

Nature Communications |           (2025) 16:87 4

www.nature.com/naturecommunications


SLC38A1, and SLC43A2 in Huh-7 and HCT 116 cells (Fig. 4e, f). Thus,
YAP increased methionine uptake by upregulating the expression of
methionine-related transporters to improve the level of intracellular
methionine.

Next, we evaluated the level of cellular methionine in Huh-7 cells
transfected with siRNA for SLC1A5, SLC7A5, SLC38A1, or SLC43A2,

respectively. The knockdown efficiency of the indicated siRNAs was
confirmed using real-time PCR (Supplementary Fig. 9c). Interestingly,
knockdown of SLC43A2 markedly decreased the cellular methionine
level, while silencing the other SLC family genes only slightly reduced
the methionine level in Huh-7 cells (Fig. 4g). Therefore, we further
investigated the correlation between YAP and SLC43A2 in detail. YAP

Fig. 2 | R124 asymmetric dimethylation of YAP promotes YAP-related drug
resistance. a, b The relative YAP-TEAD activity in Huh-7 cells treated with the
indicated concentration of sorafenib (a) and HCT 116 cells treated with the indi-
cated concentration of oxaliplatin (b). c, d The relative expression of YAP target
genes in Huh-7 cells treated with sorafenib (0.75μM) (c) and HCT 116 cells treated
with oxaliplatin (4μM) (d) for 72 h. e, f The level of YAP R124me2a in Huh-7 cells
treated with sorafenib (0.75μM) (e) and HCT 116 cells treated with oxaliplatin
(4μM) (f). The data represents the relative ratio of YAPR124me2a to YAP. gThe cell
viability of YAP-, YAP-R124K-, YAP-S127A-, or YAP-R124F-overexpressed Huh-7 cells
treatedwith sorafenib for 24h. h The cell viability of YAP-, YAP-R124K-, YAP-S127A-,

or YAP-R124F-overexpressed HCT 116 cells treated with oxaliplatin for 48h.
i Kaplan–Meier analysis of overall survival in a cohort of 191 hepatocellular carci-
noma patients presenting a low level of YAP R124me2a (left panel) or high level of
YAP R124me2a (right panel), whowere treatedwith orwithout sorafenib. Statistical
analyses were performed using one-way ANOVA with multiple comparisons (a–d,
g, h) or Kaplan–Meier analysis (Gehan-Breslow-Wilcoxon test, i). Data were pre-
sented as mean± SD. n = 4 (a) or 3 (b–d, g, h) biologically independent samples
(a–d, g, h). The data presented in (e, f) are representative of three independent
experiments. Source data are provided as a Source Data file.
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overexpression enhanced the mRNA and protein levels of SLC43A2
(Fig. 4e, f, h), whereas knockdown of YAP downregulated SLC43A2
expression in Huh-7 and HCT 116 cells (Supplementary Fig. 9d, e). In
addition, knockout of YAP (YAP-KO) in 293 A cells resulted in a
remarkable reduction of SLC43A2 mRNA levels (Supplementary

Fig. 9f). Analyses of human HCC and CRC data from TCGA revealed
that the SLC43A2 mRNA level was significantly elevated in tumors and
positively correlatedwith YAPmRNA levels (Fig. 4i and Supplementary
Fig. 9g–i). Additionally, SLC43A2 was also identified as a prognostic
biomarker for HCC patients, where higher expression levels of

Fig. 3 | Dietary methionine restriction enhances drug efficacy by reducing YAP
R124me2a. a The cell viability of YAP-, YAP-S127A-, or YAP-R124F-overexpressed
Huh-7 cells cultured in methionine-deprived medium (MD) and treated with sor-
afenib for 24h. b The cell viability of YAP-, YAP-S127A-, or YAP-R124F-
overexpressed HCT 116 cells cultured in MD and treated with oxaliplatin for 48h.
c Schematic representation of the experimental design in Balb/c nude mice to
measure the combination effect of dietary methionine restriction and sorafenib in
stable YAP-R124F- or YAP-S127A-overexpressed cells. d Representative image of
tumor nodules in different conditions described in Fig. 3c. e, f The statistical

analysis of tumor volume (e) and tumor weight (f) in different groups described in
Fig. 3c. g, h Representative images (g) and quantitation (h) of ki-67 staining in
tumors from different groups were shown. scale bar = 50μm. i, j The relative
expression of CTGF (i) and CYR61 (j) was analyzed using real-time PCR. Statistical
analyses were performed using one-way ANOVA with multiple comparisons
(a,b, f,h–j) or two-way ANOVAwithmultiple comparisons (e). Datawerepresented
as mean± SEM for e and mean± SD for a, b, f, h, i, j. n = 3 (a, b) or 6 (e, f, h, i, j)
biologically independent samples. Source data are provided as a Source Data file.
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Fig. 4 | YAPpromotesmethionineuptakebyupregulatingSLC43A2expression.
a, b The methionine concentration in Huh-7 cells (a) and HCT 116 cells (b) infected
with YAP lentivirus for 96h. c Schematic diagram for RNA sequence analysis. Seven-
week-old mice were injected with AAV8-TBG-YAP-S127A through tail vein. 8 weeks
later, the primary hepatocytes were isolated for RNA sequence analysis. dHeatmap
from the RNA sequence analysis depicts different gene expression of transporters
mediating methionine uptake and enzymes involving in methionine metabolism.
e, f The mRNA levels of SLC family in Huh-7 cells (e) and HCT 116 cells (f) infected
with YAP lentivirus for 96 h. g The methionine concentration in Huh-7 cells trans-
fected with indicated siRNAs for 48h. h The protein level of SLC43A2 in Huh-7 cells
and HCT 116 cells infected with YAP lentivirus for 96 h. The data represents the
relative ratio of SLC43A2 to GAPDH. i Spearman correlation between YAP and
SLC43A2 in HCC tumors and normal tissues in TCGA dataset. j Kaplan–Meier
overall survival analysis of SLC43A2 for HCC patients in TCGA dataset. k ThemRNA

expression of SLC43A2 in Huh-7 cells transfected with YAP or YAP-S94A plasmids
for 72 h. l The mRNA expression of SLC43A2 in Huh-7 cells transfected with YAP
and/or si-TEAD4 for 72 h. m, n ChIP-qPCR assays in Huh-7 cells with YAP (m) and
TEAD4 (n) antibody showed the binding of YAP-TEAD4 to the promoter of
SLC43A2. o Luciferase activity in 293 T cells transfected with YAP. The SLC43A2
luciferase reporters expressing wild-type or mutated TEAD binding sites (Mut1,
Mut2, Mut1 + 2) were used. Statistical analyses were performed using two-sided
unpaired Student’s t-test (a, b, e, f), one-way ANOVA with multiple comparisons
(g, k, l–o), two-tailed Spearman’s correlation test (i) or Kaplan–Meier analysis
(Mantel–Cox test, j). Data were presented as mean± SD. n = 3 (a, b, d–g, k, l) or 4
(m–o) biologically independent samples. The data presented in (h) are repre-
sentative of three independent experiments. Source data are provided as a Source
Data file.
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SLC43A2 were associated with shorter patient survival (Fig. 4j). These
observations implicated SLC43A2 as a transcription target of YAP in
human cells.

As a transcriptional coactivator, YAP needs to engage with the
TEAD family in order to activate target gene expression33. YAP-S94A, a
mutant defective in TEAD binding, failed to stimulate SLC43A2
expression (Fig. 4k). Similarly, silencing TEAD4 with siRNA prevented
YAP-induced upregulation of SLC43A2, implying that YAP needs to
collaborate with TEAD4 to regulate SLC43A2 expression (Fig. 4l and
Supplementary Fig. 9j). We then utilized the JASPAR database to ana-
lyze the putative binding sequences of TEAD4 in the region 2 kb
upstream of the SLC43A2 gene and identified 2 potential TEAD4-
binding sequences (Supplementary Fig. 9k). Chromatin immunopre-
cipitation (ChIP)—quantitative PCR (qPCR) assays demonstrated that
both YAP and TEAD4 bound to these two binding sites in Huh-7 cells
(Fig. 4m, n). Luciferase reporter assays further showed that YAP
overexpression strongly elevated luciferase activity in 293 T cells
transfected with SLC43A2 reporter plasmids containing the wild-type
TEAD4-binding sites, but not in cells transfected with the mutation
reporter plasmids (Fig. 4o). Collectively, these data confirmed that
YAP–TEAD4 activates the transcription of SLC43A2 by directly binding
to specific responsive elements.

Next, we proceeded to investigate the relationship between YAP
R124methylation and the expression of SLC43A2. Comparedwith YAP-
overexpressed cells, the expression of SLC43A2 and the level of
methionine were decreased in YAP-R124K-overexpressed Huh-7 cells
(Supplementary Fig. 9l, m). Compared with YAP-S127A-overexpressed
cells, the expression of SLC43A2 and the level of methionine were
more effectively upregulated in YAP-R124F-overexpressed cells (Sup-
plementary Fig. 9l, m). Furthermore, western blot analysis revealed
that the YAP-R124K mutation abolished the stimulatory effect of YAP
on SLC43A2 expression (Supplementary Fig. 9n). These results sug-
gested that R124 asymmetric dimethylation of YAP further promotes
YAP-induced SLC43A2 expression and methionine uptake.

The positive feedback between YAP R124 methylation and
SLC43A2 persists in drug resistance
As SLC43A2 is an importantmethionine transporter,we then evaluated
the effect of SLC43A2 on YAP R124 methylation. The loss-of-function
screening data showed that knockdown of SLC43A2 markedly dimin-
ished the level of YAP R124me2a stimulated by anticancer drugs,
whereas knockdown of other SLC family genes only slightly decreased
the level of YAP R124me2a (Fig. 5a, b). IHC evaluation of paraffin-
embedded HCC tissues also showed a strong positive correlation
between the levels of YAP R124me2a and SLC43A2 proteins, with
R2 = 0.67 by Spearman’s coefficient analysis (Fig. 5c). We also found
SLC43A2 knockdown decreased the mRNA levels of CTGF and CYR61
(Fig. 5d, e). In addition, SLC43A2 levels positively correlated with the
transcripts of YAP downstream genes in HCC patients from
TCGA (Fig. 5f).

Of note, the expression of SLC43A2 at both mRNA and protein
levels was increased 2–3-fold after treatment with sorafenib and oxa-
liplatin (Fig. 5g, h). Knockdown of SLC43A2 markedly increased the
sensitivity of Huh-7 cells to sorafenib and HCT 116 cells to oxaliplatin
(Fig. 5i, j). A similar effect was observed in the tumor cells with over-
expression of YAP or YAP-S127A (Fig. 5i, j). In contrast, overexpression
of YAP-R124F abolished the effect of SLC43A2 knockdown on drug
sensitivity in tumor cells (Fig. 5i, j). Taken together, these data sug-
gested that positive feedback between YAP R124 methylation and
methionine transporter SLC43A2 enhances drug resistance.

Disrupting the positive feedback between YAP R124 methyla-
tion and SLC43A2 improves drug sensitivity
SLC43A2 is one of the system L-type transporters. Given that no spe-
cific SLC43A2 inhibitor is available, we cultured cells with BCH, an

inhibitor of system L transporters, to inhibit SLC43A2 function34.
Similar to SLC43A2 knockdown, BCH blocked YAP R124me2a and
downregulated the mRNA expression of YAP target genes (Fig. 6a–c).
BCH enhanced the sensitivity of control cells, as well as cells over-
expressing YAP and YAP-S127A to sorafenib and oxaliplatin (Fig. 6d, e).
However, overexpression of YAP-R124F notably reduced the effect of
BCHon drug sensitivity in tumor cells (Fig. 6d, e).We also treatedmice
bearing YAP-S127A- or YAP-R124F-overexpressed Huh-7 tumors with
BCH and sorafenib (Fig. 6f). Treatment with sorafenib alone partially
inhibited tumor growth, whereas the combination of BCH and sor-
afenib markedly inhibited tumor growth in YAP-S127A-overexpressed
tumors (Fig. 6g, h). Moreover, the combination treatment decreased
the level of YAP R124me2a and the expression of YAP target genes
(Supplementary Fig. 10a and Fig. 6i, j), as well as the proliferation of
tumor cells in YAP-S127A-overexpressed tumors (Fig. 6k and Supple-
mentary Fig. 10b), suggesting that targeting SLC43A2 in combination
with anticancer drugs may be an effective anticancer approach. How-
ever, neither sorafenib alone nor the combination of BCH and sor-
afenib presented any effect on YAP-R124F-overexpressed tumors
(Fig. 6g–k), indicating that BCH improves drug sensitivity by disrupt-
ing the positive feedback between YAP R124 methylation and
SLC43A2.

Discussion
The potential of methionine to enhance drug resistance has been
verified in many tumor models. The high SAM consumption rate in
tumor cells is the primary reason formethionine addiction35. However,
there remains little understanding of the mechanism by which
methionine-induced protein methylation affects drug resistance. In
this study, we found methionine induces resistance to sorafenib and
oxaliplatin by elevating PRMT1-catalyzedmethylation of YAP R124. We
also identified a target gene of YAP, SLC43A2, which is responsible for
the uptake of methionine in cancer cells. Furthermore, we reveal
positive feedback between YAP R124me2a and SLC43A2 during drug
resistance. Disruption of this positive feedback results in the sensiti-
zation of YAP-related drug resistance.

Previous studies have indicated that phosphorylation and
methylation of YAP contribute to drug resistance. Researchers found
that the phosphorylation level of YAP S127 was decreased after sor-
afenib intervention36, and inhibition of YAP phosphorylation induced
castration resistance in prostate cancer cells and lenvatinib resistance
in HCC15,37. YAP-K342methylation catalyzed by SET domain containing
1A (SET1A) promotes sorafenib resistance and is reversely correlated
with cancer survival16,17. In this study, we found methionine-induced
YAPR124me2apromotedYAP-relateddrug resistance inHCCandCRC.
Indeed, YAP-R124F-overexpressed cells showed greater resistance to
drug therapy than YAP-S127A-overexpressed cells. Moreover, methio-
nine deprivation markedly reduced YAP-S127A-induced drug resis-
tance but failed to alter YAP-R124F-induced drug resistance in tumor
cells. These findings imply that YAP R124 methylation plays a more
crucial role than S127 phosphorylation in the process of drug
resistance.

Previous studies have indicated YAP is involved in amino acid
metabolism in cancer cells. YAP stimulates the metabolism of gluta-
mine, leucine, tryptophan, threonine, and phenylalanine by enhancing
the expression of crucial enzymes, includingGLS1, GOT1, and PSAT124,38,
as well as related transporters, including SLC1A5, SLC7A5, and
SLC38A125,26,39,40. Metabolomics data suggest that YAP may be involved
inmethioninemetabolism27,29, but the specificmechanismhas not been
reported. Our RNA sequencing analysis suggested that YAP increases
methionine levels by promotingmethionine uptake rather than altering
the process of methionine synthesis or its consumption. Moreover, our
identification of YAP as a direct upstream regulator of SLC43A2, the
major transporter for methionine import, provides important insights
into the regulation of methionine metabolism in tumors.
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Fig. 5 | The positive feedback between YAP R124 methylation and SLC43A2
persists in drug resistance. a, b The level of YAP R124 methylation in Huh-7 cells
transfected with indicated siRNA and treated with sorafenib (0.75μM) for 48 h (a)
and HCT 116 cells (b) transfected with indicated siRNA and treated with oxaliplatin
(4μM) for 48 h. The data represents the relative ratio of YAP R124me2a to YAP.
c Representative images of the level of SLC43A2 and YAP R124me2a in HCC tissues
(left panel) and the clinical relevance between the level of SLC43A2 and YAP
R124me2a was determined (right panel). n = 28. Scale bar = 50μm. d, e The tran-
scriptional levels of SLC43A2, YAP, and YAP target genes inHuh-7 cells (d) and HCT
116 cells (e) transfected with si-SLC43A2 for 72 h. f Heatmap from TCGA dataset
analysis depicts differential expression of YAP target genes in HCC patients with
high and low expression of SLC43A2. g, h The level of SLC43A2 in Huh-7 cells

treated with sorafenib (0.75μM) (g) and HCT 116 cells treated with oxaliplatin
(4μM) (h). The data represents the relative ratio of SLC43A2 to GAPDH. i The cell
viability of YAP-, YAP-S127A-, or YAP-R124F-overexpressed Huh-7 cells treated with
sorafenib and transfected with si-SLC43A2 for 24 h. j The cell viability of YAP-, YAP-
S127A-, or YAP-R124F-overexpressed HCT 116 cells treated with oxaliplatin and
transfected with si-SLC43A2 for 48h. Statistical analyses were performed using
two-tailed Spearman’s correlation test (c), two-sided unpaired Student’s t-test
(d, e,g,h), orone-wayANOVAwithmultiple comparisons (i, j). Datawerepresented
as mean± SD. Data were presented as mean ± SD. n = 3 (d, e, g, h, i, j) or 28 (c)
biologically independent samples. The data presented in (a, b, g, h) are repre-
sentative of three independent experiments. Source data are provided as a Source
Data file.
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Fig. 6 | Disrupting the positive feedback between YAP R124 methylation and
SLC43A2 improves drug sensitivity. a The level of YAP R124methylation in Huh-7
cells and HCT 116 cells treated with BCH (1mM) for 72 h. The data represents the
relative ratio of YAP R124me2a to YAP. b, c The transcriptional levels of YAP and
YAP target genes in Huh-7 cells (b) and HCT 116 cells (c) were treated with BCH
(1mM) for 72 h. d The cell viability of YAP-, YAP-S127A-, or YAP-R124F-
overexpressed Huh-7 cells treated with sorafenib and BCH (1mM) for 24h. e The
cell viability of YAP-, YAP-S127A-, or YAP-R124F-overexpressedHCT 116 cells treated
with oxaliplatin and BCH (1mM) for 48 h. f Schematic representation of the
experimental design inBalb/cnudemice tomeasure the combination effect of BCH
and sorafenib in stable YAP-R124F- or YAP-S127A-overexpressed cells. n = 5 per

group. g Representative image of tumor nodules in different conditions described
in Fig. 6f. h The statistical analysis of tumor weight in different conditions is
described in Fig. 6f. i, j The expression of CTGF (i) and CYR61 (j) was analyzed in
different conditions described in Fig. 6f. k The quantitation of ki-67 staining in
tumors from different groups was analyzed. Statistical analyses were performed
using two-sided unpaired Student’s t-test (b, c) or one-way ANOVA with multiple
comparisons (d, e, h–k). Data were presented as mean ± SD. n = 3 (b–e) or 5 repli-
cates (h–k) biologically independent samples. The data presented in (a) are
representative of three independent experiments. Source data are provided as a
Source Data file.
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Previous studies have demonstrated that SLC43A2, the major
methionine transporter in tumor cells, is highly expressed in multiple
human cancers and plays a crucial role in protein methylation34,41. In
this study, we found that SLC43A2 was highly expressed and asso-
ciated with the level of YAP R124me2a in HCC and CRC. By integrating
the results that methionine increases the level of YAP R124me2a and
YAP elevates intracellular methionine levels through upregulation of
the methionine transporter SLC43A2, our study revealed positive
feedback between YAP R124 methylation and methionine transporter
SLC43A2. Indeed,we found thatdisruptionof thispositive feedbackby
BCH downregulated the level of YAP R124me2a, inhibited the expres-
sion of YAP target genes and enhanced YAP-related drug sensitivity.
However, BCH is an inhibitor of system L-type transporters, which
include SLC7A5, SLC7A8, SLC43A1, and SLC43A242. Among these,
SLC7A5 and SLC43A2 have been demonstrated to be upregulated by
YAP. Considering that SLC7A5 has minimal effect on YAP R124me2a,
we proposed that BCH inhibits YAP R124me2a and alleviates YAP-
induced drug resistance by suppressing the activity of SLC43A2.
Nevertheless, it is valuable to develop an approach that specifically
targets SLC43A2 to enhance the drug sensitivity. A nanoplatform has
been established by encapsulating a CRISPR plasmid into Mn/Zn
bimetallic metal-organic framework nanoparticles to downregulate
SLC43A2 expression43, yet it remains far from clinical application.

Apart from its biological significance, our workmay have relevant
applications in the clinical management of cancer patients. There is a
growing fascination with the therapeutic potential of a methionine-
restricted diet for cancer treatment. However, no current cancer
clinical trials combine drug therapy with a methionine-restricted diet.
The feasibility of achieving beneficial effects on drug resistance
through a methionine-restricted diet without inducing systemic toxi-
cities remains a topic of debate3. So, what kind of patients are suitable
for the combination of methionine-restricted diet and drug therapy?
Our study has important translational implications as it highlights that
the combination strategy of methionine restriction with sorafenib or
oxaliplatin treatment basedon the difference inYAPR124me2a level or
SLC43A2 expression for patient selection may produce promising
clinical benefits.

In summary, we found methionine promotes sorafenib and oxa-
liplatin resistance by improving the level of YAP R124me2a in cancer
cells. The intracellular methionine levels are elevated in cancer cells
due to increased methionine import by YAP-induced SLC43A2
expression. Furthermore, silencing the expression of SLC43A2
decreased YAP R124 methylation. Our work demonstrated positive
feedback between YAP R124 methylation and the methionine trans-
porter SLC43A2duringdrug resistance.On thisbasis, disruptionof this
positive feedback has potential application value for improving tumor
treatment outcomes (Supplementary Fig. 11).

Methods
All experiments were conducted in accordance with the guidelines of
the National Institutes of Health Guide for the Care and Use of
Laboratory Animals, and were approved by Scientific Investigation
Board of Naval Medical University. Every precaution was taken to
minimize suffering, and the number of animals used in the
experiments.

Mouse models
The 6–7-week-old C57BL/6J mice and 4–5-week-old Balb/c nude mice,
purchased from Shanghai BK/KY Biotechnology Company (Shanghai,
China), were housedunder specific pathogen-free conditions. To avoid
the influence of estrogen, all experiments used male mice.

To establish the xenograftmodel, tumor cells suspended in 100μl
of phosphate-buffered saline (PBS)were injected into the axilla of each
mouse. Once the tumor volumes reached approximately 100mm3,
mice were randomly assigned to different experimenting groups, with

no significant differences in tumor volume among the groups. The
length and width of the tumors were measured every 2 days, and the
tumor volumes were calculated using the formula: (length ×width2)/2.
TGI (tumor growth inhibition value) calculation was based on tumor
weight, and the formula is as follows: TGI% = (1− Tumor Weight of
Treated Group/Average Tumor Weight of Control Group) × 100%. In
cases where the tumor volume exceeded 2000mm3, the mice were
humanely euthanized for welfare reasons. At the experimental end-
point, the mice were humanely sacrificed, and their tumors were col-
lected and weighed.

To investigate the role of MS023 in sorafenib resistance in vivo,
Huh-7 cells (1 × 106) were injected into the right axilla of each mouse.
The mice received daily intraperitoneal injections of sorafenib (MCE,
USA, 30mg/kg/day) and MS023 (MCE, 30mg/kg/day) for 14 days. To
assess whether methionine deprivation or BCH enhanced the efficacy
of sorafenib by blocking YAP R124me2a, YAP-R124F-overexpressed
Huh-7 cells (1.5 × 106) were injected into the right axilla, while YAP-
S127A-overexpressed Huh-7 cells (1.5 × 106) were injected into the left
axilla. The methionine-restricted diet containing 0.12% methionine
(w/w, catalog no. A11051301) and the control diet containing 0.86%
methionine (w/w, catalog no. A11051302) were purchased from Xie-
tong Pharmaceutical Bioengineering (Jiangsu, China). BCH (Targetmol,
USA) was administered via tail vein injection at a dose of 100mg/kg
every other day. Sorafenib was given via intraperitoneal injection at a
dose of 20mg/kg daily. To assess whether methionine deprivation
enhanced the efficacy of oxaliplatin by blocking YAP R124me2a, YAP-
R124F-overexpressed HCT 116 cells (5 × 106) were injected into the
right axilla of mice and YAP-S127A-overexpressed HCT 116 cells
(5 × 106) were injected into the left axilla. Oxaliplatin was administered
via intraperitoneal injection at a dose of 5mg/kg daily. In a syngeneic
cancermodel, YAP-R124F-overexpressedHepa1-6 cells and YAP-S127A-
overexpressed Hepa1-6 (1 × 106) were subcutaneously injected into
C57BL/6J mice. Sorafenib was administered via intraperitoneal injec-
tion at a daily dose of 10mg/kg.

Cell lines and cell culture
The Huh-7 (TCHu182) and SGC7901 (TCHu 46) cell lines were pur-
chased from the National Collection of Authenticated Cell Cultures
(Shanghai, China). The HCT 116 (CCL-247), Hepa1-6 (CRL-1830), A549
(CRM-CCL-185), and HEK 293A/293T (CRL-3216) cell lines were
obtained from American Type Culture Collection (ATCC, Manassas,
VA). Huh-7, Hepa1-6, A549, SGC7901, and HEK 293A/293T cells were
cultured in Dulbecco’s Modified Eagle Medium (GIBCO, Carlsbad, CA)
supplemented with 10% fetal bovine serum (FBS) (GIBCO). HCT 116
cells were cultured in RPMI-1640medium (GIBCO) with 10% FBS. Cells
were maintained at 37 °C in a humidified atmosphere containing 5%
CO2. Regular testing for mycoplasma contamination was conducted
every 2 weeks using a Mycoalert detection kit (Lonza, Swiss).

Human HCC tissues
HCC tissues frompatientswith orwithout sorafenib treatment (n = 191,
cohort 1) and HCC tissues for the analysis of the correlation between
SLC43A2 and YAP R124me2a (n = 28, cohort 2) were obtained with
informed consent and in accordance with guidelines of Institutional
Review Board and the Declaration of Helsinki at Eastern Hepatobiliary
Surgery Hospital (Shanghai, China). The clinical characteristics of
Cohort 1 and Cohort 2 are presented in Supplementary Data 1 and
Supplementary Data 2, respectively. Samples from both females and
males were used in this study. Sex and gender information was not
taken into consideration for the statistical analyses of this study, as it
was not the focus of the research.

Methionine restriction treatment
Medium without methionine was prepared using methionine-
deficient DMEM (Bioagrio, USA) or RPMI-1640 (Bioagrio) medium
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supplemented with 10% dialyzed FBS (Bioagrio). Medium with
methionine was prepared by adding 200μM L-Methionine (Sigma-
Aldrich, USA) to the DMEM medium and 100 μM methionine to the
RPMI-1640 medium, according to the complete medium formula.
Cells were seeded with a complete medium and then treated with a
methionine-deficient medium or control medium for 24 to 72 h. To
explore the effects of SAM on YAPmethylation, cells were cultured in
a methionine-deficient medium and then treated with 50μM SAM
(Sigma-Aldrich) for 48 h.

Gene overexpression, silencing, and transfection
The plasmids were synthesized and cloned into appropriate vectors at
the Beijing Genomics Institute (Beijing, China). Small interfering RNAs
(siRNAs) were synthesized from GenePharma (Suzhou, China). For
transfection with plasmid or siRNA, cells were seeded at 50% con-
fluence in six-well plates one day ahead and transfected with Lipo-
fectamineTM 2000 (Thermo Fisher Scientific, 11668019, USA)
following the manufacturer’s protocol. The final concentration of all
siRNAs utilized in this study was 20 nM. The sequences of siRNAs used
in this study were provided in Supplementary Table 1.

Lentivirus
The full-length coding sequences of wild-type or mutant YAP were
inserted into the pCDH-CMV-MCS-EF1-copGFP vector (System Bios-
ciences) in framewith a v5 tag.We generated lentivirus particles by co-
transfecting HEK 293T cells with the packaging plasmid psPAX2
(Addgene, USA), envelope plasmid pMD2.G (Addgene), and the
expression plasmid following the manufacturer’s instructions. The
lentiviral supernatant was harvested at 48 and 72 h after transfection
and filtered through a 0.45μm filter (Sigma-Aldrich). The filtered
viruses were used immediately or stored in cryovials at −80 °C until
further use.

Cell counting kit-8 (CCK-8) assay
Cells were plated at a density of 5000 cells per well in 100μl ofmedium
in 96-well plates. Once the cells had been attached, they were subjected
to different treatments using medium containing 2% FBS for 24–72 h.
Subsequently, 10μl of CCK-8 solution (Dojindo, Kumamoto, Japan) was
applied to each well, and the plates were incubated at 37 °C for 1 h. The
absorbance at 450 nm was recorded to evaluate cell viability.

Apoptosis staining
Apoptosis was examined by flow cytometric analysis. Cells were
washed with 1× binding buffer and stained with Annexin V and PI
(BioLegend, SanDiego,USA) in 1× binding buffer in the dark for 15min,
following the manufacturer’s protocol. All samples were acquired on
Aligent NovoExpress (Aligent, California, USA) and analyzed using FCS
express V7.22 (De Novo Software, Pasadena, USA).

RNA isolation and qPCR analysis
Total RNA was extracted from cells or tissues using RNAiso Plus
Reagent (Takara, Japan). 1μg of total RNA was reversely transcribed to
generate first-strand cDNA using SuperScript III reverse transcriptase
(Invitrogen). Real-time PCR was conducted with TB Green Premix Ex
Taq™ II (Takara) on an ABI Step One Real-Time Detection System (Life
Technologies) according to manufacturer instructions. The relative
expressions of different genes were normalized to GAPDH. The primer
sequences are provided in Supplementary Table 1.

SDS-PAGE and immunoblot analysis
The western blot was performed using the method previously
described44. In brief, the whole proteins were extracted using 2×
sodium dodecyl sulfate (SDS) protein lysis buffer (4% SDS, 20% gly-
cerol, 100mM Tris-HCl [pH 6.8]) containing PMSF, and the con-
centration was quantified using BCA Protein Assay Kit (Beyotime,

Shanghai, China). 60μg of proteins were separated by 10% SDS-
polyacrylamide gel electrophoresis and transferred onto nitrocellu-
lose membranes (Millipore, Hercules, CA). The membranes were
blocked in 5% skim milk for 1 h and then incubated with the primary
antibodies at 4 °C overnight. After incubation with fluorescent-
conjugated secondary antibodies for 1 h at room temperature, sig-
nals were detected using an Odyssey Infrared Imaging System
(LI-COR). The gray values of immunoblots weremeasured using Image
J software (version 2.1). The antibodies used are provided in Supple-
mentary Table 2.

Dual-luciferase reporter assay
The transcriptional activity of YAP mutations was evaluated in HEK
293T cells infected with wild-type or mutant YAP lentivirus and
transfected with YAP–TEAD responsive reporter (8×GTIIC, 100 ng)
(RIKEN, Japan). The binding site of YAP–TEAD4 on SLC43A2 promoter
was evaluated in HEK 293T cells transfected with wild-type or mutant
SLC43A2promoter vectors (100 ng) in a96-well tissue culture plate. All
cells were co-transfected with the pRL-SV40 vector (Promega, USA,
10 ng) to normalize the data. The assays were conducted using the
Dual-Luciferase Reporter Assay System (Promega). Each experiment
was repeated at least three times.

Determination of methionine and SAM
To determine methionine levels in the peripheral blood of mice fed
with dietary methionine restriction, 500μl of blood was collected and
centrifuged at 1000× g for 10min to obtain plasma. To assess the effect
of YAP onmethionine, Huh-7 cells, andHCT 116 cells were infectedwith
YAP lentivirus for 96h. To assess the effect of SLC on methionine
uptake, Huh-7 cells were transfected with siRNAs for 24h, cultured in
methionine-deprived medium for another 24h, then exposed to
200μM methionine for 90min. Cells were washed with cold PBS and
lysed through three freeze-thaw cycles. Methionine concentrations
(mlBio, Shanghai, China) were evaluated by ELISA kit according to the
manufacturer’s instructions. SAM concentrations were detected by
ELISA kit (Jianglai Biology, Shanghai, China) and ultra-performance
liquid chromatography coupled with tandem mass spectrometry
(UPLC-MS/MS) on Shanghai Metabo-Profile Biotechnology. In brief, to
extract SAM from cells for UPLC-MS/MS, 100μl cold methanol was
added to each sample (1 × 107 cells). The samples were vigorously vor-
texed, ultrasonicated twice for 10min at 4 °C to ensure the cell pellet
was completely disrupted, and centrifuged at 14,000× g for 20min at
4 °C. 50μl supernatant of each sample was transferred to a 96-well
plate and mixed with 75μl Vitamin C solution for UPLC-MS/MS. The
samples were analyzed using an ACQUITY UPLC-Xevo TQ-S (Waters
Corp., MA, USA) coupled with MassLynx system (version 4.1, Waters).
Each group has 3 biological replicates.

GSH detection
The GSH Content Assay Kit (Solarbio, Beijing, China) was used to
evaluate the GSH level. Themeasurements were carried out according
to themanufacturer’s protocols. Briefly, 1 × 107 cells were collected and
lysed in PBS. The absorbance was measured at 412 nm, and the GSH
content was calculated based on the GSH standard curve.

Immunohistochemistry
For immunohistochemistry, deparaffinization of 4-μm thick paraffin-
embedded tissue sectionswas followedby treatmentwith EDTAbuffer
(pH = 8.0) at 100 °C for 15min to retrieve the antigen. The antibodies
used are provided in Supplementary Table 2. Staining was visualized
using DAB chromogen. The representative image was acquired by
microscope (Olympus, Tokyo, Japan). The proportion of ki-67 positive
cells among the total cell count was quantified as the ki-67 positive cell
rate. Protein expression levels were evaluated based on the extent and
intensity of staining using ImageJ Pro Plus (version 6.0).
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ChIP-qPCR
Cells were initially cross-linked with 2mM disuccinimidyl glutarate for
30min, followed by the addition of 1% formaldehyde for another
15min. The cross-linking reaction was then terminated by the addition
of 1.25M glycine for 10min. Subsequently, sonication was performed
to shear DNA into 200–1000-bp fragments. Protein-DNA complexes
were then precipitated using an indicated antibody (Supplementary
Table 2). The DNA extraction was carried out using the
phenol–chloroform–isoamyl alcohol method. The CYR61 primer was
used as a positive control. The primers are listed in Supplementary
Table 1.

Bioinformatics analyses
The TCGA Liver hepatocellular carcinoma (LIHC) and Colon adeno-
carcinoma (COAD) data, represented as transcripts per million (TPM),
were obtained fromUCSCXena (https://xenabrowser.net/datapages/).
The gene tissue expression (GTEx) dataset was integrated with the
TCGA data for normal samples. The webtool GEPIA was utilized to
conduct a Spearman correlation analysis between YAP and SLC43A2,
as well as an overall survival analysis of SLC43A2. The correlation
between PRMT1or SLC43A2with YAP target genes in the TCGAdataset
was generated using R Bioconductor (https://www.bioconductor.org/
Bioconductor).

Statistics and reproducibility
No methods were used to predetermine sample size, and no blinding
or randomization was employed for data analysis. No data were
excluded from the analyses. The data were presented as the mean ±
standard deviation (SD) or the mean± standard error of the mean
(SEM). Inter-group data were analyzed using an unpaired two-tailed t-
test or one-way ANOVA test, and tumor growth and growth curves
were analyzed using two-way ANOVA. The expression of SLC43A2 in
LIHC and COAD was calculated using the Wilcoxon test. The correla-
tion coefficient was calculated using a two-tailed Spearman’s correla-
tion test. Survival data were analyzed using the Kaplan–Meier
statistical method. The detailed statistical methods and the sample
sizes (n) are indicated in the figure legends. All data analyses were
performed in GraphPad Prism version 9.5 (GraphPad Inc., CA, USA).
Significant differences were considered at P-values below 0.05 and
were indicated in the figures.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The RNA sequencing data generated in this study have been depos-
ited in the GEO database under accession code GSE263889. The
target region sequencing data of HCC driver genes mutation in this
study of peer review file has been deposited in the SRA database
under accession code PRJNA1163846. The raw data of UPLC-MS/MS
in this study have been deposited in the MetaboLights database
under accession code MTBLS11903. All the other data which support
the findings of this study are available with in the article, supple-
mentary information and source data. Source data are provided in
this paper.
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