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The p53 tumor suppressor protein is regulated by multiple
post-translational modifications, including lysine methylation.
We previously found thatmonomethylation of p53 at lysine 382
(p53K382me1) by the protein lysine methyltransferase (PKMT)
SET8/PR-Set7 represses p53 transactivation of target genes.
However, the molecular mechanism linking p53K382 monom-
ethylation to repression is not known. Here we show in bio-
chemical and crystallographic studies the preferential recogni-
tion of p53K382me1 by the triplemalignant brain tumor (MBT)
repeats of the chromatin compaction factor L3MBTL1. We
demonstrate that SET8-mediatedmethylation of p53 at Lys-382
promotes the interaction between L3MBTL1 and p53 in cells,
and the chromatin occupancy of L3MBTL1 at p53 target pro-
moters. In the absence of DNA damage, L3MBTL1 interacts
with p53K382me1 and p53-target genes are repressed, whereas
depletion of L3MBTL1 results in a p53-dependent increase in
p21 and PUMA transcript levels. Activation of p53 by DNA
damage is coupled to a decrease in p53K382me1 levels, abroga-
tion of the L3MBTL1-p53 interaction, and disassociation of
L3MBTL1 from p53-target promoters. Together, we identify
L3MBTL1 as the second known methyl-p53 effector protein,
and provide a molecular explanation for the mechanism by
which p53K382me1 is transduced to regulate p53 activity.

The reversible and dynamic methylation of proteins on the
nitrogen side-chain of lysine residues can greatly increase the
signaling potential of the modified factor (1, 2). Lysine residues
can accept up to three methyl groups, forming mono-, di-, and
trimethylated derivatives, with a unique activity frequently

being coupled to the specific methylation state. The chemical
addition of methyl moieties to histones is not believed to
intrinsically affect chromatin structure. Rather, the principal
mechanism by which histone lysine methylation is thought to
manifest functionally occurs through regulation of modular
protein-protein interactions (3–5). In this regard, the protein(s)
that recognize a methylated lysine within a specific sequence
context can define the functional outcome associated with that
specific lysine methylation event. Thus, mechanistic insight
into how lysine methylation influences a biological program
requires knowledge of the proteins and domains that recognize
and transduce this modification.
In addition to histones, several other proteins such as the

tumor suppressor p53 undergo lysinemethylation, arguing that
thismodificationmaybe a commonmechanism formodulating
protein-protein interactions and key cellular signaling path-
ways (6–8). p53 plays a pivotal role in the regulation of cellular
responses to various forms of genotoxic stresses, and its activity
is coordinated by a complex network of post-translational
modifications (9, 10). We previously demonstrated that the
protein lysine methyltransferase (PKMT)5 PR-Set7/SET8
monomethylates p53 exclusively at lysine 382 (p53K382me1),
and that the placement of thismodification negatively regulates
p53 activity (11). Specifically, SET8 suppresses transcriptional
activation of p53 rapid response target genes (11); however, the
molecular explanation for how p53K382me1 is sensed and
transduced to repress p53 is not clear.
In this study, we sought to understand how monomethyla-

tion of p53 at Lys-382 negatively regulates p53 function.
Recently, p53 transcriptional activity was shown to be
restrained at chromatin via an interaction with Cabin1, sug-
gesting that a general mechanism for modulating p53 func-
tion might occur at the level of chromatin regulation (12).
L3MBTL1 represses transcription by promoting a more com-
pact, inaccessible chromatin state (13–15). This chromatin
compaction activity requires the three MBT domains of
L3MBTL1,with themiddleMBTdomain functioning as a bind-
ing module of mono- and dimethylated histone lysines that are
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mostly enriched at silenced chromatin (e.g. H4K20me1/2 and
H1K26me1/2) (13, 16–21). Here we have identified that
L3MBTL1, via its MBTmotifs, binds to p53K382me1.We pro-
vide evidence for a model by which L3MBTL1 acts as a dual
methyllysine-sensor, coupling the methylated form of p53 to
silenced histone methyl marks to render p53 inert at target
genes.

EXPERIMENTAL PROCEDURES

Constructs and Reagents—SET8 and p53 constructs were
generated as reported previously (11). L3MBTL1 cDNA was
cloned into pCAG-Flag and pGEX6p, and pMSCVFlag Puro.
L3MBTL1 mutants were generated by site-directed mutagene-
sis (Stratagene). Antibodies used in this study are the following:
�p53K382me1 (11); horseradish peroxidase-p53 (R&D Sys-
tems); p53 (DO1) (Santa Cruz Biotechnology); PR-SET7
(Abcam); GST (E5) (Santa Cruz Biotechnology); Flag (M2) and
tubulin (Sigma). Methylated p53 and histone peptides were
synthesized at the W. M. Keck Facility at Yale University as
previously described (11).
Peptide Pull-down Assays—Peptide pull-down assays were

performed as previously described (22). Briefly, 1 �g of biotin-
ylated peptides was incubated with 1 �g of protein in binding
buffer (50 mM Tris-HCl, pH 7.5, 150–300 mM NaCl, 0.05%
Nonidet P-40, 1 mM phenylmethysulfonyl fluoride, and prote-
ase inhibitors) overnight at 4 °C with rotation. After a 1-h incu-
bation with streptavidin beads (Amersham Biosciences) and
extensive washing, bound proteins were analyzed by SDS-
PAGE and Western blotting.
Peptide Synthesis and Affinity Measurements—The human

p53 peptides were prepared by solid-phase peptide synthesis
with an Applied Biosystem 431A peptide synthesizer. Peptides
were assembled on Wang resin using Fmoc synthetic strategy.
The coupling reaction was carried out by means of the HBTU-
HOBt method. Cleavage of the peptide from the resin was
achieved with TFA/water/EDT/TIS (94/2.5/2.5/1.0, v/v) for 3 h
at room temperature. After removing the resin by filtration, the
filtrate was concentrated by nitrogen gas flushing, and crude
peptides were precipitated by diethyl ether. Crude peptides
were purified by preparative HPLC on a C18 column with
water-acetonitrile system. The purity of the peptides was deter-
mined to be over 95% by analytical RP-HPLC. The mass of the
peptides was confirmed by matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (Micromass, Bev-
erly, MA).
ITCmeasurementswere performedusing aVP-ITCcalorim-

eter (MicroCal, Northhampton, MA). Titrations were carried
out in 25 mM Tris-HCl (pH 7.5), 100 mM NaCl, and 2 mM

�-mercaptoethanol at 25 °C. The concentration of protein
solutionwas estimated from the absorbance at 280 nm after the
protein solutions were dialyzed. The concentration of peptide
solution was determined from the base on the weight. The pro-
tein and peptide solutions were degassed before each experi-
ment. Experiments were performed by injecting 10 �l of pep-
tide solution (1.0 mM) into a sample cell containing 29–47 �M

human L3MBTL1 (190–530). A total 29 injections were per-
formed with a spacing 180 s and reference power of 13 �cal/s.
Binding isothermswere plotted and analyzed usingOrigin soft-

ware (Microcal Inc). The ITC data were fitted to a one-site
binding model.
Protein Purification andX-ray Crystallography—The human

L3MBTL1 3xMBT repeats, (residues 190–530), were expressed
in Escherichia coli BL21(DE3) pLysS (Stratagene) grown in LB
media. Bacteria were harvested by centrifugation after IPTG
induction (1 mM) and lysed by sonication. The GST fusion
protein was purified on a glutathione-Sepharose 4B column
(Amersham Biosciences), cleaved with precision protease and
concentrated in Millipore concentrators (Millipore). The pro-
tein was further purified by FPLC and concentrated into 20mM

Tris, pH 8.0 buffer, containing 100 mM NaCl, and 5 mM

dithiothreitol.
The solution of 0.25 mM L3MBTL1 (residues 190–530) was

incubated overnight with p53K382me1 (residues 377–386)
peptide in a 1:5 molar ratio prior to crystallization. Crystals of
the complex were grown using the hanging drop vapor diffu-
sion method at 18 °C by mixing 2 �l of the protein-peptide
solution with 2 �l of precipitant solution containing 0.1 M

sodium acetate pH 4.8, 4% PEG 4000, and 0.1 M sodium acetate.
Crystals grew in a trigonal space group P3 with threemolecules
per asymmetric unit. Two of the three molecules, chains A and
C were complexes of L3MBTL1 with the p53K382me1 peptide
and the third one, chain B, was the ligand-free protein. The
complete data sets were collected at 100 K on a “NOIR-1”MBC
system detector at beamline 4.2.2 at the Advanced Light Source
in Berkeley, CA. The data were processed with D*TREK (23).
The molecular replacement solution was generated using the
program Phaser (24) and the crystal structure of L3MBTL1
(PDB 2RJE) as a search model. The crystal was detected with a
twin fraction of 0.417. The initialmodelswere built withCOOT
(25) and refined using the program Phenix with twin operator
-h,-k,l (26). Statistics are shown in supplemental Table S1. The
coordinates have been deposited in the Protein Data Bank
under accession number 3OQ5.
Cell Culture and Transfection—U2OS, H1299, 293T, and

HCT116 cells were maintained in DMEM medium supple-
mented with 10% fetal bovine serum or newborn calf serum.
Cells were transfected with plasmids or siRNA duplexes by
TransIT-LT1, TransIT-293, or DharmaFECT (Dharmacon),
respectively, according to the manufacturers’ protocols.
Coimmunoprecipitation and Western Blots—Cotransfec-

tions for CoIPs were performed at a 1:3 ratio Flag-L3MBTL1:
SET8, with 10 �g of total DNA transfected. Ectopically
expressed Flag-tagged L3MBTL1 or endogenous L3MBTL1
was immunoprecipitated with anti-Flag M2-agarose from
mouse (Sigma) or L3MBTL1 antibody (Abcam) from WCE in
cell lysis buffer (50 mM Tris-HCl, pH 7.4, 250 mM NaCl. 0.5%
Triton X-100, 10% glycerol, 1 mM DTT, 1 mM PMSF, and pro-
tease inhibitors). After incubation at 4 °C overnight, the beads
were washed 3� with the same buffer and boiled in 2� sample
loading buffer. The immunoprecipitated L3MBTL1 was
resolved on SDS-PAGE gel and detected by L3MBTL1 anti-
body. Coimmunoprecipitated p53 was detected by HRP-
�p53 to avoid crossreactivity with IgG heavy chain. p53,
p53K382me1, SET8, Flag-L3MBTL1, and tubulin were de-
tected with their respective antibodies.
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ChIP Assays—Real-time ChIP assays were performed as pre-
viously described (11). ChIP samples were prepared from
HCT116 wt or HCT116 p53�/� stably expressing Flag-
L3MBTL1 or Flag-L3MBTL1-D355N from U2OS cells. U2OS
were treated with NCS (0.5 �g/ml Sigma) for 4 h. Occupancy
values were calculated as 0.2% (M2 Flag ChIP for p21) or 1%
input. Primer sequences used for ChIP analysis are as follows:
p21p53BS, 5�-GTGGCTCTGATTGGCTTTCTG-3�/5�-CTGA-
AAACAGGCAGCCCAAG-3�; p21 promoter-3, 5�-GCATGTG-
TGCTTGTGTGAGTGT-3�/5�-GGGAGCAGGCTGTTAAAA-
GTCA-3�; p21 coding3�, 5�-CCAGTTCATTGCACTTTGATT-
AGC-3�/5�-GCCTCTACTGCCACCATCTTAAA-3�; PUMA
promoter, 5�-GCGAGACTGTGGCCTTGTGT-3�/5�-CGTTC-
CAGGGTCCACAAAGT-3�; PUMA3�-1, 5�-GCCGAGGTGG-
GTAGATCTCTT-3�/5�-TCATCGTGTTGCCCAGGAT-3�.
Other primer sequences are available upon request.
siRNA-mediated Knockdown of L3MBTL1 or SET8—Knock-

down of L3MBTL1 was performed by transfection of U2OS or
H1299 cells for 48 h with two sets of Dharmacon on-target plus
siRNA duplex targeting human L3MBTL1 (5�-GAUCUU-
GGUUCCUCUAAUGUU-3�/5�CAUUAGAGGAACCAAGA-
UCUU-3�) or (5�-GGUCAGUCAUAGUGGAGAAUU-3�/5�-
UUCUCCACUAUGACUGACCUU-3�), respectively, by using
DharmaFECT according to the manufacturer’s protocol.
Knockdown of SET8 was performed sequentially with addition
of Dharmacon on-target plus siRNA duplex targeting SET8
(5�-AGUCAAAGAUCUAUUCCUAUU-3�/5�-GUACGGAG-
CGCCAUGAAGUUU-3�) at 0 and 24 h for a total of 48 h.
On-target plus siControl siRNA (5�-UGGUUUACAUGUCG-
ACUAA-3�) (Dharmacon) or on-target plus SMARTpool
siControl siRNA were used as controls.
Stable Knockdown of L3MBTL1, Growth Curves, and Colony

Formation Assays—Stable knockdown of L3MBTL1 was
achieved using independent l3mbtl1 short hairpin (sh) RNA
constructs obtained from the MISSION TRC-Hs 1.0 (Human)
shRNA library (Sigma). For growth curves, cells were counted
manually every 24 h for 7 days following initial plating on day
one of 1000 cells. Standard error of the mean (S.E.) was calcu-
lated at each count. For colony formation assay, 1000 cells were
plated for each strain in triplicate. After 2 weeks, the medium
was removed, and plates were washed twice with PBS, fixed,
and stained with 0.1% crystal violet in methanol, and rinsed
with water. Themean colony number per plate was graphed for
each strain. The error was calculated as S.E.
Reverse Transcription-PCR and Real-time PCR—Reverse tran-

scription-PCR and real-time PCR were performed as previously
described (11). mRNA was prepared using RNeasy plus kit (Qia-
gen) and reverse transcribed using First Strand Synthesis kit
(Invitrogen). Quantitative real-time PCR was performed on the
ABIPRISM7700SequenceDetectionSystemusingTaqmanGene
Expression Assay primer/probe sets (Applied Biosystems). Gene
expressions were calculated following normalization to GAPDH
levels by the comparative cycle threshold method (Ct).

RESULTS

The 3xMBT Repeat of L3MBTL1 Recognizes p53K382me1 in
Vitro—L3MBTL1binds toH4K20me1 through its secondMBT
repeat (17, 18, 20, 21). Considering the sequence similarity

between H4K20 and p53K382 (Fig. 1A), we tested if L3MBTL1,
through the triple MBT domain, recognizes p53K382me1. In
vitro peptide pull-down assays were performed with recombi-
nant GST-tagged 3xMBT (L3MBTL13xMBT) repeats and bio-
tinylated p53 peptides (amino acids 367–389) in which Lys-382
was unmodified or modified by mono-, di-, or trimethylation:
p53K382me1, p53K382me2, or p53K382me3 respectively. As
shown in Fig. 1, B and C, L3MBTL13xMBT bound preferentially
to p53K382me1 andp532K382me2peptides relative to unmod-
ified or trimethylated peptides, similar to its known methyl
state binding preference forH4K20. Finally, the binding affinity
of L3MBTL13xMBT for p53K382me1 and p53K382me2 pep-
tides was comparable to its affinity for H4K20me1, as deter-
mined by isothermal calorimetry (Fig. 1C) (17, 18, 20, 21). Based
on these data, we conclude that the 3xMBT domain of
L3MBTL1 binds in vitro to p53K382me1.
Structural Basis of L3MBTL1 Recognition of p53K382me1—

Togain insight into the p53K382me1 - L3MBTL1 interaction at
the molecular level we solved the crystal structure of
L3MBTL13xMBT bound to the p53K382me1 peptide. The crys-
tal structure of the 3xMBT repeats in complex with a peptide
corresponding to residues 377–387 of p53 monomethylated at
Lys-382 was determined at a 2.5 Å resolution. The protein
structure comprises three globular domains arranged into a
three-leaved propeller-like fold (Fig. 1D and supplemental
Table S1). Each MBT repeat is composed of two subunits. The
N-terminal subunit contains short helices and long loops,
whereas the C-terminal subunit consists of four anti-parallel
�-strands folded into a barrel-like shape. The N-terminal sub-
unit of each repeat packs against the C-terminal subunit of the
neighboring repeat resulting in an arrangement in which the N
and C termini of 3xMBT are nearby. The overall structure of
the protein is in agreement with the previously reported struc-
tures of L3MBTL13xMBT (20, 21, 27).
Of the three molecules comprising an asymmetric unit, two

were complexes of 3xMBT with the p53K382me1 peptide
(chains A and C) and one was the ligand-free protein (chain B).
The structure of p53K382me1-bound 3xMBT superimposes
well with the structure of the unbound protein (root mean
square deviation of 0.3/0.4 Å between chain B and chains A/C,
over C� atoms), indicating that binding to the p53K382me1
peptide does not induce significant conformational changes. In
the complex (chains A and C), the p53K382me1 peptide was
bound by the second MBT domain only (MBT2), despite the
fact that all three repeats have conserved amino acid sequences
and structures, which was also observed for the interaction of
L3MBTL13xMBT with mono- and dimethylated histone pep-
tides (20, 21). Although the electron density was not seen for
most of the peptide residues, it was clear forK382me1. The fully
extended side chain of K382me1 inserted almost perpendicu-
larly to the protein surface into a deep cavity created by aro-
matic Phe-379, Trp-382, and Tyr-386 residues, hydrophobic/
polar Asn-358, Leu-361, Cys-363, andThr-411 residues, and an
acidic Asp-355 (Fig. 1E). The carboxylate of Asp-355 forms a
hydrogen bond with one of protons of the methylammonium
group as well as a salt bridge with this positively charged moi-
ety. A close comparison of the bound and unbound states
(chains C and B) reveals that the binding pocket is pre-formed,
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with each protein residue occupying essentially the same posi-
tion in both states (supplemental Fig. S1). This bindingmode is
similar to the mechanism by which L3MBTL13xMBT, Tudor
domain and engineered plant homeodomain (PHD) fingers,
recognize mono- and dimethylated lysine residues of histones
(16, 20, 28), suggesting conservation for readout of the low-
methylation state.

To test the importance of the
MBT2 binding pocket in recogni-
tion of p53K382me1, a mutational
analysis of the MBT pockets was
performed. As shown in Fig. 1F,
mutation of any of the individual
residues implicated in the structure
analysis to be important for MBT2
binding to p53K382me1, abrogated
p53K382me1-recognition. In con-
trast, analogous mutations within
the MBT1 and MBT3 repeats did
not affect binding to p53K382me1
(data not shown). Taken together,
we conclude that the second MBT
repeat of L3MBTL1 binds to
p53K382me1 with a molecular
mode of action similar to L3MBTL1
recognition of H4K20me1.
SET8-mediated p53K382Methyl-

ation Augments L3MBTL1 Binding
to p53 in Cells—Next, the impor-
tance for p53 methylation in medi-
ating p53-L3MBTL1 interaction in
cells was investigated. We overex-
pressed Flag-tagged L3MBTL1 with
or without SET8 in 293T cells for
coimmunoprecipitation (co-IP) as-
says. As shown in Fig. 2A, far more
endogenous p53was co-IPed in cells
co-transfected with SET8 and
L3MBTL1 relative to L3MBTL1
alone (compare lanes 3 and 4), sug-
gesting that monomethylation of
p53 at Lys-382 augments the ability
of L3MBTL1 to bind to p53 in cells.
To specifically address the role of

p53K382 methylation in the p53-
L3MBTL1 interaction, we per-
formed co-IPs in the p53-null strain
H1299 reconstituted for p53 with
either wild-type (wt) p53 or a
p53K382R mutant that cannot be
methylated by SET8. SET8 or a SET8
catalytic mutant SET8 (D338A) (29,
30) was cotransfected with the wt or
mutant p53 into H1299 cells and
endogenousL3MBTL1was immuno-
precipitated. As shown in Fig. 2B, p53
was clearly present in the L3MBTL1
IP in cells cotransfected with wt p53

and wt SET8, whereas in all other transfection combinations,
p53 was not detected in the L3MBTL1 IP. These results argue
that SET8 monomethylation of p53 at lysine 382 is important
for in vivo interaction of p53 with L3MBTL1.
To further investigate the importance of p53K382 methyla-

tion and its recognition by MBT2 of L3MBTL1 in the
L3MBTL1-p53 interaction, the ability of L3MBTL1 or a

FIGURE 1. L3MBTL1(3xMBT) recognizes p53 monomethylated at lysine 382 (p53K382me1) in vitro.
A, sequence alignment of the H4 N terminus and p53 C-terminal tail. Homology surrounding the SET8/53BP1
binding site is highlighted. Asterisks indicate methylation sites. B, L3MBTL1(3xMBT) binds to p53K382me1 and
p53K382me2 peptides. Shown are the results from Western analysis of peptide pull-down assays with the
indicated biotinylated peptides and GST-L3MBTL1(3xMBT). C, dissociation constants (Kd) of p53 or histone H4
peptides for L3MBTL1(3xMBT) were determined by ITC. Kd of H4K20me1 is shown as control. D, L3MBTL1(3xMBT)
repeats are shown as a solid surface with the residues comprising the p53K382me1-binding pocket of MBT2
labeled and colored orange, brown, and yellow for aromatic, acidic, and hydrophobic/polar residues, respec-
tively. Lysine 382me1 of the p53K382me1 peptide is shown as a stick model with C, O, and N atoms colored
green, red, and blue, respectively. The unoccupied semi-aromatic pockets MBT1 and MBT3 are colored gray.
E, close-up view of the K382me1 binding cage. A dotted red line depicts the hydrogen bond between the
methylammonium proton and the carboxyl group of Asp-355. F, point mutations in the MBT2 repeat of
L3MBTL1 abolish the p53K382me1 binding activity of L3MBTL1(3xMBT) in vitro. Western analysis of the indicated
GST-L3MBTL1(3xMBT) mutants in peptide pull-down assays are shown.
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L3MBTL1(D355N) mutant, shown to disrupt binding to
p53K382me1 in vitro (Fig. 1), to co-IP endogenous p53 in a
SET8-dependent fashion was determined. The increase in
interaction between L3MBTL1 and p53 induced by SET8 was
diminished in the L3MBTL1(D355N) mutant IP (Fig. 2C). We
note that SET8 does facilitate binding between L3MBTL1 and
p53 in a methylation-independent fashion, potentially via for-
mation of a trimeric complex (data not shown). Together, we
conclude that recognition of p53K382me1 by the second MBT
repeat of L3MBTL1 is important for L3MBTL1-p53 interac-
tions in cells.
L3MBTL1 Represses p53 Target Genes at Basal Conditions—

We previously demonstrated that induction of p53 target
genes, such as p21, is negatively regulated by SET8-mediated
monomethylation at p53K382 under both basal conditions and
in response to DNA damage (11). L3MBTL1 has been impli-
cated in chromatin compaction and promotion of a repressive
chromatin state (13, 15). We therefore postulated that the
repressive effect of p53K382me1 at these promoters might in
part be due to binding to and stabilizing L3MBTL1 at p53 target
genes. To test this hypothesis, we determined in chromatin
immunoprecipitation (ChIP) assays the occupancy of stably
expressing Flag-tagged L3MBTL1 (introduced by retroviral
transduction (Fig. 3A)), endogenous p53 and H4K20me1 at the
p21 and PUMA genes in wild-type HCT116 cells and p53�/�

HCT116 cells (31). As shown in Fig. 3B and supplemental Fig.

S2, both p53 and L3MBTL1 occupy the p21 and PUMA pro-
moter under basal conditions, but are not detected in the
p21- and PUMA-transcribed body. Moreover, in p53�/� cells,
L3MBTL1 is not detected at the two promoters (Fig. 3B, sup-
plemental Fig. S2). H4K20me1, which is generated by SET8 (29,
30) and can also be bound by L3MBTL1 (13), is detected at low
levels at promoters and does not show a difference in signal
between p53�/� and p53�/� cells (Fig. 3B, supplemental Fig.
S2). Together, these data suggest that p53 can play a role in
stabilizing L3MBTL1 at its target promoters.
Next, the role of L3MBTL1 in regulating p21mRNA expres-

sion was determined. Endogenous L3MBTL1 was depleted by
RNA interference employing two independent L3MBTL1-tar-
geting siRNAs. As shown in Fig. 3C, in the absence of DNA
damage (a condition that stimulates p21 expression), depletion
of L3MBTL1 induced an �2-fold increase in p21 transcription
in the p53 positive U2OS cells. In contrast, no up-regulation of
p21 transcript was observed upon L3MBTL1 knock-down in
p53 negative H1299 cells. Together, these results suggest that:
1) L3MBTL1 normally plays a role in maintaining p21
repressed, 2) this repression is p53 dependent, and 3) the
molecular mechanism for this repression is in part due to p53
stabilization of L3MBTL1 at chromatin of p53 target genes.
Stable depletion of L3MBTL1 in U2OS cells with two inde-

pendent shRNAs resulted in a markedly slower cell prolifera-
tion rate relative to cells expressing the control shRNA (Fig.
3D). Moreover, colony formation assays indicated that fewer
and smaller colonies develop in L3MBTL1-depleted cells rela-
tive to control cells (Fig. 3E). These data suggest that L3MBTL1
plays a role in promoting proliferation of transformed cells,
consistent with its ability to repress p53 target gene expression.
Regulation of p21 Expression by L3MBTL1 Requires SET8-

mediated p53K382me1—The level of total p53 protein
increases with genotoxic stress, whereas SET8 and
p53K382me1 levels decrease (11); p53 occupancy on the p21
and other target promoters also increases with genotoxic
stress as part of the p53-dependent induction of a DNA dam-
age gene expression program. Based on these observations,
we predicted that L3MBTL1 would disassociate from p53
upon DNA damage. To test this hypothesis, cells were
treated with the radiomimetic NCS, to induce DNA double
strand breaks, or vehicle control, and the interaction
between endogenous L3MBTL1 and p53 was determined in
co-IP assays. At basal conditions (no DNA damage), p53 was
present in the L3MBTL1 IP (Fig. 4A). However, upon NCS
treatment, which elicits a decrease in p53K382me1 levels (Fig.
4A), p53 was not detected in the L3MBTL1 IP. Depletion of
SET8 by siRNA to emulate DNA damage-induced reduction of
SET8 also abrogated the endogenous interaction between
L3MBTL1 and p53 (Fig. 4B). Further, L3MBTL1 occupancy at
the p21 promoter decreases in response to NCS treatment, in
contrast to p53 binding at the p21 promoter, which as ex-
pected increases concomitant with DNAdamage (Fig. 4C) (11).
Taken together, we conclude that the interaction between
p53K382me1 and L3MBTL1 at the promoters of p53 target
genes is one mechanism by which SET8-mediated methylation
of p53 acts to repress p53 transactivation under basal condi-
tions. Upon DNA damage, SET8 levels are down-regulated,

FIGURE 2. L3MBTL1 binds to p53K382me1 in vivo. A, SET8 augments the
interaction between p53 and L3MBTL1 in vivo. Western analysis with the indi-
cated antibodies of the Flag IPs or whole cell extract (WCE) from 293T cells
expressing the indicated proteins is shown. Tubulin levels in the WCE are
shown as loading control. B, monomethylation on p53K382 by SET8 is impor-
tant for the association of L3MBTL1 and p53 in vivo. Western analysis with the
indicated antibodies of endogenous L3MBTL1 IPs or WCE from H1299 cells
expressing wild-type p53 or p53K382R mutant in the presence of SET8 or
SET8(D338A) as indicated. Tubulin is shown as a loading control. C, intact MBT2
domain is required for interaction between L3MBTL1 and p53 in vivo. Western
analysis with the indicated antibodies of the Flag IPs or WCE from 293T cells
expressing wild-type F-L3MBTL1 or F-L3MBTL1(D355N) mutant � SET8. Tubulin
levels in the WCE are shown as loading control.
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p53K382me1 and H4K20me1 levels
are reduced, L3MBTL1 dissociates
from the promoter, and transactiva-
tion is initiated by p53.

DISCUSSION

In summary, we have demon-
strated by biochemical, structural,
and cellular approaches that
L3MBTL1 functions as an effector
of p53K382 monomethylation. Sig-
naling via lysine methylation of
histone proteins is a principal chro-
matin-regulatory mechanism that
influences fundamental cellular
programs(1). Like histones, p53 is
subject to a wide array of regulatory
post-translational modifications
that influence its biological proper-
ties (6, 8, 10). Several lysines within
the unstructured tail of p53 are
methylated and the state of methyl-
ation at a specific lysine residue reg-
ulates various aspects of p53 func-
tion, including gene activation, gene
repression, protein localization, and
protein stability (11, 32–37). Dim-
ethylation of p53 at Lys-370 and
Lys-382 represent two examples of
how a p53 methylation event is
sensed at the molecular level; in
both of these cases, themodification
acts as a template for an interaction
with the DNA damage response
mediator 53BP1. In the context of
binding to p53K370me2, 53BP1 is a
co-activator of p53 transcription in
response to DNA damage (36),
whereas 53BP1 recognition of
p53K382me2 stabilizes p53 at DNA
double strand breaks and might
function in communicating expo-
sure of cells to genotoxic stress to
p53 (37).
In mammals, L3MBTL1 has been

linked to transcription repression.
For example, L3MBTL1 interacts
with the ETS transcription factor
TEL to repress TEL-responsive pro-
moters (15). In addition, L3MBTL1
is present in a complexwith RB (ret-
inoblastoma) protein, and functions
to negatively regulate expression of
a number of E2F target genes by
compacting chromatin, an activity
that requires MBT domain binding
to repressive mono- and dimethyla-
tion marks on histones (13). The

FIGURE 3. L3MBTL1 represses p53 target genes under normal conditions. A, Western blot with
L3MBTL1 antibodies of WCE from the indicated cell lines transduced with control, Flag-L3MBTL1, or
Flag-L3MBTL1-D355N retrovirus. B, p53 stabilizes L3MBTL1 at target genes under basal conditions. Chro-
matin immunoprecipitation (ChIP) assays to determine occupancy at the promoter and 3� transcribed
body region of the p21 gene in wt and p53�/� HCT116 cells stably expressing Flag-L3MBTL1 or Flag-
L3MBTL1-(D355N) as indicated. ChIPs: Flag (left), p53 (middle), H4K20me1 (right). Occupancy values (%
input) were determined by real-time PCR. C, p21 expression increases upon L3MBTL1 depletion in the
presence of endogenous p53 and in the absence of DNA damage. U2OS or the p53-negative cell line
H1299 treated with control or two independent L3MBTL1 siRNAs and L3MBTL1 and p21 mRNA levels were
determined by real-time PCR. D, L3MBTL1 depletion attenuates cellular proliferation rates. Left panel,
7-day growth curve time course for U2OS cells stably expressing control or two independent L3MBTL1
shRNAs. Error bars indicate S.E. from three experiments. Right panel, real-time PCR of L3MBTL1 mRNA
levels of cells used in the growth curve experiment. E, L3MBTL1 depletion attenuates colony growth. Left
panel, colony formation panel of cells as in D. Representative plates are shown for control and the two
L3MBTL1 stable knockdown lines. Right panel, quantitation of colonies counted for each cell line. Error
bars indicate S.E. from three independent experiments.
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observations that L3MBTL1 functions in part via H4K20me1
recognition and the similarity in sequence surrounding H4K20
and p53K382 led us to test binding of L3MBTL1 to
p53K382me1. We propose that under basal conditions, in the
absence of DNA damage, L3MBTL1 is stabilized at chromatin
of p53-target genes via synergistic binding to p53K382me1 and
H4K20me1 (or similar repressive mark such as H1K26me1)
(seemodel, Fig. 4D). The stabilization and subsequent action of
L3MBTL1 at these p53 target genes results in chromatin com-
paction and thereby, L3MBTL1, by regulating chromatin struc-
ture, indirectly renders target-DNA-bound p53 inert. In
response to DNA damage, p53K382me1 levels decrease (Fig. 4
andRef. 11), resulting in destabilization of L3MBTL1 fromp53-

target genes and therefore a more favorable chromatin state,
which in turn promotes transcription (Fig. 4D). Cabin1 binding
to promoter-bound p53 was recently proposed to negatively
regulate a subpopulation of p53 target genes by a mechanism
similar to the one proposed in our model (Fig. 4D and Ref. 12).
These observations suggest a broader paradigm in which
sequence-specific transcription factors are bound to target
DNA in the absence of active transcription, but rendered qui-
escent by accessory factors. Such a mechanism may be impor-
tant in the context of rapid activation of target genes and/or
maintaining certain DNA sequences accessible.
In addition to p53, the tumor suppressor protein RB is

also mono methylated by a protein lysine methyltransferase
(Smyd2), and this methylation event promotes interaction with
L3MBTL1.6 Furthermore, the interaction between L3MBTL1
and methylated RB may play a role in repression of RB target
genes.6 Thus, L3MBTL1 might act broadly to inhibit different
gene expression programs through its ability to recognize
methylated non-histone nuclear proteins. Here we have dem-
onstrated that L3MBTL1 binds to p53 in a modular manner
that is dependent on SET8-mediated monomethylation at
p53K382 and propose that this interaction inhibits p53 activity
by regulating chromatin dynamics.
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