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Deficiency of betaine-homocysteine methyltransferase activates
glucose-6-phosphate dehydrogenase (G6PD) by decreasing argi-
nine methylation of G6PD in hepatocellular carcinogenesis
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Betaine-homocysteine methyltransferase (BHMT) regulates protein methylation and is correlated with tumorigenesis; however,
the effects and regulation of BHMT in hepatocarcinogenesis remain largely unexplored. Here, we determined the clinical sig-
nificance of BHMT in the occurrence and progression of hepatocellular carcinoma (HCC) using tissue samples from 198 pa-
tients. BHMT was to be frequently found (86.6%) expressed at relatively low levels in HCC tissues and was positively corre-
lated with the overall survival of patients with HCC. Bhmt overexpression effectively suppressed several malignant pheno-
types in hepatoma cells in vitro and in vivo, whereas complete knockout of Bhmt (Bhmt”") produced the opposite effect. We
combined proteomics, metabolomics, and molecular biological strategies and detected that Bhmt” promoted hepatocarcino-
genesis and tumor progression by enhancing the activity of glucose-6-phosphate dehydrogenase (G6PD) and PPP metabolism
in DEN-induced HCC mouse and subcutaneous tumor-bearing models. In contrast, restoration of Bhmt with an AAV8-Bhmt
injection or pharmacological inhibition of G6PD attenuated hepatocarcinogenesis. Additionally, coimmunoprecipitation identi-
fied monomethylated modifications of the G6PD, and BHMT regulated the methylation of G6PD. Protein sequence analysis,
generation and application of specific antibodies, and site-directed mutagenesis indicated G6PD methylation at the arginine
residue 246. Furthermore, we established bidirectionally regulated BHMT cellular models combined with methyla-
tion-deficient G6PD mutants to demonstrate that BHMT potentiated arginine methylation of G6PD, thereby inhibiting G6PD
activity, which in turn suppressed hepatocarcinogenesis. Taken together, this study reveals a new methylation-regulatory
mechanism in hepatocarcinogenesis owing to BHMT deficiency, suggesting a potential therapeutic strategy for HCC treat-
ment.
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Introduction

Unrestrained proliferation of malignant cells is an important pathological basis for the occurrence and
development of hepatocellular carcinoma (HCC) (Berardi et al., 2022; Li et al., 2021; Xu et al., 2020).
However, the in-depth mechanisms of malignant proliferation remain unclear, leading to a lack of effec-
tive treatment measures to block hepatocarcinogenesis (Li et al., 2023b; Qi et al., 2021; Saw et al., 2021,
Ti et al., 2021). Hyperactive glucose-6-phosphate dehydrogenase (G6PD) promotes oncogenesis and
adaptive cross-drug tolerance by providing biosynthetic building materials and bolstering antioxidative
defense (e.g., ribose-5-phosphate, NADPH, and glutathione) (Whitburn et al., 2022; Yamawaki et al.,
2021; Zhang et al., 2021), emphasizing that the inhibition of abnormally activated G6PD may serve as a
therapeutic strategy for tumors (Li et al., 2020; Min et al., 2022). Considering that post-translational
modification (PTM) contributes to various biological functions, including regulation of Slug stabiliza-
tion and G6PD overactivation (Dai et al., 2021; Ni et al., 2021; Teesalu et al., 2017; Zhu et al., 2021), we
hypothesized if other PTMs, such as methylation of arginine residues, regulate G6PD activity and the
pentose phosphate pathway (PPP).

Notably, as a very important and ubiquitous PTM of proteins, arginine methylation can regulate subcel-
lular localization of proteins, affect their interactions, and control the activity of proteins, which plays a
critical role in signal transduction and gene transcription—the processes that determine tumorigenesis
and malignant proliferation of cells (Che et al., 2021; Liu et al., 2021; Tang et al., 2022; Yin et al., 2023).
Arginine methylation has been implicated in oncogenesis. Defective methylation at arginine 159 weak-
ens the phosphatase activity of phosphatase and tensin homolog deleted on chromosome 10 (PTEN) im-
pair PTEN-mediated suppression of tumorigenesis (Feng et al., 2019). Deficiency in methylation of
AKT1 at arginine 391 significantly suppresses its Kinase activity to restrain tumorigenesis (Yin et al.,
2021). Arginine methylation of BAG5 enhances its functional activity to repress tumorigenicity and cell
survival of HCC (Che et al., 2021). However, the relationship between arginine methylation and G6PD
function remains uncertain.

Betaine-homocysteine methyltransferase (BHMT), an important enzyme in the methionine cycle, is spe-
cifically overexpressed in hepatocytes and is implicated in the metabolism of
S-adenosylmethionine—the key methyl donor required for protein and DNA methylation (Lee et al.,
2023; Roy et al., 2020; Sternbach et al., 2021). BHMT regulates protein methylation and affects the
function of modified proteins (Roy et al., 2020; Singh et al., 2021; Singhal et al., 2020), suggesting that
it may be involved in regulating arginine methylation in G6PD. However, limited evidence has impli-
cated BHMT in hepatocarcinogenesis. In patients of HCC with macrovascular invasion, proteomic sig-
nature has revealed that BHMT is remarkably downregulated in HCC (Cao et al., 2019); however,
whether the relatively low expression of BHMT is a cause or consequence of hepatocarcinogenesis re-
mains unknown. Seventy-eight-week-old Bhmt”™ mice are highly likely to develop neoplastic changes in
the liver (Lupu et al., 2017). However, the role of endogenous BHMT in carcinogen-induced primary
hepatocarcinogenesis has not been studied, and the underlying mechanisms of BHMT in hepatocarcino-
genesis are largely unknown.

In this study, we aimed to uncover the role of BHMT in HCC. Moreover, we aimed to decipher the role
of BHMT in G6PD methylation and its subsequent effect on PPP metabolism in hepatocarcinogenesis, to
assess whether the BHMT/G6PD axis may serve as a potential therapeutic target for suppressing hepa-
tocarcinogenesis.

Results
Frequently low BHMT expression correlated with poor prognosis in patients with HCC

To systematically test the profile of protein alterations in HCC, we first performed a comprehensive la-
bel-free proteomic study (Figure 1A-C) using liquid chromatography-mass spectrometry on tumor tis-
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sues and corresponding paracancerous tissues from 40 patients with HCC. Hierarchical clustering re-
vealed a dissimilar pattern of protein expression in non-cancerous liver tissues adjacent to the tumors
(Figure 1A). Regarding important proteins that play an inhibitory role in liver cancer, we identified 56
proteins that were differentially expressed (> 2-fold difference, P<0.05) between tumor and paired
non-tumor tissues (Figure 1B). Among the 10 top downregulated proteins (Figure S1A), BHMT attract-
ed our attention because it impeded the development of liver cancer by regulating methylation of specif-
ic DNA loci. However, its protein methylation-related function in tumorigenesis remains unknown.
BHMT level in HCC tissues was only 47.9% of that in paracancerous tissues (Figure 1C).

To further identify the correlation between BHMT and HCC tumorigenesis, other independent cohorts
(Figure 1D-G) were analyzed. BHMT level in the cohort of paired HCCs (n=18) was 42.9% of that in
paired adjacent non-cancerous tissues, as analyzed by western blotting (Figure 1D). Immunohistochem-
ical (IHC) staining results (n=6) also showed low BHMT expression in tumor tissues (Figures 1E and
S1B). Furthermore, tissue microarray immunohistochemistry of BHMT (n=134) revealed that up to
86.6% patients with HCC had decreased BHMT expression in tumor tissues compared with that in
paired non-tumor tissues (Figure 1F, G). These results indicate that BHMT expression is frequently de-
creased in HCC and suggest a central role for BHMT in HCC tumorigenesis (Figure 1B-G). Remarka-
bly, a low level of BHMT was significantly correlated with poor prognosis, as revealed by low overall
survival (P=0.033) (Figure 1H). Additionally, 134 patients were divided into low-expression (n=67) and
high-expression (n=67) groups based on BHMT expression. This revealed that alpha-fetal protein level
(P=0.002) and microvascular invasion (P=0.045) were negatively related with BHMT expression (Table
1). Taken together, these findings indicate that BHMT deficiency accelerates hepatocarcinogenesis.

BHMT deficiency enhanced tumorigenicity of human hepatoma cells

We used in vitro and in vivo models to test whether the regulating of BHMT expression by genetic edit-
ing has therapeutic benefits or malignant effects on the tumorigenicity of human hepatoma cells. Con-
sistent with the results of human clinical studies, in vitro experiments, such as cell viability and colony
formation assays, showed that stable knockout of Bhmt (Bhmt™) promoted proliferation of HuH7 and
HepG2 cells (Figure 2A), which was reversed by stable overexpression of Bhmt (Figure 2B). In in vivo
studies, HUH7 or HepG2 cells with manipulated BHMT were subcutaneously injected or orthotopically
transplanted into nude mice to determine the role of BHMT in HCC development (Figure 2C-G). Over-
expression of Bhmt resulted in a marked decrease in the ability of HuH7 and HepG2 cells to initiate tu-
mor growth (Figure 2D-G). Conversely, knockout of Bhmt resulted in opposite effects in subcutaneous
tumor-bearing and in situ tumor implantation models (Figure 2C, E-G). These results suggest that
BHMT inhibits tumorigenicity of human HCC cells in vitro and in vivo.

Bhmt therapy alleviates tumorigenesis in diethylnitrosamine (DEN)-induced HCC model of mice

BHMT is negatively associated with the tumorigenicity of human hepatoma cells. Therefore, verifying
the role of BHMT in primary hepatocarcinogenesis and the actual therapeutic effect of Bhmt on primary
liver cancer are important. We first explored whether the ablation of Bhmt (Bhmt”) in mice using
CRISPR/Cas9 might contribute to HCC tumorigenesis in a primary HCC model induced by intraperito-
neal injection of DEN (Figure 3A, B). As excepted, NaCl-treated wild-type (WT) mice exhibited no
spontaneous liver injury or malignancies at the age of 36 weeks, whereas NaCl-treated Bhmt”™ mice ex-
hibited spontaneous liver injury; DEN-treated WT and Bhmt”™ mice developed typical HCC, as evident
from gross anatomy of the liver and hematoxylin and eosin (H&E) staining (Figure 3C, D). Consistent
with the results of previous clinical samples from patients with HCC, BHMT level was visibly reduced
in DEN-induced HCC model, compared with that of NaCl-treated mice (Figures 3E and S1C), suggest-
ing that overexpression of Bhmt might hamper HCC tumorigenesis. The liver/body weight ratio, tumor
number, and maximum tumor volume were significantly higher in Bhmt” mice than in WT mice (Figure
3F). Together, these data imply that Bhmt therapy may have a promising effect on primary liver cancer.
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To further elucidate the curative effect of Bhmt therapy in HCC development, Adeno-associated virus
serotype 8 (AAV8)-Ctrl and AAV8-Bhmt were generated and respectively injected into DEN-treated
Bhmt”™ mice (Figure 3G). DEN-induced primary HCC model was incorporated into Bhmt” mice, and all
mice developed typical HCC. AAV8-Bhmt treatment substantially alleviated HCC tumorigenesis, which
was accompanied by significantly increased BHMT levels in genetically altered mice (Figure 3H-J).
Notably, some parameters, such as the liver/body weight ratio, tumor number, and maximum tumor
volume, were significantly reduced in AAV8-Bhmt treated-mice as compared with those of AAV8-Citrl
treated mice (Figure 3K). The major findings from Figures 1 and 2 suggest that BHMT plays a suppres-
sive role in HCC tumorigenesis.

Activated PPP and negative correlation between BHMT and G6PD in human HCC

BHMT plays vital roles in regulating glycometabolism (Garrido et al., 2018; Teng et al., 2012). There-
fore, untargeted metabolomics was performed using tumor and corresponding paracancer tissues from
patients with HCC, and significant changes were observed in most metabolites of PPP and other meta-
bolic pathways, compared with those in non-tumor tissues (Figure 4A and Table S1). In particular,
glyceraldehyde 3-phosphate (G3P), reduced nicotinamide adenine dinucleotide (NADH), erythrose
4-phosphate (E4P), ribulose 5-phosphate (Ru5p), and nicotinamide adenine dinucleotide phosphate
(NADP) levels significantly increased in tumor tissues, whereas 1-deoxy-D-xylulose 5-phosphate
(DOXP) level significantly decreased, implying that PPP was activated in HCC tissues (Figure 4A).
Next, we examined whether activated PPP was related to the changes in metabolic enzymes in the met-
abolic pathway of PPP. The levels of G6PD, 6-phosphogluconolactose (PGLS), 6-phosphoglucote dehy-
drogese (PGD), ribose-5-phosphate isomerase (RPIA), ribulose-phosphate 3-epimerase (RPE), trans-
ketolase (TKT), and transaldolase (TALDO1) measured by label-free protein quantification were com-
pared between HCC and non-tumor tissues. The results showed that the levels of G6PD, TKT, and RPE,
but not of other enzymes in PPP, were markedly different in tumor tissues (Figure 4B). These results in-
dicate that changes in G6PD, TKT, and RPE levels are closely related to PPP activation in HCC,

To assess the potential regulatory relationships between BHMT and activated PPP, we analyzed the cor-
relation between BHMT and metabolic enzymes with changes in the PPP, and found that only G6PD and
BHMT were negatively correlated in both adjacent noncancerous liver and tumor tissues (Figure 4C).
Western blot analysis showed that G6PD level significantly increased in the cohort of HCC tissues
(n=18), which is exactly opposite to the trend in BHMT (Figure 4D, E). For further verification, G6PD
activity was measured using clinical samples of another batch from patients with HCC, and the results
showed that G6PD activity was significantly enhanced in tumor tissues (n=28); specifically, 89.3% of
patients with HCC had enhanced G6PD enzyme activity (Figure 4F, G). Taken together, these results
suggest that BHMT may suppress HCC growth by inhibiting G6PD activity and PPP metabolism.

BHMT inhibits PPP metabolism and G6PD activity

BHMT was negatively correlated with G6PD expression and activity (Figure 4C-G); therefore, we test-
ed the hypothesis that decreased BHMT might activate PPP by promoting G6PD expression or activity
in HCC using DEN-induced HCC mouse model. Consistent with clinical results, GBPD expression and
activity were significantly high in DEN-treated WT mice (Figure 5A, B). Moreover, BHMT was nega-
tively correlated with G6PD expression and activity. Notably, in the absence of BHMT, G6PD expres-
sion and activity were significantly elevated in DEN-induce HCC model incorporated in Bhmt”™ mice
compared to that in NaCl-treated mice (Figure 5A, B). G6PD activity was significantly upregulated;
however, its expression was not altered in Bhmt” mice, compared with that in WT mice. Likewise, com-
pared with those in DEN-treated WT mice, the changes in G6PD expression and activity in DEN-treated
Bhmt”™ mice were similar to that in NaCl -treated Bhmt” mice (Figure 5A, B). In line with the major
conclusions from Figures 3 and 4, these results indicate that upregulated G6PD activity, but not its ex-
pression, is negatively modulated by BHMT, thereby strongly promoting hepatocellular carcinogenesis
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in DEN-induced mouse model.

Furthermore, overexpression or knockdown of Bhmt in both HuH7 and HepG2 cells did not alter G6PD
expression (Figure 5C). Notably, increased level of BHMT resulted in relatively low G6PD activity
compared to that in the WT. Consequently, PPP was significantly downregulated, as shown by the di-
minished 6PG content and ratio of NADPH to NADP”, and levels of reactive oxygen species (ROS) sig-
nificantly increased in cells overexpressing BHMT, compared with that in control cells (WT) (Figure
5D). In contrast, deletion of Bhmt in HuH7 and HepG2 cells upregulated G6PD activity, which might
promote PPP metabolism and inhibit intracellular ROS generation (Figure 5D). The mouse xenograft
tumor model showed that BHMT expression was negatively correlated with G6PD activity; however, it
did not affect G6PD expression, consistent with the negative correlation between BHMT expression and
PPP metabolism (Figure 5E, 5F).

In summary, these data reveal a regulatory mechanism that reduces BHMT levels and stimulates hepa-
tocarcinogenesis by controlling G6PD activity and regulating PPP metabolism.

BHMT alleviates oncogenesis by inhibiting G6PD activity and PPP metabolism

BHMT expression was negatively associated with G6PD activity, but not G6PD expression (Figure 5),
suggesting that the loss of BHMT promotes HCC by inducing G6PD activity. To this end,
6-aminonicotinamide (6AN), a pharmacological inhibitor of G6PD, and a genetic G6PD knockdown
method were used to inhibit hyperactive G6PD activity owing to BHMT deficiency during tumor for-
mation and proliferation.

6AN significantly inhibited G6PD activity in WT cells, compared with that in the solvent control (Sol.),
accompanied by reduced levels of 6PG and NADPH/NADP* (Figure 6A). Consistently, pharmacological
inhibition of G6PD (Bhmt” + inhibitor) also attenuated G6PD activity and the levels of 6PG and
NADPH/NADP" and increased intracellular ROS levels, compared with those of the control (Bhmt™ +
Sol.) (Figure 6A). However, chemical inhibition of G6PD in HepG2 cells overexpressing Bhmt did not
remarkably suppress G6PD activity, presumably owing to adequate BHMT expression to inhibit G6PD
activity, which significantly moderated the inhibitory effects of 6AN (Figure 6A). To test the idea that
G6PD activation by Bhmt deletion may upregulate PPP metabolism for HCC proliferation, we used
6AN, which substantially decreased the growth and clone formation of WT hepatoma cells (Figure 6B).
Treatment of Bhmt™™ cells by 6AN reduced the rapid tumor growth caused by BHMT deficiency in vitro,
which was characterized by diminished cell viability and clone formation, compared with those of the
Sol. group (Figure 6B). Silencing of G6PD in Bhmt™ cells (Bhmt”" + shG6PD) attenuated G6PD activity
and the levels of 6PG and NADPH/NADP" and increased intracellular ROS, compared with that of the
control group (Bhmt”™ + shNC) (Figure S2A, B). Furthermore, rapid tumor proliferation in vitro, includ-
ing cell viability and clone formation was significantly reduced (Figure S2C).

To test whether G6PD inhibition by 6AN-induced BHMT deficiency might be pharmaceutically benefi-
cial for oncogenicity of human HCC cells in vivo, we applied 6AN in a nude mouse xenograft model.
WT and Bhmt”" hepatoma cells were inoculated into nude mice via subcutaneous injection, which were
then intraperitoneally injected with 6AN or Sol. (Figure 6C). The results showed that the 6AN treatment
rapidly decreased tumor oncogenicity, characterized by reduced tumor volume, compared with that of
the Sol. group (Figure 6D). Furthermore, G6PD activity, 6PG level, and the ratio of NADPH to NADP”
were significantly reduced by 6AN treatment (Figure 6E). Together, these data clearly demonstrate that
BHMT deficiency promotes liver oncogenesis by enhancing G6PD activity and PPP metabolism; how-
ever, pharmacological targeting-induced G6PD activity and activated PPP metabolism owing to BHMT
deficiency attenuate liver tumorigenesis.

BHMT represses G6PD activity by enhancing arginine methylation in G6PD

Arginine methylation plays a vital role in regulating protein activity, and G6PD activity is influenced by
PTM; however, arginine methylation of G6PD has not been examined. To test the hypothesis that
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BHMT, an enzyme regulating protein methylation, inactivates G6PD, we analyzed arginine methylation
of G6PD in hepatoma carcinoma cells by immunoprecipitation of endogenous G6PD, followed by im-
munoblotting using an anti-monomethyl arginine (R*GG) antibody. The results showed that G6PD was
readily methylated in HuUH7 and HepG2 cells (Figure 7A). Bhmt overexpression significantly enhanced
arginine methylation of G6PD; which was remarkably suppressed owing to Bhmt deficiency in both
HuH7 and HepG2 cells (Figure 7A), suggesting that arginine methylation of G6PD can be regulated by
BHMT. Moreover, to identify the arginine methylation sites, G6PD sequences from multiple species
were aligned, which showed that arginine at position 246 (R246) was well conserved across species
(Figure 7B). Accordingly, we generated and unmodified peptide fragment (amino acid 240-252) and
peptide fragment monomethylated at R246 to generated a site-specific antibody against methylated
R246. The site-specific antibody showed higher specificity in the dot blot assay than did the
site-nonspecific antibody (Figure 7B). Notably, R246 is the only putatively available residue for
mono-methylation in human G6PD. Accordingly, R246 was mutated to lysine (R246K) in G6PD, which
was used as mimetic that cannot be methylated (Figure 7C); notably, R246K mutation abolished arginine
methylation in HUH7 and HepG2 cells, compared with that in WT hepatoma cells (Figure 7D). In addi-
tion, we determined the extent of arginine methylation in hepatoma cells transfected with vector (\ec),
WT, or R246K plasmids, and found that R246K mutation eliminated G6PD methylation (Figure 7E).
Furthermore, mass spectrometry identified a methylated arginine residue (R2246) in G6PD (Figure 7F
and Table S2), demonstrating that R246 is a specific site of methylation in G6PD.

To elucidate whether R246 methylation of G6PD was related with BHMT expression, G6PD-Vec,
G6PD-WT, and G6PD-R246K were expressed in control (WT), deficient (Bhmt™), and overexpressed
(Bhmt) hepatoma cells, respectively, and the results showed that Bhmt knockout virtually abolished
R246 methylation of G6PD in HuH7 and HepG2 cells (Figure 8A). Conversely, ectopic expression of
BHMT augmented endogenous R246 methylation of G6PD (Figure 8A). Next, we examined whether
R246 methylation was relevant to G6PD activity and PPP metabolism. G6PD-R246K exhibited signifi-
cantly higher G6PD activity and PPP metabolism than did G6PD-Vec and G6PD-WT (Figure 8B, C),
which was also supported by the finding that G6PD activity, 6PG content, and NADPH/NADP" were
enhanced upon Bhmt knockout and inhibited once Bhmt was overexpressed, whereas intracellular ROS
levels showed opposite trends (Figure 8B, C). These data demonstrate that BHMT represses G6PD ac-
tivity by enhancing R246 methylation of G6PD in HCC.

R246K mutation improved the proliferation and cloning of HuH7 and HepG2 cells (Figure 8D) and re-
versed the proliferation of tumor cells caused by overexpressed BHMT (Figure S2D). Furthermore,
R246 methylation of G6PD was drastically decreased in tumors (Figure 8E), and a positive correlation
between BHMT and methylation levels (Figure 8F) and a negative association between R246 methyla-
tion and tumor node metastasis (TNM) staging (Figure 8G) were noticed. Furthermore, R246 methyla-
tion of G6PD was positively associated with the overall survival of patients with HCC (Figure 8H), and
patients with HCC and low levels of R246 methylation and BHMT had the shortest overall survival
(Figure 81). Taken together, BHMT exhibits a novel tumor-suppressive role by enhancing R246 methyl-
ation of G6PD, thereby inhibiting G6PD activity and PPP metabolism.

Discussion

Arginine methylation regulated by protein arginine methyltransferases has been explored in detail (Koh
et al., 2015; Li et al., 2023a; Zhou et al., 2023); however, the link between arginine methylation and
metabolic enzymes regulating the synthesis of methyl donors is relatively weak compared with those for
other protein arginine methyltransferases (Kim et al., 2023; Shi et al., 2023; Zhang et al., 2023). This
study shows that G6PD, a key driver of HCC, was methylated at R246, which negatively regulated PPP
metabolism by reducing G6PD activity. Notably, arginine methylation was manipulated by BHMT ex-
pression. Moreover, BHMT level was significantly low in human HCC tissues and was positively asso-
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ciated with overall survival. Accordingly, restoration of Bhmt expression led to a reduced hepatocarcin-
ogenesis phenotype, and intervention treatment with 6AN, an inhibitor of G6PD, counteracted enhanced
tumorigenesis owing to BHMT deficiency. Overall, BHMT suppressed HCC by acting regulating R246
methylating of G6PD.

BHMT, an enzyme predominantly distributed in the liver, plays essential roles in regulating one-carbon
metabolism and influencing hepatic lipid accumulation, which has various functions in folate cycle
(Grzelj et al., 2021), oscillatory homocysteine homeostasis (Tsuchiya et al., 2015), lipid synthesis (Li et
al., 2022b), gluconeogenesis (Shen et al., 2019), and choline metabolism (Teng et al., 2011). Interesting-
ly, an isobaric tag for relative and absolute quantitation (iTRAQ)-based proteomic study has found de-
creased BHMT level in patients with HCC having macrovascular Invasion (Cao et al., 2019). Our study
found that BHMT level was lower in HCC tissues than in paired nontumor tissues. In addition, patients
with HCC having low BHMT expression had poor overall survival. Therefore, BHMT plays an im-
portant role in hepatocarcinogenesis.

DEN-induced HCC is similar to HCC in humans (Haberl et al., 2021). In addition, DNE is widely found
in products, such as processed meats (Qiu et al., 2017), food color additives (Zeng et al., 2022), tobacco
smoke (Gupta et al., 2010), and whiskey (Owumi et al., 2021). To the best of our knowledge, this is the
first study to demonstrate the protective effect of BHMT on DEN-induced primary hepatocarcinogenesis
and highlight the therapeutic potential for hepatocarcinogenesis by targeting BHMT or Bhmt through
gene editing for treating solid tumors (Li et al., 2022a; Yin et al., 2022). To facilitate tumor oncogenicity,
deficient BHMT has been shown to alter the methylation of specific DNA loci to repress the expression
of l1ggap2 and F2rl2, resulting in development of preneoplastic foci in the liver. Whether BHMT is in-
volved in regulating arginine methylation of proteins, which might be beneficial for hepatocarcinogene-
sis, warrants further investigation.

Overactivated G6PD is associated with hepatocarcinogenesis and malignant cell growth (Cao et al.,
2021; Whitburn et al., 2022; Zhang et al., 2021). However, the inhibition of G6PD activity and PPP me-
tabolism has not produced satisfactory clinical outcomes owing to an incomplete understanding of the
mechanisms underlying the regulation of G6PD activity. We found that upregulated G6PD was nega-
tively associated with low BHMT levels in human HCC and nontumor tissues, and that G6PD activity
was significantly elevated in HCC tissues, implying an intimate relationship between BHMT and G6PD.
The loss of BHMT resulted in enhanced G6PD activity, but not G6PD expression. This is consistent with
previous observations that the regulation of G6PD expression and activity are two related but independ-
ent regulatory processes (Ni et al., 2021), extending the evidence that the elimination of BHMT exacer-
bates hepatocarcinogenesis by manipulating G6PD activity. In our study, pharmacological inhibition of
G6PD activity and PPP metabolism inhibited the growth of human liver neoplasms owing to the loss of
BHMT, implying a viable therapeutic opportunity for HCC by targeting G6PD activity and PPP metabo-
lism.

G6PD activity is mainly regulated by PTM (Wang et al., 2019; Wang et al., 2014); specifically, phos-
phorylation, acetylation, glycosylation, and glutarylation alter the G6PD activity (Teesalu et al., 2017;
Zhou et al., 2016), emphasizing that understanding PTM of G6PD, particularly the undefined modifica-
tion types, might be valuable for targeting tumorigenesis owing to hyperactive G6PD. Arginine methyla-
tion as an epigenetic modulator plays an important role in protein function (Liu et al., 2022). For exam-
ple, arginine methylation of Mxil confers radioresistance to non-small cell lung cancer cells by decreas-
ing Mxil stability (Yang et al., 2022). BHMT plays an essential role in directly catalyzes the formation
of methionine, the precursor of S-adenosylmethionine, and is involved in the regulating protein methyla-
tion (Lupu et al., 2017; Wojtala et al., 2021). Therefore, BHMT may inhibit G6PD activity by modulat-
ing G6PD methylation. Notably, we found that R246 of G6PD was methylated, and that the level of
R246-methylated G6PD was regulated by expression status of BHMT. Moreover, G6PD activity was
mediated by its methylation, and BHMT was involved in the regulatory process. Therefore, the
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BHMT-G6PD axis plays a vital role in regulating HCC tumorigenicity, although we cannot rule out
other possibilities.

BHMT is frequently underexpressed in HCC; therefore, its restoration is an effective strategy for target-
ing hepatocarcinogenesis. Our data suggest that Bhmt therapy alleviates HCC tumorigenesis. Another
outstanding feature of BHMT is that it is a regulator of arginine methylation of G6PD, and its absence
results in reduced G6PD activity, highlighting that G6PD inhibition owing to the absence of BHMT may
be a favorable therapeutic strategy for HCC, as was indicated by our findings. This study highlights the
importance of BHMT expression and arginine methylation of G6PD in HCC and clearly indicates that
targeting BHMT-mediated PTM of proteins might be a promising therapeutic strategy for treating HCC.

Materials and methods

Human HCC samples

This study was conducted in accordance with the Declaration of Helsinki and was approved by the Clin-
ical Research Ethics Committee of First Affiliated Hospital of Zhengzhou University. Written informed
consent was obtained from all patients with HCC included in the study, according to the policies of the
ethics committee. The study was conducted in 198 patients with HCC, including 58 pairs of fresh tissue
and 140 pairs of paraffin-embedded samples. All specimens were pathologically confirmed at the same
hospital.

Antibodies, reagents and plasmids

Antibody against BHMT (NBP2-75418), G6PD (ab993, ab91034), Flag (bsm-33346M), B-Actin
(20536-1-AP, 66009-1-1g), and R*GG were purchased from Novus Biologicals, Abcam, Bioss antibod-
ies, Proteintech Group, Inc., and Cell Signaling Technology, respectively. Site-specific antibodies against
monomethylated R246 (G6PD-R246 mel) and unmethylated R246 (G6PD-R246) were generated by
absin Bioscience Inc.. Goat anti-mouse 1gG H&L (HRP) (ab6789) and goat anti-rabbit 1IgG H&L (HRP)
(ab6721) antibodies were purchased from Abcam. Diethylnitrosamine (DEN, No0258) and polybrene
(H9268) were purchased from Sigma-Aldrich, and 6-aminonicotinamide (6AN, S9783) was purchased
from Selleck (Shanghai, China). Puromycin (A1113803) was purchased from Gibco (Grand Island, NY).
Lipofectamine™ 3000 transfection reagent (L3000015) was purchased from Thermo Fisher Scientific.
The expression plasmids pLenti-CMV-GFP-Puro (CD513B-1), psPAX2, and pMD2.G were purchased
from the Public Protein/Plasmid Library (PPL, Nanjing, China). Bhmt cDNA was synthesized by San-
gon Biotech Co., Ltd and cloned into the pLenti-CMV-GFP-Puro Vec. WT G6PD (G6PD-WT) and mu-
tant G6PD (G6PD-R246K), generated using phanta Max-Super-Fidlity DNA polymerase (Vazyme),
were subcloned into pcDNA3.1-CMV-MCS-3flag-EF1-ZsGreen-T2A-Puro. ShG6PD#1
(GCCTTCCATCAGTCGGATA), shG6PD#2  (GTCGTCCTCTATGTGGAGAAT), shG6PD#3
(CAACAGATACAAGAACGTGAA) and shNC (GTTCTCCGAACGTGTCACGTT) were synthesized
by Public Protein/Plasmid Library and cloned into pPLK-GFP-Puro Vec. To generate Bhmt knockout
HuH7 and HepG2 cells, small guide RNA (sgRNA) sequences (SgRNA-1,
GATCCTAGAACGTTTAAATGCTGG; sgRNA-2, GAAGAGGGGCTACGTAAAGGCAGG, and
SgRNA-3, GTCTATTGTAAGTTCTCATAAAGG) for CRISPR/Cas9 were designed by CRISPR design
website (http://crispr.mit.edu/) (Huang et al., 2019). The sgRNA-1 and sgRNA-2 target exon 2, and
sgRNA-3 targets intron 2 of Bhmt. The complementary oligonucleotides for sRNAs were annealed and
cloned into pX459 CRISPR/Cas9-Puro Vec (Addgene).

Cell culture and transfection

HEK?293T, HuH7, and HepG2 cell lines were obtained from the American Type Culture Collection and
cultured in Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine serum (Gibco).
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The cell culture medium contained 100 pg/ml streptomycin and 100 units/ml penicillin. Cells were in-
cubated under 5% CO, at 37 USed_fpofiratarfactidso0eeaing to the manu-
facturer's instruction. HEK293T cells were co-transfected with lentiviral packaging plasmids (psPAX2
and pMD2.G) and the indicated plasmids for 48 h. Supernatant of HEK 293T cells were collected and
used to infect HUH7 and HepG2 cells with polybrene (10 pug/ml). Infected HuH7 and HepG2 cells were
treated with puromycin (2 pg/ml) to obtain acquire stable cell lines.

Establishment of knockout cell lines using CRISPR/Cas9

HEK293T cells were co-transfected with BHMT/sgRNA-1, BHMT/sgRNA-2, and BHMT/sgRNA-3, as
previously described (Zhou et al., 2022). Two days after transfection, single cells were sorted using flow
cytometry and cultured for 7-10 days until colonies appeared. Single colonies were selected and
screened by polymerase chain reaction (PCR) and agarose gel electrophoresis. PCR primers
(TCTGGTTGTTTGTCTTATAGATAGCCATA and GGTTTCCATCAATTCTAGCTACCAC) were de-
signed for Bhmt deletion. Sanger sequencing and western blot analysis were performed for further veri-
fication.

6AN incubation

HuH7 and HepG2 cells were cultured in a medium containing 25uM 6AN or Sol.. The medium was re-
placed every 48 h. For enzymatic activity assay of G6PD, and quantification of PPP metabolites, and cell
proliferation assay, and clone formation assay, hepatoma cells were cultured with 6AN or Sol. for 4, 5,
and 14 days, respectively.

In vitro cell proliferation assay

Hepatoma cells, including knockout cell lines and cells transfected with the designed plasmids, were
seeded in sextuplicate at 2000 cells/well in a 96-well plate. After 24 h, cells were treated with vehicle
alone or 25uM 6AN. Cell viability was measured using a Cell Counting Kit-8 (CCK-8, B34304;
Bimake). For colony formation, hepatoma cells were seeded in triplicate at 3000 cells/well in a 6-well
plate and grown for 14 days. Cells were fixed with 4% paraformaldehyde, stained with 0.1% crystal vi-
olet, and photographed using a ChemiDoc XRS (Bio-Rad).

Western blot analysis

Liver tissues or cells were lysed with RIPA lysis buffer (R0010; Solarbio Life Sciences) or Native lysis
Buffer (R0O030; Solarbio Life Sciences) containing protease inhibitors for protein extraction. The super-
natant was collected and quantified using a bicinchoninic acid protein assay kit (23225; Thermo Fisher
Scientific), and western blotting was performed to analyze protein expression. The indicated primary
antibodies were used for immunoblotting, and proteins transferred to polyvinylidene fluoride membranes
were detected using a chemiluminescent HRP substrate (Millipore) in an Amersham ImageQuant 800
(Amersham). Band intensity was quantified using Image J software (National Institute of Health, Be-
thesda, MD, USA).

Tissue microarray and immunohistochemistry

IHC staining for BHMT and R246 methylation of G6PD and image analysis were performed as previ-
ously described (Gao et al., 2020). HCC tissues were obtained immediately after hepatectomy, fixed in
10% formalin and embedded in paraffin. IHC staining was scored by calculating the histochemistry
score (H-Score) by the following formula: Percentage of cells of weak intensity x1 + percentage of cells
of moderate intensity x2 + percentage of cells of strong intensity x3. Scanning and analysis of IHC
slides and tissue microarray were performed using CaseViewer v.2.4 (3DHISTECH) and Quant Center
v.2.1 (3DHISTECH) to quantify protein expression.
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Proteomic analysis

According to previous study (Seyfried et al., 2008), for label-free quantitative mass spectrometry, pro-
teins were extracted using SDT [4% (w/v) sodium dodecyl sulfate (SDS), 100 mM Tris/HCI (pH 7.6),
and 0.1 M dithiothreitol (DTT)], and quantified using a bicinchoninic acid protein assay kit. Appropriate
proteins were extracted from samples for trypsin hydrolysis using the filter-aided sample preparation
(FASP) method. A C18 cartridge was used to desalinate peptides. After lyophilization, peptides were re-
dissolved in 40 uL of 0.1% formic acid solution and quantified at 280nm. Each sample was separated
into 15 fractions by reverse-phase high-performance liquid chromatography (RP-HPLC), and combined
into 5 fractions using the orthogonal combination method. Liquid chromatography—tandem mass spec-
troscopy (LC-MS/MS) was performed using a Q Exactive mass spectrometer (QE-HF-X; Thermo Fisher
Scientific) coupled with Nano-LC (Easy1200; Thermo Fisher Scientific). Peptides were loaded onto a
reverse-phase trap column (Acclaim PepMap 100 C18 Nano Viper, 100 um % 2 cm; Thermo Fisher Sci-
entific) connected to a C18-reversed phase analytical column (EASY-Column, 10 cm length, 75 um in-
ner diameter, and 3um resin; Thermo Fisher Scientific) in buffer A (0.1% formic acid) and separated
with a linear gradient of buffer B (84% acetonitrile and 0.1% formic acid) at a flow rate of 300 nL/min
controlled by IntelliFlow technology. The mass spectrometer was operated in the positive ion mode.

MS data were acquired using a data-dependent top10 method by dynamically choosing the most abun-
dant precursor ions from the survey scan (300-1800 m/z) for HCD fragmentation. The automatic gain
control target was set to 1e°, and the maximum injection time was set to 50 ms. The duration of dynamic
exclusion was 60 s. Survey scans were acquired at a resolution of 70000 at m/z 200; the resolution for
HCD spectra was set to 17500 at m/z 200; and the isolation width was 2 m/z. The normalized collision
energy was 30 eV, and the underfill ratio, which specifies the minimum percentage of the target value
likely to be reached at the maximum fill time, was defined as 0.1%. The instrument was run in the pep-
tide recognition mode. The raw MS data for each sample were combined and searched using MaxQuant
v.1.5.3.17 software for identification and quantitation.

Generation of Bhmt” mice and induction of HCC model and gene therapy

All animals received human care, and the study protocols were approved by the Animal Ethics Commit-
tee of our department. A Bhmt” C57BL/6 mouse model was generated by CRISPR/Cas9 mediated
gene-specific knockout, as previously described (Chao et al., 2019; Huang et al., 2019), and mouse gen-
otyping was performed by DNA sequencing and PCR. Four SgRNAs
(TATAATTTCTTTAGCACCCTTGG, TCCCCTGAATTTACAGATGAGGG,
AGCGTGTACCAACCTGCCTCAGG, and CACATCATCATAGTTTAGAATGG) and PCR detection
primers (GGCTCTGGGTTTGCAACATTT and CAGGATCAATACCAGGGACGG) were designed for
Bhmt deletion. To induce primary HCC, Bhmt” and Bhmt WT male mice were injected with a single
dose of DEN (25 mg/kg) or normal saline (NaCl) on postnatal day 14. After mice were sacrificed at the
age of 36 weeks, the liver, tumor tissues, and plasma were collected. To investigate the tu-
mor-suppressive role of BHMT, Bhmt” mice with DEN-induced HCC were injected with AAV8-Bhmt or
AAVS8-Ctrl (Hanbio Biotechnology Co., Ltd., Shanghai, China) through the tail vein at weeks 16 and 26.
Mice were sacrificed at the age of 36 weeks, and liver tissues and plasma were collected.

Xenografts tumor models

For the subcutaneous xenograft model, BALB/c nude mice (male, five-weeks-old) were randomly
grouped (n=5 per group). A total of 5 x 10° hepatoma cells, including knockout cell lines and cells
transfected with the designed plasmids, were subcutaneously injected into the right or left flank of mice,
as shown in Figures 2 and 6. Mice were administered 6AN (3mg/kg) or solvent only by intraperitoneal
injection every other day from day 6 of modeling (n=5 per group). Seven days after implantation, tumor
volume was measured every two days and calculated by the formula, length x width x width/2. Four
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weeks after subcutaneous injection, mice were euthanized, and tumor tissues were dissected.

For the orthotopic model, tumor blocks obtained from the subcutaneous xenograft model were cut into
small pieces of approximately 1.0 mm?® in phosphate-buffered saline. After anesthesia with sodium pen-
tobarbital through intraperitoneal administration, nude mice were subjected to left upper abdominal
transverse incision to expose the liver. Within 40 min of tumor isolation, two small tumor masses were
implanted in the deep parenchyma of the right liver lobe using a thick needle. The incision was quickly
sewn with a medical suture and a suture needle. Mice were sacrificed after 5 weeks.

Untargeted metabolomics

To extract metabolites from the liver (Jin et al., 2020), 1 mL of cold extraction solvent containing meth-
anol/acetonitrile/H,0 (2:2:1, v/viv) was added to 80 mg sample and adequately vortexed. The lysate was
homogenized using an MP homogenizer (24%2, 6.0 M/S, 60 s, twice), sonicated at 4 °C (30 min/once,
twice), and centrifuged at 14000 xg for 20 min at 4 °C, and the supernatant was dried in a vacuum cen-
trifuge at 4 °C. For LC-MS analysis, the samples were redissolved in 100 pL acetonitrile/water (1:1,
vIv). LC-MS analysis was performed using a quadrupole time-of-flight mass spectrometer (Sciex Tri-
pleTOF 6600) coupled to hydrophilic interaction chromatography via electrospray ionization (ESI) in
the positive and negative modes. The ESI source conditions were set as follows: ion source gas 1 (gas 1)
as 60, ion source gas 2 (gas 2) as 60, curtain gas as 30, source temperature at 600

Floating + 5500 V. For MS acquisition, the instrument was set for acquision over an m/z range of
60-1000 Da, and the accumulation time for TOF MS scan was set at 0.20 s/spectra. In auto-MS/MS ac-
quisition, the instrument was set for acquisition over an m/z range 25-1000 Da, and the accumulation
time for product ion scan was set at 0.05 s/spectra. The product ion scan was acquired using infor-
mation-dependent acquisition with high-sensitivity mode. The parameters were set as follows: collision
energy was fixed at 35 V with £ 15 eV; declustering potential, 60 V (+) and —60 V (-); exclusion of iso-
topes within 4 Da; and candidate ions to monitor per cycle, 10. Raw MS data (wiff.scan files) were con-
verted into MzXML files using ProteoWizard MSConvert before being imported into the freely available
XCMS software. The following parameters were used for peak selection: centWave m/z, 25 ppm; peak
width, ¢ (10, 60); and prefilter, ¢ (10, 100). For peak grouping, the parameters were bw, 5; mzwid,
0.025; minfrac, 0.5. In the extracted ion features, variables with > 50% non-zero measurement values in
at least one group were kept. Compound identification of metabolites by MS/MS was performed using
an in-house database established by Shanghai Applied Protein Technology Co., Ltd. with available au-
thentic standards.

Assay of G6PD activity and quantification of PPP metabolites

G6PD activity was assayed using a G6PD Kit, as previously reported (Ma et al., 2021). Briefly, proteins
from liver or cell lysates were quantified using a bicinchoninic acid protein assay kit (23225, Thermo
Fisher Scientific), according to the manufacturer’s instructions. G6PD activity was determined based on
the concentration of NADPH in the reaction system and calculated from the difference between NADPH
concentrations at the beginning (0 min) and end (5 min) of the reaction. Based on the metabolomic and
proteomic data, the contents of 6PG and NADPH/NADP" in cells or tumor tissues were measured as
previously described, using colorimetric or fluorometric kits from Abcam (ab 211071) and Sig-
ma-Aldrich (MAK312) (Liu et al., 2019).

ROS measurement

Changes in ROS levels were measured using a fluorescent probe dihydroethidium (UElandy) according
to the manufacturer’s instructions. Briefly, cells were seeded in 96-well plates at 70-80% confluence and
incubated with the fluorescent probe. After 2 h, fluorescence was measured at 535 and 590 nm using a
VARIOSKAN LUX Multi-Mode Microplate Reader (Thermo Fisher Science). ROS levels were normal-

C, IonS
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ized with respect to that of the control group.

Co-immunoprecipitation (colP)

For colP of G6PD, cells were lysed using Native lysis Buffer containing protease inhibitors. Whole-cell
lysates at equal concentrations and volumes were incubated with primary antibody or IgG, and G6PD
was pulled down using protein A/G Sepharose beads (7Sea Pharmatech Co.,Ltd ). The precipitated pro-
tein complexes were washed five times with Native lysis Buffer, separated using SDS-polyacrylamide
gel electrophoresis, transferred onto membranes and immunoblotted using the indicated antibodies.

Generation of antibody against R246 mel and dot blot assay

Amino acid sequences of peptides corresponding to the 240-252 region (PFGTEGRGGYFD) of G6PD,
in which R246 was unmodified or monomethylated, were generated by Absin Bioscience Inc.. An-
ti-G6PD-R246 or anti-G6PD-R246 mel antibodies were obtained by immunizing rabbits with synthetic
unmodified or monomethylated peptides. Methylated and unmethylated peptides at different amounts
were spotted onto nitrocellulose membranes and detected using control anti-G6PD-R246 or an-
ti-G6PD-R246 mel antibodies.

Detection of methylated proteins

To identify the methylated site in G6PD, lysate of HuH7 cells overexpressing Bhmt was immunoprecip-
itated using anti-G6PD antibody, and the samples were sent to Shanghai Bioprofile (Shanghai, China)
for methylation mass spectrometry analysis. Briefly, the bound proteins were extracted from IP beads
using SDT lysis buffer (pH 8.0). IP beads were boiled for 5 min and ultrasonicated. Undissolved beads
were removed by centrifugation at 16000 xg for 15 min, and the supernatant containing the proteins was
collected. Proteins were digested using the FASP method (Wisniewski et al., 2009). Specifically, pro-
teins were digested using 6 pg chymotrypsin in 40 pL NH4HCO3 buffer overnight at 25 °C. The peptides
were collected by centrifugation at 12000 xg for 10 min and then desalted using C18 StageTip for
LC-MS analysis.

LC-MS/MS experiments were performed using a Q Exactive HF-X mass spectrometer coupled to an
Easy nLC1200 (Thermo Fisher Scientific). The Peptides were first loaded onto a trap column (100 um x
20 mm, 5 um, C18; Dr. Maisch GmbH, Ammerbuch, Germany) in buffer A (0.1% formic acid in water)
and buffer B (0.1% formic acid in 80% acetonitrile). RP-HPLC separation was performed using a
self-packed column (75 um x 150 mm, 3 um ReproSil-Pur C18 beads, 120 A; Dr. Maisch GmbH) at a
flow rate of 300 nL/min. The gradient was set as follows: 2-5% buffer B between 0-2 min, 5-28% buff-
er B between 2—44 min, 28-40% buffer B between 44-51 min, 40-100% buffer B between 51-53 min,
and 100% buffer B till 60 min. MS data were acquired using a data-dependent top20 method by dynam-
ically choosing the most abundant precursor ions from the survey scan (350-1800 m/z) for HCD frag-
mentation. A lock mass of 445.120025 Da was used as the internal standard for mass calibration. Full
MS scans were acquired at a resolution of 60000 at m/z 200, and 15000 at m/z 200 was used for MS/MS
scan. The maximum injection times were set to 50 ms for MS and 25 ms for MS/MS. The normalized
collision energy was 28, and the isolation window was set to 1.6 m/z. The scores and reliability of each
site were obtained by analyzing the abundance of peptide segments and frequency of methylated sites.,
Peptides with at least seven amino acids were required for identification.

Statistical analysis

A hierarchical algorithm was used to cluster differentially expressed proteins in tumor and adjacent
non-cancerous liver tissues, and the data were displayed by a heatmap. Differentially expressed proteins
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screened by multiple change > 2 times (upregulated by > 2 times or downregulated by < 0.5) and
P-value <0.05 (Student's t-test) effectively separated the two groups, and the quantitative results of pro-
teins were displayed by volcano plots. The Kaplan—Meier analysis and log-rank test were used to com-
pare overall and recurrence-free survival of different groups. Student's t-test (two-tailed) was used for
statistical analysis between two groups; one-way analysis of variance (ANOVA) followed by two-tailed
unpaired Student's t-test was used for multiple comparisons. A paired-sample t-test was performed to
compare differences between paired samples. Significant correlations were determined using two-tailed
Pearson correlation. A P-value < 0.05 was considered statistically significant. All graphs were generated
using Photoshop CC v.2014 (Adobe, San Jose, CA, USA) and GraphPad Prism v.5.04 (GraphPad Soft-
ware, La Jolla, CA, USA).
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Figure legends

Figure 1. BHMT is poorly expressed in human HCC tissues and positively correlates with patient
survival. (A—-C) Heatmap representation of differentially expressed protein (A), volcano plots of all
proteins (B), and BHMT expression (C) measured by label-free protein quantification in 40 paired adja-
cent normal liver (N) and tumor (T) tissues of patients with HCC. (D) Western blot analysis of BHMT
expression in 18 paired N and T tissues. (E) Representative IHC staining of BHMT in N and T tissues
(n=6). Scale bar, 50 um. (F, G) BHMT level was examined in 134 paired N and T tissues by tissue mi-
croarray immunohistochemistry (F) and quantitative distribution map (G). Scale bar, 5000 um. (H)
Kaplan-Meier analysis of overall survival (left) and recurrence-free survival (right) in patients with HCC
after stratification by the defined IHC score for BHMT. Statistical significance was determined using a
paired two-tailed Student’s t-test for comparison between two groups.

Figure 2. BHMT suppresses tumorigenicity of human HCC cells. (A, B) CCK-8 assay (n=6) and
plate clone formation assay (n=3) were performed to measure cell proliferation in WT and Bhmt” hepa-
toma cells (A) and hepatoma cells bearing either pLenti-CMV-GFP-Puro or pLenti-CMV-GFP-Puro
Bhmt (B) (n=3). (C, D) Representative tumor images and tumor volumes of the subcutaneous xenograft
model (n=5 in each group) derived using WT and Bhmt”~ hepatoma cells (C) and WT and Bhmt hepa-
toma cells (D). (E-G) Images (E), volume, and weight of liver tumors using Huh7 (F) and HepG2 cells
(G) for orthotopic models (n=4 in each group). Data represent the mean =+ standard deviation (SD) (A, B,
F, and G), or mean+ standard error (SEM) (C, D). Statistical significance was determined using
two-tailed unpaired Student's t-test. *P <0.05, **P <0.01, ***P <0.001.

Figure 3. Bhmt suppresses tumorigenesis in DEN-induced HCC model. (A) Schematic of the genera-
tion of Bhmt” C57BL/6 mice. (B) Schematic of DEN-induced HCC model. (C, D) Representative im-
ages of whole liver morphology (C) and H&E staining of liver sections (D) from NaCl- and
DEN-treated WT and Bhmt”™ mice. (E) Western blot analysis of BHMT expression in the livers of WT
and Bhmt”™ mice. (F) Quantifications of liver/body weight ratio, tumor number, and maximum tumor
volume in WT and Bhmt”" mice treated with NaCl or DEN. (G) Schematic of DEN-induced HCC model
mice treated with AAV8-Ctrl or AAV8-Bhmt. (H, 1) Representative images of whole liver morphology
(H) and H&E staining of liver sections (1) from AAV8-Ctrl or AAV8-Bhmt treated Bhmt” HCC model
mice. (J) Flag and BHMT expression in the livers of the AAV8-Ctrl and AAV8-Bhmt groups. (K) Statis-
tical analysis of liver/body weight ratio, tumor number, and maximum tumor volume in AAV8-Ctrl and
AAV8-Bhmt treated mice. N=6 male mice per group. Data represent mean + SD. Statistical significance
was determined using two-tailed unpaired Student's t-test.

Figure 4. G6PD and PPP metabolism are activated, G6PD activity is negatively correlated with
BHMT levels in patients with HCC. (A) Metabolite contents in PPP metabolism in matched tissues
from patients with HCC (n=40). N, normal tissue; T, tumor. (B) Expression of enzymes involved in PPP
metabolism in matched fresh N and T tissues (n=40). (C) Correlation between BHMT and key PPP en-
zymes (G6PD, RPE, and TKT) in N and T tissues from 40 patients with HCC. (D, E) Western blot anal-
ysis of G6PD expression in N and T tissues (n=18). (F, G) G6PD activity in N and T tissues (n=28). Sta-
tistical significance was determined using two-tailed paired Student's t-test.

Figure 5. BHMT represses PPP metabolism and G6PD activity. (A) G6PD and BHMT levels in the
livers of WT and Bhmt” mice were detected by western blot analysis (n=6 male mice per group). (B)
G6PD activity, 6PG content, and NADPH/NADP" ratio in the livers of WT and Bhmt”™ mice (n=6 male
mice per group). (C) G6PD and BHMT expression in WT, Bhmt™, and Bhmt hepatoma cells detected by
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western blotting (n=3). (D) G6PD activity, 6PG content, NADPH/NADP™ ratio (n=3), and intracellular
ROS levels (n=6) in WT, Bhmt”, and Bhmt hepatoma cells. (E) Western blot analysis of BHMT and
G6PD expression in tumor-bearing nude mice via subcutaneous injection of WT, Bhmt”", and Bhmt he-
patoma cells (n=5 in each group). (F) G6PD activity, 6PG, and NADPH/NADP" ratio in tumor-bearing
nude mice via subcutaneous injection of WT, Bhmt”, and Bhmt hepatoma cells (n=5 in each group).
Data represent mean+ SD. Statistical significance was determined by two-tailed unpaired Student's
t-test. *P <0.05, **P <0.01, ***P <0.001, ns, no significance.

Figure 6. BHMT alleviates tumorigenesis by inhibiting G6PD activity and PPP metabolism. (A)
G6PD activity, PPP metabolism (n=4) and intracellular ROS level (n=6) in WT, Bhmt”, and Bhmt he-
patoma cells treated with Sol. or 6AN (25uM). (B) Cell proliferation (n=10) and clone formation (n=3)
in WT, Bhmt”, and Bhmt hepatoma cells treated with Sol. or 25uM 6AN. (C) Schematic of subcutane-
ous tumor formation and intraperitoneal injection of Sol. or 6AN (3mg/kg) in nude mice. (D) WT and
Bhmt”" hepatoma cells were subcutaneously transplanted into the left and right flanks of BALB/c nude
mice (n=5 per group). Tumor volume was measured every two days after intraperitoneal injection of Sol.
or 6AN. (E) G6PD activity, 6PG and NADPH/NADP" ratio from the same experiments in D (n=5 in
each group). Data represent mean=+ SD (A, B, E), or mean £ SEM (D). Statistical significance was de-
termined using two-tailed unpaired Student's t-test. *P <0.05, **P <0.01, ***P <0.001, ns, no signifi-
cance.

Figure 7. Effect of BHMT on R246 methylation of G6PD. (A) The association between
mono-methylation of G6PD and BHMT expression in WT, Bhmt”", and Bhmt hepatoma cells analyzed
by co-IP and western blotting (n=3). (B) Schematic illustrating the conserved peptide sequence, genera-
tion of site-specific antibodies against G6PD-R246 mel and G6PD-R246 and validation of antibody
specificity. (C) Schematic of point mutation (R246K) in exon 7 of human G6PD. (D) G6PD expression
and R246 methylation of G6PD in HuH7 and HepG2 cells transfected with Vec, WT, or R246K plasmid
(n=3). (E) Levels of mono-methylation of G6PD in hepatoma cells transfected with Vec, WT, or R246K
plasmid analyzed using colP and western blotting (n=3). (F) Mass spectrometry validation of the R246
methylation site in G6PD. Data represent mean + SD. Statistical significance was determined using
two-tailed unpaired Student's t-test or one-way ANOVA followed by two-tailed unpaired Student's t-test.
*P <0.05, **P <0.01, ***P <0.001, ns, no significance.

Figure 8. Role of BHMT in regulating R246 methylation of G6PD. (A) G6PD expression and R246
methylation of G6PD (n=3), (B) G6PD activity (n=3), and (C) PPP metabolism (n=3) and intracellular
ROS level (n=6) in WT, Bhmt”", and Bhmt hepatoma cells transfected with Vec, WT, or R246K plasmid.
(D) CCK-8 assay (n=6) and plate clone formation assay (n=3) to measure the proliferation of hepatoma
cells bearing Vec, WT, or R246K plasmid. (E) Levels of R246 methylation of G6PD in 134 paired adja-
cent normal liver (N) and tumor (T) tissues using tissue microarray immunohistochemistry (left) and
quantitative distribution map (right). Scale bar, 5000 um. (F, G) Correlation between BHMT and R246
methylation of G6PD (F) and level of R246 methylation of G6PD and TNM staging (G) in tumor tissues
from tissue microarray immunohistochemistry. (H) Kaplan-Meier analysis of overall survival (left) and
recurrence-free survival (right) in patients with HCC after stratification by the defined IHC score for
R246 methylation. (1) Kaplan—Meier analysis of overall survival (left) and recurrence-free survival
(right) in patients with HCC after stratification by the combination of R246 methylation and BHMT ex-
pression. Data represent mean + SD. Statistical significance was determined by one-way ANOVA fol-
lowed by two-tailed unpaired Student's t-test. *P <0.05, **P <0.01, ***P <0.001, ns, no significance.
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Figure 2.
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Figure 6.
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Figure 7.
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Tables

Table 1. Correlation analysis between clinical features and BHMT expression in HCC

BHMT level
Characteristics of patients No. of patients P-value
Low High

Age () <60 102 54 48 0.224
>60 32 13 19

Sex Male 111 53 58 0.252
Female 23 14 9

Alpha fetal protein level (ng/ml) <20 52 18 34 0.002
>20 74 46 28

Tumor size (cm) <5 62 27 35 0.166
>5 72 40 32

Number of lesions Single 109 52 57 0.268
Multifocal 25 15 10

Microvascular invasion Absent 86 37 49 0.045
Present 42 26 16

Diabetes Absent 131 66 65 0.559
Present 3 1 2

Hepatitis history Absent 54 29 25 0.481
Present 80 38 42

TNM tumor stage I+ 11 119 59 60 0.784
"+ 1v 15 8 7
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