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Leucine-rich Repeat and WD Repeat-containing Protein 1 Is
Recruited to Pericentric Heterochromatin by Trimethylated
Lysine 9 of Histone H3 and Maintains Heterochromatin
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(Bacl(ground: Leucine-rich repeat and WD repeat-containing protein 1 (Lrwd1l) binds histone marks (H3K9me3 and
Results: The recruitment of Lrwd1 to heterochromatin requires H3K9me3. Lrwd1 is required for silencing of major satellite

Conclusion: Lrwd1 binds to heterochromatin via interactions with H3K9me3 and maintains heterochromatin silencing.
Significance: Determining how Lrwd1 functions in heterochromatin silencing is important in understanding how heterochro-
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Lrwdl, a protein containing a leucine-rich repeat and a WD40
repeat domain, interacts with the origin replication complex
(ORCQ), a protein complex involved in both initiation of DNA
replication and heterochromatin silencing. Lrwd1 and ORC are
known to co-purify with repressive histone marks (trimethyl-
ated lysine 9 of histone H3 (H3K9me3) and trimethylated lysine
20 of histone H4 (H4K20me3)) and localize to pericentric het-
erochromatin. However, how the Lrwd1 is recruited to hetero-
chromatin and the functional significance of the localization of
Lrwdl1 to the heterochromatin are not known. Here, we show
that Lrwd1 preferentially binds to trimethylated repressive his-
tone marks in vitro, which is dependent on an intact WD40
domain but independent of ORC proteins. The localization of
Lrwd1 and Orc2 at pericentric heterochromatin in mouse cells
is lost in cells lacking H3K9me3 but not in cells lacking
H4K20me3. In addition, depletion of HP1e has little impact on
the localization of Lrwdl on pericentric heterochromatin.
Finally, depletion of Lrwdl and Orc2 in mouse cells leads to
increased transcription of major satellite repeats. These results
indicate that the Lrwdl is recruited to pericentric heterochro-
matin through binding to H3K9me3 and that the association of
Lrwd1 with pericentric heterochromatin is required for hetero-
chromatin silencing and maintenance.

Genetic information is encoded by the DNA sequence; yet,
DNA alone does not account for the complexity of the mam-
malian genome. Instead, chromatin, comprising DNA, core
histone proteins, and other regulatory proteins, regulates gene
expression and maintains genome stability. The basic repeating
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unit of chromatin is the nucleosome, consisting of 147 bp of
DNA wrapped around an octamer of four highly conserved core
histone proteins (H3, H4, H2A, and H2B). Chromatin can be
classified into two main types based on cytological staining:
euchromatin, characterized by a loosely packed chromatin
structure and enriched with genes, and heterochromatin,
which is densely packed and silences gene expression via epige-
netic mechanisms (1-3).

Heterochromatin can be further classified into two subtypes:
facultative and constitutive heterochromatin. The formation of
facultative heterochromatin is developmentally regulated. One
of the classic examples of facultative heterochromatin is inacti-
vation of one of two X chromosomes in female mammals
(4-6). In contrast, constitutive heterochromatin is found at
regions rich in repetitive sequences and often at the centric and
pericentric regions of mammalian chromosomes, resulting in
transcriptional silencing of both homologous chromosomes
(7). Constitutive heterochromatin plays an important role in
repressing transposable element activity and maintaining
genome integrity (8).

Constitutive heterochromatin is marked with unique histone
modifications and proteins (9, 10). For instance, histone H3
lysine 9 at pericentric heterochromatin is trimethylated by the
lysine methyltransferases Suv39h1/h2, and histone H4 lysine 20
is trimethylated by Suv420h1/h2 (11, 12). H3K9me3? is recog-
nized by the chromodomain of HP1«, an adapter protein for
the recruitment of other heterochromatic effector proteins to
pericentric heterochromatin (1, 13, 14). In addition, mouse
embryonic fibroblast cells lacking both Suv39h1/h2 have a loss
of both H3K9me3 and H4K20me3, whereas the loss of
Suv420h1/h2 has no apparent effect on H3K9me3 (12).

2 The abbreviations used are: H3K9me3, trimethylated lysine 9 of histone H3;
FL, full-length; H4K20me3, trimethylated lysine 20 of histone H4; LRR, leu-
cine-rich repeat; Lrwd1, leucine-rich repeat and WD repeat-containing
protein 1; MEF, mouse embryonic fibroblast; ORC, origin recognition
complex.
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The origin recognition complex (ORC) consists of six pro-
teins essential for the initiation of DNA replication (15). In
addition to its role in initiating DNA replication, ORC proteins
are known to be involved in transcriptional gene silencing in
yeast, Drosophila and mammalian cells (16-18). Indeed,
human Orc2 is associated with HP1 and is required for the
stable association of HP1 at heterochromatin (19). Thus, both
H3K9me3 and ORC are required for the stable association of
HP1 at pericentric heterochromatin.

Recently, Lrwdl, an ORC-interacting protein also called
ORCA (20), was found co-localized with Orc2 at pericentric
heterochromatin (21, 22). Lrwd1 contains a leucine-rich repeat
domain and a WD40 repeat domain. In addition, both ORC and
Lrwd1 co-purify with histone peptides or mononucleosomes
containing either of three transcriptional repressive lysine
marks (H3K9me3, H3K27me3, and H4K20me3) (21, 22).
Because ORC and Lrwdl form a complex, it is not known
whether ORC, Lrwdl, or both are involved in recognition of
these repressive marks. Furthermore, the functional signifi-
cance of the association of ORC or Lrwd1 with pericentric het-
erochromatin is not known.

Through a genome-wide screen, we found that Lrwdl and
Orc2 are among the 32 genes involved in X-chromosome inac-
tivation (23). In the present study, we focus on characterizing
the role of Lrwd1 in pericentric heterochromatin silencing and
maintenance. Using in vitro peptide pulldown assays, we show
that Lrwdl binds to repressive histone marks (H3K9me3,
H3K27me3, and H4K20me3) independent of ORC but depend-
ent on an intact WD40 domain of Lrwdl. Furthermore, we
show that the pericentric heterochromatin localization of
Lrwdl and Orc2 is dependent on H3K9me3, but not
H4K20me3. Finally, depletion of Lrwd1 or Orc2 in mouse cells
results in increased transcription of major satellite repeats.
Based on these results, we propose that Lrwdl is recruited to
heterochromatin through its interaction with H3K9me3 and
that Lrwdl is required for efficient heterochromatin silencing
and maintenance.

EXPERIMENTAL PROCEDURES

Cell Culture—Suv39h1h2 ™/~ and Suv420h1h2~'~ MEF cells
were a kind gift from Dr. Thomas Jenuwein. Female immortal-
ized MEF cells used to knockdown Lrwd1, Orc2 and HP1a have
been described (23). HeLa and 293T cells were cultured and
maintained under standard conditions.

Plasmids and shRNAs—The shRNAs used to knockdown
genes in human and mouse cells were purchased from Sigma:
human Lrwdl, NM_152892.1-510s1lcl and NM_152892.1—
465s1cl and Orc2, NM_006190.3-1110slcl and NM_
006190.3—-1684s1cl; mouse Lrwdl, NM_027891.1-2820s1cl
and NM_027891.1-2817s1cl; Orc2, NM_008765.2—649s1cl
and NM_008765.2-510s1cl; and HPla, NM_007626.2—
547s1cl and NM_007626.2-356s1cl. Full-length and trun-
cated forms of Lrwd1 cDNA were cloned into pBabe vector for
expression in 293T cells.

Antibodies—Peptides with the sequence “dkvradfmr” corre-
sponding to amino acid residues 162—170 of mouse Lrwd1 were
used for rabbit immunization. Polyclonal Lrwd1l antibodies
were purified using peptide-conjugated beads. The antibodies
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used for Orc2 and HP1a immunofluorescence were described
before (23). Antibody dilutions used for Western blot are as
follows: Orcl (ab85830 Abcam), 1:1000; Orc4 (ab9641 Abcam),
1:1000; Orc5 (H-300 Santa Cruz Biotechnology) sc-20635,
1:500; HP1a (ab77256 Abcam), 1:1000; Orc2, Orc3, and Orc6
antibodies (gifts from Dr. Bruce Stillman) (24), 1:1000; and GFP
(ab6556), 1:500.

In Vitro Peptide Pulldown Assay—In vitro peptide pulldown
assays were performed as described (25) with some modifica-
tions. Various peptides were conjugated to SulfoLink beads
from Pierce. Beads were washed three times in buffer D (20 mMm
HEPES, pH 7.9, 150 mm KCl, 20% v/v glycerol, 0.2 mm EDTA,
0.2% Triton X-100, and protease inhibitors) before adding to
S100 extracts, nuclear extracts, or purified Lrwdl proteins.
Mixtures were incubated at 4 °C for 3 h. After extensive wash-
ing with buffer D, bound proteins were eluted by SDS sample
buffer, resolved by SDS-PAGE, detected by Ponceau S staining
or Western blotting. Inmunoblot and RT-PCR images were
quantified using Image].

Co-immunoprecipitation—FLAG-tagged full-length and
truncated versions of Lrwd1 were expressed in 293 T cells. Cells
were treated in lysis buffer (50 mm HEPES-KOH, pH,7.4, 100
mM NaCl, 1% Nonidet P-40, 10% glycerol, 1 mm EDTA, 1 mm
PMSF, 1 mm DTT, and 1 mM benzamidine) and incubated at
4 °C for 1 h. Lysates were cleared by spinning at 13,000 rpm at
4 °C for 10 min. M2 beads (Sigma) were added to the lysates and
incubated at 4 °C for 3 h for immunoprecipitation. Beads were
washed three times with washing buffer (lysis buffer with 0.01%
Nonidet P-40). Proteins that bound were boiled in SDS sample
buffer and separated by SDS-PAGE for subsequent Western
blotting using the indicated antibodies.

Purification of Recombinant Lrwdl Proteins from Sf9
Cells—Full-length or truncated forms of Lrwdl were cloned
into pFastBac1HTa (Invitrogen) to generate baculovirus carry-
ing the His¢-tagged Lrwd1 transgene. Following Sf9 cell infec-
tion, cells were collected and washed with cold PBS followed by
addition of lysis buffer (50 mm HEPES-KOH, pH 7.5, 150 mm
NaCl, 5 mm MgCl,, 5% glycerol, 0.1% Nonidet P-40, 0.1%
Tween 20, 10 mm imidazole, 0.5 mm PMSF) at 4 °C for 15 min.
Lysates were cleared by spinning two times at 13,000 rpm, 4 °C
for 10 min. Nickel-nitrilotriacetic acid beads (Sigma) were
added to the cleared lysates and incubated at 4 °C for 1 h. After
washing, His-tagged Lrwd1l proteins were eluted four times
with elution buffer at 16 °C for 5min. Eluted His-tagged Lrwd1
proteins were dialyzed twice with dialysis buffer (150 mm NaCl,
20 mm Tris, pH 8.0, 10% glycerol) before used for in vitro pep-
tide pulldown assays.

Immunofluorescence—Cells grown on chamber slides (Nunc)
were washed briefly with PBS followed by fixation with 3% para-
formaldehyde at room temperature for 12 min. Cells were per-
meabilized with 0.5% Triton X-100 solution for 5 min at room
temperature and then blocked in 5% normal goat serum for 1 h.
Primary antibody with appropriate dilution was added to cells
and incubated at 37 °C for 20 min or 4 °C overnight. Cells were
then washed with PBS twice and probed with FITC/rhoda-
mine-conjugated secondary at 37 °C for 20 min. DNA was
stained with DAPI, and samples were mounted with Gold anti-
fade reagents (Invitrogen) and examined using a Zeiss Axioplan
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fluorescence microscope. Dilution of antibodies used in immu-
nofluorescence were as follows: anti-Orc2 (mAb920), 1:200;
anti-HPla (1:400 Millipore mAb3584, 1:100 cell signaling
2616), anti-H3K27me3 (1:80), H3K9me3, H4K20me3 (1:80).
For the detection of GFP-Lrwdl fusion protein, full-length
Lrwd1 was cloned into pEGFP C1 vector to generate the GFP-
Lrwd1 transgene. The transgene was subsequently cloned into
pTSiN lentiviral based vector to infect WT, Suv39h1h2~ /=, and
Suv420h1h2~'~ cells. Cells were washed with PBS and preex-
tracted with 0.5% Triton X-100 to remove soluble proteins in
the nucleus before paraformaldehyde fixation and subsequent
DAPI staining and immunofluorescence detection.

Analysis of Transcription at Major or Minor Satellites Using
RT-PCR—Total RNA was extracted using the TRIzol reagent
(Invitrogen) from W'T, Suv39h1h2 ™', Suv420h1h2~'" cells or
MEEF cells infected with viruses for knockdown of Orc2 or
Lrwd1 by shRNA and the nontarget control. cDNA was synthe-
sized using 1 ug of total RNA with random hexamer and Super-
Scriptlll reverse transcriptase (Invitrogen). PCR was per-
formed in a 25-ul volume with 0.1 um primers with cycle
numbers as indicated. Primer sequences are as follows: major
satellites (MajF1), 5'-GACGACTTGAAAAATGACGAAAT-
C-3' and (MajR1) 5'-CATATTCCAGGTCCTTCAGTGTGC-
3’; minor satellites (MinF1),5'-CATGGAAAATGATAAAAA-
CC-3' and (MinR1), 5'-CATCTAATATGTTCTACAG-
TGTGG-3'; B-actin (actin F), 5'-CCCAGCCATGTACGTAG-
CCATCCA-3' and (actin R), 5'-CATGAGGTAGTCCGTCA-
GGTC-3'; Lrwdl (Lrwdl Ex3F), 5'-GTCAGTGACAACCTC-
AAAGTC-3' and (Lrwdl Ex4R), 5'-CCGCCACTGCG-
TGAACTCGATG-3’; Orc2 (Orc2 F3), 5'-CTGATCGSSCGC-
TGCAG AGG-3' and (Orc2 R2), 5'-CTCTCTTGGACCCCA-
AGCC-3'. To analyze transcripts at major or minor satellites
using real-time PCR, PCR primers described by Zhu et al. (26)
were used.

RESULTS

Lrwdl Binds Repressive Histone Marks Independent of
ORC—Both ORC and Lrwdl co-purify with three repressive
histone marks (H3K9me3, H3K27me3, and H4K20me3) (22).
Because Lrwdl associates with ORC (20), it is not known
whether Lrwdl or ORC is involved in direct binding to these
repressive marks. To address this issue, we employed an in vitro
peptide pulldown assay (Fig. 1, A—C). Briefly, unmodified pep-
tides or peptides with varying degrees of methylation (0, 1, 2,
and 3) at H3K9, H3K27, and H4K20 lysine residues were cou-
pled to beads and used to pull down Lrwdl from nuclear
extracts of 293T cells ectopically expressing FLAG-Lrwdl.
Lrwd1, Orc2, Orc3, and Orc4, but not Orc6, were preferentially
pulled down with H3K9me3 (Fig. 14), H4K20me3 (Fig. 1B), and
H3K27me3 (Fig. 1C) compared with the corresponding
unmodified, mono-, or dimethylated peptides. In contrast,
Lrwdl, Orc2, Orc3, and Orc4 were not pulled down by unmod-
ified, mono/di/trimethylated peptide forms of H3K56 (Fig. 1C).
These results recapitulate published results showing that
Lrwdl and a subset of ORC subunits bind repressive histone
marks in vitro (21, 22).

Using the peptide pulldown assay, we asked how depletion of
Orc2, and thereby loss of an intact ORC complex, affected the
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ability of Lrwd1 to bind repressive histone marks. Depletion of
Orc2 had no apparent effect on the ability of Lrwd1 to bind
H3K9me3, H3K27me3, and H4K20me3 (Fig. 1, D and E). The
association of Orc3 and Orc4 with either of these peptides was
reduced, possibly due to reduced levels of Orc3 and Orc4 in
Orc2-depleted cell extracts (Fig. 1D, compare the input lanes
between NT and Orc2KD) (17). These results indicate that
Orc2 or an intact ORC complex is not required for Lrwd1 to
bind these repressive histone marks.

Orc6 was not detected in pulldown assays using H3K9me3,
H3K27me3, or H4K20me3 (Fig. 1, A-C) (21, 22), suggesting
that Orcé6 is not required for stable association of Lrwdl and
Orc2 to the repressive histone marks. To test this idea, we
determined how depletion of Orc6 by shRNA affects the asso-
ciation of Lrwd1 and Orc2 with repressive marks. Depletion of
Orc6 did not affect the binding of Lrwd1 or Orc2 to each of the
three trimethylated peptides (supplemental Fig. S1). These
results suggest that Lrwd1 may form with a subset of ORC sub-
units a complex that binds to repressive histone marks.

WD40 Repeat Domain Is Important for Lrwdl Binding to
Repressive Histone Marks—Lrwd]1 contains both a leucine-rich
repeat (LRR) domain and a WD40 repeat domain (Fig. 2A).
Whereas the WD40 repeat domain is known to bind ORC (20),
the Lrwd1 domain involved in association with methylated his-
tones is not known. We, therefore, set out to determine which
domain(s) of Lrwdl was required for Lrwdl association with
the three repressive histone marks. Nuclear extracts were pre-
pared from 293T cells expressing FLAG-tagged full-length (FL)
Lrwdl or Lrwdl mutant proteins containing WD40 or LRR
domains and used for peptide pulldown assays (Fig. 2A4). The
WD40 domain bound to these methylated peptides as effi-
ciently as FL Lrwd1 (Fig. 2B), whereas the LRR domain failed to
bind H3K9me3 and H4K20me3 (Fig. 2C). These results suggest
that the WD40 repeat domain of Lrwd1 is directly involved in
binding to these repressive histone marks. To test this idea fur-
ther, we purified recombinant Lrwdl, the Lwrdl WD40
domain, and LRR domain from Sf9 cells and determined how
each binds to H3K9me3 and H4K20me3. Recombinant WD40
and FL Lrwd1 bound equally well to H3K9me3 and H4K20me3
(Fig. 2D), whereas recombinant LRR was not able to bind to any
of these peptides (Fig. 2E). These results show that the WD40
domain of Lrwdl is necessary and sufficient for binding to
repressive histone marks in vitro.

Intact WD40 Domain Is Required for Lrwd1 to Bind to Orc2
and H3K9me3—The WD40 domain of Lrwdl comprises five
blade-like small WD40 repeats (20) (Fig. 34). To gain insight
into how the WD40 domain of Lrwd1 interacts with both ORC
and repressive histone marks, we systematically deleted each of
the WD40 repeats, expressed the FLAG-tagged mutant pro-
teins in 293T cells (Fig. 34), and determined how each interacts
with ORC and methylated histone peptides. FL Lrwd1 co-im-
munoprecipitated Orc2, whereas none of the Lrwdl mutants
lacking a WD40 repeat interacted with Orc2 (Fig. 3B). In addi-
tion, no significant association between the WD40 repeat dele-
tion mutants with H3K9me3 peptides was detected (Fig. 3C).
These results suggest that an intact Lrwdl WD40 repeat
domain is required for proper interaction with both ORC and
repressive histone marks.
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FIGURE 1. Orc2 is not required for Lrwd1 to bind histone peptides with repressive histone marks. A-C, in vitro peptide pulldown assay was performed to
assess binding of Lrwd1 and ORC proteins to peptides containing methylated histone marks. Synthetic peptides of H3K9 (A), H4K20 (B), H3K56 and H3K27 (C)
with different degrees of methylation (un- (0), mono- (7), di- (2), and trimethyl (3)) were coupled to beads and used to pull down proteins in nuclear extracts
prepared from 293T cells stably expressing FLAG-Lrwd1. Eluted proteins were detected by Western blotting using the indicated antibodies. Ponceau S (Pon S)
staining was used to detect total proteins, which serves as loading controls. D and E, Orc2 is not required for Lrwd1 to bind H3K9me3, H3K27me3, and
H4K20me3. Orc2 was depleted in 293T cells expressing FLAG-tagged Lrwd1 using shRNA, and nuclear extracts were prepared to perform the peptide pulldown
assay described above using unmodified (0) and trimethylated (3) H3K9, H4K20, and H3K27 peptides. Proteins in whole cell extracts (D) as well as in pulldown
(E) were detected by Western blotting using indicated antibodies. As controls, nuclear extracts were prepared from cells infected with virus for nontargeting
control (NT). Each result shown is representative of three independent experiments. * indicates nonspecific band.

Depletion of Lrwdl Affects Protein Levels of Subset of ORC  not alter the protein levels of Orc2, Orc3, and Orc4 to a detect-
Subunits—In an attempt to determine whether Lrwdl is able degree (supplemental Fig. S2). These results suggest that
required for ORC to bind methylated histone peptides, we Lrwdl is required for the protein stability of Orc2, Orc3, and
observed that the levels of four ORC subunits (Orcl, Orc2, Orc4 at least in some human cell lines and MEF in a manner
Orc3, and Orc4) were reduced dramatically in Lrwd1-depleted that may be independent of proteasome-mediated degradation.
293T cells (data not shown). This observation seems to contra- Localization of Lrwd1 and Orc2 to Pericentric Heterochroma-
dict the results of others showing that depletion of Lrwd1 had  tin Depends on H3K9me3—To determine the functional signif-
no apparent effect on the ORC protein levels (20). To confirm icance of the interactions between Lrwdl and H3K9me3 or
our observation, Lrwdl was depleted using two independent H4K20me3, we asked whether H3K9me3 or H4K20me3 is
shRNA(s) in HeLa cells (Fig. 44). The protein levels of Orc2, required for the localization of Lrwdl and Orc2 to pericentric
Orc3, and Orc4 were reduced concomitant with the reduction heterochromatin in vivo (Fig. 5). We examined the localization
in Lrwd1 level. Similar results were obtained when Lrwdl was  of Lrwdl and Orc2 in MEF cells lacking both Suv39hl and
depleted from MEF cells (Fig. 4B). Depletion of Lrwd1 did not ~ Suv39h2 (Suv39h1h2 ") or MEF cells lacking both Suv420h1
affect transcription of Orc2 (Fig. 4C). In addition, cells treated and Suv420h2 (Suv420h1h2 ") (11, 27). Suv3%hl and
with proteasome inhibitor MG132 after Lrwd1 depletion did = Suv39h2 are two lysine methyltransferases for the methylation

APRIL 27,2012+VOLUME 287+-NUMBER 18 @@B@l& JOURNAL OF BIOLOGICAL CHEMISTRY 15027


http://www.jbc.org/cgi/content/full/M111.337980/DC1

Lrwd1 and Heterochromatin Silencing

A FL [ LRR [linker | wD4o0 repeats
LRR [ LRR |linker [—[Fuao |
WD40 [tlinker | WD40 repeats

=
O
5
o

B FL c FL LRR

T T > g @
@ [} £ Q £
s E§ 5 E § s E § g E §
e & o o W 2 < N a & o
[ = X X c X X C ™ X c X X
= (] - - ¥ E -_—™ E
x T - < _I 3 5o -
o — — OF s c—— S S
“® 0303 ©“ 0303 w0 303 w0 303
. o7 »
- LF] - . 66 T .-
P - - {
45 _ Flag
=S
e o 5 i 31 < % Lrwd1
) 1.15 ~14.57 0.4 19.2 2 16.8 0 0 Pull down

D _FL WD40

3% Input
|H3K9me
|H4K20me

3% Input
|H3K9me
|H4K20me

o

w

o

w

3% Input
©H4K20me
o

w

o

w

o
o |H3K9me

Lrwd1

% Lrwd1
3.15 564 3.96  10.6 0.177  2.03 0 0 Pull down

FIGURE 2. Lrwd1 WD40 domain is required and sufficient for Lrwd1 to bind repressive histone marks. A, schematic diagram shows FL Lrwd1 and two
Lrwd1 mutants with either the LRR domain or WD40 repeat domain used for in vitro peptide pulldown assay. Band C, WD40 repeat domain, but not LRR domain
of Lrwd1, binds H3K9me3 and H4K20me3. Nuclear extracts were prepared from 293T cells expressing FLAG-tagged full-length and truncated forms of Lrwd1,
and peptide pulldown assays were performed as described in Fig. 1. D and E, recombinant full-length Lrwd1 and WD40 domain bind to methylated peptides.
Recombinant full-length and truncated forms of Lrwd1 proteins were expressed and purified from Sf9 cells and used to incubate beads with unmodified or
trimethylated form of H3K9 and H4K20 peptides for the peptide pulldown assay described in Fig. 1. Full-length and truncated forms of Lrwd1 recombinant
proteins were detected by immunoblotting using antibodies prepared against the linker region of Lrwd1. Percentages of Lrwd1 pulldown in B and E were
determined by normalization to input. Each result shown is a representative of three independent experiments. * indicates nonspecific band.

of H3K9 at pericentric heterochromatin, whereas Suv420h1 chromatin was reduced significantly in Suv39hih2™"~
and Suv420h2 are lysine methyltransferases for H4K20. Con- cells compared with wild-type cells (Fig. 5, D-F). The
sistent with published reports (12), H3K9me3 and HP1a local-  expression of Lrwdl in Suv39h1h2~/~ cells was similar to
ization at pericentric heterochromatin was unchanged in that of wild-type cells (supplemental Fig. S3). Thus, the loss
Suv420h1h2~"" cells (Fig. 5A). Interestingly, the localization of ~of Lrwdl localization at pericentric heterochromatin in
Orc2 and Lrwd1 did not change to a significant degree in these ~ Suv39h1h2~ " cells is not due to impaired protein expres-
mutant cells (Fig. 5, B and C). In agreement with published sion. These results suggest that recruitment of Lrwdl to
results (28), HP1a localization was lost, and H4K20me3 was not  pericentric heterochromatin in vivo depends largely on the
detectable in Suv39h1h2~"" cells (Fig. 5, Dand E). Importantly, presence of H3K9me3, despite the fact that Lrwd1l binds
the localization of Lrwdl and Orc2 to pericentric hetero- both H3K9me3 and H4K20me3 in vitro.
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vitro peptide pulldown assays in C. B, FLAG-tagged full-length and truncated
versions of Lrwd1 were expressed in 293T cells and immunoprecipitated (IP)
using FLAG-M2 beads. Proteins in whole cell extracts (Input, left) and IP were
analyzed by Western blotting using antibodies against Orc2 and Lrwd1. C,
full-length but not truncated forms of Lrwd1 bind to H3K9me3. Nuclear
extracts were prepared from cells expressing FLAG-tagged full-length or
truncated versions of Lrwd1 and used for in vitro peptide pulldown assays
using H3K9 and H3K9me3 peptides. Proteins in whole cell extracts (Input, left)
and H3K9me3 pulldown were analyzed by Western blotting. * indicates non-
specific band.

Pericentric Heterochromatin Localization of Lrwdl Does Not
Depend on HP1a—In Suv39h1h2 ™'~ cells, the pericentric het-
erochromatin localization of effector proteins (e.g HPle) is
lost. In addition, the heterochromatin localization of Orc2 is
also affected in HPla-depleted cells (19). To determine
whether Lrwd1 localization is also affected by HP1« depletion,
we analyzed the Lrwdl localization in HP1la-depleted MEF
cells. MEF cells were infected with virus for vector control or for
expressing GFP-Lrwdl (Fig. 6A). Twenty-four hours after
infection, cells were split for infection with virus for nontarget-
ing or shRNA targeting HP1a. Cells were collected 72 h after
infection for Western blot analysis, immunofluorescence, and
chromatin immunoprecipitation (ChIP). Western blot analysis
revealed that GFP-Lrwd1 was expressed equally well in cells
with/without HP1« depletion, and HP1a knockdown was effi-
cient (Fig. 6B). Immunofluorescence studies revealed that the
pericentric heterochromatin localization of Lrwdl was not
affected to a detectable degree in HP1a-depleted cells (Fig. 6C).
In agreement with this interpretation, the binding of Lrwd1
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at pericentric heterochromatin was not affected in HP1a-
depleted cells as detected by ChIP assay using antibodies
against GFP-Lrwd1 (Fig. 6D). Thus, the loss of Lrwd1 local-
ization at heterochromatin in Suv39h1h2~ '~ cells is likely
due to the loss of H3K9me3, but not the loss of HP1l« at
heterochromatin.

Lrwd1 Is Required for Silencing of Major Satellite Repeats—
H3K9me3 is required for the silencing of the major satellite
repeats in mouse ES cells (29) To determine the functional sig-
nificance of the association of Lrwd1 and Orc2 with pericentric
heterochromatin, we tested whether depletion of Orc2 and
Lrwd1 affected silencing of major and minor satellite repeats.
Total RNA was collected from MEF cells (23) infected with
virus for nontargeting shRNA control, Orc2 shRNA, or Lrwd1
shRNA, and transcripts from major and minor satellites were
detected by RT-PCR using primers shown in Fig. 7A. As a con-
trol, we also analyzed major and minor satellite transcripts in
Suv39h1h2~’~ MEF cells. Consistent with a previous report
(29), major satellite transcripts, but not minor satellite tran-
scripts, were up-regulated in Suv39h1h2~"~ MEF cells (Fig.
7B). Depletion of either Lrwd1 or Orc2 by shRNA (Fig. 7B) also
resulted in significant up-regulation of major satellite repeat
transcripts but not the minor satellite repeats. Similar results
were also observed by quantitative real-time PCR using another
independent set of PCR primers (Fig. 7C), which have been
recently used to detect transcripts at major and minor satellite
repeats (26). Interestingly, depletion of both Orc2 and Lrwdl,
while having no apparent effect on transcription of minor sat-
ellite repeats, resulted in a significant increase in transcription
of major satellite repeats than either Orc2 or Lrwd1 depletion
alone (supplemental Fig. S4). These results indicate that Lrwd1
and Orc2, like H3K9me3, are required for heterochromatin
silencing in vivo and that Lrwd1 and Orc2 may not function in
the same pathway to maintain transcriptional silencing at
major satellite repeats.

DISCUSSION

The Lrwd1 associates with ORC and both Lrwdl and ORC
co-purified with three trimethylated repressive histone marks
in vitro (H3K9me3, H3K27me3, and H4K20me3) (21, 22).
However, it was not known how the ORC-Lrwd1 complex rec-
ognizes these repressive histone markers and what is the func-
tional significance of the association of Lrwd1-ORC with these
repressive histone marks. We have presented the following
lines of evidence to support a model that Lrwdl1 is recruited to
pericentric heterochromatin through its binding to H3K9me3,
which in turn maintains silencing at major satellite repeats of
pericentric heterochromatin. First, we show that while both
Orc2 and Lrwd1 are copurified with repressive histone marks,
Orc2 and Orc6 are not required for the association of Lrwd1l
with these repressive marks, suggesting that the recruitment of
Lrwd1 to repressive histone marks is independent of ORC pro-
teins. Second, we show that the WD40 domain of Lrwd1 binds
directly to these repressive marks in vitro. More importantly,
we show that despite being able to bind to H3K9me3 and
H4K20me3, the recruitment of Lrwd1 to pericentric hetero-
chromatin depends on H3K9me3, but not H4K20me3 in
vivo. Third, we show that cells with Lrwd1 or Orc2 depletion
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inreduced protein levels of Orc2, Orc3, and Orc4. Hela cells were infected with two different shRNA viruses for Lrwd1 and nontargeting (NT) control. Cell lysates
were prepared 72 h after infection, and ORC proteins were detected by Western blotting. B, Orc3 protein level is reduced in Lrwd1-depleted MEF cells. HP1¢,
Lrwd1, and Orc2 were depleted by shRNAs in MEF cells. Orc3, HP1, and Lrwd1 in whole cell extracts were analyzed by Western blotting. Note: no antibody is
available to detect mouse Orc2, so Orc3 was used to monitor Orc2 protein level. C, depletion of Lrwd1 does not affect the mRNA level of Orc2. Lrwd1 or Orc2
was depleted in MEF cells as described in B. Total RNA was isolated, and the expression of Orc2 or Lrwd1 in nontargeting (NT), Lrwd1 knockdown (KD), or Orc2
knockdown (KD) cells was analyzed by real-time RT-PCR. Data and error bars indicate the mean values = S.D. of two independent experiments.
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involved in binding methylated histone marks (Fig. 3).
WD40 repeat domains have been found in many proteins,
and some of them are known to bind methylated peptides.
For instance, EED, a subunit of the PRC2 complex, contains
seven small WD40 repeats. This seven-blade B-propeller
domain forms an aromatic cage that functions as the binding
site for the trimethylated repressive histone marks (30). In
addition, WDRS5, the core subunit of the MLL/SET1 histone
methyltransferase complex (31), also contains a WD40
domain, which binds the dimethylated form of histone H3 at
lysine 4, an active histone mark. These structure-function
studies suggest that different forms of the WD40 domain
may recognize methylated histone marks differently. How
the WD40 domain of Lrwd1 binds both methylated histone

APRIL 27,2012+VOLUME 287 +-NUMBER 18

marks and ORC proteins is not known. We show that dele-
tion of a single WD40 repeat of Lrwdl compromises its abil-
ity to bind Orc2 and H3K9me3, suggesting that an intact
WD40 repeat domain structure is important for its associa-
tion with ORC and methylated peptides. The x-ray crystal
structure of EED reveals that the seven-blade WD40 small
repeats are symmetrically arranged around a pseudosym-
metric axis and form a central pocket that facilitates the
interaction with trimethylated peptides and the EED-inter-
acting partner Ezh2. Trimethylated peptides bind to the top
surface, whereas Ezh2 binds to the bottom surface of the
EED WD40 domain. It would be interesting to determine
how the WD40 repeat domain of Lrwdl recognizes both
repressive histone marks and binds ORC proteins.
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knockdown.

Whereas Lrwdl and ORC bind three repressive histone
marks (H4K20me3, H3K9me3/H3K27me3), we show that the
association of Lrwd1 and Orc2 to pericentric heterochromatin
is not affected to a detectable degree in Suv420h1 h27'~ cells,
which lack H4K20me3, whereas the association of Lrwd1 and
ORC with pericentric heterochromatin is compromised in cells
lacking H3K9me3 (Suv39h1h2~'") in vivo. These results indi-
cate that H3K9me3 is the primary repressive histone mark for
the recruitment of Lrwd1 to pericentric heterochromatin in
vivo. H3K9me3 is known to recruit HP1« to pericentric hetero-

15032 JOURNAL OF BIOLOGICAL CHEMISTRY

chromatin via interactions between the chromodomain of
HP1la and H3K9me3. We demonstrate that the recruitment of
Lrwd1 to the pericentric heterochromatin in vivo is independ-
ent of HP1a but is dependent upon the Lrwd1 WD40 domain.
Thus, H3K9me3 recruits multiple effector proteins, including
HP1 and Lrwdl, to pericentric heterochromatin to maintain
silencing. Consistent with this model, depletion of Orc2 or
Lrwd1 leads to the loss of heterochromatin silencing at major
satellite repeats. Recent reports indicate that increased tran-
scription of satellite repeats contributes to genomic instability
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and subsequent tumorigenesis (26, 32). It would be interesting
to determine whether Lrwd1 is a tumor suppressor gene and
whether misregulation of Lrwd1 is linked to tumorigenesis.
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