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Histone H4 lysine 20 monomethylation promotes transcriptional repression

by L3MBTLI
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Lethal 3 malignant brain tumor 1 (L3MBTL1), a homolog
of the Drosophila polycomb tumor suppressor /(3)mbt,
contains three tandem MBT repeats (3xMBT) that are
critical for transcriptional repression. We recently re-
ported that the 3xXMBT repeats interact with mono- and
dimethylated lysines in the amino termini of histones H4
and H1lb to promote methylation-dependent chromatin
compaction. Using a series of histone peptides, we now
show that the recognition of mono- and dimethylated
lysines in histones H3, H4 and H1.4 (but not their
trimethylated or unmodified counterparts) by 3xMBT
occurs in the context of a basic environment, requiring a
conserved aspartic acid (D355) in the second MBT repeat.
Despite the broad range of in vitro binding, the chromatin
association of L3MBTLI1 mirrors the progressive accu-
mulation of H4K20 monomethylation during the cell cycle.
Furthermore, transcriptional repression by L3MBTLI1 is
enhanced by the H4K20 monomethyltransferase PR-SET7
(to which it binds) but not SUV420H1 (an H4K20
trimethylase) or G9a (an H3K9 dimethylase) and knock-
down of PR-SET7 decreases H4K20mel levels and the
chromatin association of L3MBTLI1. Our studies identify
the importance of H4K20 monomethylation and of
PR-SET7 for L3MBTL]1 function.
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Introduction

Covalent histone modifications create docking sites for
effector proteins that influence cellular behavior.
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Although some histone modifications (for example,
histone H3 and H4 N-terminal acetylation) collectively
influence gene expression, others (for example, methyla-
tion) have site-specific signaling potential (Lachner and
Jenuwein, 2002; Huebert and Bernstein, 2005). Histone
lysine methylation is coupled with both transcriptional
competence (H3K4me3, H3K36me3 and H3K79me2)
and silencing (H3K9me3, H3K27me3). Furthermore,
the methylation status (mono-, di- or tri- (mel/me2/
me3)) of specific lysines, extends the options for
signaling to chromatin (Peters et al., 2003; Rice et al.,
2003) as exemplified for H4K20 methylation.
H4K20mel is associated with facultative heterochroma-
tin (Fang et al., 2002; Martens et al., 2005; Sims et al.,
2006), and the inactive X chromosome (Kohlmaier ez al.,
2004). In contrast, H4K20me3 marks constitutive hetero-
chromatin (Schotta et al., 2004; Mikkelsen et al., 2007).

Specialized protein domains recognize modified his-
tones, with preference for specific amino acids and
modification states (Seet et al., 2006; Turner, 2007). The
H3K4me2/3 mark is recognized by motifs such as the
chromo, tudor, PHD and WD40 domains (Ruthenburg
et al., 2007). The chromodomains of HP1 (Jacobs and
Khorasanizadeh, 2002) and CHDI1 (Flanagan et al.,
2005; Pray-Grant et al., 2005), and the tudor domains of
JMJD2A (Huang et al., 2006), bind preferentially to
trimethylated lysines, but also interact with lower
methylation states (mono- and di-). In contrast,
the tudor domain of 53BP1, can discriminate between
the di- and trimethyl state of H4K20, preferring the
dimethyl form (Botuyan et al., 2006; Kim et al., 2006).
Tudor and chromodomains are members of a conserved
‘Royal’ family of motifs and are related to PWWP,
Agenet and MBT domains (Maurer-Stroh et al., 2003).

We have been studying L3MBTLI1, a human homolog
of the Drosophila lethal (3) malignant brain tumor
(D-I(3)mbt) polycomb protein, that functions as a
tumor suppressor in the larval brain (Gateff et al., 1993;
Wismar et al., 1995). Human L3MBTLI is located on
chromosome 20q within a region commonly deleted in
hematological malignancies (MacGrogan et al., 2004).
L3MBTLI1 contains three tandem MBT repeats
(3xMBT), a C2HC zinc finger and an SPM oligomer-
ization domain (Figure la). Each of the three MBT
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Figure 1 Chromatin association of L3AMBTLI1 (and its 3xMBT repeats) in vivo and in vitro. (a) Schematic representation of the
domain architecture of the human L3MBTLI protein. (b) Western blots show the progressive release of endogenous L3MBTLI from a
K562 chromatin pellet (RCP) (third panel) into the micrococcal nuclease (MNase) buffer supernatant (MBS) (second panel) with
increasing MNase input. The concomitant release of a chromatin-associated factor, TATA box-binding protein (TBP), into the MBS
served as control (top panel). (¢) In vitro binding of recombinant GST (top) and GST-3xMBT (bottom) to post-translationally
modified calf thymus histones (CTH) analysed in pull down experiments at indicated NaCl concentrations in binding and wash buffers.
(d) Binding of individually purified HeLa core histones H3 and H4 (but not H2A or H2B) to GST-3xMBT (at 600 mM NaCl).

repeats contains a conserved, three B-stranded, core
element (Wang et al., 2003), a structural arrangement
seen in other ‘Royal’ domains.

We have shown that L3MBTLI1 functions as a
transcriptional repressor (Boccuni et al., 2003) and that
L3MBTLI is complexed with Rb and can bind to E2F
target genes such as c-myc and cyclin E (Trojer et al.,
2007). Furthermore, changes in L3MBTLI1 expression
have been shown to alter normal mitotic progression
(Koga et al., 1999; Yohn et al., 2003). Several recent
studies have identified the methyl-lysine binding proper-
ties of the MBT domains in L3MBTLI1 and D-Sfmbt;
however, the specificity of such binding has not been
well addressed (Kim et al., 2006; Klymenko et al., 2006).
We have shown that histone lysine methylation pro-
motes 3xMBT-mediated chromatin compaction in vitro
(Trojer et al., 2007), and now provide evidence that the
cell cycle-regulated chromatin association of L3MBTL1
occurs as the H4K20mel mark accumulates, and that
the repressive properties of L3AMBTLI are enhanced by
the H4K20 monomethylase PR-SET7.

Results

The 3xM BT region of L3IMBTLI is sufficient for its
chromatin association in vivo and in vitro

To test whether L3MBTLI1 is chromatin-associated
in vivo, we isolated nuclei from K562 erythroleukemia
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cells that express appreciable levels of L3MBTLI
(MacGrogan et al., 2004), and generated soluble
(nucleoplasm) and insoluble (chromatin) fractions, as
described (Mendez and Stillman, 2000). L3MBTLI
protein is found in the chromatin fraction (residual
chromatin pellet; lane 1, Figure 1b). Digestion of the
pellet with increasing concentrations of micrococcal
nuclease (MNase) releases L3MBTLI1 (and the TATA
box-binding protein (TBP)) into the MNase buffer
supernatant, identifying L3MBTLI1 as a chromatin-
associated factor. Using similar techniques, we
determined that the 3xMBT repeats by themselves are
capable of chromatin association (Supplementary
Figures S1A, B, and C). Transiently expressed
full-length L3MBTL1 or the 3xMBT repeat region,
both localized to chromatin (in 293T cells) whereas the
N terminus of L3MBTLI did not (despite good nuclear
accumulation; Supplementary Figure SI1B). A deletion
mutant of L3MBTL1 lacking the 3xMBT region
(L3AMBTL1-AMBT) did localize to the chromatin
fraction. However, its chromatin association may be
indirect, as the protein contains the SPM dimerization
domain. Nevertheless, the 3xMBT region of LAMBTLI,
in isolation, associates with chromatin in vivo.

To define the basis for the chromatin association of
the 3xMBT repeats, we performed in vitro pull-down
assays using recombinant 3xMBT repeats fused to a
GST tag (GST-3xMBT) and calf thymus histones
(Figure 1c). GST-3xMBT consistently interacted with
histones H3 and H4, under stringent conditions (600 mM



NaCl in the binding and wash buffers) (lower panel,
Figure 1c), whereas histones H1, H2A or H2B did not
bind GST-3xMBT, even at low stringency. To exclude
the possibility that the simultaneous binding to H3 and
H4 is a consequence of their hetero-oligomerization,
acid extracted histones H2A, H2B, H3 and H4 were
individually purified from unsynchronized HeLa cells.
Native histones H3 and H4, but not H2A or H2B,
bound GST-3xMBT (at 600 mM NaCl; Figure 1d). In
contrast, no interaction was detected between 3xMBT
and recombinant (unmodified) histones H3 and H4 (not
shown).

L3MBTLI (and the 3xMBT region) preferentially bind
the lower methylated states of lysines

To identify the specific post-translational modifications
responsible for the interaction of 3XxMBT with histones
H3 and H4, we used fluorescence polarization (FP)
measurements to quantify the binding of 3xMBT to a
panel of differentially methylated histone peptides
(Table 1), as described (Jacobs et al., 2004). 3xMBT
bound several methylated lysines in the histones H3, H4
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and H1.4 tails and displayed a modest preference for the
H4K?20 site (Kp: 6 uM for the H4K20mel peptide) over
the H3K4, H3K9, H3K27, H3K36 and H1.4K26 sites
(Kp: 12-31uMm  for the monomethylated peptides;
Table 1). However, strong discrimination toward the
mono- and dimethylated states of specific lysines over
their trimethylated and unmodified states was seen
(Figures 2a and b), with at least an order of magnitude
lower affinity. To exclude the possibility that the
promiscuity of interactions with different mono- and
dimethylated lysines in histones H3 and H4 peptides was
due to the use of an isolated region (3xMBT), we
examined the binding preferences for the full-length
L3MBTLI1 protein and obtained virtually identical
results (Table 1). The affinity of 3xMBT (and
L3MBTLI1) for lower methylated states of histone
lysines occurs in the pM range, similar to the affinity
of chromodomains for trimethylated lysines (Kp:
4-20 um).

To examine how the peptide sequence affected the
binding of 3xMBT to mono- and dimethylated lysine
residues, we synthesized peptides containing a mono-
methylated lysine with the same composition as the

Table 1 Binding affinities of 3XxMBT and L3MBTLI for indicated histone peptides

Histone Peptide sequence Iso-electric point (pl) Modification 3xMBT L3IMBTLI
KD (um) KD (um)
H3-NTD ARTKQTARKSTGGKA 12 H3K4 unmodified >750 > 1000
- H3K4mel 19 14
H3K4me?2 150 > 150
H3K4me3 > 700 > 1000
ARTKQTARKSTGGKA 12 H3K9 unmodified >1000 >700
- H3K9mel 9 26
H3K9me2 15 24
H3K9me3 > 600 >200
TAGASRKGKQRKTAT 12 H3K9mel (scrambled) 35 35
QLATKAARKSAPATGGV 11.2 H3K27 unmodified > 500 >700
N H3K27mel 31 140
H3K27me2 50 150
H3K27me3 >300 > 1000
SAPATGGVKKPHRYRP 11.1 H3K36 unmodified > 1000 > 1000
- H3K36mel 15 15
H3K36me2 15 32
H3K36me3 > 280 > 1000
H4-NTD KGGAKRHRKVLRDNIQ 11.7 H4K20 unmodified > 750 > 750
- H4K20mel 6 9
H4K20me2 8 14
H4K20me3 >200 >750
LNRQDIAGKGKHVKRR 11.7 H4K20mel (scrambled) 22 41
H4-CTD EETRGVLKVFLENVI 438 H4K 59mel > 1000 NT
YTEHAKRKTVTAMDYV 8.5 H4K 79mel > 750 NT
H3-CTD REIAQDFKTDLRFQS 6.1 H3K79mel > 1000 NT
H1.4-NTD PVKKKARKSAGAAKR 12 H1.4K26 unmodified > 500 NT
- H1.4K26mel 13 NT
H1.4K26me2 16 NT
HI1.4K26me3 >300 NT

Abbreviations: CTD, C terminal domain; NTD, N terminal domain; NT, not tested.

Single site-binding constants (Kp in uM) of 3xMBT or full-length L3MBTLI1 for indicated histone N- and C-terminal peptides containing the
specified modifications were obtained using fluorescence polarization measurements. Modified lysines are indicated in bold and underlined. Binding
curves for each peptide were analysed by nonlinear least squares fitting using the equation 4 =[A¢(Ap—A4y)] x [MBT]/(Kp+[MBT]), where
A =measured anisotropy at a given protein concentration and 4y and 4, correspond to the anisotropy of free and bound peptides, respectively.

Values represent averages of at least three experiments.
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Figure 2 3xMBT preferentially binds lower methylation states of lysine residues in histones H3 and H4 tails. Interaction of the
3xMBT region of LAMBTLI1 with unmodified or differentially methylated (a) H4K20 and (b) H3K9 peptides was quantified using
fluorescence polarization (FP). Binding curves represent averages from at least three independent experiments. Binding of 3xMBT
proteins, with mutations in the ligand-binding pockets (D248N, D355N or D459N), to (¢) H4K20mel and (d) H3K9mel peptides
assayed using FP (Kp for binding to H3K9mel peptide; Wt 11 uM, for D248N 15 um, for D355N 163 pM, for D459N 11 um).

natural H3 or H4 peptides, but with randomized amino
acids surrounding the modified lysine. Only a slight
decrement in affinity was observed, compared to the
wild-type peptides (H3 and H4 scrambled in Table 1).
However, when we tested additional methylated lysine
residues (H4K59, H4K79 and H3K79) (Zhang et al.,
2003), which are not embedded in basic sequence
environments (p/ <10), we found no binding of 3xMBT
(Table 1, H3- and H4-C-terminal domain peptides).
Thus, the binding of 3xMBT to mono- and dimethylated
lysines is only seen using ‘basic’ peptides (p/>11,
Table 1).

Using isothermal calorimetry (Supplementary Figures
S2A and B); we confirmed the preference for H4K20mel
(Kp: 17uM) over the H3K9mel (Kp: 32 uM) site, and
identified single sites of interaction (n~1) for both
peptides. Thus, the 3xMBT region of L3MBTLI1 can
bind mono- and dimethylated lysines within the H3 and
H4 peptides in a 1:1 stoichiometry.

To assess whether the 3xMBT domain binds
H4K20mel in a transcriptionally repressive or activat-
ing context, we immunoblotted the HeLa histone H4
species pulled down by GST-3xMBT with a panel of
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modification-specific antibodies. H4 species recognized
by GST-3xMBT were devoid of the acetylation marks
H4K5 and H4K 16 (but enriched for H4K20mel). HeLa
histone H3 recognized by GST-3xMBT lacked H3K9
acetylation (Supplementary Figure S4), supporting the
idea that L3MBTLI1 may be more commonly found in
repressive environments.

A conserved aspartic acid in the second MBT repeat of
3xM BT mediates recognition of both H3K9mel and
H4K20mel peptides

The MBT repeats each contain a ligand-binding pocket
lined by aromatic residues (Wang et al., 2003) and a
conserved aspartic acid (D248, D355 and D459). As a
D215N mutation in the Drosophila sex comb on midleg
protein results in developmental defects (Bornemann
et al., 1998), we generated GST-3xMBT constructs with
D (aspartic acid) to N (asparagine) substitutions in each
of the MBT repeats. A single mutation (D355N) in the
second MBT repeat abolished binding to both
H4K20mel and H3K9mel peptides, whereas the corre-
sponding mutations in the first and third repeats did not



perturb the 3xMBT—methyl-lysine interaction (Figures
2¢ and d). We conclude that 3xMBT contains a single
binding site for the recognition of mono- (and di)
methylated H3, H4 (and Hlb (Trojer et al., 2007))
histone peptides.

The chromatin association of L3MBTLI mirrors the
progressive accumulation of H4K20mel during the cell
cycle

The H4K20mel modification is cell cycle regulated
although the timing of its appearance and peak levels
have varied among different cell types and experimental
strategies (Fang et al., 2002; Rice et al., 2002; Pesavento

a DAPI
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et al., 2008). Therefore, we examined the levels of
L3MBTLI1 during distinct phases of the cell cycle, and
using synchronized K562 cells, we found high levels
of L3MBTLI1 protein in GI1/S and S phase cells,
but barely detectable levels in G2/M cells (not shown).
Using immunofluorescence and confocal microscopy
to define the cellular localization of L3MBTLI in
K562 cells, we found that L3MBTLI1 localized to the
nucleus in a diffuse non-speckled pattern, and that
L3MBTLI staining decreased as cells undergo
mitosis (that is, in those with an emerging tubulin
spindle; Figure 3a).

We also size-separated asynchronous K562 cells into
10 fractions by density centrifugal -elutriation, as
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Figure 3 The chromatin association of L3MBTLI reflects the progressive accumulation of H4K20mel during the cell cycle.
(a) Confocal micrographs of K562 cells stained with anti-tubulin-o (green) and anti-L3MBTL1 (red) antibodies. DNA was
counterstained with 4’-6-diamidino-2-phenylindole (blue). L3MBTLI1 shows a diffuse nuclear distribution but is absent from mitotic
cells (indicated by arrows). (b) Asynchronous cultures of K562 cells were size fractionated using centrifugal elutriation. Cell cycle status
of each fraction was assessed by propidium iodide staining (indicated on top). Nuclear soluble and chromatin pellets isolated from each
of the 10 fractions were analysed by immunoblotting using the indicated antibodies. Levels of L3MBTLI1 and nucleophosmin (NPM;
loading control) in the nuclear soluble fractions (panels 1 and 2) were assessed, as were the relative levels of L3MBTL1, H4K20
methylation (mono-, di- and tri-), H3K9 monomethylation and lamin B (loading control) in the chromatin pellet fractions (panels 3-8).

4297

Oncogene



Recognition of histone methyl lysines by L3MBTL1
N Kalakonda et a/

4298

a
HA-L3MBTL1 - + + -
myc-PR-SET7 - - + o+
S  1B:L3MBILI
HA-IP
— IB: PR-SET7
sssasss |B: PR-SET7
myc-IP
4 - IB: L3BMBTL1
b Input (10%)  HA-IP
O |
= -
[ m
= =
(3] (3]
< 5
T & £ T
) o e 9
= = = =
(5] N N N
© [{<] [{<] [{<]
0 n n n
N4 X N4 N4
_— — IB: LBMBTL1
- " IB: PR-SET7
— — IB: PRMT1
=
~ ey 5 B:coa

Figure 4 L3MBTLI1

Pull-down

IVTT (10% input)

L3MBTLA1
L3MBTL1-AC
L3MBTL1-AZn
L3MBTL1-AHinge
L3MBTL1-A3XMBT
3XMBT

NTERM alone
PR-SET7

i
358-Methionine

— — w— e G W

PR-SET7

Coomassie

interacts with the H4K20 monomethyltransferase PR-SET7 in vivo and in vitro. (a) Reciprocal

immunoprecipitations (anti-HA and anti-myc) from nuclear extracts of 293T cells transiently transfected with plasmids encoding
myc-tagged PR-SET7 and HA-tagged L3MBTLI1 were analysed by western blotting using anti-PR-SET7 and anti-L3MBTLI
antibodies. (b) K562 cells engineered to stably express HA-L3MBTL1 (K562-L3MBTLI1) or empty vector (control) were used in
immunoprecipitation (IP) experiments using anti-HA affinity beads. Immobilized protein complexes (HA-IP) as well as 10% of input
nuclear extracts were analysed by western blotting, using the indicated antibodies. (¢) Bacterially expressed His-tagged PR-SET7 (5 nug;
lower panel) was bound to Ni affinity beads and incubated with *S-methionine-labeled in vitro-translated (IVIT) full-length
L3MBTLI, the indicated L3AMBTLI1 deletional mutants or PR-SET7 (which forms homodimers). Ten percent of the IVTT input is
shown (middle panel). Coomassie stained gels were dried and subjected to autoradiography (upper panels).

previously described (Koff et al., 1992), and determined
the cell cycle profile (G1, S and G2/M fractions) for each
of the 10 pools by propidium iodide staining and FACS
analysis (top portion of Figure 3b). We prepared nuclear
soluble fractions and chromatin pellets from each fraction
(as above) and observed a decrease in L3MBTLI1 protein
levels in the G2/M fractions (Figure 3b, fractions 9 and
10). During late S-phase, L3MBTL1 was predominantly
in the chromatin pellet (versus the nucleoplasm;
Figure 3b, fractions 5-8), whereas the bulk of the protein
was in the nuclear soluble fraction during G1 and early S
phases (Figure 3b, fractions 1-5). Immunoblotting of the
chromatin fractions, using a panel of antibodies specific
for the H4K20mel, me2 and me3 marks, showed
progressive accumulation of the H4K20mel mark (during
the S phase; fractions 4-8) leading to its peak in early G2
(fraction 9). In contrast, levels of H4K20 di- and
trimethylation and of H3K9 monomethylation did not
vary with cell cycle phase (Figure 3b, panels 5, 6 and 7).

Oncogene

Thus, the chromatin association of LAMBTLI during the
cell cycle reflects the progressive accumulation of H4K20
monomethylation.

L3MBTLI interacts with the H4K20
monomethyltransferase PR-SET7 in vivo and in vitro
The ability of proteins that recognize histone modifica-
tions to interact with the enzymes that catalyse those
post-translational modifications is well documented
(Stewart et al., 2005). Therefore, we investigated
whether L3MBTLI1 interacts with PR-SET7, the only
known H4K20 monomethyltransferase (Fang et al.,
2002; Nishioka et al., 2002). We transiently over-
expressed HA-tagged L3AMBTL1 and myc-tagged PR-
SET7 in 293T cells. Reciprocal immunoprecipitation
studies using anti-HA or anti-myc antibodies confirmed
the specific interaction of L3MBTL1 and PR-SET7
(Figure 4a). We next generated a K562 cell line that
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Figure 5 PR-SET7 promotes, and the 3xMBT repeats mediate, H4K20mel-targeted repression by L3MBTLI. (a) Schematic
representation of the stably integrated luciferase reporter gene, downstream of multimeric GAL4-binding sites and a minimal
thymidine kinase (TK) promoter, in the HEK293-TK22 cell line. (b—d) Plasmid constructs (amounts in ng) with or without fusion to
the DNA-binding domain of GAL4 (DBD) were transfected into the reporter cell line. Luciferase activity in relation to the DBD alone
control is shown (% activation). Averages from experiments performed in quadruplicate were calculated and plotted. The
transcriptional repressor SMRT (DBD-SMRT) served as positive control (in panel b).

stably expresses HA-tagged L3MBTL1 (K562-
L3MBTLI1), and following an anti-HA immunoprecipi-
tation step detected the interaction of HA-L3MBTLI1
with endogenous PR-SET7, but not with methyltrans-
ferases PRMTI1, GY9a (Figure 4b), ESET, EZH1 or
EZH?2 (not shown).

Using bacterially expressed PR-SET7 and in vitro
translated L3MBTL1 (wild-type and deletion mutant
proteins; Supplementary Figure S1A), we examined
their direct interaction in vitro (Figure 4c). Full-length
L3MBTLI1, a mutant lacking the zinc finger and the
3xMBT region (in isolation) strongly interacted with
recombinant PR-SET7 (lanes 1, 3 and 6), whereas
the N-terminal region alone did not (lane 7). The known
homodimerization of PR-SET7 was used as positive
control (lane 8). Given the decreased affinity of

PR-SET7 for L3MBTLI1 mutants that lack the C-
terminus or hinge region (Figure 4c, top panel), we
conclude that L3MBTLI contacts PR-SET7 through
both the 3XxMBT repeats and the hinge region.

The 3xM BT repeats mediate H4K20mel targeted
repression by L3IMBTLI

To examine the importance of H4K20mel (and PR-
SET7 H4K20 monomethylase activity) for the repressor
function of L3AMBTLI1, we utilized the HEK293-TK22
cell line (Ishizuka and Lazar, 2003) that contains a
stably integrated luciferase reporter gene downstream of
multimeric GAL4 sites and a TK promoter (Figure 5a).
In this system, GAL4 DNA-binding domain PR-SET7
fusion protein (DBD-PR-SET7) alone did not significantly
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repress luciferase expression. However, coexpression
of L3MBTL1 with DBD-PR-SET7 resulted in
dose-dependent repression comparable to that of the
corepressor SMRT (DBD-SMRT) (Zamir et al., 1997)
at multiple time points, with repression at 36h
post-transfection shown in Figure 5b. Signifi-
cantly, expression of a catalytically dead form of PR-
SET7 (R265G mutation; DBD-PR-SET7-R265G)
(Nishioka et al., 2002) with L3MBTL1 did not repress
luciferase expression. Furthermore, neither DBD-
SUV420H1 (an H4K20 trimethyltransferase (Schotta
et al., 2004)) nor DBD-G9a (an H3K9 mono-/dimethyl-
transferase (Rice et al., 2003)) caused significant
repression when coexpressed with L3MBTLI
(Figure 5b).

Although the L3MBTLI1-AMBT mutant localizes to
chromatin, it did not synergize with DBD-PR-SET7
(Figure 5c¢), nor did the L3MBTLI1-D355N mutant
(Figure 5d). However, PR-SET7 did cooperatively
repress luciferase activity with both the 3xMBT repeats
and the L3MBTL1 mutant that lacks the SPM domain
(L3AMBTLI1-ASPM) (Figure 5¢). As L3AMBTL1-D355N
interacts with wild-type PR-SET7, and the PR-SET7-
R265G mutant interacts with L3AMBTLI1 (not shown),
we conclude that recognition (or generation) of
H4K20mel clearly promotes transcriptional repression
by L3MBTLI.
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Binding of 3xM BT repeats to chromatin reflects the levels
of H4K20 but not H3K9 methylation

To validate the importance of the H4K20mel mark, we
transiently transfected K562 cells with siRNAs directed
against the PR-SET7 or G9a. A significant reduction of
target mRNA (>80%) and protein levels was achieved
in each case (Supplementary Figures S3A and B).
Notably, the cell cycle profile of siPR-SET7-treated
K562 cells was not different from control cells at 24
or 48h post-transfection (not shown). Although
H4K20mel levels and the chromatin association of
L3MBTLI1 decreased following the fall in PR-SET7
expression, the decrease in H3K9me2 in the GY9a
knockdown cells did not perturb the chromatin localiza-
tion of L3AMBTLI1 (Figure 6a, right panels).

L3MBTLI localizes to the cyclin E promoter in
association with the H4K20mel mark

We have recently shown that L3AMBTLI1 is bound to the
cyclin E promoter (Trojer et al., 2007). As D-I(3)mbt
interacts with a repressive E2F (Lewis ef al., 2004), and
as we find binding of L3MBTLI to several E2Fs
(Gurvich NG et al., unpublished data), we performed
chromatin immunoprecipitation assays to determine
whether L3AMBTL1 and H4K20mel colocalize to the
E2F binding sites in the cyclin E promoter. We found
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Figure 6 The chromatin association of L3IMBTLI is regulated by siRNA-mediated knockdown of PR-SET7. (a) Protein levels of
G9a, PR-SET7, L3MBTLI and a-tubulin (left side) in whole cell lysates of transiently transfected K562 cells (mock, siPR-SET7, or
siG9a) were assessed by immunoblotting. Chromatin pellets were assessed for the levels of H3K9me2, H4K20mel, L3MBTLI1 and
total H3 by immunoblotting (right side). (b) Quantitative assessment of the impact of H4K20mel status on the in vivo localization of
L3MBTLI to the cyclin E promoter by chromatin immunoprecipitation followed by quantitative-PCR using K562 cells transfected
with siRNA directed against PR-SET7 or G9a (compared to mock-transfected cells). (¢) Real-time PCR was used to quantify cyclin E
mRNA levels in mock-, siPR-SET7- or siG9a-transfected K562 cells.
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significant enrichment of L3MBTL1 and H4K20mel
(compared to normal immunoglobulin G control) in
K562 cells, and knockdown of PR-SET7, but not of
GY9a, led to a concomitant reduction in the levels
of H4K20mel and L3MBTLI on the promoter
(Figure 6b). Quantitative reverse transcriptase-PCR
analysis confirmed an increase in cyclin E mRNA levels
in the siPR-SET7, but not mock or siG9a, transfected
cells (Figure 6¢). As we did not see any cell cycle defects
in siPR-SET7-treated K562 cells, this change in cyclin E
levels is unlikely due to difficulty in S-phase progression
as reported for U20S cells with knockdown of PR-
SET7 (as reported by Jorgensen et al. (2007) and Tardat
et al. (2007)). Using several siRNAs against L3MBTLI,
we have been able to achieve less than a 50% knock-
down in K562 cells. We did achieve a 50% reduction of
L3MBTLI levels in two cell lines (T98G and U20S),
using stable shRNA-based knockdown. This level of
L3MBTLI knockdown resulted in only a 1.5-fold
increase in cyclin E expression. Greater knockdown of
L3MBTLI may not be tolerable to these cells. Further-
more, other proteins that recognize the H4K20mel
mark (including other MBT-containing proteins) may
persist and prevent a higher level of cyclin E expression.
Nonetheless, we conclude that L3AMBTLI localizes to
and represses a target gene promoter, in association with
the H4K20mel mark.

Discussion

Our detailed in vitro and in vivo analysis of human
L3MBTLI, the survey of chromatin-binding domains
by Kim et al. (2006), and the recruitment of D-Sfmbt to
chromatin (Klymenko et al., 2006), identify the MBT
domain as a novel methyl-lysine-binding motif. The
MBT domain prefers lower methylation states and fully
discriminates against the trimethylated and unmodified
lysines, in stark contrast to most other methyl recogni-
tion motifs. Although specialized domains display
binding specificity for distinct methyl-lysine marks, in
few cases have they been extensively tested against
different sites of histone lysine methylation. Despite the
apparent preference for the H4K20mel mark, the
3xMBT repeats exhibit a clear preference for methyl-
lysines embedded in the basic sequences of histone tails
(pI>11), over those in the globular domain (p/ <10).
A single amino-acid substitution in the second
MBT domain (D355N) abolished interactions with
both H3K9mel and H4K20mel. Furthermore, the
H3K9mel and H4K20mel peptides compete with each
other for binding to 3xMBT (unpublished observa-
tions), demonstrating that these modified lysines bind
exclusively to the second MBT domain. The 3xMBT
domains of L3MBTLI may function similar to the
tandem tudor domains of 53BP1/Crb2, where methyl-
lysine recognition is attributed to a critical aspartic acid
in one domain, with residues in the other domains
providing stabilization (Botuyan et al., 2006). Indeed,
the report of methyl-lysine recognition by a recombinant
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fragment of L3MBTLI1 containing only the MBT2
and MBT3 domains (Kim e al., 2006) does suggest
that some specificity is generated by the tandem
arrangement.

While previous studies have relied on qualitative
assays to address methylation site specificity of the MBT
domains of L3MBTLI, we have used a quantitative
approach, paying attention to peptide length and
composition. The reported binding of H4K20me2 and
H3K4mel, but not H4K20mel or other lower methyla-
tion states of histone H3 (K9, K27 or K36) by Kim ef al.
(2006) is intriguing, as the peptide lengths are compar-
able to those used in our study. The presence of all three
repeats in our studies, versus their use of the MBT2 and
MBT3 repeats alone in a different peptide screening
approach, may account for the observed differences.
The lack of binding of 3xMBT to methylated lysines in
histone H3 (K4, K9 or K27), in a pull-down assay in our
previous report (Trojer et al., 2007), could reflect the use
of histone peptides that were shorter in length (<10
amino acids) and less basic than the 15 mers used in this
study. However, it is worth noting that a shorter peptide
length did not seem to affect the binding of 3xMBT to
H4K20mel, and may reflect the preservation of the
basic amino-acid composition. In our previous study, we
observed binding to H1b-K26 mel (also abolished by
a D355 mutation in the second MBT repeat) using a
peptide that was 16 amino acids in length (with a
centrally placed modified lysine) and had a p/>12. We
have examined the binding of 3xMBT to an HI1.4-
K26mel peptide and find affinities comparable to the
H3K9mel peptide, but weaker than H4K20mel
(Table 1). Despite this, we found no binding to histone
Hl1 in our pull-down assay (Figure 1c). However, we
cannot rule out the possibility that this reflects the low
levels of H1.4K26mel in the calf thymus histone
preparation.

The binding constants of L3MBTLI, and indeed
other effectors, are rather weak, suggesting that
stabilization of binding may occur via interaction with
other proteins. Binding of HP1 to SUV39H1 appears to
be important for its chromatin localization on
H3K9me3 (Bannister et al., 2001; Lachner et al., 2001;
Schotta et al., 2002). The interaction of L3MBTLI1 with
PR-SET7 and the functional link to its methyltrans-
ferase activity on H4K20 may represent a similar,
stabilizing interaction.

While 3xMBT can interact with both histones H3 and
H4 in vitro, our functional studies identify PR-SET7
H4K20 monomethyltransferase activity as being a
strong promoter of its transcriptional repressor activity.
The cell cycle-regulated chromatin association of
L3MBTL1 mimics the emergence of the H4K20mel
mark (but not its peak), and the significant decrease in
L3MBTLI levels that precede the onset of mitosis is
likely critical for proper cell cycle progression. Notably,
the absence of PR-SET7 (and the H4K20mel mark) also
results in defects in cell cycle progression (Karachentsev
et al., 2005; Jorgensen et al., 2007; Tardat et al., 2007).
The absence of L3AMBTLI in the premitotic fraction 9
(Figure 3b) when H4K20mel is abundant suggests that
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additional post-translational modifications of histones,
or of L3MBTLI1, may target the protein for premitotic
destruction. In this regard, Pesavento et al. (2008) and
Julien and Herr (2004) have demonstrated that
H4K20mel is targeted for conversion to H4K20me2
by an unknown methylase at this stage of the cell cycle
(Talasz et al., 2005; Vakoc et al., 2006). L3AMBTLI1 may
function to protect H4K20mel from progression to
H4K20me2 until some mitotis-associated enzymatic
activity becomes functional. Knockdown of PR-SET7
in K562 cells (>80%) led to a decrease in global
H4K20mel levels resulting in a comparable decrease in
the chromatin-associated L3MBTLI1. The suboptimal
drop in H4K20mel levels in siPR-SET7-treated K562
cells (similar to that reported by Pesavento et al., 2008)
may indicate the existence of uncharacterized H4K20
monomethylases or stable persistence of the mark. Our
data suggest that recruitment of L3MBTLI1 to the
promoter regions of genes that it represses, is regulated
by the H4K20mel mark.

Initial reports highlighted the importance of
H4K20mel in ‘facultative’ heterochromatin and X-
inactivation (Fang et al., 2002; Nishioka et al., 2002;
Kohlmaier et al., 2004; Karachentsev et al., 2005;
Martens et al., 2005; Sims et al., 2006). Recently, this
exclusivity has been questioned by studies that suggest a
role in transcriptional competence and elongation
(Talasz et al., 2005; Vakoc et al., 2006; Barski et al.,
2007; Pesavento et al., 2008). The recent finding that
H4K20mel is further partitioned into species that carry
mono-, di- or tetraacetylated marks on H4K 16 (Talasz
et al., 2005; Vakoc et al., 2006; Pesavento et al., 2008)
suggests several site-specific roles for this mark in gene
regulation. Of relevance for L3MBTLI is our finding
that the HeLa H4 histones recognized by GST-3xMBT,
which are enriched for H4K20mel, are largely devoid of
acetylation (Supplementary Figure S4). This implies that
L3MBTL1 mediates repression in the context of an
H4K20mel mark in facultative heterochromatin (that
lacks acetylation). The nuclear distribution of L3AMBTL1
and H4K20mel, and the identification of HPly, a
protein linked to facultative heterochromatin, in the
L3MBTLI1 complex further support our inference (Sims
et al., 2006; Dialynas et al., 2007; Trojer et al., 2007).

L3MBTLI can bind the PR-SET7 H4K 20 monomethy-
lase and it appears that this enzymatic activity promotes
its repressor function. Our data implies that the
H4K20mel mark is required for repression by L3AMBTLI,
but to formally prove this would require mutating this
lysine. As this is lethal in eukaryotes, such proof is not
feasible. Post-translational modifications of L3IMBTLI,
such as phosphorylation and/or ubiquitination, may lead
to the dissociation of L3MBTLI1 from chromatin in
premitotic cells when H4K20mel peaks. Domains in
L3MBTLI other than the 3xMBT region (for example,
the SPM, zinc finger and the hinge region) may further
influence the binding of L3AMBTLI to nucleosomes, its
chromatin compaction, the facilitation or removal of
additional histone modifications and the recruitment of
other effector proteins. Further studies should clarify the
biological significance of this family of proteins.

Oncogene

Materials and methods

Plasmids, cell lines and protein expression

K562 cell lines that stably express L3MBTL1 were generated
using MIGR1-HA-L3MBTLI1-IRES-GFP retroviral vector.
L3MBTLI and 3xMBT were cloned into the pBEn-SBP vector
(Stratagene, La Jolla, CA, USA). Protein expression was
performed as previously described (Nishioka et al., 2002;
Wang et al., 2003).

Chromatin association assays

Chromatin association assays were performed as previously
described (Mendez and Stillman, 2000). In vitro GST pull-
down assays were performed using buffer containing 10 mM
HEPES (pH 8.0), 3mM EDTA, 0.05% Tween and 600 mM
NaCl.

Histone peptides

Histone peptides (~15 amino acids long) were synthesized
incorporating unmodified, mono-, di- or trimethylated lysines.
Peptides were labeled using 5-carboxyfluorescein, succinimidyl
ester (5-FAM, SE) (Molecular probes, Carlsbad, CA, USA),
purified by reverse HPLC on a C18 column (Vydac, Hesperia,
CA, USA) and verified by MALDI mass spectrometry.

Fluorescence polarization assays

Fluorescence polarization binding assays were performed in
20mM Tris (pH 8.0), 20mM NaCl using 100 nM fluorescein-
labeled peptide as previously described (Jacobs et al., 2004)
and data collected on a Hidex Chameleon reader.

Coimmunoprecipitations and antibodies

Immunoprecipitation and washing buffers contained 0.05%
NP-40, 0.05% Tween, 20mM Tris (pH 8), I mMm EDTA, 1 mm
DTT, 250 mM NaCl and protease inhibitors (Calbiochem, San
Diego, CA, USA). The L3MBTLI1 antibody has been
described previously (Boccuni er al., 2003). Other antibodies
were from Upstate (Lake Placid, NY, USA) (H3K9mel,
H4K20mel, 2 or 3, G9a, PR-SET7 and PRMT]1), Sigma (St
Louis, MO, USA) (HA, lamin-B, tubulin-oo and NPM) and
Santa Cruz (Santa Cruz, CA, USA) (TBP and myc).

Luciferase reporter assays

HEK?293-TK?22 cells (Ishizuka and Lazar, 2003) were trans-
fected in six-well plates using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA) with indicated amounts of plasmids, 5ng
of TK-Renilla, and pUCI19 plasmids to reach a final
concentration of 4pug. Relative luminescence was measured
36h post-transfection using the Dual Luciferase Reporter
assay kit (Promega, Madison, WI, USA).

SiRN A-mediated knockdown of PR-SET7 and G9a in K562 cells
K562 cells (4 x10° cells) were nucleofected with double-
stranded duplex siRNAs (IDT, Coralville, IA, USA) directed
against PR-SET7 or G9a (sequences in Supplementary data)
using an Amaxa instrument and prescribed reagents (Amaxa
Inc., Gaithersburg, MD, USA) and harvested at 36 h.

Chromatin immunoprecipitation analyses

Transfected K562 cells (mock, siPR-SET7 and siG9a) were
used for chromatin immunoprecipitation experiments using
established protocols. Enriched DNA was quantified using an
ABI 7700 instrument and SYBR green and normalized to
input DNA (Applied Biosystems, Foster City, CA, USA).
Data were analysed by the standard curve method. Primer



pairs for quantitative-PCR analysis of chromatin immunopre-
cipitation amplified sequences flanked the E2F sites in the
cyclin E promoter.
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