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Abstract
Background and rationale—Hepatic stellate cell (HSC) activation is an essential event during
liver fibrogenesis. Methionine adenosyltransferase (MAT) catalyzes biosynthesis of S-
adenosylmethionine (SAMe), the principle methyl donor. SAMe metabolism generates two
methylation inhibitors, methylthioadenosine (MTA) and S-adenosylhomocysteine (SAH). Liver
cell proliferation is associated with induction of two non-liver specific MATs, MAT2A that
encodes the catalytic subunit α2 and MAT2β , which encodes a regulatory subunit β that
modulates the activity of the MAT2A-encoded isoenzyme MATII. We reported that MAT2A and
MAT2β genes are required for liver cancer cell growth that is induced by the profibrogenic factor,
leptin. Also, MAT2β regulates leptin signaling. The strong association of MAT genes with
proliferation and leptin signaling in liver cells led us to examine the role of these genes during
HSC activation.

Results—MAT2A and MAT2β are induced in culture-activated primary rat HSCs and HSCs
from 10-day bile duct ligated (BDL) rat livers. HSC activation led to a decline in intracellular
SAMe and MTA levels, a drop in the SAMe/SAH ratio and global DNA hypomethylation. The
decrease in SAMe levels was associated with lower MATII activity during activation. MAT2A
silencing in primary HSCs and MAT2A or MAT2β silencing in the human stellate cell line LX-2,
resulted in decreased collagen and alpha-smooth muscle actin (α-SMA) expression and cell
growth and increased apoptosis. MAT2A knockdown decreased intracellular SAMe levels in LX-2
cells. Activation of extracellular signal-regulated kinase and phosphatidylinositol-3-kinase
signaling in LX-2 cells required the expression of MAT2β but not that of MAT2A.

Conclusion—MAT2A and MAT2β genes are induced during HSC activation and are essential
for this process. SAMe level falls resulting in global DNA hypomethylation.
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INTRODUCTION
The hepatic stellate cell (HSC) is now well established as the key cellular element involved
in the development of hepatic fibrosis. Because of its importance in the fibrotic process,
there is considerable interest in establishing the molecular events that trigger and perpetuate
HSC activation. Development of liver fibrosis entails major alterations in the quantity and
quality of hepatic extracellular matrix (ECM) and there is overwhelming evidence that
activated HSCs are the major producers of the fibrotic neomatrix (1). In normal liver, HSCs
are the major storage sites of vitamin A, stored in the cytoplasm as retinyl esters. Following
chronic liver injury, HSCs proliferate, lose their vitamin A and undergo a major
phenotypical transformation to α-smooth muscle actin (α-SMA) positive activated HSCs,
which produce a wide variety of collagenous and non-collagenous ECM proteins (1). The
profibrogenic potential of activated HSCs is due to their capacity to synthesize fibrotic
matrix proteins and components that inhibit fibrosis degradation. Among the large number
of factors identified as activators of matrix production are transforming growth factor-β (2),
connective tissue growth factor (3), leptin (4) and platelet-derived growth factor (PDGF) (5).
Activation of HSCs is mediated by various cytokines and reactive oxygen species released
from damaged hepatocytes and activated Kupffer cells (6). Hence, inhibition of HSC
activation and its related events such as ECM formation and cellular proliferation are
important targets for therapeutic intervention.

Quiescent primary HSCs undergo spontaneous activation when plated on uncoated plastic
and attain a myofibroblast-like phenotype with loss of vitamin A and increased expression
of α-SMA and collagen (7,8). In vivo activated HSCs can be obtained from livers of animals
undergoing experimentally induced biliary fibrosis resulting from bile duct ligation (BDL)
(9). In this animal model, the number of activated HSCs increase during liver injury (10).
The BDL model has been used extensively to study the pathogenesis of liver injury, HSC
activation and to test the efficiency of potential antifibrotic drugs (11).

Methionine adenosyltransferase (MAT) is a critical enzyme required for biosynthesis of S-
adenosylmethionine (SAMe), the principle biological methyl donor (12). SAMe also donates
propylamine moiety for polyamine biosynthesis and in the process generates
methylthioadenosine (MTA), which is an inhibitor of methylation (13). Transmethylation
reactions of SAMe result in its conversion to another potent methylation inhibitor, S-
adenosylhomocysteine (SAH) (14). Mammalian cells express two genes MAT1A and
MAT2A that encode the two MAT catalytic subunits, α1 and α2, and a third gene MAT2β ,
that encodes the regulatory subunit β that regulates the activity of MAT2A-encoded
isoenzyme MAT II by lowering the inhibition constant (Ki) for SAMe and Michaeli’s
constant (Km) for methionine (15,16). MAT1A is expressed mainly in hepatocytes and
maintains the differentiated state of these cells (12). MAT2A is expressed in all extrahepatic
tissues and is induced in liver during active growth and de-differentiation (12,17,18). The
MAT2β gene is induced during liver cirrhosis and hepatocellular carcinoma (HCC) (19).
Hepatic stellate cells do not express MAT1A (20). MAT2A is the only enzyme responsible
for SAMe biosynthesis in these cells. Our recent work in liver cancer cells showed that
induction of MAT2A and MAT2β genes is required for cell growth that is induced by leptin
(21), an adipokine that plays a pivotal role in liver fibrogenesis and carcinogenesis (4,22).
Furthermore, leptin signaling in the liver cancer cell line, HepG2 requires the expression of
MAT2β gene but not that of MAT2A. Knockdown of MAT2β inhibits upstream events like
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leptin-mediated signal transducers and activators of transcription 3 (STAT3) activation as
well as downstream events like extracellular signal-regulated kinase (ERK) and
phosphatidylinositol-3-kinase (PI3-K) activation (21). Since leptin is a potent pro-fibrogenic
growth factor regulated by MAT gene expression and MAT genes are associated with
cellular proliferation, we investigated the hypothesis that MAT2A and MAT2β genes may
play important roles in the activation of HSCs. Our results indicate dramatic changes in
MAT genes and SAMe homeostasis during activation of HSCs and provide evidence that
activation of the MAT genes is an essential event during fibrogenesis.

MATERIALS AND METHODS
Materials

All reagents used in this study were of analytical grade and obtained from commercial
sources.

HSC isolation and cell culture
The use of animals in this study was approved by the InstitutionalAnimal Care and Use
Committee (IACUC) of the University of Southern California (USC). HSCs were isolated
from normal male Wister rats or 10-day BDL rats by the Non-Parenchymal Liver Cell Core
of the Research Center for AlcoholicLiver and Pancreatic Diseases and Cirrhosis as
previously described (23). The purity of isolated HSCs was examined by ultraviolet-excited
fluorescence microscopy and viability was determined by trypan blue exclusion. Normal rat
HSCs were cultured in low glucose DMEM supplemented with 10% fetal bovine serum
(FBS) and antibiotics for 1, 3, 5 or 7 days to examine culture activation. HSC isolated from
BDL and sham-operated rats were cultured for 16 hours in low glucose DMEM with 3%
FBS before analysis. LX-2, a human stellate cell line that expresses key components in
fibrogenic response like PDGF receptor, leptin receptor and α-SMA (24), was cultured in
DMEM with 10% FBS and antibiotics.

Real-time PCR analysis
Total RNA was subjected to reverse transcription (RT) by using M-MLV Reverse
transcriptase (Invitrogen, CarlsBad, CA). Two μl of RT product was subjected to real-time
PCR analysis. The primers and TaqMan probes for rat or human MAT2A, MAT2β,
alpha2(1) collagen (Col1A2), α-SMA and the Universal PCR Master Mix were purchased
from ABI (Foster City, CA). Hypoxanthine phosphoribosyl-transferase 1 (HPRT1) was used
as housekeeping gene as described (25). The thermal profile consisted of initial denaturation
at 95°C for 15 minutes followed by 40 cycles at 95°C for 15 seconds and at 60°C for 1
minute. The cycle threshold (Ct value) of the target genes was normalized to that of HPRT1
to obtain the delta Ct (ΔCt). The ΔCt was used to find the relative expression of target genes
according to the formula: relative expression= 2−ΔΔCt, where ΔΔCt= ΔCt of target genes in
experimental condition – ΔCt of target gene under control condition.

Western blot analysis
Total cellular protein from primary HSCs or LX-2 cell line was extracted following standard
protocols (Amersham BioSciences, Piscataway, NJ) and resolved on 12% SDS-
polyacrylamide gels for MAT2A, MAT2β , α-SMA, phospho-ERK and phospho-AK strain
transforming (AKT) or on 7.5% gels for type I collagen protein. Western blotting was
performed using primary antibodies for MAT2A (GenWay Biotech Inc., San Diego, CA),
MAT2β (Novus Biologicals, Littleton, CO), type I collagen, phospho and total ERK,
phospho and total AKT, β-actin (Cell Signaling, Danvers, MA), α-SMA (Abcam,
Cambridge, MA) and horse radish peroxidase (HRP)-conjugated secondary antibodies.
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Membranes were developed by chemiluminescence using the ECL detection system
(Amersham BioSciences, Piscataway, NJ). Quantitation of blots was done using the
Quantity One densitometry program (Bio-Rad laboratories, Hercules, CA).

Determination of SAMe, MTA and SAH levels
Cellular SAMe, MTA and SAH levels were measured in 3x106 culture-activated or BDL
HSCs and human LX-2 cells by high performance liquid chromatography (HPLC) as
described (26).

Measurement of global DNA methylation
The cytosine extension assay was used to evaluate global DNA methylation as previously
described (27) using 3x106 HSCs in 10 cm dishes. Briefly, 1 μg of genomic DNA extracted
using Qiagen mini-columns (Qiagen, Valencia, CA) was digested for 16–18 h with 20 U of
HpaII (New England Biolabs, Beverly, MA, USA). A second DNA aliquot served as
background control and was incubated without addition of the restriction enzyme. The single
nucleotide extension reaction was performed in a 25 μL reaction mixture containing 0.5 μg
of DNA, 1X PCR buffer, 1.5 mM magnesium chloride, 0.25 U of Choice Taq DNA
polymerase (Denville Scientific Inc., NJ), 0.1 μL of [3H]-dCTP (47.7 Ci/mmol; Perkin
Elmer, Waltham, MA), incubated at 56°C for 1 hour and then placed on ice. Duplicate 10
μL aliquots from each reaction were applied to a Whatman DE-81 ion exchange filter,
washed three times with sodium phosphate buffer, pH 7.0, dried and processed for
scintillation counting. Background radioactivity in untreated samples was subtracted from
enzyme-treated samples. An increase in [3H]-dCTP incorporation (higher dpm values)
indicated that DNA was hypomethylated.

Measurement of MATII enzyme activity in primary HSCs
Primary HSCs (3x106 cells) were cultured on 10 cm dishes and cytosolic protein was tested
for MATII enzyme activity using 20 μM L-methionine (Sigma, St. Louis, MO) as described
previously (17).

RNA interference (RNAi) analysis
RNAi experiments in primary rat HSCs were performed by forward transfection in day 2
cultured HSCs (1x106 cells per 6 cm dish) using Lipofectamine RNAiMax (Invitrogen)
according to the manufacturer’s protocol. For LX-2 cells, reverse transfection with
RNAiMax was done as previously described (21). For phospho-ERK and phospho-AKT
immunoblotting, LX-2 cells were cultured in serum-free DMEM for 14 hours and then
subjected to reverse transfection with RNAiMax in 10% FBS-containing DMEM. Small
interfering RNA (siRNA) oligonucleotides against MAT genes or scrambled sequences were
synthesized by the USC Norris Comprehensive Cancer Center Microchemical Core
Laboratory and annealed to form duplexes. The following siRNA sequences were used: si-
MAT2A (human and rat), 5’-GUGAGAGAGAGCUAUUAGATT-3’ (sense) and5’-
UCUAAUAGCUCUCUCUCACTC-3’(antisense); si-MAT2β (human), 5 ’-
GAAUGCUGGAUCCAUCAAUTT-3’ (sense) and 5’-
AUUGAUGGAUCCAGCAUUCTC-3’ (antisense); si-control with scrambled sequence
(negative control siRNA having no perfect matches to known human or rat genes), 5’-
UUCUCCGAACGUGUCACAUdTdT-3’(sense) and 5’-
AUGUGACACGUUCGGAGAAdTdT-3’ (antisense). Transfection was allowed to proceed
for various times and cells were processed for different assays. The siRNA transfection
efficiency of Lipofectamine RNAiMax in cells was determined by the BLOCK-iT Alexa
FluorR Red Fluorescent Oligo protocol (Invitrogen).
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Cell proliferation assay
To assay for cell proliferation, primary HSCs or LX-2 cells were plated at a density of 1x104

per well of a 96-well plate under different knockdown conditions. Bromodeoxyuridine
(BrDU) was added to each well at a dilution of 1:2000 during the last 16 hours of
knockdown and its incorporation into DNA (a measure of growth) was measured using the
BrDU Cell Proliferation assay kit (CalBiochem, San Diego, CA).

Apoptosis assay
LX-2 cells were grown in 6-well dishes and apoptosis in control or RNAi-treated cells was
measured at different times using Hoechst staining as described previously (28).

Statistical analysis
Data are represented as Mean±SE. Statistical analysis was performed using ANOVA
followed by Students t-test. For changes in mRNA or protein levels, ratios of mRNA
(relative expression) and protein (densitometric values) to respective housekeeping controls
were compared. Significance was defined as p<0.05.

RESULTS
Expression of MAT genes during HSC activation

The steady state mRNA levels of MAT2A and MAT2β were induced in culture-activated
HSCs at day 3, 5 and 7 compared to quiescent HSCs (day 1) along with the induction of
Col1A2 and α-SMA mRNA, markers of HSC activation (Fig. 1A). MAT2A and MAT2β
proteins were induced by 250 and 496% respectively by day 7 compared to day 1. MAT2A
was maximally induced by day 3, while the expression of MAT2β continued to increase
from day 3 to 5. This corresponded to a progressive induction in type I collagen and α-SMA
protein expression from day 3 to 5 (Fig. 1B). To make sure that changes in MAT genes
during culture activation of HSCs also occur in vivo, expression of MAT genes was
examined in HSCs isolated from BDL rats. Expression of MAT2A and MAT2β mRNA and
protein was also induced in in vivo activated HSCs isolated from 10-day BDL rat livers
compared to sham control livers (Fig. 2). HSC activation in BDL livers was demonstrated
by induction of Col1A2 mRNA and type I collagen protein (Fig. 2).

Changes in SAMe homeostasis and global DNA methylation during HSC activation
As indicated in Table I, a 70 to 75% decrease in intracellular SAMe levels was observed in
culture-activated HSCs at day 3, 5 and 7 compared to day 1. A slight decrease in
intracellular MTA and SAH levels was also observed by day 7. HSC activation resulted in a
two-fold reduction in global DNA methylation. Concomitant to activation-induced DNA
hypomethylation in HSCs, SAMe/SAH ratio, an indicator of cellular methylation capacity
(29), was also reduced. Similar to results obtained from culture-activated HSCs, the
intracellular level of SAMe was also lower in HSCs from BDL livers compared to sham
controls (Table II). A moderate reduction of MTA and SAH levels was observed along with
decreased SAMe/SAH ratio (Table II).

MATII-specific enzyme activity during HSC activation
Our results showed an up-regulation of MAT2A and MAT2β expression during HSC
activation. However, despite induction of MAT2A, the SAMe synthesizing enzyme in
HSCs, the intracellular level of SAMe decreased during activation. In order to examine what
factors were responsible for this drop in SAMe level, we measured the activity of the MATII
enzyme during HSC activation. Interestingly, we found that there was a 40% inhibition of
MATII activity at day 3, 5 and 7 compared to day 1 (Table III). Concurrent with the in vitro
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findings, we noticed a 50% inhibition of MATII activity during in vivo HSC activation in
BDL rats (Table III). These results indicate that the low SAMe levels in activated HSCs is
due at least in part to lower MATII activity in these cells.

Role of MAT genes during HSC activation
We used an RNAi-based knockdown approach to understand whether MAT genes play a
role during HSC activation and proliferation. As shown in Figures 3A and B, knockdown of
MAT2A for 48 hours in primary rat HSCs resulted in decreased HSC activation as measured
by the lower levels of Col1A2 mRNA and type I collagen protein, respectively, compared to
scrambled RNAi controls. A similar decrease in α-SMA mRNA and protein was also
observed after MAT2A silencing. MAT2A gene silencing did not cause any change in
cellular proliferation at this time, thereby indicating a lack of any toxicity at the 48 hour time
point during which gene expression changes were measured (Fig. 3C). However, longer
periods of MAT2A knockdown (80 hours) resulted in decreased BrDU incorporation in
HSCs indicative of suppressed cell growth (Fig. 3C). Despite several attempts, we were
unable to get sufficient knockdown of the MAT2β gene in primary rat HSCs. In order to
examine the role of MAT2β in HSC activation, we performed gene silencing studies in the
easily transfectable, human LX-2 cell line. As shown in Figure 4A, knockdown of either
MAT2A by 80% or MAT2β by 93% inhibited expression of Col1A2 and α-SMA mRNA by
50% as compared to scrambled RNAi-treated cells. These results were further confirmed at
the protein level (Fig. 4B). Concurrent with the findings in primary HSCs (Fig. 3),
knockdown of MAT2A or MAT2β in LX-2 cells did not significantly affect cell growth up
to 48 hours but there was decreased proliferation at the 72-hour time point (Fig. 4C).
Toxicity effects of MAT gene knockdown were also evaluated by performing apoptosis
assays in LX-2 cells. As shown in Figure 4D, knockdown of either MAT2A or MAT2β up
to 48 hours did not significantly affect the number of apoptotic cells compared to scrambled
RNAi controls. However, at 72 hours, there was a significant increase in the percent
apoptosis when compared to scrambled RNAi.

Mechanisms underlying the influence of MAT2A or MAT2β on cell proliferation and
apoptosis in LX-2 cells

Since MAT2A or MAT2β silencing affects growth in LX-2 cells, we investigated the
mechanism by which these genes influence cell proliferation and apoptosis. Our results
showed that MAT2A knockdown lowered intracellular SAMe levels by 75% compared to
control or scrambled RNAi-treated cells (Table IV). We also examined the effect of
MAT2A or MAT2β silencing on the survival signaling pathways, ERK and PI-3K, in LX-2
cells. In Figure 5 we showed that knockdown of MAT2A did not significantly influence
phosphorylation of ERK or AKT (a measure of PI-3K signaling) but knockdown of MAT2β
prevented activation of both ERK and AKT in LX-2 cells, thereby indicating a role of this
gene in signal transduction pathways associated with HSC activation.

DISCUSSION
The expression of MAT genes in the liver is a determinant of cell proliferation and
differentiation. While MAT1A is a marker of differentiation, MAT2A and MAT2β are
markers of growth and de-differentiation (12). Recently we showed in liver cancer cells that
MAT2A and MAT2β genes are required for the mitogenic effect of leptin (21), a potent pro-
fibrogenic growth factor that also induces activation of HSCs (22). We showed that MAT2A
regulates leptin-mediated growth by changes in intracellular SAMe levels and identified the
MAT2β gene as a novel entity that could regulate leptin signaling in liver cancer cells at
multiple steps such as STAT3, ERK and PI-3K activation (21). Since leptin also influences
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these signaling pathways in HSCs (30), we sought to examine possible functions of MAT
genes during HSC activation.

MAT2A and MAT2β genes were induced in HSCs undergoing activation both in vitro and
in the BDL model of liver injury and their expression correlated strongly with the activation
process as measured by induction of collagen and α-SMA, known markers of activation
(1,7,8,31). Both of these genes are markedly up-regulated during cellular proliferation
caused by liver injury (12,17,18,19,32). Since HSCs are activated during liver injury,
MAT2A and MAT2β signaling in these cells may be an essential mechanism during
fibrogenesis. Consistent with this is the observation that when either one of these genes is
knocked down in HSCs, collagen and α-SMA gene expression and cell proliferation is
reduced.

The MAT2A-encoded protein is the only SAMe-synthesizing enzyme in HSCs because the
liver-specific MAT1A-encoded isoenzymes that are expressed in hepatocytes are absent in
HSCs (20). Since MAT2A is induced during the shift of HSCs from quiescence to
activation, we expected an increase in intracellular SAMe levels during this process.
However, our results showed that the intracellular SAMe levels were markedly decreased
during HSC activation. One possible explanation is that SAMe is being consumed for
polyamine biosynthesis. Another possible explanation is the up-regulation of MAT2β , a
regulatory subunit of MAT2A, during HSC activation. The β subunit lowers the Km for
methionine and the Ki for SAMe, making MATII more susceptible to feedback inhibition
(16). With higher β expression, the steady state SAMe level would be lower due to this
regulation. Even though both MAT2A and MAT2β are induced to similar extents in in vitro
and in vivo activated HSCs, the ratio of the β to α2 subunit in HSCs may be such that the
effect of the β subunit is more apparent. Consistent with this is the fact that the MATII
enzyme activity decreased progressively during HSC activation. These results are also in
agreement with the work of Shimizu-Saito et al who reported a decrease in MATII enzyme
activity in HSCs from rats treated with carbon tetrachloride to induce liver fibrosis (20).

It is interesting to point out that while MAT2β induction occurs during de-differentiation
and growth of hepatocytes and HSCs, the opposite occurs for lymphocyte activation (33).
During T-lymphocyte activation, MAT2A expression increases while MAT2β disappears,
allowing the steady state SAMe level to rise (33). If this is blocked, lymphocyte activation is
blocked (34). Thus, the role of the MAT2β gene clearly differs in different cell types.

HSCs are similar to hepatocytes in that a lower SAMe level correlates with growth. In the
case of hepatocytes, SAMe can exert an inhibitory effect on mitogens (12). In HSCs,
exogenous SAMe has been reported by several groups to inhibit HSC activation and carbon
tetrachloride-induced fibrosis (35). While the inhibitory effect of exogenous SAMe on
fibrogenesis is well-known, the fact that SAMe level falls during HSC activation has not
been reported to our knowledge. The levels of SAMe metabolites, MTA and SAH, exhibited
less variation early on but both also fell modestly by day 7. These changes culminated in a
dramatic decrease in the SAMe/SAH ratio, which is known to be a major determinant of
transmethylation reactions (29). The fall in SAMe level and the SAMe/SAH ratio resulted in
global DNA hypomethylation. Mann and colleagues have reported that treatment of
quiescent HSCs with DNA methylation inhibitor, 5-aza-2’-deoxycytidine (5-azadC) blocks
transdifferentiation and induces the expression of peroxisome proliferator-activated receptor
gamma and inhibitor of kappaB-alpha. They showed that DNA methylation exerts
epigenetic control over myofibroblast transdifferentiation (36). These findings seem to be at
odds with our results on global DNA hypomethylation in activated HSCs. However, we
have only examined global CpG methylation changes and do not provide evidence of any
gene-specific methylation pattern in HSCs that relates to the activation process. This
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situation is somewhat similar to those observed in many human cancers where there is
global DNA hypomethyation but certain ‘hotspots’ are hypermethylated (37). It is also
interesting to note that loss of DNA methylation has been reported by Jiang and colleagues
in gastric cancer stromal myofibroblasts in culture (38). Our findings in activated HSCs are
consistent with this report.

Silencing of MAT2A in primary HSCs inhibited activation as detected by the decrease in
collagen and α-SMA expression. This also led to inhibition of cell growth during extended
periods of MAT2A knockdown. MAT2A silencing might have prevented SAMe
biosynthesis in HSCs and hence inhibited activation and growth. To clearly establish
whether MAT2A silencing affects SAMe levels, we studied these changes in the LX-2 cell
line because for SAMe measurement under knockdown conditions, very large amounts of
cells are required which is difficult to achieve with primary HSCs. Knockdown of MAT2A
severely depleted intracellular SAMe pools in LX-2 cells and this led to decreased cell
proliferation and increased apoptosis after extended periods of knockdown. These findings
are supported by previous observations showing that SAMe depletion invoked by
cycloleucine, a chemical inhibitor of MAT, led to apoptosis in rat hepatocytes (39). Our
results thereby suggest that a certain physiological level of SAMe is required for HSC
activation and entry into cell cycle. Our inability to achieve efficient knockdown of the
MAT2β gene in primary HSCs led us to study this gene in human LX-2. Interestingly,
knockdown of MAT2β inhibited both collagen and α-SMA expression in these cells. Similar
to the results with MAT2A, MAT2β silencing also decreased growth and increased
apoptosis after extended periods of knockdown. Our previous work showed that MAT2β
influenced leptin signaling in liver cancer cells and this involved regulation of ERK and
PI-3K pathways (21). In this work, we have examined the effect of MAT2β silencing on
these two pathways because they are well known survival mechanisms in HSCs and are
essential components of pro-fibrogenic response (30). Consistent with our previous findings
on the effect of this gene on ERK and PI-3K (21), here we show that MAT2β knockdown
also inhibited activation of these signaling components in LX-2 cells. This function was
specific to MAT2β because MAT2A did not influence these signaling pathways. Apart from
its role in regulating MATII activity and SAMe homeostasis, MAT2β also plays an
important part in regulating signaling in activated HSCs.

In summary we have demonstrated that MAT2A and MAT2β genes, the sole regulators of
SAMe homeostasis in HSCs, are induced during in vitro and in vivo activation. A drop in
MATII enzyme activity and intracellular SAMe levels occur during HSC activation along
with a fall in global DNA methylation. Silencing of MAT2A or MAT2β gene inhibits
collagen and α-SMA expression and cell growth, markers of HSC activation. MAT2β gene
affects HSC activation by influencing ERK and PI-3K survival signal mechanisms in HSCs
whereas MAT2A affects growth by changes in intracellular SAMe levels. These findings
have important implications regarding epigenetic changes during HSC activation as well as
provide novel therapeutic targets against fibrosis.
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Ramani et al. Page 8

Hepatology. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



AKT AK strain transforming

BDL bile duct ligation

BrDU bromodeoxyuridine

Col1A2 alpha2(1) collagen mRNA

ECM extracellular matrix

ERK extracellular signal-regulated kinase

FBS fetal bovine serum

HPLC high performance liquid chromatography

HPRT1 hypoxanthine phosphoribosyl-transferase 1

HSC hepatic stellate cell

MAT methionine adenosyltransferase

MTA methylthioadenosine

RT reverse transcription

SAH S-adenosylhomocysteine

SAMe S-adenosylmethionine

siRNA short interfering RNA

RNAi RNA interference

STAT signal transducers and activators of transcription
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Fig. 1. Expression of MAT2A and MAT2β genes is induced during in vitro HSC activation
Quiescent HSCs were isolated from rat liver as described in Methods. HSCs (1x106 cells)
were cultured on 6 cm plastic dishes and allowed to activate till day 7. (A) RNA was
isolated from HSCs at different days in culture and the expression of MAT2A, MAT2β ,
Col1A2 and α-SMA mRNA was assessed by real-time RT-PCR. Results represent Mean±SE
from four HSC preparations; *p<0.05, †p<0.005 vs. day 1. (B) Total cellular protein was
extracted from HSCs as described in Methods and subjected to Western blotting for
detection of MAT2A, MAT2β , type I collagen and α-SMA. Representative images and
densitometric analysis (Mean±SE) from 3 to 4 HSC preparations is shown; *p<0.005,
†p<0.05 vs. day 1.
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Fig. 2. Expression of MAT2A and MAT2β genes is induced during in vivo HSC activation
Rats were subjected to BDL surgery or sham operation for a period of 10 days. HSCs were
isolated from BDL or sham control rat livers and 1x106 cells were plated on 6 cm plastic
dishes for 16 hours. (A) RNA was isolated from BDL or sham HSCs and the expression of
MAT2A, MAT2β and Col1A2 mRNA was assessed by real-time RT-PCR. Results represent
Mean±SE from four BDL or four sham HSC preparations; *p<0.005 vs. sham control. (B)
Total cellular protein was extracted from BDL or sham HSCs as described in Methods and
subjected to Western blotting for detection of MAT2A, MAT2β and type I collagen.
Representative images and densitometric analysis (Mean±SE) from four BDL or sham
preparations is shown; *p<0.05, †p<0.005 vs. sham control.
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Fig. 3. Effect of MAT2A gene silencing on HSC activation and proliferation
Knockdown of MAT2A gene in primary rat HSCs was performed as described in Methods.
(A) Total RNA from MAT2A knockdown HSCs was subjected to real-time PCR and
expression of MAT2A, Col1A2 and α-SMA was compared to control and scrambled RNAi.
Results represent Mean±SE from five HSC preparations; *p<0.005, †p<0.05 vs. scrambled
RNAi. (B) Total cellular protein from MAT2A knockdown HSCs was subjected to Western
blotting for detection of MAT2A, type I collagen and α-SMA and compared to control and
scrambled RNAi. Representative images and densitometric analysis (Mean±SE) from four
HSC preparations is shown; *p<0.005, †p<0.05 vs. scrambled RNAi. (C) Knockdown of
MAT2A was done for 48 or 80 hours and BrDU incorporation in RNAi-treated cells was
compared to control or scrambled RNAi. Mean±SE of two HSC preparations in quadruplets
is shown; *p<0.005 vs. scrambled RNAi.
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Fig. 4. Effect of MAT2A and MAT2β knockdown on activation, proliferation and apoptosis in
human LX-2 cells
Knockdown of MAT2A and MAT2β genes in LX-2 cells was performed as described in
Methods. (A) Total RNA isolated from MAT2A or MAT2β knockdown cells was subjected
to real-time RT-PCR analysis and expression of MAT2A, MAT2β , Col1A2 and α-SMA
was compared to control or scrambled RNAi. Results represent Mean±SE from three
experiments in duplicates for MAT2A, MAT2β , Col1A2 and four experiments for α-SMA;
**p<0.05, †p<0.005 vs. control, *p<0.005 vs. scrambled RNAi. (B) Total cellular protein
from MAT2A or MAT2β knockdown cells was subjected to Western blotting for detection
of MAT2A, MAT2β, type I collagen and α-SMA and compared to control and scrambled
RNAi. Representative images and densitometric analysis (Mean±SE) from three
experiments is shown; *p<0.05 vs. scrambled RNAi. (C) Knockdown of MAT2A or
MAT2β was done for 24, 48 or 72 hours and BrDU incorporation in RNAi-treated cells was
compared to control or scrambled RNAi-treated cells. Results represent Mean±SE of three
experiments in duplicates; *p<0.05 vs. control, †p<0.005 vs. scrambled RNAi. (D)
Apoptotic cells in control or RNAi-treated samples were detected after 24, 48 or 72 hours
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using Hoechst staining as described in methods. Result represent Mean±SE of two
experiments in duplicates; *p<0.005 vs. control, †p<0.05, ¥p<0.005 vs. scrambled RNAi.
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Fig. 5. Effect of MAT2A and MAT2β knockdown on signaling in LX-2 cells
Silencing of MAT2A and MAT2β genes in LX-2 cells was performed and phosphorylation
of ERK1/2 (A) or AKT (for PI-3K signaling) (B) was checked by Western blotting as
described in Methods. Subsequently the membranes were stripped and reprobed with
antibodies against total ERK2 or AKT to verify protein levels. Representative images from 3
to 4 independent experiments are shown and results of densitometric analysis (Mean±SE)
are shown below each blot; *p<0.005 vs. control, †p<0.005, **p<0.05 vs. scrambled RNAi.
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Table II

Changes in SAMe, MTA, SAH levels during in vivo HSC activation

Rat HSCs SAMe MTA SAH SAMe/SAH ratio

Sham 2.17 ± 0.36 0.32 ± 0.02 0.28 ± 0.09 8.99 ± 1.82

BDL 0.91 ± 0.13* 0.21 ± 0.02† 0.17 ± 0.04 5.85 ± 1.07

Rat HSCs were isolated from 10-day BDL livers or corresponding sham control livers as described in methods. SAMe, MTA and SAH levels were
assessed by HPLC analysis of HSCs from each group. The unit for these metabolites is nmol/mg protein. The results represent Mean±S.E from four
HSC preparations;

*
p<0.05,

†
p<0.005 vs. sham control.
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Table III

Changes in MATII enzyme activity during HSC activation

Rat HSCs MAT activity (pmol/μg/min)

Day 1 2.12 ± 0.14

Day 3 1.44 ± 0.06*

Day 5 1.60 ± 0.12*

Day 7 1.23 ± 0.22*

Sham HSCs 4.14 ± 1.24

BDL HSCs 2.11 ± 0.41†

Rat HSCs were grown in culture till day 7 or isolated from 10-day BDL rats or corresponding sham controls and MATII enzyme activity was
measured in cytosolic fraction as described in methods. The results represent Mean±S.E. from three HSC preparations in duplicates.

*
p<0.05 vs. day 1,

†
p<0.005 vs. sham control.
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Table IV

Effect of MAT2A knockdown on intracellular SAMe levels in human LX-2 cells

Treatment condition SAMe (nmol per mg protein)

Control 0.73 ± 0.08

Scrambled RNAi 0.66 ± 0.07

MAT2A RNAi 0.17 ± 0.03*

Human LX-2 cells were transfected with scrambled or MAT2A RNAi as described in methods. SAMe levels were assessed by HPLC analysis of
cells from each treatment condition. The results represent Mean±S.E from four experiments;

*
p<0.005 vs. scrambled RNAi.
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