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Introduction

S-adenosylmethionine and folate contribute to one-carbon 
units’ metabolism and trafficking from the amino acids 
glycine, methionine, serine, and threonine of diet and 
endogenous compounds (choline, folate) (1). Methionine, 
an essential amino acid, is required for normal development 
and cell growth (1). Its metabolism is involved, in mammals, 

in three principal pathways: the methionine cycle and the 
transsulfuration pathway, which share the first reactions 
converting methionine to homocysteine (HCyst), and 
the polyamine (PA) biosynthesis (Figure 1). Methionine 
is converted to SAM by methionine adenosyltransferases 
(MATI/III; MATII: SAM synthetases). The liver uses daily 
about half of the methionine ingested to synthesize SAM 
using ATP. Mammalian liver cells and acinar pancreatic 
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cells express MAT1A and MAT2A genes, which encode 
the MATI/III and MATII enzymes, exhibiting the two 
homologous catalytic subunits: α1 and α2, respectively. 
MAT1A is highly expressed in normal adult liver, where the 
α1 subunit is present both as dimer (isoenzyme MATIII) 
and tetramer (isoenzyme MATI) isoforms (2,3). MAT2A, 
exhibiting the α2 catalytic subunit, is expressed in the fetal 
liver and distributed ubiquitously in the adult extrahepatic 
human tissues, and in Ito and Kupffer liver cells, (3,4). All 
mammalian cells express the MAT2B gene, encoding the 
beta-regulatory subunit, which regulates the activity of 
MATII enzyme, making this molecule more susceptible to 
a negative feedback by SAM. The availability of the latter 
is essential to several biological functions, including DNA 
methylation, methylation of phosphatidylethanolamine, 
biosynthesis of phosphatidylcholine, and biosynthesis of 

reduced glutathione (GSH) and polyamines.

The methionine cycle

The SAM of normal tissues is mostly used for the 
transmethylation of different acceptor molecules that 
receive methyl groups, producing SAH, which is further 
transformed to HCyst and adenosine (5,6). These 
reactions are catalyzed by specific methyltransferases, the 
most abundant of which, in the liver, is the glycine-N-
methyltransferase (GNMT) (7). GNMT catalyzes the 
methylation of glycine to sarcosine, thus contributing to 
maintain the normal cellular pool of MeTHF that is further 
transformed to MTHF (Figure 1).

The intermediate product, SAH is a potent, competitive 
inhibitor of transmethylation reactions and, consequently, 

Figure 1 Metabolic cycles involved in methionine metabolism. Substrates: Ad, adenine; Bet, betaine; Chol, choline; DMG, 
dimethylglycine; dSAM, decarboxylated S-adenosylmethionine; GN, glycine; GSG, reduced glutathione; HCyst, homocysteine; MTHF, 
5-methyltetrahydrofolate; MeTHF, 5-methenyltetrahydrofolate; MTA, 5'-methylthioadenosine; MTR, methylthioribose; Orn, ornithine; 
PC, phosphatidylcholine; PE, phosphatidylethanolamine; Putr, putrescine; SAH, S-adenosylhomocysteine; SAM S-adenosylmethionine; SN, 
sarcosine; SPD, spermidine; SPR, spermine; THF, tetrahydrofolate. Enzymes: 1, MATI/III; 2, MATII; 3, phospholipid N-methyltransferase; 
4, various phospholipases; 5, choline oxidase; 6, betaine aldehyde dehydrogenase; 7, betaine homocysteine methyltransferase; 8, glycine 
N-methyltransferase; 9, various methyltransferases; 10, S-adenosylhomocysteine hydroxylase; 11, methyltetrahydrofolate reductase; 
12, sarcosine dehydrogenase; 13, 5,10-methenyl-tetrahydrofolate reductase; 14, cystathionine synthetase; 15, S-adenosylmethionine 
decarboxylase; 16, ornithine decarboxylase; 17, spermine synthetase; 18, spermidine synthetase; 19, 5-methylthioadenosine nucleosidase. 
The dotted arrow indicates the “salvage pathway” for methionine resynthesis. 
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its removal is required. SAH-hydrolase (also known as 
adenosylhomocysteinase) hydrolyzes SAH in vivo when the 
products of this reaction, adenosine and HCyst, are rapidly 
removed. HCyst is a toxic by-product of sulfur amino 
acid metabolism and it is also known as an independent 
risk factor for cardiovascular diseases (8). MTHR (also 
called methionine synthetase), generates methionine by 
remethylating HCyst. MTHR activity in part depends 
on the cell growth status: it particularly increases in 
growing normal and cancer cells (9). In hepatocytes, 
methionine is also generated by the betaine/homocysteine-
methyltransferase enzyme BHMT, which uses betaine 
(trimethylglycine) as methyl donor and MTHF, in the 
presence of vitamin B12 (9) (Figure 1). 

HCyst can be also converted to cysteine via the 
transsulfuration pathway that utilizes methionine for GSH 
synthesis (10,11): a reaction catalyzed by cystathionine 
β-synthetase (CBS) produces cystathionine, which, after 
cleavage by γ-cystathionase, releases cysteine used for GSH 
synthesis. GSH protects the cells from oxidative stress by 
reducing ROS (10) (Figure 1). Thus, in the transsulfuration 
pathway CBS and γ-cystathionase enzymes catalyze 
the production of H2S, a molecule that by favoring the 
dilatation of aorta and mesenteric arteries, reduces blood 
pressure (11). The decrease of γ-cystathionase, is responsible 
for hypercystathioninemia and plasma H2S reduction, 
and may contribute to portal vein hypertension (12),  
which complicates liver cirrhosis.

SAM is the major aminopropyl group donor for the 
PA synthetic pathway (10). The first step of the latter 
produces decarboxylated SAM (dSAM), which donates the 
aminopropyl group to putrescine to produce spermidine 
(SPD) and 5‘-methylthioadenosine (MTA). SPD obtains 
an additional propylamino group from dSAM, forming 
spermine (SPM) and MTA. The latter is used to regenerate 
methionine by the salvation pathway, whose first step is 
catalyzed by 5-methylthioadenosine nucleosidase (10) 
(Figure 1). 

PA biosynthesis is essential for the growth of normal and 
cancer cells. Low SAM and MTA levels characterize the 
development of preneoplastic and neoplastic liver. MTA 
accumulation, following the administration of exogenous 
SAM, is probably partially responsible for the inhibition of 
PA and DNA synthesis, the decrease of cell growth, as well 
as the inhibition of liver cancer promotion (13). However, 
several other mechanisms (14,15) may account for the 
inhibitory effect of SAM on the regenerative and neoplastic 
liver growth (see further). 

Deregulation of methionine metabolism in 
hepatocellular carcinoma (HCC)

The downregulation of MAT1A gene characterizes 
alcoholic hepatitis, cirrhosis and HCC (16,17). This largely 
depends, at the transcriptional level, on CpG methylation 
of MAT1A promoter and histone H4 deacetylation, 
and, at a post-transcriptional level, on MAT1A mRNA 
interaction with AUF1 protein that enhances its decay 
(18-20). In contrast, MAT2A gene is upregulated in HCC 
due to the hypomethylation of its promoter and histone 
H4 acetylation, and the interaction of MAT2A mRNA 
with HuR protein, which increases its stability (18-20). 
This situation (MATα1:MATα2 switch) is responsible for 
the decrease in SAM/SAH ratio in cirrhosis and HCC. 
Various trans-activating factors such as Sp1, c-Myb (avian 
myeloblastosis viral oncogene homolog), nuclear factor 
kappa B (NF-kB), and AP-1 are involved in MAT2A 
transcriptional upregulation in HCC (21). 

MATα2 has been found to regulate expression of BCL-
2 at different levels in human colon cancer cell line RKO 
and in liver cancer cell line HepG2 (22). In both cell lines 
MATα2 activates BCL-2 gene transcription by binding to 
its promoter. It also directly interacts with BCL-2 protein 
enhancing its stability. These MATα2 effects involve 
the ubiquitin-conjugating enzyme 9 required for the 
sumoylation of MATα2 at K340, K372 and K394, necessary 
for MATα2 stability.

Mat1a-KO mice exhibit lower expression of the 
mitochondrial chaperon PHB1 (23). In HCC and CCA  
(cholangiocarcinoma) cell lines, PHB1 positively regulates 
MAT1A (24). Both MATα1 and PHB1 (prohibitin 1) 
form heterodimers with MAX to repress the E-box 
driven promoter activity (24). This results in the negative 
regulation of the transcription factors c-MYC, MAFG and 
c-MAF, and of their oncogenic activity (24).

Interestingly, miRNAs deregulation is implicated in 
the decrease in MAT1A expression in HCC (25). The 
individual knockdown of miR-664, miR-485-3p, and miR-
495 provokes MAT1A expression in Hep3B and HepG2 
liver tumor cells, whereas stable overexpression of miRNAs-
664/485-3p/495 decreases Hep3B cell tumorigenesis in 
nude mice. The opposite occurs by miRNAs-664/485-
3p/495 knockdown (25). These findings clearly indicate 
that the upregulation of these miRNAs may contribute to 
hepatocarcinogenesis by inhibiting MAT1A expression.

The mechanisms regulating MAT2B expression are not 
well known. MAT2B promoter is activated by Sp1 (26). The 
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upregulation of two MAT2B dominant splicing variants, V1 
and V2, is present in HCC. MAT2B V1 promoter expression 
is stimulated by TNFα (tumor necrosis factor α) and leptin, 
and inhibited by SAM through mechanisms involving 
ERK and AKT signaling (21). MATβ2 protein regulates 
many other proteins by physical interaction (27-29). 
Among these proteins, GIT1 is activated by MATβ2 (30).  
The latter also activates the MEK1/2/ERK1/2 signaling 
pathway, thus promoting liver and colon cancer cells 
proliferation (30). 

SAM levels and SAM/SAH ratio regulate numerous 
important liver functions, including proliferation, 
regeneration, differentiation and sensitivity to liver injury. 
The SAM/SAH ratio controls the in vivo methylation 
reactions; its decrease lessens the methylation capacity (19).  
SAH-hydrolase deficiency is indeed responsible of a rare 
genetic disease characterized by SAM and methionine plasma 
accumulation and inhibition of transmethylation reactions 
and, consequently, by the reduction of SAM/SAH ratio (31). 

MATα1:MATα2 switch and increase in SAM decarboxylation 
for PA synthesis concur to the severe SAM decrease that 
characterize liver injury and HCC (32).The strong involvement 
of MATα1:MATα2 switch and decrease in SAM content in 
liver carcinogenesis was confirmed by the observation that the 
Mat1a-KO mice, characterized by chronic SAM deficiency not 
compensated by Mat2a induction, undergo hepatomegaly, at 3 
months of age, followed by steatosis of 25–50% of hepatocytes, 
at 8 months, and infiltration of mononuclear cells in periportal 
areas and HCC, at 18 months (33).

Mechanism of the SAM antitumor effect

SAM, a naturally occurring nontoxic and non-mutagenic 
compound that is produced by liver cells (34,35). Different 
observations show a decrease in SAM liver content 
during acute and chronic ethanol intoxication (36,37). 
Exogenous SAM load, during ethanol injury, reconstitutes 
the hepatocytes SAM content, and prevents fatty liver 
accumulation and ethanol-induced glutathione decrease (36).  
SAM administration to hepatocytes isolated from fatty liver 
of choline-deficient rats stimulates phosphatidylcholine 
synthesis through the transmethylation pathway, thus 
restoring lipoproteins secretion (38). SAM has been shown 
to favor the assembly of very low-density lipoproteins (39). 
SAM administration also counteracts the toxic effect of 
acetaldehyde and/or peroxides produced during ethanol 
intoxication, contributing to maintain a high GSH liver 
pool, and prevents the inhibition of (Na+,K+)ATPase 

activity induced by ethanol intoxication (32). Therefore, the 
maintenance of the SAM physiological levels may function as 
therapeutic tool in patients with nonalcoholic steatohepatitis 
and alcoholic liver cirrhosis (40).

Hepatocarcinogenesis induced by different carcinogens 
and experimental models, in rats fed adequate diet, is 
characterized by a fall in liver SAM content and SAM/
SAH ratio (13,41,42), that persists in dysplastic nodules 
(DN) and HCC several weeks after cessation of carcinogen 
administration (41-44). SAM decrease and no change 
in SAH occur in human HCC and, at a lower extent, in 
the surrounding cirrhotic liver (45). The administration 
of exogenous SAM during carcinogen-induced rat liver 
carcinogenesis prevents the development of preneoplastic 
and neoplastic lesions (40-44). Interestingly, SAM 
intravenous infusion inhibits orthotropic HCC development 
induced by injection of the H4IIE human HCC cells in 
rat liver parenchyma (46). However, SAM infusion for 24 
days does not affect the size of already established tumors, 
probably because of the prevention of SAM accumulation 
by the compensatory induction of hepatic GNMT (46). 
A SAM and MTA anti-proliferative effect has also been 
described for colon carcinogenesis, where both compounds 
reduce chronic inflammation, a main risk factor for this type 
of cancer (47). MAT2A upregulation occurs in human colon 
cancer. Its silencing in in vitro growing colon cancer cells 
induces apoptosis (47).

SAM treatment of rats with preneoplastic and neoplastic 
liver lesions induces decrease in labeling index and 
apoptosis of preneoplastic cells (41-44). Also, transfection 
of MAT1A or culture in the presence of SAM inhibits the 
proliferation of human HCC cell lines (48). Accordingly, 
HuH7 cell transfectants, stably overexpressing MAT1A, 
exhibit higher SAM levels and apoptosis, and lower growth 
rate, microvessel density, CD31 and Ki-67 staining, than 
control tumor cells (49).

PA synthesis 

Hepatocarcinogenesis is associated with a sharp increase in 
ornithine decarboxylase (ODC) activity and PA synthesis 
(50,51). Early studies on HCC chemoprevention by SAM 
have shown a great decrease of PA synthesis, associated 
with the inhibition of ODC, in preneoplastic liver lesions 
developing in rats treated with exogenous SAM (50,51) 
(Figure 2). ODC inhibition could be attributed to the 
accumulation of MTA, end-product of PA synthesis that 
could also arise from the spontaneous splitting of SAM 
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at physiologic temperature and pH (52). However, only 
moderate accumulation of MTA occurs during SAM 
treatment, probably because of the activation of the “salvage 
pathway”, which utilizes MTA for methionine synthesis (41) 
(Figure 1). Moreover, SAM is a stronger inhibitor of DNA 
synthesis and rat hepatocarcinogenesis than MTA (41). 

SAM antioxidative action

The observation that SAM treatment of CCl4-intoxicated 
rats preserves a high GSH pool (53) suggests the possibility 
that this SAM antioxidative effect is involved in HCC 
chemoprevention. Indeed, the protection of DNA from 
oxidative damage by antioxidants was known to prevent 
tumor development in different tissues, including liver  
(54-56). An antioxidative effect, attributed to MTA (57), 
could be exerted by sulfoxide and sulfone derivatives of 
MTA oxidation by microsomal monooxygenases (58). 
However, SAM exerts an antitumor action independent 
of MTA (41). Indeed, higher SAM levels and no change 
in MTA content occurs in stable MAT1A transfectants of 
in vitro growing liver tumor HuH7 cells, which are less 

tumorigenic in vivo than untransfected Huh7 cells (49). 

DNA and protein methylation

A further implication of a SAM chemopreventive 
effect is the observation that the deficit of SAM, during 
hepatocarcinogenesis, is associated with global DNA 
hypomethylation (41) and consequent genomic instability (59). 
The presence of AP (apurinic/apyrimidinic) sites represents the 
most frequent DNA lesion in cancer cells (60). SAM, but not 
MTA, reverses global DNA hypomethylation (41) (Figure 2).  
Indeed, the restraint of preneoplastic foci development in rat 
liver, induced by SAM, accompanies the complete recovery 
of DNA hypomethylation (19), and is prevented by the 
hypomethylating compound 5-azacytidine (61). 

Alterations of MATs expression in HCC also interfere 
with protein methylation. In most rat tissues are present, at 
the C-terminal end of the protein implicated in cytoplasmic 
retention and nuclear localization of MATI/III, two 
partially overlapping areas (62). The nuclear accumulation 
of the active enzyme was implicated in histone H3K27 
tri-methylation, an epigenetic modification associated 

Figure 2 Effects of SAM treatment during hepatocarcinogenesis. SAM is involved in DNA methylation and stabilization of the DNA repair 
enzyme APEX1. SAM antioxidant activity reduces genomic instability. The inhibition by SAM of LKB1/AMPK axis increases cytoplasmic 
concentration of HuR, which stabilizes p53 and USP7 mRNAs. Through the control of the LKB1/AMPK axis, SAM impedes the 
production of IL6 and cytokines and the activation of iNOS and eNOS, thus limiting the oxidative damage. SAM also controls cell growth 
and survival by inducing PPA2 expression that phosphorylates and inactivates AKT and its targets. Moreover, PPA2 activation and DUSP1 
stabilization inhibit RAS/ERK pathway. Finally, SAM affects cell cycle by inhibiting c-MYC expression and polyamine synthesis. SAM, 
S-adenosylmethionine. Adapted with permission from Frau et al., 2013.
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with DNA methylation, therefore indicating the need 
of active MATI/III to ensure the SAM supply necessary 
for the methylation reactions. Interestingly, MATα2 may 
also interact with chromatin-related proteins, involved in 
histone modification, chromatin remodeling, transcription 
regulation, and nucleo-cytoplasmic transport to deliver 
SAM locally on chromatin (63,64). This requires MATβ2 
(therefore MATII isozyme that contains both MATα2 and 
MATβ2). This mechanism may also regulate MAFK. The 
latter is a member of MAF oncoproteins that interacts with 
both MATα2 and MATβ2 (63,64). MAFK forms diverse 
heterodimers to bind MAF recognition elements of DNA, 
thus operating as a transcription activator/repressor (64). 
However, the oncogenic role of MAFK and its targets in 
HCC are not known. 

SAM and signal transduction

Pioneering observations on the impact of SAM on signal 

transduction showed that the treatment of rats with SAM, 
during the development of preneoplastic liver nodules, 
inhibits the expression of c-myc, H-ras and K-ras and PA 
synthesis (43) (Figure 2). Further studies have shown 
that various signaling pathways are involved in SAM 
antitumor effect. The treatment with SAM of rats, during 
the development of preneoplastic foci, prevents NF-kB 
activation (65) and induces the overexpression of the onco-
suppressor PP2A (protein phosphatase 2) gene, which 
dephosphorylates and inactivates AMPK, pAKT, and pERK 
(66,67) (Figure 2). Accordingly, rat and human HCCs with 
highest pAKT and pERK expression and proliferation rates 
exhibit low SAM content and PP2A expression (68). 

SAM may also control the MAPK (V-MAF avian 
musculoaponeurotic fibrosarcoma oncogene family, protein 
K) pathway. It has been in fact observed (69) that SAM may 
induce a decrease in ERK1/2 activity by interfering with 
DUSP1, a specific ERK inhibitor (Figure 2). SAM treatment 
increases DUSP1 expression through multiple mechanisms, 
including increased transcription and stability of its mRNA 
and protein, and inhibition of proteasomal chymotrypsin-
like and caspase-like activities (69). ERK1/2 upregulation 
is associated with low DUSP1 expression in fast growing 
DN and HCC induced in F344 rats, genetically susceptible 
to hepatocarcinogenesis, and human HCC with poorer 
prognosis (based on patient’s survival length) (70,71). This 
can partly depend on DUSP1 Ser296 phosphorylation by 
ERK1/2, followed by DUSP1 ubiquitination, by SKP2-
CKS1 ubiquitin ligase, and proteasomal degradation (70,71) 
(Figure 3). Notably, DUSP1 mRNA and protein levels are 
sharply decreased in the livers of Mat1a-KO mice as well 
as in cultured mouse and human hepatocytes (69). SAM 
administration to Mat1a-KO mice induces an increase in 
Dusp1 mRNA and protein levels, and a decrease in Erk 
activity. Further, SAM prevents DUSP1 mRNA and protein 
fall in cultured mouse and human hepatocytes probably by 
inhibiting its proteasomal degradation (69). 

A suppressive effect of SAM on malignant transformation 
through ERK1/2 inhibition is also suggested by the finding 
that the TNF-α/HIF-1α (HIF-1α, hypoxia-inducible 
factor 1, alpha subunity) axis sustains the expression of  
FOXM1 (72), which mediates the ERK1/2 effects on cell 
cycle, cell survival, and angiogenesis (73). It was indeed 
found that hypoxia reduces SAM levels of HCC cells by 
promoting HIF-1α binding to MAT2A promoter (74). 

Activation of the RAS/ERK pathway, produced by 
growth factors in different cell lines including HCC cells, 
may be limited by the arginine methylation of RAF protein 

Figure 3 Interference of SAM with ERK1/2 inhibition by 
DUSP1. ERK1/2 inhibition by DUSP1 is controlled by DUSP1 
phosphorylation at the Ser296 residue, followed by its ubiquitination 
by the SKP2–CKS1 ubiquitin ligase and proteasomal degradation. A 
control is also operated by FOXM1, an ERK1/2 target, that activates 
SKP2-CKS1. SAM enhances DUSP1 inhibitory effect by increasing 
DUSP1 mRNA transcription, and contributing to the increase 
in DUSP1 protein at post-translational levels, probably through 
inhibition of its proteasomal degradation. SAM, S-adenosylmethionine. 
Adapted with permission from Frau et al., 2013.
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by PRMT5 (protein arginine methyltransferase 5) (5). 
The amplitude and length of ERK activation by growth 
factors is increased by the expression of RAF mutants that 
cannot be methylated (75). However, PRMT5 activates 
cell cycle progression through the G1 phase and PI3K/
AKT, while it suppresses JNK/c-Jun signaling in lung 
cancer (76). PRMT5 localization may explain these 
apparent discrepancies. PRMT5 and p44/MET50/WD45/
WDR77 cytoplasmic localization supports prostate cancer 
cell growth (77). In contrast, nuclear PRMT5 localization 
in normal prostate epithelium, inhibits cell growth in a 
methyltransferase activity-independent manner (77). 

SAM could also protect JAK/STAT signaling in HCV-
induced liver damage. HCV protein weakens JAK-STAT 
signaling by the inhibition of STAT1 methylation, which 
favors STAT1 binding by its inhibitor PIAS1 (78). The 
restoration of STAT1 methylation by SAM and betaine 
recover IFNα antiviral effect in the cell culture (78).

The role of the DNA repair protein, APEX

This protein is involved in base excision repair and, as a 
redox co-activator of transcription factors, contributes 
to the regulation of EGR-1, p53, and AP-1 (79). The 
stimulation of APEX1 (apurinic endonuclease) gene 
transcription by ROS, contributes to the defense against 
genomic instability (80). The livers of 1-month old Mat1a-
KO mice exhibit higher genomic instability than the livers 
of wild type mice, whereas Apex1 mRNA and protein 
levels undergo 20% and 50% decreases, respectively. 
Significant increase in AP sites and under-expression of 
the APEX1 targets Bax, Fas, and p21 accompany these 
changes (81). Decrease in MAT1A mRNA, associated with 
increase in APEX1 and c-MYC mRNAs occurs in cultured 
human and mouse hepatocytes, in which, however, APEX1 
protein level decreases by 60% (81). SAM inhibits APEX1 
transcription, but stabilizes APEX1 protein thus preventing 
APEX1 protein level decrease in cultured hepatocytes (81) 
(Figure 2). These interesting findings indicate that APEX1 
stabilization by SAM contributes to SAM chemopreventive 
effect and may in part explain why chronic SAM deficiency 
predisposes to HCC. 

The mechanism of APEX1 stabilization by SAM is not 
known. Recent reports suggest that ubiquitin-9 is involved 
in APEX1 protein degradation in HeLa cells (82). SAM 
inhibits chymotrypsin-like and caspase-like activities of 26S 
proteasome and causes degradation of some proteasomal 
subunits (83). Furthermore, SAM and MTA induce a 

decrease of CDC2 (cell division cycle 2) expression, which 
is upregulated in several cancers, resulting in reduced 
ubiquitin-9 phosphorylation and expression (83).

Nitric oxide (NO)

NO is the product of L-arginine conversion to L-citrulline 
catalyzed by the calcium-independent, inducible iNOS of 
hepatocytes, Kupffer and stellate cells, and cholangiocytes, 
and the calcium-dependent eNOS of endothelial cells (84).  
NO provokes DNA mutations in hepatocytes and 
vasodilatation, thus providing transformed cells with 
adequate amounts of metabolites and oxygen. During early 
stages of hepatocarcinogenesis, inflammatory cytokines 
and growth factors activate iNOS (84), thus inducing 
an overproduction of reactive nitrogen species that may 
damage DNA. iNOS inhibition by aminoguanidine causes a 
decrease in NF-kB and RAS/ERK expression and HCC cell 
growth and apoptosis (85). During hepatocarcinogenesis, 
AMPK activates eNOS thus causing additional NO 
production, which may further activate AMPK (86), and 
inactivates MATI/III (87) (Figure 2). 

The role of the LKB1/AMPK axis in hepatocarcinogenesis 
is supported by the observation that the LKB1/AMPK 
activation is necessary for the survival of SAM-deficient cells 
isolated from HCC of Mat1a-KO mice (88). LKB1 may also 
regulate AKT-mediated cell survival independently of PI3K, 
AMPK, and mTORC2 (mechanistic target of rapamycin 
complex 2) (88). In SAM-deficient cells, such as neoplastic 
hepatocytes, LKB1 controls apoptosis by provoking the 
cytoplasmic localization of p53. The de-ubiquitinylating 
enzyme USP7 (HAUSP) has an important role. USP7 
contributes to the stability of mouse double minute (MDM), 
a negative p53 regulator, impairing its ubiquitination and 
degradation (89). LKB1 contributes to the phosphorylation 
of cytosolic p53 (90). p53 hyperphosphorylation, and its 
cytoplasmic retention, blocks the negative regulation of 
p53 by MDM2. Furthermore, LKB1 induces the cytosolic 
translocation of HuR, an RNA-binding protein that 
increases the half-life of target mRNA, such as cyclin 
A2, and cell proliferation; SAM blocks this process (90) 
(Figure 2). In complex, present knowledge indicates 
that LKB1 controls the apoptotic response through the 
phosphorylation and cytoplasmic retention of p53, the 
regulation of the de-ubiquitination enzyme USP7, and the 
nucleo-cytoplasmic shuttling of HuR. Furthermore, AMPK 
upregulation results in activation of PFK-2, a key enzyme 
for glycolysis (91), which contributes to the glycolytic 
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metabolism of cancer cells (Figure 2). 
Notably, cytoplasmic localization of p53 and p-LKB1 

(Ser428) has been documented in the NASH-HCC 
present in Mat1a-KO mice and in human HCC derived 
from both ASH and NASH (88). However, these results 
contrast with the observation of LKB1 loss in cancer cells, 
including HCC (89). LKB1 is considered a suppressor gene 
and LKB1-activated AMPK inhibits the AKT pathway by 
triggering the tumor suppressor complex TSC2/TSC1 (92). 
Furthermore, the deregulation of the AMPKa2 catalytic 
subunit is associated with poor HCC differentiation and 
patients’ prognosis (93). The inactivation of AMPK fosters 
hepatocarcinogenesis through the destabilization of p53 in 
a p53 deacetylase (SIRTUIN-1)-dependent way (93). These 
contradictory findings remain unexplained.

An important aspect of the SAM antitumor effect deals 
with its effect on the PI3K/AKT axis and the LKB1/
AMPK/PFK-2 axis (Figure 2). Previous work (94) suggested 
that during the development of preneoplastic foci the 
glucose used for the synthesis of triacylglycerol and pyruvate 
synthesis decreases in rat liver, whereas there occurs a rise 
of the production of reducing equivalents and pentose 
phosphates that favors DNA synthesis and detoxification 
reactions. The reduction of DNA synthesis, in SAM-treated 
rats, is accompanied by the partial reversion of carbohydrate 
metabol ism to that  present  in normal  l iver  (94) .  
The SAM effect could impact on the metabolism of 
neoplastic cells, characterized by active glycolysis even in 
aerobiosis [Warburg effect (95)]. The respiratory activity 
of neoplastic liver cells, comparable to that of normal cells 
in absence of glucose, is highly restrained after glucose 
addition (96-98). This mainly depends on a decreased 
availability of intracellular ADP, largely used for synthesis 
of glycolytic ATP, that limits oxygen consumption (97). 
Warburg hypothesized that glycolytic metabolism was 
somehow involved in carcinogenesis (95). In accordance 
with this hypothesis, the inhibition of aerobic glycolysis in 
neoplastic cells by 2-DG, a competitive inhibitor acting at 
the level of hexokinase, causes strong inhibition of protein 
synthesis in AH-130 rat hepatocarcinoma, characterized 
by high glycolytic activity, but not in normal cells in which 
ATP is mainly produced during mitochondrial oxygen 
consumption (98). These observations suggested that 
neoplastic cells, unlike normal ones, use glycolytic energy, 
in aerobiosis, for protein synthesis. In agreement with these 
observations, recent findings implicate glycolysis in signal 
transduction in cancer cells. It was demonstrated (99) that 
glycolysis inhibitors, including 2-DG, strongly inhibit the 

YAP/TAZ signaling, which is active in cells that incorporate 
glucose and produce lactic acid, such as mammary and 
liver tumors. Mechanistically it was found that PFK-1 
(phosphofructokinase 1), which regulates the first step of 
glycolysis, binds the YAP/TAZ transcriptional cofactors 
TEADs and promotes their cooperation with YAP/TAZ 
(99). We have recently shown the implication of YAP/TAZ 
in the acquisition of stemness properties by HCC cells 
(100). Furthermore, CHIP (carboxyl terminus of Hsc70-
interacting protein), a U-box E3 ligase, suppresses ovarian 
carcinomas progression by inhibiting aerobic glycolysis. 
PFK-2, was identified as a target of CHIP-mediated 
degradation indicating that Warburg effect is regulated by 
CHIP through the degradation of PFK-2 during tumor 
progression (101). 

Oncogenes are largely involved in the glycolytic 
metabolism of cancer cells. MYC and AKT activate 
hexokinase II, MYC and HIF-1α activate glucose transport, 
pyruvate kinase and lactate dehydrogenase; pyruvate 
kinase is also activated by RAS, and AKT activates glucose 
transport (102-104). Moreover, HSF-1α and MYC trigger 
pyruvate dehydrogenase kinase that, by activating pyruvate 
dehydrogenase, impedes the synthesis of acetyl-CoA (102), 
thus contributing to maintain low the respiratory activity 
of cancer cells in the presence of glucose (96-98). The 
activation of glucose-6-phosphate dehydrogenase, by HSF-
1α, provides pentose phosphates for nucleic acids synthesis 
(105,106). Interestingly many of these genes are upregulated 
in HCC and are sensitive to the SAM inhibitory effect 
(reviewed in 107,108).

Alterations of methionine metabolism as 
determinants of the prognosis of HCC in humans 
and rodents

The progressive development of altered hepatocytes 
foci  (FAH),  DN, and HCC occurs during human 
and  rodents  hepatocarc inogenes i s  (109) .  In  the 
hepatocarcinogenesis induced in genetically susceptible 
F344 rats by diethylnitrosamine/2-acetylaminofluorene/
partial hepatectomy treatments, according to the “resistant 
hepatocyte” protocol (109), the hepatocyte initiation 
is followed by the selective proliferation of initiated 
hepatocytes (promotion), leading to the development 
of numerous FAH, that in part progress to DN and 
HCCs. These treatments induce lower incidence of slow-
proliferating DN and HCCs, in genetically resistant BN 
rats, than in susceptible F344 rats (110). Accordingly, the 
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up-regulation of cell cycle, iNos/IKK/NF-kB axis, Ras/Erk 
signaling, and Mybl2, that characterize DN and HCC in 
F344 rats, is much lower or absent in BN rats (70,111,112). 

Two different types of human HCC have been identified: 
one of which with better prognosis (based on survival 
length; HCCB), lower activation of cell cycle and signaling 
pathways and low genomic instability, whereas the second 
type exhibits poorer prognosis and extensive chromosomal 
instability (HCCP) (110-113). Interestingly, alterations of 
cell cycle and signaling pathways analogous to those of the 
HCCP are present in HCCs of the genetically susceptible 
F344 rats, whereas in the HCCs of the genetically resistant 
BN rats lower alterations similar to those of HCCB occur 
(110-113). 

Gene expression profiles, performed by microarray 
analysis and confirmed by quantitative RT-PCR and 
immuno-precipitation analyses (68), revealed two different 
gene expression patterns: the first one comprised normal 
liver of F344 and BN rats and DN of BN rats, and the 
second one included the DN of F344 rats and HCC of 
both strains. A signature that predicted DN and HCC 
progression, was typified by highest expression of the 
onco-suppressors Csmd1, Dmbt1, Dusp1, and Gnmt, in 
DN, and Bhmt, Dmbt1, Dusp1, Gadd45g, Gnmt, Napsa, 
Pp2ca, and Ptpn13 in HCCs of resistant rats. Integrated 
gene expression results disclosed highest expression of 
proliferation-related CTGF, c-MYC, and PCNA, and lowest 
expression of BHMT, DMBT1, DUSP1, GADD45g, and 
GNMT, in more aggressive rat and human HCC. BHMT, 
DUSP1, and GADD45g expression were predictive of 
patients’ survival (68). These findings indicate the existence 
of an evolutionarily conserved gene expression signature 
that distinguishes HCC with different tendency to progress 
in rat and human. Interestingly, we found that some genes 
involved in the methionine cycle, such as BHMT and 
GNMT may contribute to the determination of HCC 
prognosis.

Recent results in our laboratory (20) showed that under-
expression of the Mat1a gene, over-expression of Mat2b 
(MATα1:MATα2 switch), and low SAM levels, occurred in 
fast-growing HCC of F344 rats. This was associated with 
CpG hypermethylation and histone H4 deacetylation of 
Mat1A promoter, and CpG hypomethylation and histone 
H4 acetylation of Mat2A promoter. In low-growing HCC 
of BN rats, the MATα1:MATα2 ratio, CpG methylation, 
and histone H4 acetylation underwent low changes with 
respect to normal liver. A comparison between human 
HCCs with different prognosis showed higher MAT1A 

promoter methylation and lower MAT2A promoter 
methylation in HCCP than in HCCB. Furthermore, 
there occurred sharp increases of  AUF1 protein, 
destabilizing MAT1A mRNA, and HuR protein, stabilizing 
MAT2A mRNA, and of Mat1α-AUF1 and Mat2α-HuR 
ribonucleoproteins complexes in F344 and human HCC, 
while these parameters underwent low/no increase in BN 
HCC. In human HCC, MAT1A:MAT2A expression and 
MATI/III:MATII activity ratios were correlated negatively 
with cell proliferation and genomic instability, and positively 
with apoptosis and DNA methylation. The MATI/
III:MATII ratio predicted the length of patient survival. 
Forced MAT1A overexpression in HepG2 and HuH7 liver 
cancer cell lines induced rise in SAM level, decrease in cell 
proliferation, increase in apoptosis, under-expression of the 
cyclin D1, E2F1, IKK, NF-kB genes, and of the antiapoptotic 
BCL2 and XIAP genes, while and increase inexpression of 
the BAX and BAK proapoptotic genes occurred.

These results showed a post-transcriptional regulation 
of MAT1A and MAT2A by AUF1 and HuR in HCC. 
We also demonstrated that a low MATI/III:MATII 
ratio is a prognostic marker contributing to determine 
a phenotype susceptible to HCC and poor patients’ 
survival. Furthermore, it was shown that an interference 
of SAM with IKK/NF-kB signaling contributes to its anti-
proliferative and pro-apoptotic effect in HCC.

Another experimental system, used to predict the 
molecular alterations present in HCCB and HCCP, is 
represented by the c-Myc and c-Myc/Tgf-α transgenic 
mice (113-116). Intriguingly, these mouse models repeat 
the main pathogenetic mechanisms of human HCC: c-Myc 
tumors, like human HCC, exhibit activated β-catenin 
and better prognosis, whereas c-Myc/Tgf-α tumors are 
like to HCC with shorter survival. In this experimental 
system, we evaluated the correlation between the genomic 
instability and DNA methylation, and the influence of 
methionine metabolism deregulation on these parameters 
and hepatocarcinogenesis (45). SAM/SAH ratio and liver-
specific MatI/III progressively decreased in dysplastic and 
neoplastic lesions of liver of c-Myc transgenic mice and 
of human HCCB and HCCP. This was associated with a 
rise of global DNA hypomethylation in c-Myc mice and 
human liver lesions, and was positively correlated with 
genomic instability both in mice and humans, and inversely 
correlated with patients’ survival extent. No changes in 
MatI/III and DNA methylation were found in the lesions 
of c-Myc/Tgf-α mice and in a small human HCC subgroup 
with intermediate prognosis, in which the proliferative 
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activity, similar to that of c-Myc HCC and HCCB, was 
associated with low apoptosis. c-Myc/Tgf-α HCCs and 
HCCP were characterized by high overexpression of genes 
implicated in PA synthesis, methionine salvage pathway 
and under-expression of the PA negative regulator OAZ1. 
These findings indicate that the alterations in the activity 
of MAT/I/III, and the extent of DNA hypomethylation 
and genomic instability are prognostic markers for human 
HCC. Nevertheless, a small human HCC subgroup, 
similar to c-Myc/Tgf-α tumors, develops in the absence of 
alterations in DNA methylation.

Above findings, taken together, indicate that changes 
in methionine and SAM metabolism strongly contribute 
to HCC pathogenesis and outcome. These alterations 
seem to be required for the development of the majority, 
although probably not all, human HCCs. Furthermore, 
these observations may have some importance for the 
prevention and therapy of preneoplastic liver lesions and 
the chemoprevention of liver tumors by SAM. 

Conclusions

Following the pioneering observations on the interference 
of SAM with alcoholic hepatitis and experimental 
hepatocarcinogenesis (15,37,43), increasing evidence 
has shown that alterations of methionine cycle largely 
contribute to the development and progression of 
liver cancer. A large deal of research from different 
laboratories has demonstrated the prognostic role of 
these alterations and the chemopreventive effect of SAM. 
The chemoprevention of hepatocarcinogenesis by SAM 
is the result of numerous pleiotropic actions of the latter 
on signal transduction pathways. It was shown that SAM 
interferes at different levels with signal transduction 
mechanisms and is largely involved in the pathogenesis 
of liver preneoplastic and neoplastic lesions. Importantly, 
BHMT and GNMT genes, involved in the methionine cycle, 
are part of an evolutionarily conserved gene expression 
profile that distinguishes HCCs with different tendency to 
progress in the rat and human (68). The observation that 
MAT1A:MAT2A and MATI/III:MATII ratios correlate 
negatively, in human HCC, with cell proliferation and 
genomic instability, and positively with apoptosis and global 
DNA methylation suggests that MATs deregulation and 
consequent SAM decrease represent possible therapeutic 
targets for HCC.
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