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Histone methyltransferases G9a and GLP
form heteromeric complexes and are both

crucial for methylation of euchromatin

at H3-K9
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Histone H3 Lys 9 (H3-K9) methylation is a crucial epigenetic mark for transcriptional silencing. G9a is the
major mammalian H3-K9 methyltransferase that targets euchromatic regions and is essential for murine
embryogenesis. There is a single G9a-related methyltransferase in mammals, called GLP/Eu-HMTasel. Here
we show that GLP is also important for H3-K9 methylation of mouse euchromatin. GLP-deficiency led to
embryonic lethality, a severe reduction of H3-K9 mono- and dimethylation, the induction of Mage-a gene
expression, and HP1 relocalization in embryonic stem cells, all of which were phenotypes of G9a-deficiency.
Furthermore, we show that G9a and GLP formed a stoichiometric heteromeric complex in a wide variety of
cell types. Biochemical analyses revealed that formation of the G9a/GLP complex was dependent on their
enzymatic SET domains. Taken together, our new findings revealed that G9a and GLP cooperatively exert
H3-K9 methyltransferase function in vivo, likely through the formation of higher-order heteromeric

complexes.
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In all eukaryotes, genetic information is stored as chro-
matin, which consists of genomic DNA, histones, and a
wide array of chromosomal proteins. The most funda-
mental unit of chromatin is the nucleosome, which is
built from an octamer of core histones, H2A, H2B, H3,
and H4, wrapped around 147 bp of DNA (Luger et al.
1997). The N-terminal tails of core histones are subject
to a variety of covalent modifications such as phosphory-
lation, acetylation, methylation, ubiquitination, and
ADP-ribosylation. These modifications play critical
roles in the nuclear functions of chromatin. The “his-
tone code” hypothesis (Strahl and Allis 2000; Turner
2000; Jenuwein and Allis 2001) predicts that different
modifications at specific amino acid residues in histones
or combinations of these modifications are translated
into functionally distinct nuclear processes. For ex-
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ample, lysine methylation on histone H3 or H4 is in-
volved in a variety of biological processes including tran-
scriptional regulation, DNA elimination, DNA methyl-
ation, heterochromatin formation, and X-chromosome
inactivation (Lachner and Jenuwein 2002; Lachner et al.
2003; Cao and Zhang 2004a). Distinct effector molecules
can read different methyl-lysine codes through specific
interactions with the methylated histone. For example,
heterochromatin protein 1 (HP1) and Polycomb (Pc) me-
diate transcriptional repression via their high-affinity in-
teractions with histone H3 methylated at K9 and K27,
respectively (Bannister et al. 2001; Lachner et al. 2001;
Fischle et al. 2003).

SET domain-containing proteins (SET domain proteins)
are potential histone methyltransferases (HMTases), and
there are >50 putative SET domain protein genes in the
mouse genome. Enzymatically characterized SET do-
main proteins are classified into subgroups by their pu-
tative substrate specificities. Among the histone H3 Lys
9 (H3-K9) methyltransferase group genes, at least
Suv39h1 (Rea et al. 2000), Suv39h2 (O’Carroll et al.
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2000), G9a (Tachibana et al. 2001), G9a related protein
(GLP, also known as EuHMTasel in human) (Ogawa et
al. 2002) and SETDB1/ESET (Schultz et al. 2002; Yang et
al. 2002) gene products were demonstrated to catalyze
H3-K9 methylation. Mutational studies in mice have
shown that each of these H3-K9 HMTases is function-
ally distinct. For example, ESET was essential for pre-
implantation development in mice (Dodge et al. 2004),
whereas G9a was essential during mid-gestation (Tachi-
bana et al. 2002). Suv39h1 and its homolog, Suv39h2,
played redundant but crucial roles after the embryonic
day 12.5 (E12.5) developmental stage (Peters et al. 2001).
Furthermore, different H3-K9 HMTases target different
chromosomal loci and regulate methylation status at the
level of mono-, di-, or trimethylation. Suv3%h proteins
contribute to H3-K9 trimethylation on pericentric het-
erochromatin, whereas G9a dominantly regulates H3-K9
mono- and dimethylation at euchromatic regions (Peters
et al. 2003; Rice et al. 2003).

Methylation of H3-K9 by G9a is an integral compo-
nent of the transcriptional silencing program for many
genes. We have reported that a null G9a-mutation in
embryonic stem (ES) cells led to a loss of H3-K9 di-
methylation at the Mage-a promoter and reversed tran-
scriptional repression of Mage-a genes (Tachibana et al.
2002). Targeting of G9a and induction of H3-K9 methyl-
ation at antigen receptor gene segments suppressed their
germline transcription and V(D)J recombination (Osipo-
vich et al. 2004). Furthermore, G9a-mediated H3-K9
methylation has been implicated in the silencing of de-
velopmentally regulated genes via interaction with
CDP/cut (Nishio and Walsh 2004), the plasma cell tran-
scription factor Blimp-1 (Gyory et al. 2004), and the neu-
ron-restrictive silencing factor NRSF/REST (Roopra et
al. 2004).

Mammals possess only one closely related homolog of
G9a, termed GLP/Eu-HMTasel. Recent biochemical
studies have shown that several transcriptional silencing
complexes, such as E2F6 (Ogawa et al. 2002), CtBP-1 (Shi
et al. 2003), and CDP/cut (Nishio and Walsh 2004), con-
tained not only G9a but also Eu-HMTasel. However,
genetic studies have shown that mutation of G9a was
sufficient to drastically reduce H3-K9 mono- and di-
methylation at euchromatic regions. Thus, the in vivo
contribution of GLP/Eu-HMTasel as an H3-K9 HMTase
and its functional interaction with G9a remained un-
known.

To address these questions, we generated GLP-defi-
cient mice and ES cells. Surprisingly, the phenotypes ob-
served for germline mutations of the G9a and GLP genes
were identical in many respects, including embryonic
lethality, drastic reduction of H3-K9 mono- and dimeth-
ylation, induction of Mage-a genes, and HP1 relocaliza-
tion in ES cells. These findings indicate that G9a and
GLP function cooperatively rather than redundantly to
mediate H3-K9 methylation at euchromatin. Moreover,
we show that G9a and GLP form a stoichiometric het-
eromeric complex in vivo, which is likely important for
the HMTase function of these proteins during gene re-
pression.
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Results

Molecular characteristics and expression profiles
of GLP

Figure 1A compares the molecular features of GLP (1296
amino acids) and mouse G9a-S (G9a short form, 1172
amino acids). GLP and G9a exhibit a high overall se-
quence similarity and a conserved domain structure. The
most conserved domain is the SET domain (75% identi-
ties, 87% positives). The human counterpart of GLP, Eu-
HMTasel, has been shown to express H3-K9 HMTase
activity in vitro (Ogawa et al. 2002). To further investi-
gate the substrate specificity and the enzymatic activity
of GLP versus G9a, we generated GST-fusion proteins
carrying their respective SET domains (amino acids
878-1172 for mG9a-S and 1002-1296 for GLP). The GST-
fusion proteins were incubated with S-adenosyl methio-
nine and several recombinant GST-histone H3 tail sub-
strates (amino acids 1-57) (Tachibana et al. 2001). As
reported previously, the GST-G9a SET protein preferen-
tially methylated K9 [Fig. 1B, left panel, H3N(K9]] and
less efficiently K27 [H3N(K27)] in our in vitro assay sys-
tem. The GST-GLP SET protein also methylated K9 pref-
erentially and K27 weakly (Fig. 1B, right panel). Thus,
the enzymatic activities of GLP were quite similar to
those of G9a.

To explore the biological function(s) of GLP, we exam-
ined the intracellular localization profile of GLP as com-
pared with G9a. Newly generated monoclonal antibodies
specific for G9a or GLP (epitopes shown in Fig. 1A) were
used for detection of the corresponding endogenous pro-
teins using immunohistochemistry. G9a and GLP dis-
played similar intracellular localization profiles in
mouse ES cells and embryonic fibroblasts (Fig. 1C, top
and bottom, respectively). Both enzymes were detected
exclusively in nuclei, but did not accumulate at DAPI-
dense heterochromatin, and were excluded from
nucleoli.

We also examined RNA expression profiles of G9a and
GLP by multi-tissue Northern blot hybridization in
adult mice (Fig. 1D). G9a and GLP were ubiquitously
expressed with some variations at steady-state mRNA
levels when comparing different tissues. It was notable
that the relative levels of GLP transcripts among the
examined tissues were quite proportionate to those of
G9a, except in testis, where G9a transcripts were el-
evated. Collectively, these results suggest that G9a and
GLP may possess similar functions as H3-K9 HMTases
in vivo.

Generation of GLP-deficient mice and ES cells

To generate GLP~/~ mice and cells by genetic mutation,
we designed a targeting construct for replacement of
exon 25 and a portion of exon 26 with the neomycin gene
cassette (Fig. 2A). The replaced sequences encode the
catalytic core region of the GLP SET domain (as shown
in Fig. 1A, underlined). The targeting construct was in-
troduced into TT2 mouse ES cells (Yagi et al. 1993) and
selected by G418/Gnc. From the three hundred clones
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Figure 1. Molecular and expression characteristics of G9a and GLP. (A) Molecular structures of mouse G9a-S and GLP. Black boxes
represent putative nuclear localization sequences. Dark boxes represent cysteine-rich regions including pre- and post-SET domains.
(ANK) Ankyrin repeats; (SET) SET domains; (E) poly glutamic acid stretch; (ED) acidic region composed of glutamic and aspartic acid
repeats. (B) The SET domains of G9a and GLP share the same substrate specificity. HMTase activities of the SET domains of G9a
(amino acids 878-1172 for G9a-S, Ieft) and GLP (amino acids 1002-1296, right). The GST-SET domains were incubated with '*C-
labeled SAM and several GST-fused H3-N-terminal proteins (1-57) as substrates. Mutant substrates carry double K-to-R substitutions
as follows: 4K, (9 + 27)R; K9, K(4 + 27)R; K27, K(4 + 9)R. (NT) Triple K-to-R substitutions. Asterisks indicate GST-SET domain
proteins. (C) Nuclear distributions of G9a and GLP. Wild-type ES cells (top) and mouse primary fibroblasts from wild-type E13.5
embryos (bottom) were stained with DAPI (right, blue) and specific antibodies against G9a or GLP (red). (D) Expression profiles of G9a
and GLP transcripts in mouse tissues. Four micrograms of total RNA were probed with radio-labeled G9a (top) and GLP ¢cDNA
(middle). (Bottom) 28S ribosomal RNA was visualized by ethidium bromide staining as a loading control. (Th) Thymus; (Sp) spleen;
(Ly) lymph node; (Bo) bone marrow; (Br) brain; (Te) testis; (Li) liver; (Ep) epididymis; (Ut) uterus; (Ki) kidney; (Lu) lung; (He) heart; (Mu)

skeletal muscle; (St) stomach; (In) intestine; (Es) ES cells (TT2).

screened, we identified eight that carried a correctly tar-
geted GLP allele and no extra copy of the construct.
Three clones (#94, #138, and #233) were injected into the
morula stage of mouse embryos to generate chimeric
animals. Figure 2B shows the establishment scheme of
GLP-deficient ES cells. At first, we introduced a Flag-
tagged GLP c¢DNA flanked with two loxP sites into
GLP*'~ ES cells (#94) and then generated GLP~/~ ES cells
(118) expressing exogenous Flag-tagged GLP molecules.
Finally, using Cre-recombinase treatment of 118 cells,
we generated GLP-deficient ES cells (118+). In addition,
we established three clones of GLP-deficient ES cells
(CD10-CD12) by cloning of 118+. The successful genera-
tion of GLP~/~ ES cells was confirmed by both Southern
blot (Fig. 2C) and immunoblot (Fig. 2D) analyses. Anti-
GLP antibody could not detect any truncated poly-
peptides in 118+, indicating that our GLP targeting re-
sults in a null mutation. Interestingly, GLP-deficiency
caused a reduction in the steady-state levels of G9a pro-
tein to approximately one-third of those observed in
wild-type ES cell, TT2 (Fig. 2D, middle panel, TT2 vs.
118+). RNA hybridization analysis of GLP-deficient ES

cells demonstrated no decrease in G9a-transcript levels,
indicating that the reduction in G9a protein occurred
post-transcriptionally (data not shown).

Embryonic lethality in GLP-deficient mice

To address the in vivo functions of GLP, we established
three lines of GLP*/~ mice from the #94, #138, and #233
chimeras. The GLP*/~ offspring were intercrossed and
the resultant GLP~/~ mice (embryos) were subjected to
phenotypic analyses. No significant differences were
identified between GLP*/* and GLP*/~ mice. However, as
shown in Table 1, the heterozygous crosses produced no
GLP~/~ pups from three distinct mouse lines. Thus, we
conclude that the GLP~/~ genotype results in embryonic
death. We further examined lethality in the GLP~/~ em-
bryos using dissection at different developmental stages.
At E12.5, embryo proper genotyped as GLP~/~ could not
be detected, and putative GLP~/~ embryos were already
adsorbed completely. Live GLP~/~ embryo proper could
be detected at E9.5, but were reduced from the expected
Mendelian ratio. Approximately one-half of the expected
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Figure 2. Generation of GLP-deficient mice and ES cells. (A) Partial restriction maps of the mouse GLP locus (exons 25 and 26, top),
and the targeted GLP locus containing a neomycin cassette (middle) are shown. (Bottom) The neomycin cassette can be excised from
the targeted locus for disruption of the second allele. The portions of the endogenous locus that were used for constructing the
targeting plasmid are shown as thick lines. (Xh) Xhol; (H) HindIII; (X) Xbal; (A) ArtIl; (B) BamHI. (B) Flow diagram for the establishment
of GLP-deficient ES cells. To disrupt GLP conditionally with Cre-recombinase, loxP-flanked (flox) Flag-GLP-cDNA was introduced
before the second GLP targeting. The 118 cells, which expressed only exogenous Flag-GLP-cDNA, were treated with 5’OHT to excise
the Flag-GLP-cDNA. The resultant cells (118+) successfully carried a GLP-null genotype. (C) Southern blot analyses of GLP alleles
described in A. Disruption of the GLP locus was confirmed by Southern blot analysis using BamHI/HindIII-digested DNA probed with
a genomic portion located outside of the targeting construct as shown in A. (D) GLP deficiency was confirmed by Western blot analyses
using total lysates corresponding to 10° cells. Endogenous GLP protein was detected at a molecular weight of ~170 kDa. (Top) Asterisks
represent nonspecific signals detected by the secondary antibodies. (Bottom) Tubulin contents were also determined as a loading

control.

GLP~~ embryos were dead at E9.5. Some of these em-
bryos were completely adsorbed and the remainder con-
sisted only of a residual yolk sac, suggesting that GLP~/~
embryos die around E9.5. Notably, viable GLP~/~ em-
bryos at E9.5 could be distinguished from GLP*/* and
GLP*/~ littermates by their morphological properties, be-
cause they exhibited severe growth retardation. The
gross morphology of typical E9.5 GLP~/~ embryos is
shown in Figure 3A (left). The cell mass of these GLP~/~
embryos was estimated at approximately one-fifteenth
that of wild type (data not shown). The E9.5 GLP~/~ em-
bryos developed only to the 4-6 somite stage (Fig. 3A,
upper left) as opposed to the 21-25 somite stage in wild-
type siblings. In addition, the neural groove of GLP~/~
embryos was closed only at the tail region but not at the
anterior region. These morphological characteristics of
the E9.5 GLP~/~ embryos resembled those of the E8.0-
E8.5 wild-type embryos, and no organ-specific abnor-
malities were recognized. Most importantly, levels of
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H3-K9 dimethylation in GLP~/~ embryos were drasti-
cally reduced when compared with those observed for
wild-type embryos (Fig. 3B). The latter data demonstrate
that GLP is also a critical H3-K9 HMTase in vivo. In
conclusion, the phenotypes of GLP~/~ embryos were
mostly identical to those of G947/~ embryos (Tachibana
et al. 2002), suggesting that G9a and GLP coordinate
common functions during embryonic development.

Drastic reduction of mono- and dimethylated H3-K9
and relocalization of HP1 proteins in GLP~~ ES cells

To clarify the impact of GLP deficiency on H3-K9 meth-
ylation, we compared the levels of this histone modifi-
cation among wild-type (TT2), G9a~/~ (2-3), and GLP~/~
(CD10) ES cells (Fig. 4A,B). As reported previously (Pe-
ters et al. 2003; Rice et al. 2003), Western blot analysis
clearly showed that H3-K9 mono- and dimethylation
was severely diminished in the G9a~/~ ES cells (Fig. 4A).
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Table 1. Embryonic lethality of GLP-deficient mice

Genotype
+[+ +/- -/- Complete resorption

Newborn

#94 18 18 0 —
#138 10 26 0 —
#233 17 38 0 —
Embryo
E12.5 8 17 22 9
E10.5 5 9 3(1P +22) 3
E9.5 12 23(1%)  8(6° + 23 4

2No embryo proper and only yolk sack remained.
PSeverely growth-retarded embryo proper.

The GLP~/~ ES cells also exhibited a drastic reduction in
mono- and dimethylated H3-K9 but no alteration in H3-
K9 trimethylation. Due to our previous data for H3-K9
dimethylation in G9a~/~ ES cells (Tachibana et al. 2002),
we estimated that the reduction of H3-K9 dimethylation
in GLP~/~ ES cells was also approximately one-eighth.
Immunostaining analysis confirmed the specific disap-
pearance of mono- and dimethylated H3-K9 signals in
G9a~/~ and GLP~/~ ES cells, which were detected mostly
at euchromatic regions in wild-type nuclei (Fig. 4B).
These data further indicate that G9a and GLP are equally
required for overall H3-K9 mono- and dimethylation
in vivo.

The enrichment of HP1 proteins at pericentric hetero-
chromatin is strictly dependent on H3-K9 methylation
by Suv39h family HMTases (Lachner et al. 2001). How-
ever, the HP1 proteins also localize to euchromatic loci
(Eissenberg and Elgin 2000). Thus, we examined whether
deletion of GLP or G9a affects the nuclear localization of
HP1 proteins (HP1a, HP1B, and HP1y). In wild-type ES
cells, dense signals for HP1a and HP1p were detected on
pericentric heterochromatin, whereas HP1y was widely
dispersed on euchromatin (Fig. 4C; Eissenberg and Elgin
2000). Significant amounts of HPla and HP1B signals
were also detected in the euchromatic regions. In con-
trast, both G9a~/~ and GLP~/~ ES cells showed distinct
HP1 nuclear localization profiles. All of the HP1 proteins
accumulated into pericentric heterochromatin regions
and were significantly reduced at euchromatic regions
(Fig. 4C, 2-3 and CD10 panels). Total amounts of HP1
proteins were unaltered among these ES cells (data not
shown). Thus, G9a- and GLP-mediated methylation of
H3-K9 affects the subnuclear distribution of HP1 to eu-
chromatin.

H3-K9 hypomethylation induces Mage-a gene
expression in GLP~/~ ES cells

Next, we examined the expression of Mage-a family
genes in GLP~/~ ES cells, since the expression of certain
Mage-a genes was induced in G9a-deficient ES cells
(Tachibana et al. 2002). As shown in Figure 4D (left
panel), Mage-a gene(s) expression was also induced in all

Function of histone methyltransferase GLP

three GLP~/~ ES cell lines examined (CD10-CD12) but
was undetectable in wild-type TT2 cells and GLP cDNA
positive SIM2 cells. We have also reported that G9a de-
ficiency caused a significant decrease in H3-K9 dimeth-
ylation and an increase in H3-K4 dimethylation on the
Mage-a2 promoter region in ES cells (Fig. 4D, right panel;
Tachibana et al. 2002). Accordingly, we analyzed the
methylation status of H3 on the Mage-a2 promoter
region in GLP~/~ ES cells. Chromatin immunoprecipita-
tion analysis clearly demonstrated that H3-K9 dimeth-
ylation was reduced and H3-K4 dimethylation was
increased on the Mage-a2 promoter region in the GLP-
deficient cells (Fig. 4D, right panel). This result provides
further support to our model that GLP functionally over-
laps with G9a, not only on a chromosome-wide level but
also for a specific genetic locus.

Finally, we complemented the GLP~/~ ES cells with a
cDNA encoding the wild-type protein. As shown in Fig-
ure 4E, all phenotypes observed for the GLP deficiency,
including G9a protein instability (left middle panel), loss
of H3-K9 dimethylation (center middle panel), and dere-
pression of Mage-a transcripts (right upper panel), were
rescued, indicating that the observed GLP~/~ phenotypes
were intrinsic.

G9a and GLP exist as heteromeric complexes in vivo

Our data not only demonstrate that G9a and GLP exhibit
significant functional overlap, but also that G9a protein
stability is at least partially dependent on GLP. One po-
tential explanation for these results is that the two
HMTases function as components of a higher-order com-
plex. Indeed, a subset of transcriptional suppressive com-
plexes in human cells contained both G9a and Eu-
HMTasel (Ogawa et al. 2002; Shi et al. 2003; Nishio and

A B

KO WT
e
a-H3-2meK9

- e
a-H4

Figure 3. GLP-deficiency results in embryonic-lethality. (A)
The gross morphology of a typical GLP-deficient embryo (left)
and a wild-type sibling (right) at E9.5. GLP-deficient embryos
were severely growth-retarded, containing only 4-6 somites (en-
larged in upper Ieft), while wild-type siblings had 21-25 somites.
(B) Acid-extracted histones from E9.5 whole embryos were sepa-
rated by SDS-PAGE and followed by immunoblotting with anti-
dimethyl H3-K9 (top) or anti-H4 antibodies (bottom). The levels
of H3-K9 dimethylation were drastically reduced in GLP-defi-
cient whole embryos.
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Walsh 2004). As such, we examined the association of
endogenous G9a and GLP by coimmunoprecipitation as-
says (Fig. 5A). In wild-type TT2 cells, both G9a and GLP
coprecipitated efficiently with antibodies specific for ei-
ther G9a or GLP (Fig. 5A, lanes 4,7). Control immuno-
precipitations confirmed the specificity of this interac-
tion. GLP failed to precipitate with anti-G9a antibodies
from G9a~/~ ES cell extracts. Likewise, G9a was not de-
tected in anti-GLP precipitates from GLP~/~ ES cells (Fig.
5A, lanes 5,9). The G9a/GLP interaction was stable un-
der highly stringent conditions using the detergent
buffer RIPA (Fig. 5A), or even in high salt (0.5 M) condi-
tions (data not shown).

To determine the stoichiometry of G9a/GLP com-
plexes, we first purified each recombinant protein from
insect cells infected with baculovirus vectors encoding
mouse G9a-S or GLP (Fig. 5B, left panel). These recom-
binant proteins were used as standards to compare G9a
and GLP concentrations in immunocomplexes. Immu-
noprecipitates with anti-G9a or anti-GLP Abs were pre-
pared from wild-type ES cells and subjected to immuno-
blot analysis using the same antibodies (Fig. 5B, right
panel). Western blot analysis with the recombinant stan-
dards showed that both anti-G9a and anti-GLP immuno-
precipitates contained nearly equal amounts of each
HMTase. Next, we carried out sequential immunodeple-
tion analysis with anti-G9a and GLP antibodies using
the wild-type ES cell extract (Fig. 5C). Two consecutive
immunoprecipitations with anti-G9a resulted in an effi-
cient depletion of both G9a and GLP from the cell ex-
tracts. The ratio of G9a/GLP signal intensities was main-

Figure 4. Phenotypes of GLP-deficient ES cells. (A,B) The H3-
K9 methylation status of TT2 (wild type), G9a-deficient (2-3),
and GLP-deficient cells (CD10) was analyzed by Western blot
(A) and immunostaining analyses (B). (4, left) GLP protein was
absent from in CDI10 cells. The reduction in levels of H3-K9
mono-and dimethylation in GLP-deficient cells were indistin-
guishable from that observed in 2-3 cells. Overall H3-K9 tri-
methylation at pericentric heterochromatin was unaffected in
the mutant cells. (C) The G9a or GLP mutations alter the
nuclear distribution of HP1 proteins. Mutant cell nuclei were
stained with specific antibodies against three HP1 isoforms (,
left; B, middle; v, right panels). In G9a- and GLP-mutant cells,
euchromatic staining profiles of HP1 had significantly disap-
peared, but were enriched at pericentic loci. (D) GLP suppressed
Mage-a gene expression. (Left) Five micrograms of total RNA
were separated and probed with radiolabeled Mage-a cDNA.
Fixed and sonicated chromatin of TT2, 2-3, and CD10 ES cells
were immunoprecipitated with the indicated Abs and applied to
the semiquantitative assay. (Right) H3-K9 dimethylation was
reduced and H3-K4 dimethylation was increased on the Mage-
a2 promoter region in G9a- and GLP-deficient cells. (E) GLP-
¢DNA introduction can rescue GLP-deficient phenotypes. A
GLP-cDNA driven by the chicken B actin promoter was intro-
duced stably into GLP-deficient cells. (Left panels) In rescued
clones L2 and L6, which expressed GLP at levels comparable to
those observed in wild-type cells, the protein stability of G9a
was recovered. Similarly, dimethyl H3-K9 levels and Mage-a
gene suppression were restored (middle and right panels, respec-
tively).
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tained in the second-round immunocomplexes (Fig. 5C,
left panel). Anti-GLP immunodepletion produced iden-
tical results (Fig. 5C, right panel). These data revealed
two novel features of the G9a/GLP complex in wild-type
ES cells. First, the G9a/GLP complex is the predominant
form of these HMTases. Second, the molecular stoichi-
ometry of this complex is nearly one to one, suggesting
that G9a and GLP function in vivo as either a het-
erodimer or as a multimer composed of equal amount of
two enzymes.

To rule out the possibility that heteromeric complex
formation between G9a and GLP is restricted to ES cells,
we analyzed an additional panel of mouse cells. Nuclear
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lysates from adult thymocytes, E13.5 primary fibro-
blasts, the NIH3T3 cell line, the C2C12 myocyte cell
line, and the myeloma cell line P3U1 were subjected to
coimmunoprecipitation studies. As shown in Figure 5D,
the G9a/GLP heteromeric complex was clearly detected
in all cell types examined. The signal ratios of G9a/GLP
in most immunocomplexes were strikingly similar to
those observed for wild-type ES cells. Moreover, G9a/
GLP heteromers were readily detected in the human cell
lines HeLa and HEK293T (Fig. 5D; data not shown).
These data strongly suggest that the association of G9a
and GLP to form heteromeric complexes is highly con-
served in mammalian cells.

Formation of G9a/GLP heteromeric complexes
requires their SET domains

Next, we analyzed the specificity of the interactions be-
tween G9a and GLP. For this purpose, we coexpressed
EGFP-tagged H3-K9 HMTases (Suv39h1, ESET, or GLP)
with Flag-tagged G9a-S in HEK 293T cells (Fig. 6A). Flag-
G9a-S coprecipitated EGFP-GLP but not EGFP-Suv39hl
or EGFP-ESET (Fig. 6A, lane 3). An identical approach
was applied to test interactions between EGFP-tagged
Suv39hl1, ESET, or G9a and Flag-tagged GLP (Fig. 6B).
Again, Flag-GLP only coprecipitated EGFP-G9a but not

analysis. G9a and GLP formed a heteromeric complex
in all murine and human cells tested and this hetero-
meric complexes were the predominant form.

other H3-K9 HMTases. However, interactions between
Flag-G9a-S or Flag-GLP and their partner molecules lack-
ing their C-terminal catalytic domains were drastically
reduced (Fig. 6A,B, EGFP-GLPASET and EGFP-G9aASET
lanes). These findings strongly suggest that the SET do-
mains of G9a and GLP are essential not only for their
enzymatic activities but also for heterodimerization. Fi-
nally, we examined whether G9a and GLP can form
complexes directly. To test this possibility, Sf9 insect
cells were coinfected with baculoviruses encoding G9a
and GLP. After 2 d in culture, nuclear extracts from the
coinfected Sf9 cells were prepared and subjected to im-
munoprecipitation analysis using anti-G9a or anti-GLP
Abs. As shown in Figure 6C (lanes 3,4), recombinant G9a
and GLP clearly formed heteromeric complexes even
when they were produced in the insect cells. However, if
we prepared recombinant G9a and GLP independently
from the insect cells and then assayed for G9a/GLP com-
plex formation in the mixture, we could not detect the
G9a/GLP association (Fig. 6C, lanes 7,8).

One potential explanation for the latter finding is that
G9a and GLP can form not only heterodimers but also
homodimers and the independently expressed G9a and
GLP immediately formed stable homodimers via their
SET domains. If correct, further G9a/GLP heterodimer
formation could not occur efficiently in this mixing ex-
periment. To address this possibility, we produced Flag-
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Figure 6. G9a/GLP heteromeric complexes re-
quire their SET domains. (A,B) Specificity and A
interaction domain analysis for the G9a and GLP
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Immunoblot analysis with anti-Myc indicated
that the SET domains can hetero- or homodimer-
ize. For negative control, Myc-G9a-SET and Flag-
EGFP proteins were coexpressed and subjected to
immunocomplex analyses. (Bottom) Neither
anti-Myc nor anti-Flag immunoprecipitates con-
tained partner molecule. Asterisk indicates pro-
tein-G signals extracted from resin.

tagged G9a or GLP and EGFP-tagged G9a, GLP, or their
SET domain-deletion mutants in HEK 293T cells. As
shown in Figure 6D, both G9a and GLP clearly formed
homomeric complexes in a SET domain-dependent fash-
ion. To further evaluate the dependence of complex for-
mation on G9a- and GLP-SET domains, we constructed
two different epitope-tagged versions of each SET do-
main and introduced these expression plasmids into
HEK 293T cells (Fig. 6E). As shown in Figure 6F, all com-
binations of the SET domains interacted as complexes.
Specifically, Myc-tagged SET domains were coimmuno-
precipitated by anti-Flag antibody but not by control an-
tibody (Fig. 6F, upper panel). As a specificity control, we
showed that Flag-tagged EGFP did not associate with
Myc-tagged SET domains in this assay (Fig. 6F, lower
panel; data not shown). Together, these biochemical data
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strongly suggest that the SET domains of G9a and GLP
are necessary and sufficient to mediate hetero- or homo-
meric interactions.

Discussion

G9a and GLP form functional dimeric complexes

in vivo

Our biochemical studies clearly revealed that G9a and
GLP form homo- and heteromeric complexes dependent
on their SET domains. However, G9a and GLP preferen-
tially form heteromeric complexes when cells express
both of these HMTases (Fig. 5B,C). In this regard, we
found that steady-state levels of G9a decreased in cells
lacking GLP (Figs. 2D, 4E). These data suggest that G9a


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press

is more stable in the G9a/GLP heteromeric complex
than when it is expressed alone. However, the converse
apparently does not apply to GLP since GLP content was
unaffected in G9a~/~ ES cells. Recent reports indicate
that some transcriptional silencing complexes from hu-
man cell lines, such as E2F6 (Ogawa et al. 2002), CtBP1
(Shi et al. 2003), and CDB/cut (Nishio and Walsh 2004),
contained not only G9a but also Eu-HMTasel. Our new
data demonstrate that G9a/GLP heteromeric complexes
are the predominant form of these proteins in most of
the mouse cells examined (Fig. 5D; data not shown). To-
gether, these findings support our working hypothesis
that G9a and Eu-HMTasel/GLP form heteromeric com-
plexes that function as the in vivo H3-K9 HMTase. In-
terestingly, two other SET domain HMTases have been
reported to form dimers. vSET from Paramecium buz-
saria chlorella virus, which can dimethylate H3-K27,
forms dimers via a Domain II-Domain II interaction be-
tween SET domains (Manzur et al. 2003). The Dro-
sophila Suv3%h homolog dSU(VAR)3-9 was also shown
to form dimers via its N terminus (Eskeland et al. 2004).
It is possible that more SET domain proteins form
dimers to exert HMTase activity in vivo.

Regulation of global HP1 targeting
by G9a/GLP-mediated H3-K9 methylation

Loss of H3-K9 mono-and dimethylation by mutation of
G9a or GLP resulted in a gross relocalization of HP1 (Fig.
4C). In null cells, all HP1 proteins accumulated at peri-
centromeric heterochromatin without a corresponding
induction of H3-K9 trimethylation (Fig. 4B). These data
strongly suggest that G9a/GLP-mediated methylation of
H3-K9 methylation also directs the global recruitment of
HP1 proteins to euchromatin. HP1 binding to “hetero-
chromatin domains” is not static but highly dynamic
(Cheutin et al. 2003; Festenstein et al. 2003). HP1 iso-
forms interact with the H3 N terminus peptides contain-
ing di- and trimethylated H3-K9 with similar binding
constants in vitro (Fischle et al. 2003). Therefore, the
balance of Suv39h- and G9a/GLP-mediated H3-K9 meth-
ylation is one of the critical factors for HP1 dynamics
and its binding to specific chromatin domains. However,
in general, HP1a and HP1@ seem to be more abundant at
pericentromeric heterochromatin where the density of
H3-K9 trimethylation is relatively high. HP1 also inter-
acts with Suv39h and Suv4-20h HMTases, both of which
localize to pericentromeric heterochromatin (Aagaard et
al. 1999; Schotta et al. 2004). These factors in combina-
tion probably enhance the retention of HPla and HP13
to pericentromeric heterochromatin.

G9a and GLP cooperatively exert H3-K9
methyltransferase function in vivo

The current studies show that G9a and GLP are equally
critical for euchromatic H3-K9 mono- and dimethylation
and do not function redundantly in this regard. In sup-
port of this conclusion, we have also established G9a/

Function of histone methyltransferase GLP

GLP doubly-deficient ES cells, but observed no addi-
tional defects in H3-K9 methylation when compared
with G9a or GLP single-deficient ES cells (data not
shown). In conjunction with biochemical studies (see be-
low), our data imply that heteromeric complexes con-
taining G9a and GLP are essential for H3-K9 methyl-
ation at euchromatin. Thus, G9a/GLP-mediated cataly-
sis is quite different from that observed for other H3-K9
HMTases in vivo. Mice harboring single mutations in
either Suv3d9hl or its homolog Suv39h2 exhibit no ap-
parent phenotype. Loss of H3-K9 trimethylation and
chromosomal instability are observed only when both of
these genes are mutated (Peters et al. 2001). These find-
ings indicate that, unlike G9/GLP, the Suv39h proteins
function redundantly in vivo even if they form dimeric
complexes.

Mammalian HMTases have been divided into two cat-
egories based on their in vitro substrate preferences. One
type of enzymes preferentially methylates histones in a
nucleosomal context. This category includes the H3-K27
HMTase EZH2 (EED-EZH2 complex) (Cao and Zhang
2004b), and the H4-K20 HMTases pr-SET7 (Fang et al.
2002; Nishioka et al. 2002) and Suv4-20h1,h2 (Schotta et
al. 2004). The other type of HMTases methylates histone
octamers, but exhibit a low rate of catalysis for nucleo-
somal histones. Interestingly, all of the characterized
H3-K9 HMTases in mammals (i.e., Suv3%h, Eu-
HMTasel/GLP, and SETDB1/ESET), belong to the latter
group (Ogawa et al. 2002; Wang et al. 2003; Schotta et al.
2004). To assess whether any enzymatic differences ex-
isted between the G9/GLP heteromeric complex and
G9a or GLP alone, we performed in vitro HMTase assay
(Supplementary Fig. S1; data not shown). We found no
difference in enzymatic activities for the heteromeric
complex, each molecule alone or the mixture of two en-
zymes, and all forms only methylated naked histone H3
but not H3 in nucleosomes. Thus, these in vitro data add
further support to the notion that H3-K9 HMTases are
the naked-histone preferring methyltransferase, but they
could not demonstrate the functional role of the G9a/
GLP complex formation on their euchromatic H3-K9
methylation nor functional relationship of the two en-
zZymes.

Recently, it was reported that the H3-K9 HMTase,
termed SETDBI, forms a higher-order complex with the
methyl-CpG-binding protein MBD1 and the chromatin
assembly factor CAF-1 in an S-phase specific manner.
This finding implies that SETDB1 may exert HMTase
activities when coupled with DNA replication (Sarraf
and Stancheva 2004). In this context, it is possible that
H3-K9 methylation is tightly regulated in the cell cycle
and mostly targeted to the newly synthesized H3 when
deposited into nucleosomes during replication. If this
hypothesis is correct, we speculate that G9a/GLP het-
eromeric complex formation might have a key role in
their euchromatic H3-K9 mono- and dimethylation in
the specific timing of the chromatin dynamics in vivo.

Further studies are necessary to dissect the specific
biological roles of G9a/GLP heteromeric complexes in
vivo. It certainly remains possible that G9a or GLP have
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a unique function in specific cell types such as murine
testicular cells where the G9a gene is predominantly ex-
pressed. Finally, it will be of great interest to determine
the physiological relevance of the G9a/GLP dual-enzyme
regulation on euchromatic H3-K9 methylation.

Materials and methods

Generation and genotyping of the GLP-mutant embryos
and ES cells

A mouse GLP cDNA fragment corresponding to amino acids
1002 to its termination was used as a probe to screen a TT2
genomic library. To make a GLP targeting construct, a 6.0-kb
genomic fragment, spanning from the Aatll site in exon 26 to
the Xhol site downstream of exon 26, was inserted into the
modified Sall site of two loxP-contaning plasmid, pPLNTK, and
then a 1.8-kb Xbal genomic fragment located in the intron be-
tween exon 24 and 25 was further subcloned into the XholI site.
The GLP targeting construct replaces exon 25 and a portion of
exon 26 of mouse GLP gene with the pgk-neomycin gene.

TT2ES cells (1 x10 ) were transfected with 20 pg of the Xhol-
linearized GLP-targeting construct and screened as described
previously (Tachibana et al. 2002). Homologous recombinant
clones (#94, #138, and #233) were identified by Southern blot
analysis of BamHI/HindIII digested DNA probed with a PCR-
amplified genomic fragment located between exons 24 and 25.
Southern blot analysis with a fragment of neomycin gene con-
firmed that there were no extra copies of the targeting construct
integrated randomly into the genome of the recombinant cells.
The recombinant cells were injected into the morula stage of
ICR mouse embryos. Established chimeric male mice derived
from the three clones described above successfully generated F,
offspring carrying the mutated GLP allele.

To establish GLP~/~ ES cells, pCAGGS-Mer-Cre-Mer and
PCAGGS-loxP-flanked (flox) Flag-GLP ¢cDNA expressing plas-
mids were stably introduced into GLP*/~2"¢° ES cells, which had
been generated by removal of the pgk-neomycin cassette from
GLP-targeted allele with transient Cre recombinase treat-
ment. The intact allele in GLP*/-2*°, flox Flag-GLP* ES cells
was further targeted with the GLP-targeting construct to gen-
erate GLP” ", flox Flag-GLP* ES cells. Finally, Flag-GLP
cDNA was excised from the genome by 2 d culture with
4-hydroxytamoxytamoxyfen (OHT). After OHT treatment,
three cell lines (termed CD10, CD11, and CD12) carrying
GLPp-Aneo/-Anco glleles were obtained by subcloning. PCR detec-
tion of the GLP-mutant allele was carried out using primers
external to the short arms of the targeting construct (G3, 5'-GG
GCCAGCTCATTCCTCCACTC-3' and GLP2nd-40F, 5'-GA
TCAAATCAGGTTAGGTTCAGTGCCAG-3'). 7021R (5'-GT
GGGCAGTCTCATGTCTGCCTGCGGAC-3'), and 6180F (5'-
CTCAGGTGAGATAACTCAAGTACCCCTAAG-3’) primers
within the intron between exons 26 and 25 were used for de-
tection of intact GLP allele.

Antibodies

For detection of G9a, hamster monoclonal antibody #14-1
(MBL) or mouse monoclonal antibody #8620 was used. For de-
tection of GLP, hamster monoclonal antibody C7-5 or mouse
monoclonal antibody #422 was used. Anti-G9a #8620 was gen-
erated to recognize an epitope embedded within amino acid
positions from 15 to 114 of the G9a-S polypeptide, the se-
quences of which were also conserved in G9a-L. Anti-GLP #422
was generated to recognize an epitope embedded within amino
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acid positions from 1 to 81 of the GLP polypeptide. These two
monoclonal antibodies were raised by immunizing mice with
recombinant baculovirus particles displaying amino acid se-
quences of G9a or GLP shown above as fusion proteins to the
viral surface glycoprotein gp64 as previously described (Tanaka
et al. 2002). For detection of epitope tagged-protein, rabbit anti-
GFP (MBL) and anti-Flag M5 (Sigma) were used. The methyl-
ation status of H3-K9 was analyzed with anti-monomethyl H3-
K9 (Upstate, #07-395), anti-dimethyl H3-K9 (#07-212), and anti-
trimethyl H3-K9 (#07-523) antibodies. To control for protein
loading, anti-histone H4 (Upstate, #07-108), anti-tubulin (On-
cogene, CP06) were used. For HP1 detection, mouse mono-
clonal antibodies against HP1a (Euromedix, 2HP-1H5 and 2HP-
2G9), HP1B (Euromedix, IMOD-1A9), and HPly (Euromedix,
2MOD-1G6) were used. We also used different antibodies
against mono-, di- and trimethylated H3-K9 gifted by Thomas
Jenuwein (IMP, Vienna, Austria), and confirmed the same re-
sults.

Immunofluorescence analysis

Cytospun cells were fixed with 4% paraformaldehyde for 10
min, permeabilized with 0.1% Triton X-100 for 10 min, and
incubated with the primary antobodies described above at 37°C
for 40 min. Anti-rabbit IgG or anti-mouse IgG conjugated with
Zenon Alexa 568 Fluor (Molecular Probes) were used for detec-
tion. The nuclei were counterstained with DAPI, observed un-
der fluorescence microscopy, and analyzed with AxioVision
software (Zeiss).

Immunoprecipitation

For immunoprecipitation of endogenous G9a and GLP, ES cells
were harvested with PBS containing trypsin (0.05%) and EDTA
(0.2 mM). After removing the cytoplasmic fraction with buffer
A (10 mM HEPES-KOH at pH 7.9, 1.5 mM MgCl,, 10 mM KClI,
0.5 mM DTT, 10 min incubation on ice), nuclear pellets were
lysed with one ml of RIPA buffer (PBS containing 1% Nonidet
P-40, 0.5% deoxycholate, 0.1% SDS, and protease inhibitor
cocktail; Nakalai) for 30 min at 4°C with rotation. Nuclear ex-
tracts were then prepared by removing chromatin pellets after
centrifugation. Typical conditions for immunoprecipitation
were as follows. Nuclear extracts from 107 ES cells nuclei were
incubated with 2 pg of either anti-G9a (#8620) or anti-GLP
(#422) overnight and immune complexes were collected with 20
pL of protein G slurry (1:1 ratio) for 1 h. The immune complexes
were washed three times with 500 pL of PBS containing 0.1%
Nonidet P-40. Several murine cells shown in Figure 5C were
also treated as described above.

For transient G9a and GLP interaction analyses, HEK293T
cells were transfected with combinations of Flag-tagged cDNAs
inserted into the pcDNA3 vector (Invitrogen) or the pEGFP-C
vectors (Clontech) containing corresponding cDNAs. After 2 d
in culture, whole cell extracts were prepared with RIPA buffer
and used for immunoprecipitation as described above. Antibod-
ies used were anti-Myc (9E10), anti-Flag M2 (Sigma), and anti-
GFP (MBL). EGFP-tagged SET domain-deletion mutants of G9a
and GLP were made by removal of cDNA portions coding pre-
SET, SET, and post-SET domains by digestion of restriction en-
zyme (PmlI for G9a and Scal for GLP) and Kpnl. The cDNAs for
ASET versions of G9a and GLP encode 936 and 1058 amino
acids, respectively.

Immunoblot analyses

Acid-extracted histones (Tachibana et al. 2002) corresponding
to 5 x 10* nuclei were separated by SDS-PAGE, transferred to
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nitrocellulose membranes, blocked with 5% milk, and probed
with the specific antibodies described above. Following washes,
blots were incubated with an HRP-conjugated anti-rabbit anti-
body (Amersham) prior to addition of ECL (Amersham). For de-
tection of the mouse monoclonal primary antibody, we used an
HRP-conjugated anti-mouse IgG-Fc portion (Cappel).

In vitro HMTase activity assays

HMTase activity assays were performed as described (Tachi-
bana et al. 2001).

Chromatin immunoprecipitation

Chromatin immunoprecipitation analysis was performed as de-
scribed (Tachibana et al. 2002).

Baculovirus expression

Insect cells Sf9 were infected with baculovirus encoding either
Flag-His-tagged mouse G9a-S or His-tagged GLP cDNA and cell
extracts were prepared 2 d post-infection. Purified protein
amounts were measured by coomassie staining in comparison
with BSA.
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Makoto Tachibana, Jun Ueda, Mikiko Fukuda, et al.

Genes Dev. 2005, 19:

Access the most recent version at doi:10.1101/gad.1284005

Supplemental
Material

References

License

Email Alerting
Service

http://genesdev.cshlp.org/content/suppl/2005/03/16/gad.1284005.DC1

This article cites 40 articles, 14 of which can be accessed free at:
http://genesdev.cshlp.org/content/19/7/815.full.html#ref-list-1

Receive free email alerts when new articles cite this article - sign up in the box at the top
right corner of the article or click here.

Dharmacon Reagents Infinite © '\ horizon

3 Pkl breer cramapuary

Reliability

Cold Spring Harbor Laboratory Press


http://genesdev.cshlp.org/lookup/doi/10.1101/gad.1284005
http://genesdev.cshlp.org/content/suppl/2005/03/16/gad.1284005.DC1
http://genesdev.cshlp.org/content/19/7/815.full.html#ref-list-1
http://genesdev.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gad.1284005&return_type=article&return_url=http://genesdev.cshlp.org/content/10.1101/gad.1284005.full.pdf
http://genesdev.cshlp.org/cgi/adclick/?ad=56352&adclick=true&url=https%3A%2F%2Fhorizondiscovery.com%2Fen%2Fapplications%2Fcrisprmod%2Fcrispri%3Futm_source%3DGDJournal%26utm_medium%3Dbanner%26utm_campaign%3DCRISPRMod%26utm_id%3DCRISPRMod%26utm_content%3DM
http://genesdev.cshlp.org/
http://www.cshlpress.com

