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The Caenorhabditis elegans synthetic multivulva (synMuv) genes
act redundantly to antagonize the specification of vulval cell fates,
which are promoted by an RTK�Ras pathway. At least 26 synMuv
genes have been genetically identified, several of which encode
proteins with homologs that act in chromatin remodeling or
transcriptional repression. Here we report the molecular charac-
terization of two synMuv genes, lin-37 and lin-54. We show that
lin-37 and lin-54 encode proteins in a complex with at least seven
synMuv proteins, including LIN-35, the only C. elegans homolog of
the mammalian tumor suppressor Rb. Biochemical analyses of
mutants suggest that LIN-9, LIN-53, and LIN-54 are required for the
stable formation of this complex. This complex is distinct from a
second complex of synMuv proteins with a composition similar to
that of the mammalian Nucleosome Remodeling and Deacetylase
complex. The class B synMuv complex we identified is evolution-
arily conserved and likely functions in transcriptional repression
and developmental regulation.
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Cell differentiation requires coordinated changes in gene
regulation. Such changes in gene expression are controlled

by transcription factors and often are mediated through the
modification of chromatin states. Biochemical techniques have
identified many protein complexes that function in transcrip-
tional repression and chromatin remodeling (1, 2). However, the
in vivo functions of these complexes in organismal development
have been unclear. Conversely, genetic studies of the nematode
Caenorhabditis elegans have implicated genes likely to be in-
volved in chromatin-mediated transcriptional repression as im-
portant in the development of the hermaphrodite vulva, but the
biochemical properties of the products of these genes have been
largely unknown.

The C. elegans vulva arises from three of six ectodermal blast
cells that form the vulval equivalence group (3, 4). Each of these
six cells, P3.p-P8.p, adopts one of three distinct cell fates, which
are distinguished by their patterns of cell divisions and the
descendant cell types they generate. The descendants of P5.p,
P6.p, and P7.p form the vulva, through which sperm can enter
and eggs can exit. Although P3.p, P4.p, and P8.p are competent
to adopt vulval fates, they instead adopt a nonvulval fate, usually
dividing once and fusing with the adjacent syncytial hypodermis.
The specification of the vulval cell fates is antagonized by the
synthetic multivulva (synMuv) genes (5, 6). The synMuv genes
have been grouped into classes A, B, and C on the basis of genetic
interactions (6, 7). Animals homozygous for loss-of-function
mutations in any two synMuv gene classes have a multivulva
(Muv) phenotype resulting from induction of more than three
Pn.p cells, whereas animals homozygous for loss-of-function
mutations in any single synMuv class are not Muv. Some class B
synMuv genes encode proteins with homologs that function in
other species in chromatin remodeling and transcriptional re-
pression. These genes include lin-35, which encodes the only C.
elegans homolog of the mammalian tumor-suppressor Rb, and
efl-1 and dpl-1, which encode proteins homologous to the E2F

and DP subunits of the heterodimeric transcription factor E2F
(8, 9). The class B synMuv proteins LIN-53 RbAp48, HDA-1
HDAC1, and LET-418 Mi2 are homologous to components of
the mammalian Nucleosome Remodeling and Deacetylase
(NuRD) complex (8–16).

At least 12 additional class B synMuv genes have products that
might act with LIN-35 Rb or components of a C. elegans
NuRD-like complex in determining vulval cell fates (5, 6, 15,
17–19). However, genetic techniques are insufficient to deter-
mine how the synMuv proteins interact. In this study, we report
the molecular identification of two class B synMuv genes, lin-37
and lin-54, and identify a previously undescribed class B synMuv
protein complex that likely controls cell-fate specification
through transcriptional repression.

Results
Class B synMuv Genes lin-37 and lin-54 Encode Proteins Conserved in
Other Organisms. Alleles of lin-37 and lin-54 were isolated in
screens for mutations that cause a synMuv phenotype in com-
bination with loss of function of a class A synMuv gene (6, 17).
lin-37 and lin-54 are class B synMuv genes, as alleles of each gene
cause a Muv phenotype with mutations in any of the four
identified class A synMuv genes or with mutations in the class C
synMuv gene trr-1 but not with mutations in other class B synMuv
genes (refs. 6 and 17; Table 1, which is published as supporting
information on the PNAS web site).

Using standard genetic techniques, we cloned lin-37 and
demonstrated that it is equivalent to the gene ZK418.4 (Fig. 6
and Supporting Results in Supporting Text, which are published as
supporting information on the PNAS web site). Mutations
affecting the spliced mRNA were found in the two lin-37 alleles,
n758 and n2234 (Supporting Results). A rescuing lin-37 cDNA is
predicted to encode a hydrophilic protein of 275 aa with weak
similarity to the Drosophila melanogaster protein Mip40 and
related vertebrate proteins (20, 21).

We also cloned lin-54 and demonstrated that it is equivalent
to JC8.6 (Supporting Results). To establish the null phenotype of
lin-54, we isolated two deletions affecting JC8.6, n3423 and
n3424 (Supporting Results). In addition to causing a class B
synMuv phenotype (Table 1), both deletions caused a fully
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penetrant sterile phenotype, as do null mutations in some other
class B synMuv genes (6, 8, 13, 17, 22–24).

Both lin-54 splice forms (Supporting Results) encode proteins
rich in cysteines, which are clustered in two domains that share
a nearly identical pattern and spacing. Domains with this signa-
ture CXCX4CX4CXCX6CX2–3CXCX2C sequence are found in
proteins from plants, insects, and mammals (ref. 25; Fig. 7C,
which is published as supporting information on the PNAS web
site). Some of these proteins have similarity to LIN-54 outside of
the cysteine-rich domains, including the Drosophila protein
Mip120 and the soybean protein CPP1, which have sequence-
specific DNA-binding activities (21, 25). The DNA-binding
activity of CPP-1 was mapped to the cysteine-rich domains.
Recently, yeast-one hybrid and chomatin immunoprecipitation
studies have shown that LIN-54 can bind to the promoters of
multiple genes expressed in the C. elegans digestive tract (26). In
addition, Drosophila Mip120 interacts with the homologs of
other class B synMuv proteins (20, 21, 27, 28).

LIN-37 and LIN-54 Are Broadly Expressed in Nuclei Throughout Devel-
opment. We generated antibodies that specifically recognize
LIN-37 and LIN-54 in Western blots and immunostaining.
Antibodies raised against LIN-37 recognized a protein of �35
kDa on Western blots of WT protein extracts but not of protein
extracts from lin-37(n758) mutant animals (Fig. 1A). Antibodies
raised against LIN-54 recognized a protein of �50 kDa on
Western blots of WT protein extracts, but not of lin-54(n3423)
mutant extracts (Fig. 1B). In immunostained whole mounts,
LIN-37 was detected in most if not all nuclei of WT animals from
the one-cell embryo through the adult (Fig. 1 C and D and data
not shown) and was absent in lin-37(n758) mutant animals (data
not shown). Immunostained whole mounts of WT animals
demonstrated that, like LIN-37, LIN-54 was present in the nuclei

of all or almost all cells from the embryo through the adult (Fig.
1 G–I and data not shown). In the hermaphrodite germ line,
LIN-54 was localized to condensed chromosomes during the
diakinesis phase of meiosis (Fig. 1 H and I). LIN-54 was not
detected in lin-54(n3423) mutant animals (data not shown).

LIN-37, LIN-54, and Other Class B synMuv Proteins form a High
Molecular Mass Protein Complex. Previous studies demonstrated
that some class B synMuv proteins can interact in vitro and in vivo
(8, 9, 15, 29). We performed gel-filtration experiments with
embryonic protein extracts and detected LIN-37 and LIN-54 in
fractions corresponding to an apparent molecular mass between
440 and 669 kDa. As both LIN-37 and LIN-54 coelute above
their monomeric molecular mass, these proteins might be mem-
bers of multisubunit complexes (Fig. 2A).

To identify components of these complexes we performed
coimmunoprecipitation experiments. We used anti-LIN-37 an-
tibodies to immunoprecipitate proteins from WT and lin-
37(n758) mutant embryo extracts and determined the presence
of coimmunoprecipitating synMuv proteins by using Western
blots. The class B synMuv proteins LIN-9, LIN-35 Rb, LIN-52,
LIN-53 RbAp48, LIN-54, and DPL-1 DP were specifically
coimmunoprecipitated by anti-LIN-37 antiserum from WT but
not lin-37(n758) extracts (Fig. 2B). Neither the class B synMuv
protein HPL-2, the class A synMuv protein LIN-56, nor tubulin
coimmunoprecipitated with LIN-37 from either WT or mutant
protein extracts, suggesting that the identified interactions are
specific (Fig. 2B). The same set of proteins also coimmunopre-
cipitated with LIN-37 in the presence of 50 �g�ml ethidium
bromide. Because ethidium bromide can disrupt complexes that
depend on DNA structure and DNA binding (30), the observed
interactions likely are not DNA-dependent (Fig. 2C). The same
class B synMuv proteins also were precipitated by antibodies that
recognize LIN-9, LIN-52, or LIN-54 (Fig. 2D) but not by
antibodies that recognize the synMuv proteins LIN-61 or LIN-56
(data not shown). We failed to detect DPL-1 in some of the
coimmunoprecipitates, but because we also failed to detect
DPL-1 in the input, we believe this result reflects poor recog-
nition by the antibody and not the absence of DPL-1. Our
analyses of immunoprecipitates from extracts of synchronized
cultures demonstrated that these proteins remain associated
throughout larval development, including the late L2 and early
L3 stages when the fates of the Pn.p cells are specified (Fig. 2E).

Antibodies raised against the class B synMuv protein EFL-1
can detect EFL-1 in immunostained whole mounts (31) but not
in Western blots, so we could not assess immunoprecipitates for
the presence of EFL-1. All known DP-like proteins exist as
heterodimers with E2F proteins (32). For this reason, we believe
it likely that at least one of the two C. elegans members of the E2F
family, EFL-1 or EFL-2 (8, 31), associates with the precipitated
proteins in vivo. EFL-1 is a probable candidate, because efl-1 is
a class B synMuv gene (8). Because this complex contains
homologs of the known transcriptional regulators Rb and DP
and mutations in members of the complex cause a Muv pheno-
type we refer to this complex, containing LIN-9, LIN-35, LIN-37,
LIN-52, LIN-53, LIN-54, DPL-1, and EFL-1, as the DP, Rb, and
MuvB (DRM) complex. This complex includes only a subset of
class B synMuv proteins, because LIN-37 fails to coimmunopre-
cipitate with LIN-36::GFP (Fig. 8, which is published as sup-
porting information on the PNAS web site) and HPL-2 does not
coimmunoprecipitate with LIN-37 or LIN-9 (Fig. 2 B and D). It
is possible that LIN-37 and�or LIN-54 were present in the
extracts we studied not only in the DRM complex, but also in one
or more protein complexes.

The DRM Complex Is Distinct from a NuRD-Like Complex. The mam-
malian homologs of the synMuv proteins HDA-1 HDAC1 (14),
LET-418 Mi2 (13), and LIN-53 RbAp48 (9) are components of

Fig. 1. LIN-37 and LIN-54 are expressed broadly in nuclei throughout develop-
ment. (A) Anti-LIN-37 antibodies were used to blot extracts from WT and lin-
37(n758) mutant animals. The asterisk denotes nonspecific immunoreactivity. (B)
Anti-LIN-54antibodieswereusedtoblotextracts frombothWTand lin-54(n3423)
mutant animals, which were derived from heterozygous mothers. (C and D)
Whole-mount staining with anti-LIN-37 antisera of an embryo and the midbody
of an L1 larva, respectively. (E and F) DAPI staining of the animals shown in C and
D. (G and H) Whole-mount staining with anti-LIN-54 antisera of an embryo and
the midbody of an adult hermaphrodite, showing the germ line, respectively. (J
and K) DAPI staining of the animals shown in G and H. (I and L) Enlargements of
the boxed portions of H and K, respectively. (Scale bars: 10 �m.)
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the mammalian NuRD complex (10, 12, 33). By analogy to
mammalian systems and because HDA-1 and LET-418 associate
in vivo (15), it has been proposed that HDA-1, LET-418, and
LIN-53 form a NuRD-like complex in C. elegans (16). Because
mammalian HDAC1 interacts with Rb, it has been suggested
that this C. elegans NuRD-like complex is recruited to promoters
of vulval genes by the class B synMuv proteins LIN-35 Rb, EFL-1
E2F, and DPL-1 DP (8, 13–16). Because we identified LIN-35
and DPL-1 as components of the DRM complex, we tested
whether this complex also includes the chromatin-modifying
enzymes HDA-1 HDAC1 and LET-418 Mi2.

HDA-1 failed to specifically coprecipitate with LIN-37 (Fig.
3A). A small amount of HDA-1 nonspecifically coprecipitated
with LIN-37 from both WT and lin-37(n758) embryonic extracts,
similar to the nonspecific HDA-1 precipitation noted by Un-
havaithaya et al. (15). Similarly, HDA-1 did not coimmunopre-
cipitate with LIN-37 in extracts from L3 larvae (data not shown).
In addition, HDA-1 did not precipitate with LIN-9, LIN-52, or
LIN-54 (Fig. 3B). Reciprocally, LIN-37 did not coimmunopre-
cipitate with HDA-1 (Fig. 3A). By contrast, we found that
LIN-53 coimmunoprecipitated with HDA-1 (Fig. 3A). Previous
data suggested that LET-418 associates with HDA-1 (15), and in
agreement with these data, we observed LET-418 in HDA-1
immunoprecipitates (data not shown). Together, these results
suggest that HDA-1, LET-418, and LIN-53 are found in a
complex distinct from the DRM complex. We propose that
LIN-53 is present in both the DRM complex and a NuRD-like
complex. RbAp48, the mammalian homolog of LIN-53, has been
found similarly in multiple chromatin-modifying complexes,

including the chromatin assembly complex Caf1, the NuRD
complex, and the Sin3 complex (10, 11, 34, 35).

Mutations in NuRD-Like Complex Components Cause Vulval Develop-
mental Defects Different from Those Caused by Animals Mutant for
DRM Complex Components. All of the proteins identified in the
DRM complex, as well as HDA-1 and LET-418, are considered to
be class B synMuv proteins (8, 9, 13, 14, 17, 24). Our data suggest
that these proteins can be found in two distinct complexes. Inter-
estingly, mutations that disrupt the two complexes have distinct
phenotypic consequences. Whereas most class B synMuv mutants
are completely non-Muv in the absence of mutations in class A or
class C synMuv genes, hda-1 and let-418 single mutants display a
weak Muv phenotype. Specifically, 20–31% hda-1 mutants are Muv
(ref. 14 and data not shown), and 1.5% of let-418(n3536) mutants
are Muv when cultured at 22.5°C (M.M.H., C.J.C. and H.R.H.,
unpublished results). In addition, in 7% of let-418(ar114) animals
P8.p is induced (13); P8.p induction is a Muv phenotype (7). let-418
is unlike most class B synMuv genes in that the level of P8.p
induction of let-418(ar114) animals is enhanced to 13–20% by a
typical class B mutation (13), whereas a second class B mutation
does not alter the vulval phenotype of most class B mutants.
Together with our biochemical data, these genetic data suggest that
members of the NuRD-like complex have functions distinct from
those of the DRM complex in the regulation of vulval development.

DRM Complex Formation Is Sensitive to Mutations in lin-9, lin-53, and
lin-54. We investigated whether the DRM complex can form
properly when specific components are either absent or mutated.
We analyzed extracts from presumptive lin-35 and lin-37 null

Fig. 2. A subset of class B synMuv proteins form a complex in vivo. (A) Embryo extracts were subjected to Superose 6 gel filtration. Antibodies specific to LIN-37
and LIN-54 were used for immunoblotting the fractions. Elution peaks for protein standards (in kilodaltons) are indicated below the fractions. (B) Embryo extracts
from WT and lin-37(n758) mutant animals were precipitated with anti-LIN-37 antibodies. Proteins were separated by SDS�PAGE and antibodies specific to the
antigens indicated on the left were used for immunoblotting. (C) Immunoprecipitations were performed by using WT embryonic extracts in the presence of 50
�g�ml ethidium bromide. (D) Immunoprecipitations with antibodies that recognized LIN-9, LIN-52, and LIN-54 were performed by using WT embryonic extracts.
Immunoblots of coprecipitating LIN-52 from L1 larval extracts with anti-LIN-54 antibodies is shown. (E) Extracts from WT L1 or late L2�early L3 larvae were
precipitated as in B. IN, 2% of input for immunoprecipitations; 10% of input for gel filtration chromatography. IP, 100% of the immunoprecipitate. V0, void
volume. Vt, total volume.
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mutants, because these mutants can be maintained as homozy-
gotes and therefore can be grown in sufficient quantities for
biochemical analyses. For the genes lin-9, lin-52, lin-53, and
lin-54, which have sterile null phenotypes (refs. 8, 17, and 24 and
Supporting Materials and Methods in Supporting Text), we gen-
erated protein extracts from embryos with viable missense
mutations that confer synMuv phenotypes.

In the absence of either LIN-35 Rb or LIN-37, the remaining
DRM complex components coprecipitate (Fig. 4A). The mis-
sense mutations in lin-52(n771), lin-53(n833), and lin-54(n2231)
also did not affect the associations among complex members
(data not shown). By contrast, a missense mutation in lin-9, n112,
reduced the level of LIN-53 but not other DRM complex
members in coimmunoprecipitations with either anti-LIN-37
antiserum or anti-LIN-9 antiserum (Fig. 4A, boxed immuno-
blots). The lin-9(n112) mutation affects a conserved residue
(G341E) in a domain of LIN-9 that is conserved in the homol-
ogous human protein hLin9 and the homologous Drosophila
proteins ALY and Mip130�TWIT (21, 36, 37). The only other
identified missense mutation of lin-9 that causes a homozygous
viable class B synMuv phenotype is n3675 (38). However,
lin-9(n3675) did not reduce the levels of LIN-53 RbAp48 in the
DRM complex (Fig. 4A). The lin-9(n3675) mutation (D305N) is
in the same highly conserved region as the n112 mutation, but
the altered residue is not conserved in Drosophila ALY or
human Lin-9. These data suggest that an interaction between
LIN-9 and LIN-53 might be important for the incorporation of
LIN-53 into the DRM complex, but complex assembly cannot be
the sole function of LIN-9 in vulval development. Specifically,
lin-9(n3675) causes a synMuv phenotype but does not disrupt
LIN-53 incorporation into the DRM complex, suggesting that
another function of LIN-9 is modified in this mutant.

We could not obtain quantities of protein extract sufficient to
analyze the association of DRM complex components by coim-
munoprecipitation from sterile null mutants. Instead, we ana-
lyzed the total protein levels of DRM complex components when
each member was removed by mutation to see whether the
absence of one complex member affects the level of any other.
In some cases, the absence of a core member of a protein
complex can prevent the formation of the complex and can result
in the degradation of other complex members. To compare
sterile mutants to the WT, we examined L4 larvae, because adult

WT hermaphrodites contain developing embryos that are absent
in sterile mutants.

Null mutations in lin-9, lin-53, and lin-54 caused decreases in
the protein levels of other DRM complex components, including
LIN-9, LIN-37, LIN-52, and LIN-54 (Fig. 4B). In addition to
lacking LIN-9, lin-9 null mutants also had decreased levels of
LIN-37, LIN-52, and LIN-54 as compared with WT levels. Null
mutants in lin-53 lacked LIN-53 and showed decreased levels of
LIN-9, LIN-37, LIN-52, and LIN-54. In lin-54 null mutants,
levels of LIN-9 and LIN-52 were decreased and, as expected,
LIN-54 was absent. Loss of LIN-35, LIN-37, or DPL-1 proteins
did not significantly affect the protein levels of any other DRM
complex components. LIN-35 and LIN-53 levels remained un-
changed in all genotypes examined, except as expected in lin-35
or lin-53 mutants, respectively (Fig. 4B). The mammalian ho-
mologs of these two proteins, Rb and RbAp48, are found in
multiple complexes, and, thus, their overall levels might not
depend on the presence of any single protein complex. Our data
suggest that a complete loss of LIN-9, LIN-53, or LIN-54 can
disrupt DRM complex formation and result in the degradation
of other complex members. Alternatively, it is possible that the
loss of any of these three proteins causes a decrease in the
transcription or translation of some of the genes that encode
DRM complex members.

Fig. 3. NuRD-like complex components do not precipitate with the DRM
complex. (A) Extracts from either WT or lin-37(n758) mutant animals were
precipitated with antibodies against either HDA-1, LIN-37, or rabbit IgG.
Immunoprecipitations were analyzed by using antibodies specific to the an-
tigens indicated on the left. (B) WT embryo extracts were precipitated with
antibodies that recognize LIN-9, LIN-52, or LIN-54 and were analyzed by
Western blots with anti-HDA-1 antibodies. IN, 2% of the input. IP, 100% of the
immunoprecipitate.

Fig. 4. Analysis of the DRM complex and its components in mutant back-
grounds. (A) Anti-LIN-9, anti-LIN-37, or anti-LIN-52 antibodies were used to
immunoprecipitate proteins from embryo extracts of the indicated genotype.
Immunoprecipitations were analyzed by using the antibodies specific to the
antigens listed on the left. IN, 2% of the input. IP, 100% of the immunopre-
cipitate. Black boxes denote places in which changes from WT are observed.
(B) Protein from 100 L4 larvae of the genotype noted above each column was
loaded per lane. The antibodies used for each blot are indicated on the left.
Anti-tubulin antibodies were used to assess protein loading and transfer.
Asterisks denote nonspecific immunoreactivity.
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Discussion
Here we describe the molecular identification and characteriza-
tion of two class B synMuv genes, lin-37 and lin-54. We show that
LIN-37 and LIN-54 form a multisubunit protein complex to-
gether with at least five other class B synMuv proteins: LIN-9,
LIN-35 Rb, LIN-52, LIN-53 RbAp48, and DPL-1 DP. This DRM
complex is biochemically and genetically distinct from a NuRD-
like complex that includes HDA-1 HDAC1, LET-418 Mi2, and
LIN-53 RbAp48. These findings suggest that LIN-35 Rb and
DPL-1 DP likely have a function in vulval development distinct
from recruitment of the NuRD complex.

The DRM Complex Likely Functions in Transcriptional Repression. The
DRM complex is similar to two recently described and highly
similar complexes that contain several Drosophila homologs of
class B synMuv proteins (20, 28). The Myb–MuvB complex was
purified by immunoprecipitation of the LIN-54 homolog Mip120
or the LIN-9 homolog Mip130 from Drosophila tissue-culture
cells and coimmunoprecipitating proteins were identified by
mass spectrometry. The Myb–MuvB complex contains stoichi-
ometric levels of Mip130, RBF, Mip40, Mip120, p55, dDP,
dE2F2, and dLin52, which are homologs of LIN-9, LIN-35,
LIN-37, LIN-54, LIN-53, DPL-1, EFL-1, and LIN-52, respec-
tively. This complex also contains substoichiometric amounts of
Rpd3, the fly homolog of HDA-1, and L(3)MBT, a protein
similar to the class B synMuv protein LIN-61 (28). The dREAM
complex was identified by biochemical purification of Drosophila
Rb-containing complexes from embryo extracts followed by
mass spectrometry and Western blot analyses. The dREAM
complex contains all of the proteins identified in the Myb–MuvB
complex at stoichiometric levels except for dLin52 (20). The
differences between the dREAM and Myb–MuvB complexes
might be a consequence of the methods used for purification or
might reflect the existence in different tissues or during different
developmental stages of multiple subcomplexes with overlap-
ping components. Both the dREAM and Myb–MuvB complexes
can mediate transcriptional repression of many E2F-target genes
(20, 28).

The similarity between the C. elegans DRM complex and the
Drosophila dREAM and Myb–MuvB complexes indicates that
the DRM complex likely also acts in transcriptional repression.
Given the broad expression patterns of the synMuv genes and the
multiple phenotypic abnormalities caused by the loss of individ-
ual synMuv proteins, we propose that, similar to their Drosophila
counterparts, the DRM complex proteins are involved in the
repression of many targets important for diverse biological
functions.

The DRM complex differs slightly from both the dREAM and
the Myb–MuvB complexes. Unlike the dREAM complex (20), the
DRM complex contains a LIN-52 dLin52-like protein. Unlike the
Myb–MuvB complex (28), the DRM complex does not contain
HDA-1 Rpd3 or LIN-61 L(3)MBT (M.M.H. and H.R.H., unpub-
lished results). The similarities of the DRM, dREAM, and Myb–
MuvB complexes suggest that there is a core complex consisting of
LIN-35 RBF, EFL-1 E2F2, DPL-1 DP, LIN-9 Mip130, LIN-37
Mip40, LIN-52 dLin-52, LIN-53 p55, and LIN-54 Mip120 and that
this complex might associate with other proteins during specific
stages of development or in certain cell types (Fig. 5A).

The dREAM and Myb–MuvB complexes both contain the
DNA-binding protein Myb (20, 28). There is no clear Myb
homolog in C. elegans (20, 39). It is possible that the C. elegans
DRM complex does not contain a Myb ortholog or that the
functional ortholog of the Drosophila Myb protein found in the
dREAM and Myb–MuvB complexes might not be readily iden-
tifiable by comparisons of primary sequence.

We propose that the DRM complex could be recruited to DNA
by multiple DNA-binding factors, including LIN-54 and the het-

erodimeric transcription factor formed by EFL-1 and DPL-1 (Fig.
5A). The DRM complex could then act with the NuRD-like
complex to repress transcription. Alternatively, the DRM complex
and the NuRD-like complex could act sequentially. The NURD-
like complex could deacetylate the N-terminal tails of histones, and
the DRM subsequently could bind these unmodified histone tails,
preventing their acetylation. The dREAM complex previously has
been shown to bind unmodified histone H4 tails, supporting this
model (20). This binding might be mediated by LIN-53, because the
mammalian homolog RbAp48 binds histone H4 (35). Deacetylated
histones are associated with transcriptionally repressed areas of the
genome. Thus, by protecting histone tails from future acetylation,
the DRM complex could act to maintain transcriptional repression
of nearby genes.

The DRM Complex and a NuRD-Like Complex Have Separable Functions
During Vulval Development. Although neither the DRM nor the
dREAM complexes contains known chromatin-modifying or
chromatin-remodeling enzymes, these complexes might require
the activity of a histone deacetylase to mediate transcriptional
repression, as noted above. Mutations in genes encoding com-
ponents of either the DRM or the NuRD-like complex require
an additional class A or class C synMuv mutation to produce a
highly penetrant Muv phenotype. However, we found that
mutations affecting two of the NuRD-like complex components,
HDA-1 and LET-418, alone can cause low penetrance Muv
phenotypes, suggesting that the chromatin-remodeling and chro-
matin-modifying activities of this complex might be required
more broadly for the transcriptional repression of genes neces-
sary for proper vulval development than is the activity of the
DRM complex. Perhaps other class B synMuv proteins not
associated with the DRM complex, for example, HPL-2, LIN-36,
or LIN-61, act with the DRM complex to maintain the repressed
state formed by the activity of the NuRD-like complex.

Does Rb Function as a Component of a DRM-Like Complex to Control
Development in Mammals? The high degree of conservation
shared by the DRM�Myb-MuvB�dREAM complexes in C.

Fig. 5. A model of the DRM and NuRD-like complexes. (A) The DRM and
NuRD-like complexes are distinct and act to repress the transcription of genes
that promote the expression of vulval cell fates (indicated by the red box). It
is not known whether the DRM and NuRD-like complexes act on the same set
of target genes. LIN-53 RbAp48 is a component of both the NuRD-like and the
DRM complexes. See text for details. (B) A list of DRM complex members and
the homologs found in D. melanogaster and Homo sapiens.
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elegans and Drosophila and the important roles that the com-
ponents of DRM complex play in C. elegans development suggest
that a similar complex exists in other organisms, including
humans. The core components of these complexes have ho-
mologs in humans (Fig. 5B), and the human homolog of LIN-9,
hLin-9, can associate with Rb to specifically promote differen-
tiation (but not to inhibit cell-cycle progression) (37). Perhaps
Rb or other Rb-family proteins act within the context of a
DRM-like complex to control differentiation. Rb could act as a
tumor suppressor through such DRM-mediated regulation of
differentiation in addition to its role in cell-cycle regulation.
Further biochemical and genetic studies of nematodes, insects,
and mammals should elucidate the role that this conserved
protein complex plays in development and in carcinogenesis.

Materials and Methods
Culture Conditions and Strains. All strains were cultured at 20°C,
unless otherwise specified, on NGM agar seeded with E. coli
strain OP50 (40). N2 (Bristol) was the WT strain. Mutant alleles
used are described in Supporting Material and Methods.

Transgenic Strains. Germ-line transformations were performed as
described in ref. 41. For details, see Supporting Materials and
Methods.

Antibody Preparation, Immunocytochemistry, and Western Blots. For
details of antibody preparation and specificity, see Supporting
Materials and Methods and Fig. 9, which is published as supporting
information on the PNAS web site. All antibodies were used at a
1:1,000 dilution for Western blots, except for anti-LIN-53, anti-
LIN-54, and anti-DPL-1, which were used at 1:500. Larvae and
adults for immunostaining were fixed as described in ref. 42.
Embryos were fixed as described in ref. 43. Antibodies were used
at a 1:100 dilution for immunocytochemistry.

Embryo Lysates. Embryos were harvested from liquid cultures,
resuspended in 1 ml of lysis buffer (Supporting Materials and
Methods) for each gram of embryos and frozen in liquid nitrogen.

The embryos were thawed and sonicated. Lysates were clarified,
and the protein concentration was determined. Lysates were diluted
to 5–10 mg�ml and were used immediately or stored at �80°C.

Immunoprecipitation Experiments. Antibodies were cross-linked to
Protein A Dynabeads (Invitrogen, Carlsbad, CA) (Supporting Ma-
terial and Methods). Five hundred microliters of precleared lysate
were incubated with antibody-bound beads at 4°C for 1–2 h and
then were washed three times for 5 min each at 4°C in lysis buffer.
The beads were resuspended in 20 �l of 2� protein sample buffer
and separated by SDS�PAGE. In most cases, HRP-conjugated
protein A (Bio-Rad, Hercules, CA) was used for detection of
protein by Western blot after coimmunoprecipitation experiments.

Gel Filtration Chromatography. Embryo extract in buffer [15 mM
Hepes pH 7.6�0.1 M KCl�3 mM MgCl2�0.1 mM EDTA�10%
glycerol with Complete EDTA-free protease inhibitors (Roche
Applied Sciences, Mannheim, Germany)] was precipitated with
solid ammonium sulfate added to a final concentration of 20%. The
supernatant from this precipitation then was brought to a concen-
tration of 30% ammonium sulfate, and protein pellets were resus-
pended in elution buffer (EB) (25 mM Hepes pH 7.6�150 mM
KCl�50 mM MgCl2�1 mM DTT�0.1 mM EDTA�0.1% Nonidet
P-40�10% glycerol) combined, and 50 �l were loaded onto a
preequilibrated Superose 6 PC 3.2�30 column (GE Healthcare,
Piscataway, NJ). Samples were eluted by using EB and collected in
75-�l fractions. Proteins of known molecular masses (GE Health-
care, Piscataway, NJ) were used as standards.
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