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Fig. 4. IRF-4 and c-Rel activate the IL-2 promoter to produce IL-2. HUT102 cells (4 x 10°) were transfected with IRF-4 and c-Rel expression plasmids (2 ug each) by
electroporation. Two days after transfection, the cells were incubated for 8 h in the presence or absence of 250 ng/ml PMA and 1 M lonomycin (P/I), and the total RNA was
extracted. The amounts of IL-2 and p-actin cDNAs were estimated by applying different numbers of PCR cycles (A), and measured by real-time PCR using the specific primers
(B). The EL-4 cells (2 x 10%) were transfected with IRF-4 and c-Rel expression plasmids (500 ng each) by electroporation. Two days after transfection, the cells were incubated
for 8 h in the presence or absence of P/I, and the amounts of IL-2 (C), and IL-4 (D) in the supernatant were measured by sandwich ELISA. The data shown are representative of

three independent experiments done in triplicate.

the binding was enhanced by the P/I treatment, as compared to the
control lanes. The direct binding of IRF-4 and c-Rel each other, their
binding to the IL-4 promoter, and the result that the increment of
promoter activity by the both IRF-4 and c-Rel transfection (3.47-
fold) was larger than the addition of each transfection (0.88-
+1.11- = 1.99-fold), suggested that IRF-4 and c-Rel cooperatively
activated the IL-4 promoter. However, we could not deny the pos-
sibility of that IRF-4 and c-Rel worked independently on the IL-4
promoter activation. The P/I treatment is often used to activate
T-cells, as well as the treatments with non-specific mitogens, spe-

cific T-cell receptor (TCR) antigens, and the TCR antibodies. The
optimal concentration and duration of the reagents were deter-
mined by measuring the amounts of mRNA with real-time PCR
using specific primer sets for IL-2, and IL-4, as shown in Supple-
mental Fig. S4. When the EL-4 mouse T-cells were treated with
these reagents, lonomycin only or PMA only was not enough to
fully activate IL-2 and IL-4 promoters (Supplemental Fig. 4SA and
SD). PMA activated the IL-2 and IL-4 promoters dose-dependently
in the presence of 1 pM lonomycin, and the mRNA expressions
reached peak at 8 h (Supplemental Fig. 4SB and SE). The plate-
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bound 0.5 pg/ml anti-CD3, and 4 pg/ml anti-CD28 also activated
the IL-2 and IL-4 promoters (Supplemental Fig. 4SC and SF). We
used 250 ng/ml PMA, and 1pM Ilonomycin, and plate-bound
0.5 pg/ml anti-CD3, and 4 pg/ml anti-CD28 for 4-8 h to activate
T-cells otherwise indicated. The treatments with the same
amounts of P/I were also employed to stimulate effectively CD4"
T-cells, and HUT102 cells.

3.4. IRF-4 and c-Rel activate the IL-2 promoter to produce IL-2

IRF-4 is reported to stimulate IL-2 production as well as IL-4
[14]. To examine the effects of IRF-4 and c-Rel on the IL2-promoter,
we introduced the plasmids encoding IRF-4 and c-Rel into HUT102
cells. We estimated the amount of IL-2 cDNA by applying different
numbers of PCR cycles, after converting the mRNA to cDNA by re-
verse transcriptase, and evaluating the amount of p-actin cDNA as
the total amount of mRNA. As shown in Fig. 4A, substantial
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amounts of [L-2 cDNA were detected in the presence of P/, as com-
pared to those in the absence of P/I, and the amount of IL-2 cDNA
was increased by exogenously expressing c-Rel or IRF-4. To assess
the data quantitatively, we employed the real-time PCR using IL-2
specific primers, and measured the mRNA expression of IL-2 rela-
tive to B-Actin (Fig. 4B). In the presence of P/I, the exogenous
IRF-4 and c-Rel appeared to increase the expression of IL-2 mRNA,
but the enhancing effects were not significant (p=0.116 and
0.134). We think that the cooperation of IRF-4 with c-Rel was
not observed, because HUT102 cells express a large amount of
IRF-4, and thus the increases of IL-2 cDNA by IRF-4 or c-Rel were
relatively small. Indeed, in EL-4 cells, a cooperative effect of IRF-
4 with c-Rel on IL-2 production was observed, by measuring the
amounts of IL-2 produced from the cells transfected with the plas-
mids encoding IRF-4 and c-Rel, using an ELISA (Fig. 4C). However,
any detectable amounts of IL-4 were not produced by any combi-
nations of the reagents (Fig. 4D). The roles of IRF-4 and c-Rel in
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Fig. 5. IRF-4 is indispensable to produce IL-2 and IL-4 production in vivo. (A and B) TNF-a-mediated priming of naive T-cells requires IRF-4. CD4" T-cells were purified from
the spleens of C57BL/6 mice (WT) or IRF-4~/~ mice, and were activated with 5 ng/ml of TNF-or or with TNF-a plus anti-CD3 antibody (10 pg/ml) for 6 h. The relative amounts
of IL-2 (A) and IL-4 (B) mRNA normalized to the quantity of G3PDH mRNA were determined by real-time PCR, using the reverse-transcribed cDNAs. The data shown are
representative of three independent experiments done in triplicate. (C and D) Adjuvant-mediated priming of naive T-cells also requires IRF-4. C57BL/6 mice (WT) and IRF-4~/~
mice were injected intraperitoneally with complete Freund’s adjuvant (CFA) or saline (PBS), followed by a second injection of incomplete Freund’s (IFA) or PBS, respectively.
Six days later, splenic T-cells were activated with various amounts of plate-bound anti-TCRp antibody, and the levels of IL-2 (C), and IL-4 (D) were determined by an ELISA.
Data shown are representative of three independent experiments.
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IL-2 and IL-4 promoter activations are different in cell types and
specific conditions. For example, c-Rel is indispensable for the opti-
mal IL-2 production in naive T-cells, but is not required in for the
IL-2 production in blast T-cells [19]. IRF-4 is also reported to differ-
entially regulates the production of Th2 cytokines including IL-4 in
naive vs. effector/memory CD4" T-cells [20]. The specific roles of
the c-Rel and IRF-4 interaction in the activation of the IL-2 and
IL-4 promoters should be elucidated in specific cells and proper
conditions.

3.5. Optimal IL-2 and IL-4 productions require IRF-4 in vivo

Next, we examined the effects of IRF-4 on IL-2 and IL-4 produc-
tions in vivo using IRF-4~/~ mice, because the IRF-4 and c-Rel inter-
action reminded us of the similar T-cell phenotypes between IRF-
4~'- mice and c-Rel~/~ mice (both mice exhibited defects in T-cell
proliferation and IL-2 production in response to anti-CD3 stimula-
tion). In addition, Banerjee et al. reported that cytokine-mediated
priming of naive T-cells was c-Rel-dependent [19]. Therefore, we
measured the IL-2 and IL-4 expressions in splenic CD4" T-cells

from normal and IRF-4~/~ mice, by anti-CD3 stimulation with
and without TNF-o pretreatment. The amount of IL-2 mRNA in
IRF-4-deficient cells (IRF-4~/~) was significantly lower than that
in normal cells, as evaluated by quantitative real-time PCR (WT)
(Fig. 5A). These results indicated that not only c-Rel but also IRF-
4 is required for the optimal production of IL-2 in TNF-a-primed
T-cells. On the other hand, we could not detect any IL-4 mRNA
by anti-CD3 stimulation even in TNF-a-primed T-cells from WT
or IRF-4~/~ mice (Fig. 5B).

We further examined the effects of complete Freund's adjuvant
(CFA)-mediated priming on the IL-2 production in splenic CD4" T-
cells. Naive T-cells from CFA-primed normal (WT), but not IRF-4~/
~, mice produced high levels of IL-2 in response to anti-CD3 stim-
ulation (termed superinduction), dependent on the amount of
TCRB antibody (Fig. 5C). The priming effect of CFA was completely
absent in the IRF-4-deficient T-cells. To elucidate the mechanism of
high IL-2 production, we examined the priming effects on the IL-2
promoter activity by measuring IL-2 mRNA with real-time PCR
(Fig. 6A). The IL-2 mRNA amounts enhanced by TCR stimulation
with the anti-CD3 and anti-CD28 antibodies were CFA-dependent
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Fig. 6. Effects of IRF-4 on the IL-2 and IL-4 promoters in vivo. C57BL/6 mice (WT) and IRF-4~/~ mice were injected intraperitoneally with complete Freund's adjuvant (CFA) or
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in the WT mice-derived CD4" T-cells. The CFA-dependent superin-
duction was disappeared in IRF-4~/~ mice, as reported in c-Rel~/~
mice. These indicated that IRF-4 as well as c-Rel is indispensable
to fully activate IL-2 promoter in vivo.

As for IL-4 regulation, the IL-4 production stimulated with TCRB
antibody was also dependent on the CFA priming in WT, although
the amounts of IL-4 were much smaller than those of IL-2 (Fig. 5C
and D). The TCR activation-dependent IL-4 mRNA amounts were sig-
nificantly lower in the IRF-4~/~ mice compared to WT mice, but the
CFA-dependence was not observed (Fig. 6B). These suggested that
the regulations of IRF-4 may be different in the IL-2 and [L-4 promot-
ers.Thediscrepancy betweenthe proteinand mRNAlevels of IL-4 may
becaused by the effects of IRF-4 on the stability of IL-4 protein,inaddi-
tion to the effects on the promoter. Another possibility of the discrep-
ancy between the IL-4 protein and mRNA levels was due to the
different sensitivities of the detection systems employed here. The
differences in mRNA expression measured at 4 h after TCR stimula-
tion may be not enough to assess the IL-4 promoter activities, consid-
ering that the IL-4 protein levels measured by ELISA reflect the
continuous effects during 16 h, and that the differences of IL-4
amounts were much smaller than those of IL-2.

4. Discussion

In the present study, we isolated a protein complex associated
with IRF-4 in HTLV-1-infected T-cells using the TAP method, and
showed that an NF-«B family member, c-Rel, physically associates
with IRF-4 and enhances the IRF-4-dependent IL-4 and IL-2 pro-
moter activation in some T-cells. In addition, we mapped their
binding sites to the C-terminal IRF association domain of IRF-4,
and the N-terminal Rel-homology domain of c-Rel (Fig. 2). Consid-
ering that these domains are used for interactions with other IRF
members and NF-kB members, respectively, their interactions
may affect the various functions of important transcription factors
involved in cell growth, cell death, immunity, and other phenom-
ena [1,21]. Although FKBP52, PU.1, E47, BCL6, STAT6, NFATc2,
NFATc1, IBP, and MyD88 have been reported to bind to IRF-4 so
far [9,13,21-23], the interaction of IRF-4 with c-Rel and their func-
tional cooperation to enhance the IL-2 and IL-4 promoter activities
(Figs. 3 and 4) are noteworthy. IRF-4 was indispensable for the
optimal IL-2 and IL-4 productions in vivo was evident (Figs. 5 and
6), although the precise mechanism of the cooperation between
IRF-4 and c-Rel in the regulation of the cytokine productions
should be elucidated. First, the elevated expression of IRF-4 and
c-Rel is closely correlated with the exacerbation of ATLL [24] and
antiviral therapy resistance in ATLL [15]. The antiviral therapy con-
sists of azidothymidine (AZT) and IFNa, which work at various
points to prevent virus infection and proliferation. Considering
the fact that the IFNo pathway can cross-talk with the [FNvy path-
way [25], one possible mechanism related to the antiviral resis-
tance is that IRF-4 antagonizes the INFy-mediated IRF1-
dependent suppression of the IL-4 promoter [26], by interacting
with each other through the IRF association domains, or competing
with each other for binding to the same DNA sites (IFN-stimulated
response elements (ISREs) are located at the proximal region of IL-
4 promoter) (Fig. 3B) or a common adaptor, MyD88 [23]. On the
other hand, c-Rel and IRF-4 themselves reportedly activate the
IRF-4 promoter [8,27]. The enhancing loop and their cooperation
may effectively activate the downstream genes, including the
strong T-cell growth factor IL-2 (Fig. 4) and the proto-oncogene
c-myc [8]. The determination of the interacting sites between
IRF-4 and c-Rel will give precious information to develop specific
reagents inhibiting T-cell growth in ATLL patients.

Second, the IRF-4-dependent IL-4 induction in the presence of
P/l was reportedly enhanced by the calcineurin-regulated tran-
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scription factors NFATc2 (NFAT1) and/or NFATc1 (NFAT2), and
may partly explain the crucial roles of IRF-4 in Th2 differentiation
[9,12,25]. However, we could not detect any specific binding of
endogenous IRF-4 or c-Rel with NFATc1 or NFATc2 in the presence
or absence of P/I treatment in HUT102 or EL-4 T-cells, although the
exogenously-expressed NFATc1 and NFATc2 showed very weak
binding to IRF-4 even in the presence of P/l in 293T cells (data
not shown). Considering the redundant and complicated effects
of NFAT protein families (NFATc1, NFATc2, and NFAT4 are ex-
pressed in T-cells) [28] on the IL-4 promoter activity, and that
the substantial interaction of IRF-4 with c-Rel to activate the IL-4
promoter did not require P/l treatment (Figs. 1-3), we think the
P/I-dependent enhancement is not simply because of the binding
of IRF-4 with the NFATs. IRF-4 was indispensable for the optimal
IL-4 production, but the mechanism was not explained only by
the effects on the IL-4 promoter activation (Figs. 4-6).

In contrast, our data suggested that IRF-4 worked mainly on the
IL-2 promoter activation, and the activation was may be in cooper-
ation with c-Rel. The IL-2 promoter activation by IRF-4 required P/I
treatment or TCR stimulation with cytokine priming (Figs. 4-6).
These results suggested that qualitative changes of IRF-4 and/or
c-Rel, their possible interacting molecules, and the chromatin
structure in the [L-2 proximal promoter region by such as phos-
phorylation, acetylation, and demethylation may be necessary for
optimal IL-2 promoter activation [29]. The absence of ISRE site in
the IL-2 proximal promoter region, compared to the IL-4 promoter,
may be involved in the difference. In addition, c-Rel was recently
reported to be required for the development of thymic Foxp3*
CD4 regulatory T-cells (Treg) [30], and Foxp3-dependent IRF-4
induction in Treg is thought to be important for the Treg function
to control the Th2 response [31]. Therefore, regulating the interac-
tion between IRF-4 and c-Rel by manipulating the molecules may
help to differentiate from pluripotent T-cells into specific lineage
to treat various diseases [32].

In conclusion, the elucidation of the physical and functional
cooperation between IRF-4 and c-Rel to activate of the IL-4 and
IL-2 genes in T-cells is important for future gene therapy for ATLL
by abolishing their growth effects, and to present promising tar-
gets for adoptive immunotherapy by regulating specific T-cell
development.
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SUMMARY

Protein methylation pathways comprise methionine ad-
enosyltransferase (MAT), which produces S-adenosyl-
methionine (SAM) and SAM-dependent substrate-
specific methyltransferases. However, the function
of MAT in the nucleus is largely unknown. MafK
represses or activates expression of heme oxygen-
ase-1 (HO-1) gene, depending on its heterodimer
partners. Proteomics analysis of MafK revealed its
interaction with MATIlla, a MAT isozyme. MATIla was
localized in nuclei and found to form a dense network
with chromatin-related proteins including Swi/Snf and
NuRD complexes. MATIlla was recruited to Maf recog-
nition element (MARE) at HO-1 gene. When MATIla
was knocked down in murine hepatoma cell line,
expression of HO-1 was derepressed at both basal
and induced levels. The catalytic activity of MATlle,
as well as its interacting factors such as MATIIB,
BAF53a, CHD4, and PARP1, was required for HO-1
repression. MATIl serves as a transcriptional core-
pressor of MafK by interacting with chromatin regula-
tors and supplying SAM for methyltransferases.

INTRODUCTION

Metabolic flux regulation by compartmentalization of enzymes
and substrate channeling is a common theme in many enzymatic
pathways. It is becoming clear that some metabolic enzymes
related to gene regulation are compartmentalized in nuclei (Hall
et al., 2004; Takahashi et al., 2006; Wellen et al., 2009). For
example, yeast acetyl-CoA synthetase-2 (ACS2), which cata-
lyzes the synthesis of metabolic intermediate acetyl-CoA, is
present in nuclei to provide acetyl-CoA for histone acetylation
(Takahashi et al., 2006). Another metabolic intermediate impor-
tant for gene regulation is obviously S-adenosylmethionine
(SAM) as a methylation donor (Lu and Mato, 2008). Methylation
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at cytosine of DNA and at arginine and lysine residues of various
proteins including histones are catalyzed by specific methyl-
transferases using SAM as a methyl donor (Dillon et al., 2005;
Goll and Bestor, 2005; Shi, 2007). In contrast to the case of
nuclear protein acetylation, how SAM is provided to nuclear
methyltransferases is not clear.

Methionine adenosyltransferase (MAT) is a cellular enzyme
that catalyzes the formation of SAM from methionine and ATP.
Three distinct forms of MAT (MATI, MATII, and MATIII), encoded
by two distinct genes (MAT71A and MAT2A), have been identified
in mammals (Sakata et al., 1993, 2005). MATI and MATIII are
a tetramer and a dimer, respectively, of a, catalytic subunit,
which is encoded by MAT1A. MATIla, the catalytic subunit of
MATII, is encoded by MAT2A and forms a dimer, and its activity
is inhibited by MATIIB regulatory subunit encoded by MAT2B.
While MATI/II is expressed at high levels in adult liver, MATlla
is widely expressed (Kotb et al., 1997; Halim et al., 2001; LeGros
et al., 2001). While MATV/IIl have been reported to be present in
nuclei (Reytor et al., 2009), function of MATI/IIl or MATII in terms
of gene regulation is not yet clear.

The small Maf oncoproteins, MafG, MafK, and MafF, possess
a basic region-leucine zipper (bZip) domain for dimer formation
and DNA binding (Fujiwara et al., 1993; Kataoka et al., 1995;
Igarashi et al., 1995). They repress or activate transcription
depending on the dimeric partner. For example, MafK-Bach1
heterodimer and MafK-p45 heterodimer (i.e., NF-E2) serve as
arepressor and an activator of globin genes, respectively, during
erythroid differentiation (Andrews et al., 1993; Igarashi et al,,
1994; Oyake et al., 1996; Motohashi et al., 2000; Brand et al.,
2004; Tahara et al., 2004a, 2004b). In diverse types of cells,
MafK-Bach1 represses expression of subset of oxidative
stress-inducible genes such as heme oxygenase-1 (HO-1) and
ferritins (Sun et al., 2002, 2004; lgarashi and Sun, 2006; Hintze
et al., 2007), whereas heterodimer of MafK and NF-E2-related
factor 2 (Nrf2) activates their expression (Itoh et al., 1997; Zhang
et al., 2006). In B cells, MafK-Bach2 heterodimer represses the
transcription of Blimp-1 gene, a master regulator of plasma cell
differentiation (Muto et al., 1998, 2004; Ochiai et al., 2006,
2008). Small Maf heterodimers bind to their target genes by
recognizing specific DNA sequences termed Maf recognition
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elements (MAREs) (Kataoka et al., 1995). However, molecular
mechanisms by which these heterodimers repress or activate
target genes are still unclear.

We purified MafK complex from mouse plasmacytoma cell line
X63/0 with an aim to understand its protein network. MATIla was
identified in the purified MafK complex by mass spectrometry
analysis. We further purified MATIla, revealing its interaction
with components of Polycomb group (PcG), NuRD, Swi/Snf,
and PARP complexes. We demonstrated that both MATIlz and
MATIIB were recruited to MARE of the HO-1 gene. The enzymatic
activity of MATIlla, as well as its interacting proteins including
MATIIB and CHD4, was required for the HO-1 repression. Puri-
fied MATIla associating with MATIIB and other factors catalyzed
SAM synthesis and histone methylation in vitro. Therefore,
MATIla and - within this higher-order oligomer were named
a SAM-integrating transcription regulation (SAMIT) module. We
suggest that MATIIl serves as a transcription corepressor of
MafK by providing SAM locally and interacting with chromatin-
related factors.

RESULTS

Proteomic Analysis of MafK Network

To understand the protein network involving MafK, we purified
MafK complexes from mouse plasmacytoma (X63/0) cells stably
expressing FLAG-HA-His epitope-tagged MafK (eMafK). The
expression level of eMafK in X63/0 cells was similar to that of
endogenous MafK (data not shown). eMafK was purified from
nuclear extracts by two-step immunoaffinity chromatography
(see the Experimental Procedures; Figure 1A, lane 2). As
a control, we performed a mock purification from nuclear
extracts prepared from nontransduced X63/0 cells (Figure 1A,
lane 1). As shown in Figure 1A, the purified eMafK fraction con-
tained several other proteins at varying stoichiometric ratios. We
employed mass spectrometry to identify these proteins. The
presence of Bach1 and endogenous MafK verified the purifica-
tion procedure because MafK forms a heterodimer with Bach1
or a homodimer (Table S1, Figures 1A and 1B). There were at
least 11 bands that appeared specific because they were
present in several independently purified samples but were
absent in mock purification. A list of identified proteins is
provided as Table S1, available online. MafK-interacting proteins
included facilitates chromatin transcription (Supt16h/Fact140),
poly(adenosine diphosphate-ribose) polymerase-1 (PARP1),
Ku80, Ku70, and MATIl«. The presence of identified proteins
including MATlla in the MafK complex was confirmed by immu-
noblot analysis (Figure 1B). Using the Bach1 complex purified
and characterized from murine erythroleukemia (MEL) cells
(Dohi et al., 2008), we found that MATIle was present in this
complex by mass spectrometry and immunoblot analyses
(Figure 1C and data not shown). To verify the specificity of
MafK-MATIla interaction, we carried out an immunoprecipitation
analysis of endogenous proteins in mouse hepatoma (Hepal)
cells (Figure 1D) and found that MATIlla was coimmunoprecipi-
tated with MafK (Figure 1D, middle panel). The expression of
MATlloe was detected in X63/0 plasmacytoma cells, MEL,
Hepa cells, and murine embryonic fibroblasts (MEFs), showing
a wide distribution (Figure S1). These results raised the possi-
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Figure 1. Purification of MafK Complex

(A) MafK complexes were affinity purified from nuclear extracts prepared from
X63/0 cells expressing eMafK. Mock purification was used as a control.
Specific and reproducible bands are indicated with dots.

(B) An immunoblot (IB) analysis of the affinity-purified samples (derived from A)
using indicated antibodies. Epitope-tagged and endogenous MafK are shown
with dots.

(C) An immunoblot (IB) analysis of the affinity-purified Bach1 complex in MEL
cells using indicated antibodies.

(D) Interaction of MafK with MATIlz in Hepal cells. Whole-cell extracts of
Hepal cells (left lanes as an input) were immunoprecipitated with anti-MafK
antibody (right lanes) or normal rabbit serum (NRS; middle lanes). The immu-
noprecipitates were then immunoblotted with indicated antibodies. Short
(left) or long (right) exposures are shown.

bility that MATIle interacted directly or indirectly with MafK
and/or Bach1 in various tissues or cells.

Subcellular Localization of MATIl«

To elucidate where MATIl« localizes in a cell, we carried out an
immunofluorescence confocal microscopy analysis using
X63/0, MEL, and simian virus 40-transformed human fibroblast
(GM02063) cells. Individual cells were classified into three
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categories depending on the localization of MATIl« signal: cyto-
plasmic-dominant, nuclear-dominant, or diffuse distribution. We
found that endogenous MATIla localized in not only cytoplasm
but also nucleus of GM02063 (Figures 2A and 2B), X63/0 (Figures
S2A and S2C), and MEL (Figures S2B and S2D). As a verification,
we next used cells expressing MATIle. tagged with a biotin
ligase sequence (FLBio-MATIla). FLBio-MATIle or parent FLBio
plasmids were transfected in Hepal cells together with BirA
(biotin-protein ligase). The subcellular localization of MATIla
was detected with streptavidin-conjugated FITC. MATIlla local-
ized predominantly in nucleus (Figure 2C). Upon biochemical

556 Molecular Cell 41, 554-566, March 4, 2011 ©2011 Elsevier Inc.

MATIo

Molecular Cell
Methyl Donor and Repression Integrated by SAMIT

Figure 2. Subcellular Localization of MafK
and MATIlx

(A) MafK (left) and MATIIx (right) in GM02063 cells
were detected by the immunostaining with anti-
MafK or MATIla antibodies. DNA was stained by
Hoechst. Merged images show MafK or MATIl«
(green) and DNA (blue).

(B) One hundred GM02063 cells stained with anti-
MATIle antibodies were classified into four
different categories: nucleus-dominant (gray
box), nucleus and cytoplasm (black box), and
cytoplasm-dominant (stripe box) staining of
MATII.

(C) FLBio-MATIla (upper panel) was detected with
streptavidin-FITC in Hepal cells. DNA was stained
by Hoechst. Merged images show FLBio-MATIlx
(green) and DNA (blue). FLBio plasmid was used
as a control (lower panel).

(D) Cytoplasmic (Cyto), nuclear extracts (NE), and
nuclear pellet (NP) of MEL cells were analyzed by
immunoblotting using indicated antibodies. H2A
and actin served as controls for NP and Cyto,
respectively.

Nucleus
B Whole

[ cytoplasm
[ No stain

Hoechst

fractionation of subcellular compart-
ments of MEL cells, endogenous MATIla
was found in not only cytoplasmic
extracts but also nuclear extracts (Fig-
ure 2D). A small fraction was found in
the insoluble nuclear pellets that con-
tained chromatin including histone H2A.
In contrast to the above results, however,
more intense MATIl« signal was found in
cytoplasmic extracts. While this may be
due to leakage during the fractionation
procedure, the exact reason is not clear
at present. MafK was found mainly in
the chromatin fraction (Figure 2D). These
results indicated that a fraction of MATIla
was localized in the nuclear compartment
of cells.

Proteomic Analysis of

MATIo~Interacting Proteins

To gain insight into the nuclear function of

MATIle, we purified MATIla-interacting

proteins from nuclear extracts of MEL

cells stably coexpressing FLBio-MATIla
and BirA. The expression level of FLBio-MATIlla in MEL cells
was similar to that of endogenous MATIla (Figure S3A). The
FLBio-MATIla biotinylated by BirA was purified from nuclear
extracts by biotin-avidin affinity chromatography (Figure 3A,
lane 2). As a control, we performed a mock purification from
nuclear extracts prepared from MEL cells expressing only BirA
(Figure 3A, lane 1). The purified FLBio-MATIl« fraction contained
many other proteins at varying stoichiometric ratios.

We employed mass spectrometry to identify the MATIla-

associating proteins. To exclude nonspecific proteins, we also
carried out mass spectrometry of the mock samples in parallel.
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By comparing two sets of data, there were at least 127 proteins
that appeared specific because they were present in three inde-
pendently purified MATIla samples but not in three independent
samples from mock purification. The complete list of identified
proteins is provided as Table S2. The MATIla-interacting
proteins included many proteins with known nuclear functions
(Figure 3B). Gene ontology (GO) terms such as transcriptional
repression, chromatin assembly and remodeling, and DNA
repair and replication were prevalent. The interaction of identi-
fied proteins with MATIla. was confirmed by immunoblot analysis
(Figure 3C). Among candidate proteins examined, only one
protein was not confirmed (data not shown), corroborating the
specificity of mass spectrometry analysis. The presence of
Bach1 and MafK verified the purification procedure (Figure 3C).
The presence of MATII suggested its nuclear function with
MATIlz. Some of the interacting proteins belong to the PcG
complex (Ring1A, Ring1B, and Yy1), NuRD complex (MTA1,
CHD3, CHD4, and RbAp48), Swi/Snf complex (BAF180,
BAF155, BAF57, BAF53a, and BAF47), CHRAC complex (ACF1),
Sin3 complex (Sin3a), and PARP complex (Supt16/Fact140 and
PARP1) (Figures 3B and 3C). To compare MATIlla-interacting
proteins with those of MafK under the same condition, we puri-
fied MafK from MEL cells using the in vivo biotinylation system
and found additional MafK interactors (Figure S3B). Importantly,
13% of these proteins were identified in the MATIlla-interacting
proteins (Figures 1A and 3B-3D, Figure S3B, and Tables S1
and S2). These results strongly suggest that MATIll« is involved
in the regulation of gene expression by interacting with transcrip-
tion factors and epigenetic regulators.

Derepression of HO-1 in MATll« Knockdown

HO-1, one of the MafK target genes, is repressed by MafK/
Bach1 heterodimer that binds to MAREs within the two
enhancers (E1 and E2) (Figure 4A). To explore MATIla function
in the regulation of HO-1, we carried out transient knockdown
of MATIla with small interfering RNA (siRNA 604 and 911) in
mouse hepatoma (Hepal) cells. RT-PCR and immunoblotting
analyses revealed that MATIlo mRNA and protein remained
low for 72 hr after introduction of siRNA (Figures S4A and
S4B). Expression of MATI/Il, Bach1, B-actin, and a-tubulin
(Tuba 4) was not affected by the MATIla-targeted siRNA (Figures
S4A and S4B), confirming the specificity of knockdown. A 3 day
(72 hr) incubation with siMATIle resulted in significant elevation
of mMRNAs of HO-1 and other MafK target genes, ferritin light-
chain, ferroportin, glutathione S-transferase p1 (GSTp1), and
GSTu3 (Figure 4B, Figures S4C and S4D). In contrast, ferritin
heavy-chain (FTH), NAD(P)H quinone oxidoreductase 1 (NQO1),
GSTa4, glutamate-cysteine ligase modifier subunit (GCLM), and
glutamate-cysteine ligase catalytic subunit (GCLC) were not
affected significantly (Figures S4C and S4D).

The expression of HO-1 was also elevated by treating cells
with Bach1 siRNA (siBach1) (Figure S4E), suggesting that
MATIla functioned with MafK-Bach1 heterodimer. Transcription
of HO-1 and other MafK target genes is induced in response to
diverse stresses including oxidative stress (Keyse and Tyrrell,
1989; Ishii et al., 2000). To determine whether MATIlla. was
involved in the tuning of inducible expression, we treated
Hepa1 cells by adding diethyl maleate (DEM), an oxidative stress

inducer, to the culture medium (Figure 4B). Induction of HO-1
was evident in control cells within 4 hr after 100 uM DEM treat-
ment and reached a maximum level by 8 hr (Figure S4F). Upon
MATIle knockdown, HO-1 induction became exaggerated as
compared with the control cells (Figure 4B and Figure S4F). It
was enhanced upon Bach1 knockdown as well (Figure S4E).
Induction of FTL by DEM was also enhanced upon MATIlx«
knockdown (Figure S4C).

We examined an effect of MATI/IIl siRNA (siMATI/IIl) upon
expression of MafK target genes and found that expression of
HO-1, FTH, FTL, and GSTu3 was not affected under normal or
oxidative conditions (Figures S4G and S4H). Thus, we concluded
that the MafK-related function was specific to MATIlz. among the
isozymes.

MATII~« Recruitment to the Maf Recognition Element

of HO-1 Gene

To further elucidate the nuclear function of MATIla in terms of
MafK complex, we asked whether MATIla. was recruited to the
target genes of MafK. We performed chromatin immunoprecip-
itation (ChIP) assays in X63/0 cells using anti-MAT antibody
which recognizes MATIle and MATI/IIl, because there is no
MATIlla-specific antibody that can be used in a ChIP assay as
far as we could determine. Crosslinked chromatin fragments of
X63/0 cells were immunoprecipitated using anti-MafK or MAT
antibodies, and the two enhancers (E1 and E2) and promoter
of HO-1, and the promoter of a neighboring gene Mcm5 were
examined and quantified by PCR for relative enrichment (Figures
4C and 4D). MATIlla bound to the E1 enhancer, whereas MafK
bound to the three regulatory regions of HO-1.

To further investigate MATIla binding to HO-1 gene, we utilized
FLBio-MATIla. FLBio-MafK was used as a positive control.
Crosslinked chromatin fragments of Hepa1 cells were incubated
and pulled down with streptavidin beads (ChPD) (Figures 4E-4l).
Among the regions examined, E1 and E2 enhancers of HO-1
were specifically enriched by streptavidin beads from the chro-
matin of cells expressing biotinylated MATIlz, but not from
those expressing BirA alone (Figures 4F-4l, each minus [—]
columns). Binding of biotinylated MATIl«, but not of endogenous
MATIla to the HO-1 E2, may reflect differences in the sensitivities
of the assays, including epitope accessibilities. Interestingly,
the recruitment of biotinylated MATIla to these enhancers
decreased in response to DEM treatment (Figure 4E, right, and
Figures 4F-4l, each plus [+] columns), consistent with the repres-
sive function of MATIla. While we found that biotinylated MafK
bound to E1, E2, and promoter of HO-1, binding to the
enhancers was higher than the promoter (Figures 4F-4H). This
may suggest that the specific recruitment of biotinylated MATIlx.
to E1 and E2 was mediated by MafK. These results indicate that
not only MafK but also MATIla bound specifically to the HO-1
gene and suggest a specific role for MATIlx. in transcription regu-
lation. In addition, departure of MATIlo upon oxidative stress
may be a critical step for the HO-1 induction.

Modification of Histone H3 at the HO-1 Locus

Considering the fact that MATIla synthesizes SAM required for
histone and DNA methylation, we hypothesized that knockdown
of MATIla affected repressive methylation at the HO-1 chromatin
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Figure 3. Purification of MATllz-Associating Proteins

(A) MATIlz, was affinity purified from MEL cells stably coexpressing FLBio-MATIl« and BirA. Purification from cells expressing only BirA (mock) was used as

a control. MATIl« bands are indicated with dots.
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domain. To investigate this possibility, we examined the degree
of repressive modification (i.e., trimethyl and dimethyl K9 [H3K9
me3 and me2] and trimethyl K27 [H3K27 me3]) and activating
modifications (i.e., dimethyl K4 [H3K4 me2], acetyl K9 [H3K9
Ac], acetyl K27 [H3K27 Ac], and trimethyl K36 [H3K36 me3]) of
histone H3 at HO-1 locus using ChIP (Figures 5A-5C). There
was no detectable level of H3 K9 and K27 me3 at the HO-1 locus
(Figure 5A). In contrast, H3K9 me2 was clearly observed at the
E1 region (Figure 5C). As previously reported for NIH 3T3 cells
(Sun et al., 2004), histone H3K4 at the enhancers (E1 and E2)
and promoter of HO-1 was hypermethylated under normal
culture condition (Figure 5A). Upon MATIla knockdown, H3K4
me2 and H3K9 me2 decreased (Figures 5A-5C). H3K36 me3,
linked to transcriptional elongation, was detected at the exon 3
region of HO-1 in both control and MATIlle. knockdown cells
(Figure 5A). There are CpG islands in the E2 and promoter
regions of HO-1 (data not shown). We examined CpG methyla-
tion in these regions by bisulphite genomic sequencing. The E2
and promoter regions of HO-1 were found devoid of CpG
methylation under normal conditions (Figure S5A). Taken
together with a recent report that H3K4 me2 recruits the Set3
histone deacetylase complex to suppress nucleosome acetyla-
tion and remodeling (Kim and Buratowski, 2009), these observa-
tions suggest that the repression of HO-1 by MATIlz may involve
the H3K4 me2 and H3K9 me2 marks.

Catalytic Activity of MATIl« Involved in the Repression
of HO-1

To investigate whether the catalytic activity of MATIle is required
to repress HO-1, we constructed a mutated MATIlla (MATIle
D134A) converting aspartic acid of amino acid 134 to alanine.
MAT enzymes possess an evolutionary conserved common
ATP binding motif (GXGDXG) (Figure S5B). A mutation of the
aspartic acid within this motif of human MATI/IIl almost
completely abolishes the catalytic activity (Chamberlin et al.,
2000, and Figure S5B). We treated Hepal cells expressing
wild-type MATIlle or MATIlee D134A by adding DEM and
compared the relative expression of HO-1 with control cells (Fig-
ure 5D). Upon overexpression of MATIle. D134A, induction of
HO-1 mRNA became exaggerated as compared with the control
cells (Figure 5D). Overexpression of wild-type MATIle did not
show such a stimulatory effect (Figure 5D). These data indicated
that the enzymatic activity of MATIlo was required for the repres-
sion of HO-1 by MafK and Bach1.

The dominant-negative effect of MATIloe D134A upon HO-1
regulation suggested that a simple lack of SAM was not the
cause of HO-1 derepression upon MATIl« knockdown. To test
this idea, we treated cells with both siMATIlz and ectopic
SAM. The derepression of HO-1 with siMATIl« was not reversed
by adding SAM (Figure 5E). Together with the results that MATIla
D134A showed a dominant-negative effect, the repression of
HO-1 may require a local supply of SAM by MATIIq.

MATIlx-Associating Factors Involved in the Repression
of HO-1

Among the MATIlz-associating proteins (Figure 3), we chose
several proteins that were known to play roles in gene repression
and MATIIB to investigate their involvement in HO-1 repression.
BAF53a, CHD4, or MATIIB knockdown (siBAF53a, siCHD4, or
siMATIIB) resulted in derepression of HO-1 under normal
conditions (Figure 6A and Figures S6A and S6B). E1 and E2
enhancers and promoter of HO-1 were specifically enriched by
anti-BAF53a, anti-CHD4, or anti-MATIIf antibodies (Figure 6B),
showing their binding to the HO-1 regulatory regions. Recruit-
ment of BAF53a and CHD4 to the HO-1 locus was not abolished
upon MATIla. knockdown (Figure S6C), indicating that MATIl«
was not required for their recruitment. PARP1 knockdown also
resulted in HO-1 derepression under the presence of oxidative
stress (Figure 6C and Figures S6A and S6B).

Association of Methyltransferase Activity with MATIl«
The involvement of both the catalytic activity of MATIla. and its
interacting factors in the HO-1 repression suggested that these
factors might further interact with methyltransferases. To inves-
tigate this possibility, methyltransferase activity associated with
MATIlz was determined by a conventional histone methyltrans-
ferase (HMT) assay. Recombinant G9a and FLBio-MATIl«. frac-
tion affinity purified from MEL cells using avidin beads showed
methylation activities toward histone H1 and H3, whereas the
corresponding fraction purified from control cell (mock) con-
tained significantly less activity (Figures 7A-7C).

The copurification of MATIle. and HMT activities suggested
that SAM synthesis and methylation might be coupled by their
physical interaction. To investigate this possibility, we developed
a new HMT assay involving synthesis of SAM from methionine
and ATP (MAT-HMT assay). The affinity-purified FLBio-MATIlx,
fraction, without any extraneous methyltransferase added,
showed methylation activity toward histone H1 and H3, and
this activity was dependent on ATP (Figures 7D-7F). In contrast,
recombinant G9a and mock fraction did not modify histones
(Figure 7D). These results strongly suggested that MATIla asso-
ciated with histone H1 and H3 methyltransferases in the nuclei.

To characterize the relationship among MATIlz, MATIIB,
BAF53a, CHD4, PARP1, and HMT activities, we obtained
MATIla-enriched materials by single anti-FLAG affinity purifica-
tion of biotinylated FLBio-MATIla from MEL cells, and fraction-
ated them using 10%-35% (v/v) glycerol gradient sedimentation.
Whereas MATIlx and B subunits formed peaks corresponding to
around 158 kDa, substantial portions of them sedimented much
faster, indicating the presence of a high-molecular-mass form of
roughly 640 kDa (Figure 7G). MATIlo. may form several different
complexes, or associations of the complex components may
be fragile. BAF53a, CHD4, Bach1, and MafK were found in
the relatively faster-sedimenting fractions (Figure 7G). PARP1
presumably modified by poly-ADP-ribosylation was also present

(B) MATIlz-associated proteins were categorized by gene ontology (GO) annotations as listed in the Mus musculus Genome Database. Known protein complexes
are denoted by black circles. Proteins found in the MafK complex (Figure S4) are shown in red. Those found in the MafK complex in Figure 1 are shown in bold.
(C) Immunoblot (IB) analysis of the affinity-purified samples (derived from A) using indicated antibodies or by a biotin-avidin complex (ABC) analysis

(FLBio-MATIla).

(D) Venn diagram of proteins associated with FLBio-MATIlz or FLBio-MafK in MEL cells.

Molecular Cell 47, 554-566, March 4, 2011 ©2011 Elsevier Inc.

559

-326—



Relative expression of HO-1 mRNA

Relative enrichment of MAT

Relative enrichment of Mafk

HO-1 E1

HO-1 E2

HO-1 Pro

Mcm5

HO-1
exon 1-5

a0

Molecular Cell

Methyl Donor and Repression Integrated by SAMIT

~ F
12
60 - m Control p < 005 "
== 1
M SiMATIl 5
(2]
3
2
] 0.8
40 2
&
[
£
=
°Q
& 04
20 2
e
3
o
0
0hr 8 hr
(100 M DEM)
G
2 r
p<0.03 —
-
Q
£
L 12
e |
2
[
>
5
Tr £
&=
Q
=
o
. O
=
©
[
(14
0
E1 E2 Pro Mcm5
HO-1
H
0.4
8+ p<0.03
%
o
£
= 03
3
z
[
>
5 o2
5 o
4
§
IS
o
o 0.1
2
k<l
[}
o
0
E1 E2 Pro Mcm5
HO-1
|
(100 uM DEM) 0.4
5
BirA + FLBio BirA + FLBio 2
input BirA MATlle MafK input BirA MATIlc MafK 2 03
@
>
5 02
90
=
Q
c
()
o 0.1
— 2
©
[
['4
0

HO-1 (E1)

BirA FLBio-MATIle  FLBio-MafK

HO-1 (E2)

BirA FLBio-MATIllo.  FLBio-MafK
HO-1 (Pro)

-+ [ -+
BirA FLBio-MATIle  FLBio-MafK
Mcm5

-+ -+ -+
BirA FLBio-MATIle.  FLBio-Mafk

560 Molecular Cell 47, 554-566, March 4, 2011 ©2011 Elsevier Inc.

~320—

Figure 4. MATlla Recruitment to HO-1
Locus

(A) Schematic representation of mouse HO-1 and
Mcm5 loci. Lines below indicate PCR primer pairs
for ChIP and ChPD analyses.

(B) Quantitative RT-PCR (qRT-PCR) analysis of
HO-1 mRNA in Hepal cells with control (black)
and MATIl« siRNA (gray). Cells were treated with
or without 100 uM DEM for 8 hr. The expression
level of HO-1 gene in control under normal
condition was arbitrarily set at 1. B-actin mRNA
measurement was used to normalize the results.
The averages of three independent experiments
with standard deviation are shown. P values
(Student’s t test) for differences between control
and MATIlz siRNA are indicated.

(C and D) ChIP assays were performed by using
antibodies to MAT (C) or MafK (D) with X63/0 cells.
Relative levels of enrichment of each genomic
DNA region compared to control IgG are shown.
These results represent three independent
experiments with standard deviation. P values
(Student’s t test) for differences between MAT
(C) or MafK (D) and control rabbit IgG signals are
indicated.

(E) ChPD assays were performed with Hepa1 cells
coexpressing FLBio-MATIle or FLBio-MafK and
BirA. Cells expressing only BirA were examined
as a control. Cells were treated with or without
100 uM DEM for 8 hr. Gel images of PCR products
of indicated regions are shown.

(F-1) ChPD assays were performed as above and
quantified. Relative levels of enrichment of the
indicated genomic regions are shown. These
results represent three independent experiments
with standard deviation. P values (Mann-Whitney
U test) for differences between cells treated with
or without DEM are indicated.
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Figure 5. Enzymatic Activity of MATIl« and Repression of HO-1

(A) Schematic representation of mouse HO-1 and Mcmb5 loci (upper). Primers used to amplify various genomic regions are also shown. Cells were treated with
control or MATII« siRNA, and ChIP assays were performed using indicated antibodies (lower).

(B) Relative levels of dimethylated histone H3 (K4 me2) at indicated genomic regions in Hepa1 cells treated with control (black) or MATIlz siRNA (gray). The aver-
ages of three independent experiments with standard deviation are shown. P value (Student’s t test) for differences is indicated.

(C) Dimethylated H3K9 at HO-1 locus. ChiIP assays were performed as in (A) using dimethylated histone H3 (K9 me2) antibody.

(D) gRT-PCR analysis of HO-1 mRNA in control cells (black) or those overexpressing wild-type MATIlz (gray) or MATIle. D134A (light gray). These cells were
treated with DEM for 8 hr. The averages of three independent experiments with standard deviation are shown. The expression level of HO-1 gene in control under
normal condition was arbitrarily set at 1. -actin mRNA measurement was used to normalize the results.

(E) gRT-PCR analysis of HO-1 mRNA in cells treated with control (black) or MATIlz siRNA (gray). Cells were treated with or without 0.5 M SAM for 12 hr.

in these fractions. We pooled respective fractions to compare  affinity chromatography (Figure 7H). Whereas BAF53a, Bachf,
the smaller and larger MATIl« fractions in detail (S1 and S2inFig-  and MafK interacted with MATIla in both fractions, interaction
ure 7G) and carried out further purification using biotin-avidin  of CHD4 was found mainly in the larger fractions (Figure 7H).
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Figure 6. MATII-Associating Factors Repress HO-1 Expression

(A) gRT-PCR analysis of HO-1 mRNA in Hepa1 cells treated with control, siBAF53a, siCHD4, or siMATIIB. Error bars represent standard deviation.
(B) BAF53a, CHD4, and MATIIB were recruited to HO-1 locus. ChlIP assays were performed using indicated antibodies. Relative levels of enrichment of indicated
genomic DNA regions are shown with standard deviation. P values (Student’s t test) for differences between specific antibodies and control rabbit IgG signals are

indicated.

(C) gRT-PCR analysis of HO-1 in cells treated with control (black) or PARP1 siRNA (gray). Cells were treated with or without 100 uM DEM for 4 hr.

Interaction of PARP1 was hardly detected in either fraction (data
not shown), suggesting that its interaction with MATIla was labile
and lost. The two forms of MATIle were examined for SAM
synthesis and histone methylation in MAT-HMT assay (Figure 7).
We found that only the high-molecular-mass form of MATllo and
its interacting proteins purified from the larger fractions showed
SAM synthesis-dependent methylation activity toward histone
H1 and H3 (Figure 7). These results suggest that biosynthesis
of SAM is physically coupled with histone methylation on chro-
matin (Figure 7J).

DISCUSSION

While SAM is essential for histone and DNA methylation, little is
known about the function of MATIla in the context of gene and
chromatin regulation. A previous report identified MATIla as
a modifier mutation of chromatin architecture (Larsson et al.,
1996). In Drosophila melanogaster, modifier mutations of
position-effect variegation and PcG genes have been useful
tools to investigate genes involved in chromatin architecture.
Suppressor of zeste 5 (Su[z]5) encodes MATIla and acts as

562 Molecular Cell 41, 554-566, March 4, 2011 ©2011 Elsevier Inc.

enhancers of Polycomb (i.e., reduced activity of both MATIla
and Polycomb resulting in chromatin derepression), suggesting
that MATIl« is involved in the process of gene silencing in
fly (Larsson et al., 1996). However, this historical study has
not been followed up as far as we know, and mechanistic
defects in the Su(z)5 mutant are not known. We have extended
this study and revealed the molecular function of MATIla
by proteomics analyses of MafK, Bach1, and MATIl« (Figures
1 and 3).

We showed that a fraction of MATIla was localized in the
nuclear compartment of various cells (Figure 2). We also found
that MATIla was recruited to MARE of enhancers at HO-1 locus
in X63/0 and Hepa1 cells (Figures 4C and 4E-4l). Upon MATIla
knockdown, mRNA and protein levels of HO-1 were elevated
and further induced strongly upon DEM treatment (Figure 4B
and data not shown). MATIla knockdown showed similar effects
upon some other MafK target genes (Figures S4C and S4D).
These observations suggest collectively that MATIla functions
as a corepressor of MafK and Bach1.

The purification of MATIle from MEL cells provided strong
evidences for its functions around chromatin. MATIla was
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copurified along with proteins with known chromatin and epige-
netic functions (Figure 3). Among them were PARP1 and compo-
nents of NuRD, Swi/Snf-like BAF, and PcG complexes (Fig-
ure 3B). Indeed, knockdown of PARP1, BAF53a (Swi/Snf-like
BAF complex), and CHD4 (NuRD complex) resulted in derepres-
sion of HO-1 (Figures 6A and 6C). Since these proteins are
known to repress the expression of target genes as corepressors
of transcription and/or remodeling factors of chromatin architec-
ture (Brand et al., 2004, Wacker et al., 2007), these proteins,
together with MATIlz, may also participate in target gene repres-
sion by MafK and Bach1 (Figure 7J).

MATIIB is known to inhibit the catalytic activity of MATIl« by
sensitizing it to the product inhibition by SAM (LeGros et al.,
2001). We found that MATIIB was recruited to the MafK target
genes and required for their repression, indicating that MATIIp
is a stimulatory rather than inhibitory subunit of MATIlx. in terms
of transcription regulation. Recently, it has been reported that
splicing variants of MATIIB are present in nuclei and interact
with mRNA binding protein HUR (Xia et al., 2010). Although its
relevance to transcription regulation is not clear at present and
we did not detect HuR in our proteomics analyses, this finding
also supports nuclear function of MATIIB. Since B-like subunit
is not found in MATI/IIl, molecular function of MATIIB on chro-
matin will be an important issue.

Considering that MATIlz and -B were present in a high-molec-
ular-mass fraction with CHD4 and BAF53a, and that this partic-
ular form coupled SAM synthesis and histone methylation in vitro
(Figure 71, the core of this form, MATIll« and MATIIB, was named
the SAMIT module. “Module” is used to reflect our observations
that MATIIB was also critical for the corepressor activity and that
they further interacted with chromatin regulators and histone H1
and H3 methyltransferase activities (Figure 7J). The interaction of
methyltransferase activities with SAMIT module suggests that
SAM produced by MATIle in situ may be utilized to inhibit
MafK/Bach1 target genes. Whereas the catalytically inactive
MATIla interfered with HO-1 repression, exogenous SAM failed
to reverse the effect of MATIla knockdown (Figures 5D and
5E). These observations support the notion that the catalytic
function of MATIla plays a role at sites of recruitment. SAM
may be utilized for methylation of protein(s) (Figure 7J). One
possible target may be dimethylation of H3K4 and K9, which
can potentially inhibit transcription via regulation of histone acet-
ylation and remodeling on euchromatic regions (Figures 5A-5C;
Kim and Buratowski, 2009; Fritsch et al., 2010). While we identi-
fied G9a, Ehmt1, and ALL1/KMT2A methyltransferases upon the
single-step purification of MATIle (Figure 3), we did not detect
them in the further purified SAMIT module (Figure 7H) by
immunoblotting analysis (data not shown). Thus, the interaction
of MATlla. with G9a and ALL1 may be dynamic. Identification
of the methyltransferase activities copurified with SAMIT is
now underway.

The list of MATlla-associated proteins suggests functions of
MATIlo and SAMIT beyond MafK. The presence of DNA-binding
transcription factors such as GATA1 and Runx1 in the MATII-
associating proteins (Figure 3) raises the possibility that these
transcription factors may utilize MATIle/SAMIT as a coregulator
as well. Several Polycomb-related proteins were found in the
purified MATIlx fraction, being consistent with the genetic inter-

action with Polycomb in Drosophila melanogaster (Larsson et al.,
1996).

Regulation of metabolic flux by enzyme compartmentalization
is a well-established concept. The presence of MATIla in nuclear
compartment may allow efficient coupling of SAM synthesis and
methylation of target protein or DNA by methyltransferases.
Considering that SAM is an energetically precious but labile
molecule generated in the expense of ATP, its production
in situ may allow fine and efficient tuning of the cascade reac-
tions for histone and DNA methylation. The list of MATlla-asso-
ciating proteins will be helpful to foster integrative understanding
of chromatin-based regulations.

EXPERIMENTAL PROCEDURES

Plasmids

pOZ-N-MafK plasmid was described previously (Ochiai et al., 2006).
Construction of MATIla expression plasmid is described in the Supplemental
Experimental Procedures.

Immunohistochemistry

Basic indirect immunofluorescence of paraformaldehyde-fixed cells was
described previously (Francastel et al., 2001). All processes are described in
the Supplemental Experimental Procedures.

MafK and MATIlz Complex Purification and Mass Spectrometric
Analysis

MafK complex purification was carried out as previously described from X63/
0 cells expressing eMafK (Ochiai et al., 2006). FLBio-tagged protein purifica-
tion was carried out as previously described (de Boer et al., 2003). Each protein
was determined using LC-HCT plus (Bruker Daltonics) or LTQ (Thermo Fisher
Scientific), and MASCOT search engine (Matrix Science). Glycerol gradient
sedimentation was carried out as previously described (Dohi et al., 2008)
and also described in the Supplemental Experimental Procedures.

RNA Interference

Stealth RNAi duplexes were designed to target MATIla and B, MafK,
BAF53a, CHD4, and PARP1 using the BLOCK-iT RNAi Designer (Invitrogen
Corporation, Carlsbad, CA). All RNAi sequences are described in the Supple-
mental Experimental Procedures.

ChIP and ChPD Analysis

ChlIP and ChPD were performed as described previously (Sawado et al., 2001;
de Boer et al., 2003). Anti-methylated H3K4 and H3K9, and anti-acetylated
H3K9 and H3K27 antibodies were described previously (Kimura et al., 2008).
The enrichment of the DNA template was analyzed and quantified by semi-
quantitive PCR using primers as described in the Supplemental Experimental
Procedures. Relative enrichment was calculated as the difference between
specific antibody and normal IgG signals (ChlIP), or as that of FLBio-MATIla,
or FLBio-MafK and BirA signals (ChPD) normalized to the respective input
signals.

In Vitro HMT and MAT-HMT Assay

In vitro HMT assays were performed as described previously (Tachibana et al.,
2001). In vitro MAT-dependent HMT (MAT-HMT) assays were carried out by
modifying in vitro HMT assay. All processes are described in the Supplemental
Experimental Procedures.

SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,

Supplemental References, six figures, and two tables and can be found with
this article at doi:10.1016/j.molcel.2011.02.018.
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Cyclosporine A-Based Immunotherapy in Adult Living
Donor Liver Transplantation: Accurate and Improved
Therapeutic Drug Monitoring by 4-hr Intravenous
Infusion

Taizo Hibi, Minoru Tanabe, Ken Hoshino, Yasushi Fuchimoto, Shigeyuki Kawachi, Osamu Itano,
Hideaki Obara, Masahiro Shinoda, Naoki Shimojima, Kentaro Matsubara, Yasuhide Morikawa,
and Yuko Kitagawa

Background. A paucity of data exists for evaluating therapeutic drug monitoring in association with clinical outcomes
of cyclosporine A (CYA) treatment in living donor liver transplantation (LDLT).

Methods. A retrospective cohort analysis was conducted on 50 consecutive adult patients who underwent LDLT
between 2001 and 2009 to investigate the feasibility and efficacy of 4-hr continuous intravenous infusion of CYA-based
immunotherapy (4-hr CYA-IV, n=27) and compare the pharmacokinetic profile and short-term prognoses with an
oral microemulsion formulation of CYA (CYA-ME, n=23).

Results. All patients in the 4-hr CYA-IV group reached target CYA peak by day 3 compared with only 22% in the
CYA-ME group (P<<0.001). Adjustability to achieve the target range was easier in the 4-hr CYA-IV group compared
with the CYA-ME group (P=0.017). Acute cellular rejection rate was lower in the 4-hr CYA-IV group (0%) compared
with the CYA-ME group (17%, P=0.038). A subset analysis of the CYA-ME group revealed that CYA exposure was
affected by external bile output (P=0.006). Patients in the CYA-ME group showed increased risk of switch to tacroli-
mus (35%) compared with the 4-hr CYA-IV group (7%, P=0.030). Toxicities and mortality rates were equivalent. The
optimal initial dose of oral CYA at conversion from the 4-hr CYA-IV was considered to be 3-fold greater than that of the
intravenous dose.

Conclusions. In LDLT, our 4-hr CYA-IV immunosuppression protocol was superior to CYA-ME oral dosing and
allowed accurate therapeutic drug monitoring with excellent patient compliance.

Keywords: Cyclosporine A, Immunosuppression, Living donor liver transplantation, Therapeutic drug monitoring,
Rejection.

(Transplantation 2011;92: 100-105)

for patients unable to tolerate Tac, cyclosporine A (CYA) has
been described as a valuable rescue therapy (1-3). One meta-
analysis demonstrated that as a primary immunosuppressive
agent, Tac was superior to CYA (including both the original
oil-based formulation and the newer microemulsion formu-

D espite development of a wide range of novel drugs, cal-
cineurin inhibitors (CNIs) remain the major agents for
immunosuppression in liver transplantation. Tacrolimus
(Tac) has been widely accepted for immunotherapy, whereas
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lation) in terms of mortality, graft loss, and rejection at 1 year
(4). Nonetheless, all but one study included in this meta-
analysis measured CYA trough levels to attain adequate levels
of exposure (4).

Recently, Levy et al. (5) reported a randomized, multi-
center study indicating decreased overall incidence of and
statistically less severe acute cellular rejection in liver trans-
plant recipients on an oral microemulsion formulation of
CYA (CYA-ME) when 2-hr postdose levels were monitored,
as a surrogate marker of CYA peak, instead of conventional
CYA trough level. More importantly, a subset of patients in
the 2-hr postdose monitoring group who reached the mini-
mum target CYA peak range by day 3 demonstrated a signif-
icantly lower incidence of acute cellular rejection compared
with patients who only achieved the target peak level by days
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7 and 10, suggesting that reaching target levels at an early
stage after transplant is crucial when a 2-hr postdose moni-
toring strategy is to be implemented (5). Subsequently, sev-
eral randomized trials including the LIS2T study have
reported promising results in terms of efficacy, toxicity, and
pharmacoeconomics with CYA-ME, showing equivalent re-
sults in patient groups receiving CYA-ME with 2-hr postdose
monitoring or Tac for patient and graft survivals and the
overall incidence of acute rejection (6—8).

Nevertheless, data collected for the previous studies were
generally based on deceased donor liver transplantations, and
these results cannot be simply applied to adult living donor liver
transplantation (LDLT). The reduced size of graft livers (usually
hemi-liver), prolonged intestinal paralysis because of lengthy
operation, and posttransplant external bile diversion described
in recent publications from high-volume LDLT centers mostly
in Japan (9-12) are the distinctive features of adult LDLT, con-
tributing to delayed graft functional recovery and poor enteral
absorption, which in turn substantially interfere with achieving
and maintaining the therapeutic CYA peak blood concentration
mentioned earlier.

To overcome these problems, intravenous CYA infu-
sion may become a promising option because of its ability
to ensure sufficient CYA exposure to exert immunosup-
pressive effects regardless of enteral absorption and biliary
drainage. Clinical evidence of the efficacy and safety of intrave-
nous CYA in liver transplantation is scarce, and appropriate
therapeutic drug monitoring remains to be elucidated (13, 14).
Moreover, no study has compared the clinical outcomes of in-
travenous infusion of CYA (CYA-IV) with CYA-ME regimens
in LDLT to date. In the era of individually tailored immunosup-
pression, establishing a standard intravenous CYA protocol in
LDLT is paramount, as an alternative CNI-based immuno-
therapy with potential advantages over Tac with regard to
posttransplant new-onset diabetes mellitus and in the treat-
ment of transplant patients with hepatitis C virus (HCV) or
primary biliary cirrhosis and as a salvage immunosuppressive
regimen in cases of Tac-related side effects (15-17). In this
study, we evaluated the feasibility and efficacy of 4-hr intrave-
nous CYA immunotherapy for LDLT, focusing on its therapeu-
tic drug monitoring in comparison with a CYA-ME regimen.

RESULTS

Patient Demographics

The CYA-ME (Neoral, Novartis Pharma K. K., Tokyo,
Japan, n=23) group and the 4-hr continuous intravenous
infusion of CYA (4-hr CYA-IV; Sandimmun, Novartis
Pharma K. K., n=27) groups were comparable for age, indi-
cations, Child-Pugh grade, model for end-stage liver disease
scores, preoperative conditions, Eastern Cooperative Oncol-
ogy Group performance status, graft lobe, graft:recipient
weight ratio, graft volume/recipient standard liver volume,
donor age, and blood loss (Table 1). The number of males in
the CYA-ME group was higher compared with that in the
4-hr CYA-IV group (P=0.035; Table 1). Regarding surgical
factors, the proportion of patients who underwent duct-to-
duct reconstructions was higher (P=0.044), and cold and
warm ischemia times were longer (P=0.002 and P<<0.001,
respectively) in the 4-hr CYA-IV group compared with those
in the CYA-ME group (Table 1).
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TABLE 1. Patient demographics
4-hr
Variables CYA-ME CYA-1V P
Total 23 (100) 27 (100)
Age (yr) 47+9 50+ 12 0.47
Gender
Male 17 (74) 12 (44) 0.035
Female 6 (26) 15 (56)
Indication for LDLT
HCV 8 (35) 9 (33) 1.00
HBV 2(9) 3 (11)
FHF 2(9) 3(11)
PBC 3 (13) 3(11)
PSC 1(4) 1(4)
Alcohol 3 (13) 3(11)
Others 4(17) 5(19)
Child-Pugh grade
A 0(0) 1(4) 0.27
B 6 (26) 3(11)
C 17 (74) 23 (85)
MELD score 19*6 17+6 0.49
Preoperative condition
Outpatient 13 (57) 15 (56) 1.00
Hospitalized 7 (30) 8 (30)
ICU 3(13) 4(15)
ECOG performance status
0-2 17 (74) 17 (63) 0.41
3,4 6 (26) 10 (37)
Graft lobe
Left (*caudate lobe) 10 (43) 17 (63) 0.17
Right 13 (57) 10 (37)
GRWR 0.90%+0.27 0.90%+0.21 0.92
GV/RSLV (%) 46*10 47*11 0.86
Biliary reconstruction
Duct-to-duct 14 (61) 24 (89) 0.044
Roux-en-Y 9 (39) 3 (11)
Donor age (yr) 41+15 38*12 0.35
Cold ischemia time (min) 53+22 80+32 0.002
Warm ischemia time (min) 45+10 63+14 <0.001
Blood loss (mL) 4863+4424  5041+5873 0.91

Data are presented as N (%) and mean*standard deviation.

CYA-ME, oral microemulsion formulation of cyclosporine A; 4-hr CYA-
IV, 4-hr continuous intravenous infusion of cyclosporine A; LDLT, living
donor liver transplantation; HCV, hepatitis C virus; HBV, hepatitis B virus;
FHF, fulminant hepatic failure; PBC, primary biliary cirrhosis; PSC, primary
sclerotic cholangitis; MELD, model for end-stage liver disease; ICU, intensive
care unit; ECOG, Eastern Cooperative Oncology Group; GRWR, graft:recip-
ient weight ratio; GV/RSLV, graft volume/recipient standard liver volume.

Pharmacokinetic Profiles of 4-hr CYA-IV and
CYA-ME Groups

For the CYA-ME group, 9 of 15 patients (60%) who
were not switched to other CNIs completed full pharmacoki-
netic evaluations on day 3. Of these nine patients, only two
(22%) reached the target peak range of 700 to 1000 ng/mL
(2-hr postdose CYA level 484272 ng/mL; Fig. 1A). In con-
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