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Abstract

Methionine adenosyltransferases (MATs) are essential for cell survival because they catalyze the 

biosynthesis of the biological methyl donor S-adenosylmethionine (SAMe) from methionine and 

adenosine triphosphate (ATP). Mammalian cells express two genes, MAT1A and MAT2A, which 

encode two MAT catalytic subunits, α1 and α2, respectively. The α1 subunit organizes into 

dimers (MATIII) or tetramers (MATI). The α2 subunit is found in the MATII isoform. A third 

gene MAT2B, encodes a regulatory subunit β, that regulates the activity of MATII by lowering the 

inhibition constant (Ki) for SAMe and the Michaelis constant (Km) for methionine. MAT1A 
expressed mainly in hepatocytes maintains the differentiated state of these cells whereas MAT2A 
and MAT2B are expressed in non-parenchymal cells of the liver (hepatic stellate cells [HSCs] and 

Kupffer cells) and extrahepatic tissues. A switch from the liver-specific MAT1A to MAT2A has 

been observed during conditions of active liver growth and de-differentiation. Liver injury, 

fibrosis, and cancer are associated with MAT1A silencing and MAT2A/MAT2B induction. Even 

though both MAT1A and MAT2A are involved in SAMe biosynthesis, they exhibit distinct 

molecular interactions in liver cells. This review provides an update on MAT genes and their roles 

in liver pathologies.
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1.Introduction

Methionine adenosyltransferase (MAT) enzymes are essential for the biosynthesis of S-

adenosylmethionine (SAMe), a biological methyl donor required for the methylation of 

nucleic acids, phospholipids, histones, biogenic amines, and proteins. SAMe biosynthesis is 

impaired in patients with chronic liver disease because of the inactivation of hepatic MAT. 

Experiments in mice showed that chronic hepatic SAMe depletion induced the spontaneous 

development of steatohepatitis and hepatocellular carcinoma (HCC). More recent research 

has also shown that MAT proteins have distinct interactomes and altered MAT gene 
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expression can contribute to liver injury and cancer. In this review, we provide a detailed 

overview of MAT genes and enzymes, as well as their regulation and dysregulation that 

occur in normal and diseased livers.

2. Methionine adenosyltransferases

2.1.MAT expression and structure

SAMe is a methyl donor required for most methylation reactions in mammalian cells.1 MAT 

(E.C.2.5.1.6) catalyzes reactions involving transfer of the adenosyl moiety of adenosine 

triphosphate (ATP) to methionine to form SAMe.2 Three distinct MAT genes, MAT1A, 

MAT2A, and MAT2B encode the protein products, MATα1, MATα2, and MATβ 
respectively.3 MATα1 is a catalytic subunit of MAT isoenzymes that is mainly expressed in 

liver (mostly hepatocytes) and pancreatic acinar cells.4 It is a 396 amino acid protein that 

forms wither a homodimer (MATIII) or a homotetramer (MATI).3 The MATα2 catalytic 

subunit (395 amino acids) and the MATβ regulatory subunit (334 amino acids) are expressed 

in extrahepatic tissues but are also expressed within the liver in hepatic stellate cells (HSCs) 

and Kupffer cells.5,6 MATα2 and MATβ interact with each other to form the MATII 

isoenzyme. Isothermal titration calorimetry analysis and crystallography showed that the 

MATα2 and β subunits interacted in a 2:1 stoichiometric ratio either as [MAT(α2)2(β)1] or 

[MAT(α2)4(β)2] complexes.7,8 MATβ regulates activity of the MATII complex by lowering 

the inhibition constant (Ki) for the product, SAMe, and the Michaelis constant (Km) for the 

substrate, methionine.9 Of the four MAT2B mRNA variants described, the two main splicing 

forms are MAT2B-V1 and MAT2B-V2. V1 is the same as MATβ while the V2-encoded 

protein differs from V1 in the first 20 amino acids at the N-terminus.10

2.2.MAT subcellular localization

Originally MAT enzymes were considered cytosolic proteins and SAMe produced from 

MAT activity was thought to be delivered to specific compartments such as the nucleus for 

DNA and histone methylation reactions.11 However, the demonstration of tetrameric forms 

of MATI/III isoenzymes in the nucleus of hepatocytes suggested that MAT activity in this 

compartment provided a local source of SAMe for specific methylation reactions.12 

Localization of active MATα1 protein in the nucleus correlated with the induction of histone 

H3K27 trimethylation, a known epigenetic modification that causes DNA methylation and 

gene repression.12 Monomeric MATα1 is also found in nuclei and may be involved in other 

interactions.12,13 Both MATα2 and MATβ subunits of the MATII isoenzyme have been 

detected in the cytoplasm and nucleus of mammalian cells.14 Distinct functional interactions 

of these proteins exist based on their subcellular localization.15

2.3.MAT transcriptional and post-transcriptional regulation

2.3.1.MAT1A transcriptional/epigenetic control—The MAT1A promoter contains 

consensus binding sites for glucocorticoid response elements (GRE), hepatocyte nuclear 

factor (HNF), interleukin-6 (IL-6), activator protein 1 (AP-1), CCAAT enhancer binding 

protein (C/EBP) and one or more sites for cyclic AMP response element binding protein 

(CREBP), E2F, signal transducers and activators of transcription (STAT), c-Myc and v-

Myb.16 Even though some of these factors, such as HNF and C/EBP, are determinants of 
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liver-specific gene expression and C/EBP controls MAT1A expression by promoter 

regulation,16,17 the MAT1A promoter appears to be active in non-liver cell lines such as the 

Chinese hamster ovary cell line indicating that its liver-specific expression is not controlled 

by these transcription factors and other mechanisms of transcriptional control exist for this 

gene.18

In normal liver, the MAT1A gene is epigenetically upregulated by hyperacetylation and 

cytosine hypomethylation. HepG2 cells treated with 5-aza-2′-deoxycytidine, a 

demethylating agent or with a histone deacetylase inhibitor exhibited enhanced MAT1A 
expression. A 750 base pair (bp) region upstream of the transcriptional start site of MAT1A 
is a site for these epigenetic modifications.19 Hypermethylation of the Mat1a promoter 

leading to gene silencing was observed under conditions of hepatocellular damage or 

abnormal proliferation such as chemically induced-liver cirrhosis and in the livers of F344 

rats genetically predisposed to hepatocarcinogenesis.19,20 Coding region methylation at sites 

+10 and +88 relative to the transcription start site were also reported to downregulate 

MAT1A transcription in human HCC cell lines.21 Importantly, lower MAT1A mRNA levels 

and hypermethylation of the MAT1A promoter and coding regions were reported in patients 

with advanced non-alcoholic fatty liver disease (NAFLD with fibrosis score 3-4).22

2.3.2.MAT1A post-transcriptional control—The stability of Mat1a mRNA is 

negatively regulated by the binding of AU-rich RNA binding factor (AUF1) to its 3′-

untranslated region. In differentiated rat hepatocytes, low levels of AUF1 are associated with 

increased Mat1a expression and the de-differentiation of hepatocytes in culture increases 

AUF1 levels with a concomitant decrease in Mat1a mRNA levels.23 MAT1A mRNA levels 

are also regulated by microRNA (miR) in HCC.24,25 Preneoplastic liver lesions induced by 

2-acetylaminofluorene injection in rats induced miR-22 and mir-29b that inhibited Mat1a 
mRNA expression.24 MicroRNAs miR-485-3p, miR-495, and miR-664 are induced in HCC 

and induce the LIN28B component of the LIN28B/Let-7 axis (where LIN28B indicates 

lin-28 homolog B [Caenorhabditis elegans], a protein over-expressed in HCC that represses 

the tumor suppressor, Let-7).25 These microRNAs downregulate MAT1A expression, 

resulting in lower nuclear SAMe levels, hypomethylation of the LIN28B promoter region 

and increased LIN28B expression.25 Blocking the expression of these miRs recovered 

MAT1A expression, inhibited growth, induced apoptosis in HCC cell lines, and inhibited 

HCC growth in vivo.25

2.3.3.MAT2A/MAT2B transcriptional/epigenetic control—MAT2A transcription is 

upregulated during liver regeneration and in HCC.26-28 Transcription factors, specificity 

protein 1 (Sp1), c-Myb, and E2F upregulate MAT2A promoter activity.26 Tumor necrosis 

factor-a (TNF-a) induced the MAT2A promoter via nuclear factor-KB (NF-κB) and AP-1 

elements present in the MAT2A promoter.29 A hypoxic tumor environment can also induce 

MAT2A expression because hypoxia-inducible factor-1α (HIF-1α) binds to a consensus 

binding site in the MAT2A promoter and activates its transcription in hepatoma cells.30 The 

Mat2a promoter upstream regulatory region contains several PPAR response elements 

(PPRE) that bind to nuclear receptors including peroxisome-proliferator activated receptors 

(PPAR) in rat HSCs.31 PPARγ is a marker of HSC quiescence in the normal liver and 
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PPARβ is induced in activated HSCs during liver fibrogenesis.32,33 Both PPARγ and PPARβ 
occupy the same binding site on the Mat2a promoter.31 In quiescent HSCs, PPARγ acts as a 

negative regulator of Mat2a transcription by binding to the PPRE. However, during HSC 

activation, a dramatic reduction in PPARγ expression and activity allows the positive 

regulator, PPARβ to bind to the Mat2a PPRE and induce the expression of this gene.31 The 

Mat2a promoter also exhibits epigenetic regulation— it is hypomethylated in HCC, 

hypermethylated in the normal liver, and histone acetylation favors MAT2A expression in 

HCC.27

2.3.4.MAT2A/MAT2B post-transcriptional control—MAT2A mRNA stability is 

influenced by the binding of human RNA-binding (HuR) protein and its methylated form, 

methyl-HuR.23 HuR is an mRNA stabilizer whereas methyl-HuR destabilizes target 

mRNAs.23 During HCC and hepatocyte de-differentiation, HuR induction is associated with 

a decline in methyl-HuR resulting in a higher HuR/methyl-HuR ratio. HuR binding to 

MAT2A mRNA stabilizes its expression in HCC and in de-differentiated hepatocytes.23

In human HepG2 cells, MAT2B-V1 mRNA but not MAT2B-V2 mRNA is transcriptionally 

upregulated by TNF-α through an AP-1 and NF-KB-dependent mechanism.10 MAT2B 
transcription is also induced by an NAD+-dependent deacetylase called Sirtuin 1.34 Similar 

to MAT2A, HuR also stabilizes MAT2B mRNA in liver cancer cells.34

In HepG2 cells, MAT2A and MAT2B mRNA stability is also controlled by drug-induced 

miRs such as mir-21-3p. The over-expression of mir-21-3p and its induction by the 

anticancer drug, berberine, induced apoptosis and inhibited growth by down-regulating 

MAT2A and MAT2B.35

2.4. MAT post-translational modifications

Post-translational modifications of MAT enzymes such as nitrosylation, phosphorylation, 

and sumoylation influence their activity and stability. Nitrosylation or oxidation of the 

cysteine 121 residue in a flexible loop over the active site cleft of MATα1 protein inactivates 

the enzyme.36,37 Antioxidants such as glutathione and other thiol-reducing agents can 

prevent this inactivation.38 The phosphorylation of MATI/III by protein kinase C at 

threonine 342 was described over 20 years ago.39 This post-translational modification does 

not alter the kinetic parameters of the enzyme. However, dephosphorylation of the T-342 site 

by alkaline phosphatase lowers the activity of both MATI and MATIII.39

Post-translational modifications in MATα2 and MATβ were recently reported during HSC 

activation. HSCs are vitamin-A storing cells of the liver that become activated and 

proliferative during liver injury and fibrogenesis.40 The phosphorylation of both MATα2 and 

MATβ is strongly induced during HSC activation.41 Phospho-MATα2 and MATβ proteins 

are highly stable and the mutation of specific phosphorylation sites (Y371/Y374 in MATα2 

and T257/Y259 in MATβ) inhibits HSC activation.41 Chemical inhibitors, gene silencing 

and in vitro kinase assays have shown that mitogen-activated protein kinase/ERK kinase 

(MEK) might be involved in MATα2 phosphorylation whereas extracellular signal-regulated 

kinase (ERK) might phosphorylate the MATβ protein.41

Ramani and Lu Page 4

Liver Res. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sumoylation is a post-translational modification that involves the conjugation of proteins 

with a small ubiquitin modifier (SUMO) leading to alterations in protein stability, activity, 

and localization.42 SUMO-1 conjugation of proteins is generally associated with protein 

stabilization.42 Three SUMO-1 modifications of MATα2 at K340, K372, and K394 were 

recently shown to enhance its stability and its interactions with oncoproteins such as B-Cell 

CLL/lymphoma 2 (BCL-2).43

P300 (E1A binding protein) acetylates MATα2 at the K81 residue causing its 

destabilization, whereas a lack of this modification stabilizes the protein and is associated 

with HCC development.44

Table 1 summarizes the known regulators of MAT genes and proteins.

2.5.MAT activity and liver function

MAT isoenzymes have different kinetic and regulatory properties. The Km for the substrate, 

methionine, is lowest for MATII, followed by MATI and is highest for MATIII.45 The 

product of MAT activity, SAMe, is a feedback inhibitor of certain MAT isoenzymes at 

specific concentrations.46 MATII has high sensitivity to SAMe inhibition, with a 50% 

inhibitory concentration (IC50) of 60 μM, the normal physiological level of SAMe in the 

liver. However, MATI is minimally inhibited by SAMe (IC50 = 400 μM) and MATIII is 

stimulated at high SAMe levels (eight-fold at 500μM SAMe levels).46 Therefore, MATI/III 

isoenzymes maintain high SAMe levels in the liver (6-8 g/day compared with MATII that 

insignificantly contributes to this SAMe pool).18 A switch from MAT1A to MAT2A is 

associated with liver de-differentiation, reduced SAMe biosynthesis, and favoring 

proliferative signaling in the liver.15 This is because high SAMe levels inhibit the mitogenic 

effect of growth factors.45 A summary of the MAT structure and association with liver 

dysfunction is shown in Table 2.

Deregulation of MAT1A and MAT2A genes alters SAMe homeostasis and is an important 

determinant of liver injury, fibrosis, and HCC. However, apart from alterations in SAMe 

metabolism, the MAT catalytic (MATα1 and MATα2) and regulatory (MATβ) subunit 

proteins were recently shown to exhibit distinct interactions with key signaling molecules in 

normal and diseased liver. These interactions are described below.

3.MATs and liver dysfunction

3.1.Liver injury/fatty liver/fibrosis/cirrhosis

3.1.1.Epigenetic changes in MAT1A during liver cirrhosis and NAFLD—
Methionine metabolism is impaired in patients with chronic liver disease and patients with 

hepatic cirrhosis exhibited reduced MAT1A expression and MATI/III activity, as well as 

impaired methionine clearance.47,48 Hypermethylation of the MAT1A promoter might be 

responsible for the reduced expression of MAT1A during cirrhosis.48 Patients with advanced 

NAFLD exhibit MAT1A hypermethylation and lower MAT1A mRNA levels compared to 

patients with mild NAFLD and normal subjects.22 Three CpG islands, two upstream of the 

transcription start site and one 200 bp downstream of the transcription start site, were 

hypermethylated in advanced NAFLD subjects.22 These findings in NAFLD subjects are 
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consistent with a report of MAT1A coding region methylation around +88 bp from the 

transcription start site causing decreased MAT1A transcription in human HCC cells. 21

3.1.2.Inhibition of MATI/III enzymes during liver injury—Oxidative stress caused by 

alcohol consumption, toxin exposure, septic shock, viral hepatitis, and inflammatory 

responses mediated by TNF-α and IL-6 inactivated the MATI/III enzyme.18 Increased 

amounts of reactive oxygen species and NO (caused by high nitric oxide synthase activity) 

in cirrhotic livers inactivated the MATI/III enzyme.36,37 The loss of MATI/III activity was 

also observed in experimental models of liver injury such as alcohol feeding in baboons,49 

carbon tetrachloride (CCl4) in rats,50 paracetamol in rats,51 and buthionine and sulfoximine 

intoxication in rats.38

3.1.3.Consequences of MAT1A deficiency—The mechanisms of MAT1A 
deregulation in liver disease have been extensively studied using the Mat1a-knockout (KO) 

mouse model (Mat1a-KO).52 Three-month-old Mat1a-KO mice develop hepatic hyperplasia 

and are susceptible to steatosis in response to a choline-deficient diet. Eight-month-old 

Mat1a-KO animals spontaneously develop steatohepatitis on a normal diet and by 18 months 

they develop HCC.52 The livers of Mat1a-deficient mice exhibit increased oxidative stress 

caused by low glutathione levels and increased activity of cytochrome P450 family 2 

subfamily E member 1 (CYP2E1) enzyme,53 which facilitates the release of reactive oxygen 

species during the metabolism of hepatotoxins such as alcohol, CCl4, and acetaminophen.54 

Furthermore, Mat1a-KO mice are highly sensitive to CCl4-mediated liver injury compared to 

wild type littermates.53 Mitochondrial dysfunction is also evident in Mat1a-deficient mice. 

Regarding the mechanism involved, Mat1a deficiency leads to a depletion of the 

mitochondrial chaperone, prohibitin 1 (PHB1), in the liver,55 which is consistent with the 

finding that PHB1-deficient mouse livers exhibit increased injury, mitochondrial damage, 

and oxidative stress.56

3.1.4.MAT2A/MAT2B deregulation by factors promoting fibrogenesis—CCl4-

induced liver fibrosis leads to the induction of Mat2a mRNA levels.57 Increased levels of 

MAT2B-encoded MATβ proteins are detected in human cirrhotic liver versus normal 

controls.58 We and others have shown that rat HSCs, fibrogenic cells of the liver, express 

Mat2a and Mat2b genes but do not express Mat1a.6,59 Chronic liver injury leads to HSC 

activation (production of excessive extracellular matrix components), loss of vitamin A, and 

proliferation.60 In turn, HSC activation in rats induces Mat2a and Mat2b mRNA levels.31,59 

Even though the individual MATα2 and MATβ subunits are induced during HSC activation, 

the MATII enzyme responsible for SAMe production in HSCs exhibits reduced activity. We 

speculate that this reduction in activity might be caused by an increase in the MATβ:MATα2 

ratio, which would lower the Ki of MATII. This is consistent with a decrease in SAMe levels 

and global DNA hypomethylation during HSC activation.59 Silencing studies have provided 

mechanistic insights of the role of MAT2A and MAT2B during HSC activation. Silencing 

MAT2A lowered SAMe levels in activated HSCs decreasing proliferation and increasing 

apoptosis.59 These findings indicate that MAT2A is required to maintain the intracellular 

SAMe pool necessary for cell proliferation. Silencing MAT2B in HSCs inhibits activation 

but in a manner independent of changes in SAMe levels. Interestingly, the MATβ protein 
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promotes HSC activation by inducing two pro-fibrogenic and pro-survival signaling 

pathways, ERK and phosphatidyl inositol 3 kinase (PI3K). 59 Recently, the regulation of 

MAT2A and MAT2B genes was studied in primary human HSCs. Unlike rat HSCs, human 

MAT2A and MAT2B are not controlled transcriptionally but their protein products are 

subject to post-translational modifications during HSC activation.41 The MATα2 and MATβ 
subunits are stabilized by phosphorylation during HSC activation, which favors the 

transition of quiescent HSCs to the activated state. 41

3.2.MATs and liver cancer

3.2.1.MAT1A and liver cancer—The Mat1a-KO mouse model has provided important 

mechanistic insights of how MAT1A might influence HCC development. Mechanisms of 

liver cancer development caused by Mat1a deficiency are described below.

3.2.2.Liver cancer stem cells and sustained ERK activation—Mat1a-KO livers 

contain increased populations of liver cancer stem cells or CD133+/CD49f+ oval cells, which 

are tumorigenic in nature, and exhibit deregulated ERK activation and increased oncogenic 

signals (K-ras and survivin).61,62 Sustained ERK activation in these cells allows them to be 

resistant to the apoptotic effects of transforming growth factor-β (TGF-β), a growth 

regulator of hepatocytes.62,63 Uncontrolled ERK activation is associated with highly 

aggressive forms of HCC. 64 In the normal liver, ERK activity is controlled by dual-

specificity phosphatase 1 (DUSP1). Transient ERK activation activates DUSP1, which feeds 

back to regulate ERK and control pro-survival signaling.65 Indeed, low levels of DUSP1 

mRNA and protein are one cause of deregulated ERK signaling upon Mat1a deficiency. 

Exogenous SAMe administration in Mat1a-KO mice normalized DUSP1 levels in the 

liver.66

3.2.3.Genomic instability—Because MAT1A influences DNA methylation via SAMe 

levels, a deficiency in MAT1A leading to global DNA hypomethylation is also associated 

with genomic instability.67 Genomic instability is highly prevalent in HCC and is a well-

known prognostic marker.68 In normal cells, genomic instability is controlled by the DNA 

repair system consisting of the Apurinic/Apyrimidinic Endonuclease 1 (APEX1) protein.69 

Mat1a-KO livers and primary de-differentiated mouse hepatocytes with low Mat1a 
expression and low SAMe levels exhibited a strong downregulation of APEX1.70 SAMe 

replenishment in culture de-differentiated hepatocytes stabilizes APEX1 proteins. Therefore, 

Mat1a/SAMe deficiency promotes genomic instability by destabilizing the APEX1 

component of the DNA repair system.

3.2.3.LKB1-AMPK signaling—Mat1a-KO liver also exhibits an induction of the LKB1-

AMPK signaling pathway. Liver kinase B1 (LKB1) phosphorylates and activates AMP-

activated protein kinase (AMPK) under the conditions of nutrient deprivation and low ATP 

levels.71 In hepatocytes, AMPK activation increases the cytoplasmic content of HuR, an 

mRNA stabilizing protein, which in turn stabilizes several cyclin mRNAs leading to cell 

growth.72 Mat1a deficiency increases both LKB1 and AMPK activity and exogenous SAMe 

treatment blocks AMPK activation by mediating its dephosphorylation through protein 

phosphatase 2A.72 Enhanced LKB1 activity was observed in SAMe-deficient cell lines 
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(SAMe-D) derived from Mat1a-KO livers and in human HCC tissues, and is required for the 

survival of SAMe-D cells.73

3.2.4.Cholangiocarcinoma (CCA) development—MATα1 was recently shown to 

interact with several transcription factors such as c-Myc, c-MAF, and MAFG to influence 

liver oncogenesis. C-Myc is a well-known oncogene whose induction is important during 

cholestatic liver injury and the progression of CCA in a mouse model of cholestasis-

associated CCA.74 MAF proteins are activator protein 1 family members that regulate 

antioxidant stimuli by binding in a homodimeric or heterodimeric state to antioxidant 

response elements (ARE) on promoters.75 However, their role in CCA progression is 

unknown. MATα1 and c-MYC/MAFG/c-MAF proteins were recently shown to interact 

directly with each other at the E-box elements that control their promoters.76 Interestingly, 

the E-box element in MAT1A is a repressor but it is an enhancer in c-Myc/MAFG/c-MAF 
promoters. Furthermore, MATα1 suppresses E-box, whereas c-Myc/MAFG/c-MAF 

activates E-box-driven promoter activity.76 This results in reciprocal regulation between 

MAT1A and c-Myc/MAFG/c-MAF. MAT1A is expressed at high levels in normal bile duct 

epithelial cells and is repressed in CCA where MAFG and c-MAF are induced. These 

changes favor c-MYC induction as well as CCA proliferation because both of these effects 

are suppressed by the over-expression of MAT1A or by the suppression of MAFG/c-MAF 
expression (Fig.1). 76

3.2.5.Altered MATα1 activity and DNA hypomethylation in liver injury and 
hepatoma—Recently, the interaction between MATα1 and p53 And DNA Damage 

Regulated 1 (PDRG1) protein was reported in hepatoma cells, which exhibited decreased 

MATα1 expression and increased nuclear MATα1 monomers and tetramers.13 PDRG1 is an 

oncogene that is upregulated in cancers of the bladder, breast, and colon.77 When PDGR1 

binds to nuclear MATα1 there was a decrease in MAT activity and DNA was 

hypomethylated. However, the molecular mechanism of how this interaction affects the 

downstream functions of MAT has not been further investigated. The associations of 

MAT1A/MATα1 with liver dysfunction are summarized in Table 2 and Fig.1.

3.3.MAT2A/MAT2B and liver cancer

A switch from MAT1A to MAT2A/MAT2B was reported during liver de-differentiation and 

HCC.45 The expressions of MAT2A and MAT2B are induced in response to the stimulation 

of liver cancer cells with growth factors such as leptin and hepatocyte growth factor. 78,79 In 

the last several years, novel interactions of MATα2 and MATβ as independent proteins were 

reported, indicating they might be potential therapeutic targets. Mechanisms of liver cancer 

development caused by MAT2A/MAT2B dysregulation are described below.

3.3.1.MAT2A and growth signaling—Silencing MAT2A prevents the pro-survival 

signaling of leptin by decreasing intracellular SAMe and limiting polyamine biosynthesis78, 

which is essential for growth.18 Cross talk between MATα2 and polyamine biosynthesis was 

recently reported in liver cancer cells. The induction of MATα2 enhances polyamine 

biosynthesis and growth, while increases in polyamines promote MAT2A transcription by a 

feed-forward mechanism that involves AP-1.80 Recently, MATα2 sumoylation was shown to 
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be a post-translational mechanism that promoted its stability and interaction with the well-

known oncoprotein and apoptotic regulator protein, BCL-2, in liver cancer cells (Fig.2). 43 

This interaction stabilized BCL-2 proteins. MATα2 also acts as a transcription factor that 

enhances activity of the BCL-2 promoter.43 SUMO-stabilized MATα2 confers 

chemoresistance to liver cancer cells by preventing apoptosis mediated by 5-fluorouracil.43 

Other post-translational modifications of MATα2 such as acetylation and ubiquitination are 

important in HCC. In human HCC, the induction of MATα2 is associated with a significant 

reduction in p300 (E1A binding protein)-mediated K81 acetylation and subsequent ubiquitin 

protein ligase E3 component n-recognin 4 (UBR4)-mediated ubiquitination/degradation.44 

High folate concentrations promoted proliferation in several cancers (ovarian, endometrial, 

colorectal, kidney, lung, and breast carcinomas).81 Folate deprivation enhances the 

association of MATα2 with p300 and UBR4, leading to both K81 acetylation and 

ubiquitination, resulting in its proteasomal degradation. Folate stabilizes MATα2 by 

dissociating the MATα2-P300-UBR4 complex, and promoting MATα2 interactions with 

histone deacetylase (HDAC3). Accumulated MATα2 protein facilitates rapid cell 

proliferation and promotes tumor growth.44 In HCC tissues, a decrease in MATα2 K81 

acetylation was associated with an increased expression of HDAC3 compared with normal 

tissues, thereby proving the relevance of this interaction in liver cancer (Fig.2).44

3.3.2.MAT2B and growth signaling—The MATβ protein was originally thought to be a 

regulatory subunit of MATII that lowered the Ki for the product, SAMe, and the Km for the 

substrate, methionine.9 However, in recent years, several interactions of MATβ were 

reported to be independent of its association with MATα2. The MATβ protein provides a 

proliferative advantage to liver cancer cells because knockdown of the MAT2B gene 

inhibited DNA synthesis and growth in HCC cell lines.58,78 The mechanism by which 

MATβ induces growth involves the induction of pro-survival signaling in liver cancer cells. 

Indeed, silencing MAT2B inhibited activation of the mitogen-activated protein kinase 

(MAPK) pathway/ERK phosphorylation induced by the growth factor leptin, in HCC cell 

lines.78 MATβ also induced activation of the PI3K/AKT phosphorylation pathway in 

response to leptin stimulation.78 Because the ERK/MATβ interaction appears to favor cell 

proliferation, further studies to provide mechanistic insights into how this system functions 

in liver cancer cells have been undertaken. Recent work from Peng et al. has shown that the 

MATβ protein is a scaffolding partner of G-protein-coupled receptor kinase-interacting 

protein 1 (GIT1) (Fig.2).82 The MATβ-GIT1 complex efficiently binds to the MAPK 

components, mitogen-activated protein kinase/ERK kinase (MEK) and ERK and causes their 

activation. In the classical pathway of MAPK activation, signal transduction from Raf 

kinases (C-Raf, B-Raf or A-Raf) to MEK induces the phosphorylation and activation of 

MEKs.83 MATβ-GIT1 activates and recruits C-Raf and B-Raf to MEK in liver cancer cell 

lines to promote MEK activation.84 In addition, B-Raf and C-Raf form homodimers and 

heterodimers with enhanced activity compared to monomeric states.85 The MATβ-GIT1 

complex also induces heterodimerization between B-Raf and C-Raf,84 further amplifying the 

MEK signal. The MATβ-GIT1 interaction has a marked effect on cell survival signaling in 

HCC. Furthermore, when a human hepatoma cell line (Huh7) overexpressing MAT2B or 

GIT1 was injected into a mouse orthotopic HCC model, it enhanced tumor growth compared 

with the empty vector control. However, combining MAT2B with GIT1 dramatically 
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induced growth and distant metastasis compared with individual genes alone.82 In this 

orthotopic model, the enhanced recruitment of C-Raf and B-Raf to MEK1 was observed. 

Therefore, MATβ-GIT1 promotes tumor survival and metastasis with a positive effect on 

MAPK signaling.84 The associations of MATα2/MATβ with liver dysfunction are 

summarized in Table 2 and Fig.2.

4.MATs As Therapeutic Targets

4.1.Repletion of SAMe reserves

Deregulated methionine metabolism as observed in the Mat1a-KO mouse model leads to 

SAMe deficiency.52 MAT1A silencing is also observed in human liver cirrhosis,48 advanced 

NAFLD,22 alcoholic hepatitis,86 and HCC.45 Therefore, the repletion of SAMe content 

appears might be an obvious therapy to overcome the loss of SAMe caused by MAT 

deficiency. Indeed, clinical studies have shown that long-term SAMe therapy improved the 

survival or delayed liver transplantation in patients with alcoholic liver cirrhosis, especially 

in those with less advanced liver disease.87 However, the beneficial effect of SAMe therapy 

in human liver cirrhosis was not confirmed in another large randomized placebo-controlled 

trial. 45 In a CCl4 model of liver injury, SAMe prevented the activation of a transgenic 

collagen promoter in HSCs.88 In primary HSCs, SAMe down-regulated basal and TGF-β-

induced extracellular matrix protein, α-smooth muscle actin (α-SMA). 88 SAMe also 

inhibited the growth of liver cancer cells when administered at a pharmacological dosage 

and was anti-apoptotic in normal hepatocytes but pro-apoptotic in cancerous 

hepatocytes.18,78 Even though SAMe is chemopreventive before HCC has become 

established, it was ineffective at treating established tumors in an orthotopic HCC model.89 

This is because SAMe buildup in the liver was prevented by the compensatory induction of 

enzymes such as glycine-N methyl transferase (GNMT) that catabolize SAMe.89 Normal 

hepatic SAMe levels were insufficient to mediate a pro-apoptotic effect on liver cancer cells. 

However, GNMT expression is often downregulated in human cirrhosis and HCC,45 so the 

efficacy of SAMe for HCC treatment in humans remains to be studied. In addition to SAMe, 

approaches that target MAT enzymes or their interactions and post-translational 

modifications need to be considered. Some of these approaches are described below.

4.2.Restoration of endogenous MAT1A expression

The forced expression of MAT1A in Huh7 cells resulted in a stable increase in SAMe levels 

in vitro and in vivo in a xenograft model, the induction of tumor suppressor genes, 

apoptosis, the downregulation of angiogenesis genes, and reduced cell growth compared to 

control tumors.90 However, this is impractical for therapy; therefore, a better approach might 

be to enhance MAT1A expression in HCC by targeting microRNAs that regulate MAT1A. 

MiR-664, miR-485-3p, and miR-495 target MAT1A in HCC. Inhibition of these miRs may 

provide an effective therapeutic strategy for HCC.25 Restoring MAT1A expression by the 

above means might restore SAMe levels in the liver. Physiological SAMe levels maintain 

MAT1A expression but inhibit the expression of MAT2A/MAT2B that induces growth in 

HCC cell lines.70,78 Because a reduction in MAT1A/SAMe levels is associated with a 

concomitant induction of MAT2A/MAT2B, this is a reasonable approach to target 

proliferative responses in HCC.
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4.3.Therapeutic intervention by targeting MAT2A and MAT2B

Therapeutic approaches targeting MAT2A and MAT2B may also be effective in liver 

disease. Molecules such as the fluorinated N,N-dialkylaminostilbenes (FIDAS reagents) 

bind to the active site of MATα2 and prevent its induction in colon cancer.91 Similar 

molecules that inhibit MATα2 and MATβ expression, post-translational modifications, 

stability, interactions, and activity could be used to target liver fibrosis and HCC. A thorough 

structural analysis of these proteins for the design of such drugs is required. Inhibiting the 

expression of MATα2 and MATβ suppressed HSC activation and might be a target for liver 

fibrosis.59 The over-expression of miR-21-3p targeted MAT2A and MAT2B and might also 

be used to target HCC.35 Targeting MAT post-translational modifications might also be a 

reasonable way to control liver disease. Recent work showed that the sumoylation of 

MATα2 stabilizes it, facilitated BCL-2 induction during HCC, and induced chemoresistance 

in HCC cells.43 Therefore, blocking the sumoylation of MATα2 at specific residues using 

small molecules might provide a therapeutic advantage for HCC treatment. Similarly, the 

phosphorylation of MATα2 and MATβ at specific residues stabilized these proteins and 

facilitated HSC activation.41 Because HSC activation is an important mediator of liver 

fibrosis, blocking the site-specific phosphorylation of these proteins might be an effective 

liver fibrosis treatment. MATβ has been studied for its interaction with the ERK/MEK 

MAPK pathway and its association with cell survival in HCC.78, 82 The novel interaction of 

MATβ and GIT1 was shown to amplify Raf-mediated MAPK activation and therefore might 

be targeted to inhibit MAPK signaling and cell proliferation during HCC. 84

5.Conclusion

MAT is an enzyme that produces SAMe, which is essential for all methylation reactions. 

MAT genes and isoenzymes are dysregulated in liver injury and cancer: MAT1A expression 

is reduced and its encoded isoenzymes MATI/III are inactivated. In contrast, MAT2A and 

MAT2B are induced in liver cancer. Furthermore, MATα1, MATα2, and MATβ subunits 

exhibit distinct interactions and post-translational modifications that have both SAMe-

dependent and independent effects. A summary of the key findings are provided below:

• Liver pathologies (alcoholic hepatitis, non-alcoholic steatohepatitis, liver 

cirrhosis, HCC and CCA) are associated with reduced MAT1A expression.

• Reduced MAT1A expression is associated with SAMe deficiency in the liver.

• Liver fibrosis and HCC are associated with increased MAT2A and MAT2B 

expression.

• MAT2A and MAT2B exhibit a strong association with proliferative phenotype in 

the liver.

The future direction of this research will be to develop molecular approaches that stabilize 

MATα1 and destabilize MATα2/MATβ to provide effective strategies for the treatment of 

liver fibrosis, cirrhosis, HCC, and CCA.
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Fig.1. 
Summary of MAT1A expression and MATα1 interactions in normal and diseased liver. A. 

MAT1A is highly expressed in normal bile duct epithelial cells but downregulated in CCA. 

MATα1 interacts with c-MYC, MAFG, and c-MAF, which exhibit the opposite expression 

pattern to MAT1A. High MATα1 levels in normal bile duct epithelium inhibits E-box-driven 

c-MYC, MAFG, and c-MAF promoter activity whereas high c-Myc levels in CCA inhibit 

MAT1A but promote c-MAF and MAFG promoter activities. B. MAT1A expression, 

regulation, and interaction in normal liver and HCC. High MAT1A expression and MATI/III 

activity is associated with high SAMe levels, DNA hypermethylation, induction of the tumor 

suppressor, Let-7 and inhibition of the tumor promoter, LIN28B. During HCC, the 

microRNA-mediated inhibition of MAT1A expression and loss of MATα1 activity caused 

by PDGR1 binding leads to a depletion of SAMe, global DNA hypomethylation, induction 

of LIN28B and inhibition of Let-7.

MAT, methionine adenosyltransferase; c-MYC, myelocytomatosis viral oncogene homolog 

MAF, musculoaponeurotic fibrosarcoma oncogene; CCA, cholangiocarcinoma; PDGR1, p53 

And DNA Damage Regulated 1; LIN28B, lin-28 homolog B [Caenorhabditis elegans]; 

Let-7, miR-664, miR-485-3p, miR-495 are microRNAs.
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Fig.2. Summary of MATα2/MATβ interactions in normal and diseased liver
MATα2 and MATβ are expressed at low levels in normal liver. In normal liver, MATα2 

acetylation (Ac) at K81 mediated by p300 leads to ubiquitination and degradation by UBR4. 

In liver disease, two mechanisms of MATα2/MATβ stabilization are associated with highly 

proliferative phenotypes. In liver fibrosis and HSC activation, MATα2 and MATβ are 

phosphorylated via MEK/ERK, respectively, leading to their stabilization. In HCC and 

hepatoma cells, the acetylation of MATα2 at K81 is prevented by HDAC3 binding/

deacetylation. MATα2 is sumoylated in HCC, interacts and stabilizes BCL-2 proteins, and 

stimulates the BCL-2 promoter. MATβ interacts with GIT1 during HCC and recruits 

RAS/C-Raf/B-Raf and MEK to promote MAPK signaling and growth.

MAT, methionine adenosyltransferase; UBR4, ubiquitin protein ligase E3 component n-

recognin 4; MEK, mitogen-activated protein kinase/ERK kinase; ERK, extracellular signal-

regulated kinase; HDAC3, histone deacetylase 3; BCL-2, B-Cell CLL/lymphoma 2; GIT1, 

G-protein-coupled receptor kinase-interacting protein 1; Raf1/C-Raf/B-Raf, Murine 

Leukemia Viral Oncogene Homolog, protooncogene; MAPK, mitogen-activated protein 

kinase; SUMO, small ubiquitin modifier; P, phosphorylated protein.
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Table 1
MAT gene/protein regulators

MAT gene MAT subunit encoded Transcriptional regulators Post-transcriptional regulators Post-translational modifications

MAT1A MATα1 C/EBP AUF1, miR-22, miR-29b, 
miR-485-3p, miR-495, miR-664 Nitrosylation Phosphorylation

MAT2A MATα2 Sp1, c-Myb, E2F, TNF-α, 
HIF-1α, PPARγ, PPARβ HuR, methyl-HuR, miR-21-3p Sumoylation Phosphorylation Acetylation

MAT2B MATβ TNF-α, Sirtuin 1 HuR, miR-21-3p Phosphorylation

MAT, methionine adenosyltransferase; C/EBP, CCAAT enhancer binding protein; AUF1, AU-rich RNA binding factor; miR, microRNA; Sp1, 
specificity protein 1; TNF-α, tumor necrosis factor-α; HIF-1α, hypoxia-inducible factor-1α; PPAR, peroxisome-proliferator activated receptors; 
HuR, human RNA-binding
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