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Rb pathway and chromatin remodeling genes that antagonize
let-60 Ras signaling during C. elegans vulval development

Craig J. Ceol

ABSTRACT

The synthetic multivulva (synMuv) class A and class B genes act redundantly to
regulate Ras-mediated vulval cell fate specification in the nematode Caenorhabditis
elegans. The class B synMuv gene lin-35 encodes a protein similar to the mammalian
pRb tumor suppressor protein. The LIN-35 Rb protein is proposed to act with HDA-1, a
histone deacetylase homolog with class B synMuv activity, to remodel chromatin and
repress transcription of genes that promote vulval development. To further understand
how /in-35 Rb and hda-1 regulate vulval cell fate specification, we identified and
characterized additional class B synMuv genes. We found that two of these genes,
dpl-1 and efl-1, encode homologs of DP and E2F DNA-binding transcription factors,
respectively. Loss-of-function mutations in dp/-1 and efi-1 cause the same synMuv
phenotype as do /in-35 Rb loss-of-function mutations, and the DPL-1 and EFL-1
proteins interact with each other and with LIN-35 Rb in vitro. These data suggest that,
in the context of vulval development, DPL-1 and EFL-1 recruit LIN-35 Rb, HDA-1 and
other synMuv proteins to DNA to repress transcription. We found that the class B
synMuv genes /in-52 and lin-54 encode novel, conserved proteins. The cysteine-rich
LIN-54 protein is localized to nuclei and interacts with the class B synMuv protein
LIN-36 in vitro. Homologs of lin-52 and lin-54 are candidate Rb pathway genes in other
organisms. We performed a genetic screen for synMuv mutations and identified seven
new synMuv genes. We found that one of these genes, mep-1, encodes a zinc-finger
protein. Mutations affecting another gene identified in this screen, trr-1, synergize with
either class A or class B mutations, thus defining a new class of synMuv gene. trr-1
encodes a protein similar to the mammalian TRRAP transcriptional adaptor protein. We
identified hat-1 and epc-1, which encode homologs of TRRAP-associated histone
acetyltransferase and Enhancer of Polycomb-like proteins, respectively, as additional
members of this new class of synMuv genes. The synMuv activities of both hat-1 and
hda-1 suggest that a combination of histone acetyltransferase and histone deacetylase
activities are required to properly specify vulval cell fates.
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CHAPTER 1
INTRODUCTION:

The synthetic multivulva genes and
regulation of chromatin structure
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INTRODUCTORY REMARKS

During animal development a diverse array of cell types are generated. The
developmental repertoire of cells arises from alternate readings of the genome.
Different readings of the genome are accomplished in part through the action of proteins
that govern access of the general transcription machinery to target genes. Many of
these proteins act by making chromatin more exposed or refractory to factors that are
involved in transcription.

In this introduction | describe how different cell types are generated during vulval
development in the nematode Caenorhabditis elegans. Some of the genes that
regulate vulval development likely act by modulating chromatin structure. These genes,
termed the synthetic multivulva (synMuv) genes, negatively regulate a conserved Ras
signaling pathway that is required to produce vulval tissue. To understand how
modulation of chromatin might influence vulval development, | discuss properties of
chromatin and how alterations of these properties affect DNA-mediated processes
including transcription. A discussion integrating my findings with current models of
chromatin regulation can be found in Chapter 7.

14



LINKS BETWEEN CHROMATIN REMODELING AND C. elegans VULVAL
DEVELOPMENT

My studies have focused on how the fates of a subset of cells that can make
vulval tissue in C. elegans are specified. In particular, | have investigated the synthetic
multivulva (synMuv) genes, which are negative regulators of Ras-mediated vulval
induction. | have identified and molecularly characterized many synMuv genes,
including genes that may act by modulating chromatin structure. Prior to a discussion of
chromatin structure and remodeling, this section is intended to introduce the
developmental functions of synMuv genes.

Vulval development in C. elegans

The vulva is a structure on the ventral side of C. elegans hermaphrodites that
functions in egg laying and copulation. It is derived from a subset of Pn.p ectodermal
blast cells that are generated during the L1 larval stage. Two sequential steps specify
which Pn.p cells make vulval tissue (Figure 1; Sulston and Horvitz, 1977). Initially, more
anterior and posterior cells fuse with the syncytial hypodermis, leaving six unfused cells,
P(3-8).p, competent to undergo further cell division. In the following step, three of these
cells, P(5-7).p, are specified to divide three times and generate a total of 22
descendants that make up the adult vulva. The three other cells typically undergo one
round of division, creating descendants that ultimately fuse with the hypodermis. P(5-
7).p are said to adopt vulval fates, whereas P3.p, P4.p and P8.p adopt non-vulval fates.
Laser ablation studies determined that all six cells are initially competent to adopt vulval
fates, however, during the late L2 and early L3 larval stages, a localized signal from the
gonadal anchor cell specifically induces P(5-7).p (Sulston and White, 1980; Kimble,
1981; Sternberg and Horvitz, 1986).

A Ras pathway induces vulval development

A number of genetic screens isolated two general classes of mutants defective in
vulval cell-fate determination (Sulston and Horvitz, 1981; Ferguson and Horvitz, 1985;
Han et al., 1990; Clark, 1992; Lackner et al., 1994; Wu and Han, 1994). Vulvaless (Vul)
mutants are defective either because P(3-8).p cells are not generated or because P(3-
8).p cells are generated but do not adopt vulval fates. These mutants are fertile but
cannot lay eggs and are consequently consumed internally by their own progeny.

15



Conversely, in multivulva (Muv) mutants, more than three cells adopt vulval fates. The
extra cells generated undergo morphogenesis to produce raised ventral protrusions that
are readily visible under a dissecting microscope.

Molecular genetic studies of these mutants revealed that a Ras pathway controls
vulval induction (reviewed by Sternberg and Han, 1998). Loss-of-function mutations
that affect genes in this pathway cause a Vul phenotype, whereas mutations that
increase pathway activity cause a Muv phenotype. This conserved pathway includes
genes such as the let-23 receptor tyrosine kinase, the sem-5 SH2/SH3 adaptor, let-60
Ras and genes that encode a MAP kinase signaling module (Aroian et al., 1990; Beitel
et al., 1990; Han and Sternberg, 1990; Clark et al., 1992; Han et al., 1993; Lackner et
al., 1994; Wu and Han, 1994; Kornfeld et al., 1995a; Kornfeld et al., 1995b; Sundaram
and Han, 1995; Wu et al., 1995). Incidentally, a mutation that overactivates /et-60 Ras
causes the same G13E substitution that is commonly observed in human oncogenic
Ras (Beitel et al., 1990). An EGF-like signal from the anchor cell encoded by the /in-3
gene stimulates the /et-60 Ras pathway (Hill and Sternberg, 1992). Ultimately this
signal is transduced in the Pn.p cells, leading to the phosphorylation of the lin-1 ETS
and /in-31 winged-helix transcription factors (Miller et al., 1993; Beitel et al., 1995; Tan
et al,, 1998). The /in-39 homeobox gene is essential for vulval development (Clark et
al., 1993; Wang et al., 1993) and LIN-39 protein levels are upregulated in response to
let-60 Ras signaling (Maloof and Kenyon, 1998). At this time it is unknown whether
lin-39 is directly regulated by the LIN-1 or LIN-31 proteins.

The synthetic multivulva genes antagonize /et-60 Ras signaling

Mutations in the synthetic multivulva (synMuv) genes also cause vulval cell fate
transformations (Ferguson and Horvitz, 1989). However, unlike activating /et-60 Ras
mutations, these mutations result in a loss of gene function. Consequently, the synMuv
genes negatively regulate vulval cell fate determination, thereby antagonizing let-60 Ras
pathway activity. On the basis of genetic interactions, the synMuv genes are grouped
into two classes, A and B. For an animal to be Muv, it must carry a mutation in both a
class A and a class B gene. Single mutations or mutations in multiple genes of the
same class do not cause vulval cell fate transformations. These interactions suggest
that the two classes of synMuv genes encode functionally redundant genetic pathways.
At the time my studies began, four class A genes, lin-8, lin-15A, lin-38 and lin-56 and
ten class B genes, /in-9, lin-13, lin-15B, lin-35, lin-36, lin-37, lin-52, lin-53, lin-54 and
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dpl-1 were identified (Horvitz and Sulston, 1980; Ferguson and Horvitz, 1989, Chapter
2). dpl-1 was originally identified by Jeff Thomas, a former graduate student in the
Horvitz laboratory, and called lin-55, but was renamed by me in light of its similarity to
genes encoding DP transcription factors (Chapters 2, 3).

Genetic epistasis experiments indicate that /et-60 Ras pathway activity is
required for the synMuv phenotype. Specifically, in triple mutants, the Vul phenotype of
Ras pathway loss-of-function mutations is epistatic to the Muv phenotype of class A and
class B synMuv mutations (Ferguson et al., 1987; Thomas and Horvitz, 1999). On the
contrary, the synMuv phenotype is epistatic to the Vul phenotype caused by loss-of-
function mutations in the /in-3 EGF ligand, and the synMuv phenotype is expressed in
gonad-ablated animals (Ferguson et al., 1987; Sternberg and Horvitz, 1989; Thomas
and Horvitz, 1999). These results suggest that /et-60 Ras pathway activity is essential
for the ectopic vulval cell fate transformations of synMuv mutants. Additionally, it has
been speculated that there exists a basal, /in-3-independent level of /et-60 Ras pathway
activity and that this level of activity is sufficient, in combination with synMuv mutations,
to cause ectopic vulval fate transformations (Thomas and Horvitz, 1999).

The class B synMuv genes may encode components of an intercellular signaling
system that negatively regulates vulval development. Mosaic analyses suggest that
lin-15B and /in-37 act in the syncytial hypodermis, implicating this tissue as a source of
signal (Herman and Hedgecock, 1990; Hedgecock and Herman, 1995). Also based on
mosaic analyses, /in-36 is proposed to act in P(3-8).p and respond to hypodermal
signaling (Thomas and Horvitz, 1999). For many years these results provided a
working model for class B synMuv gene action. More recently, however, the existence
of a class B synMuv intercellular signaling system has been questioned in light of more
refined mosaic analyses that suggest /in-158 can function in P(3-8).p to affect vulval
development (Sanchez-Gerrichio and Sternberg, personal communication). At this
point it is fair to say that this issue is unresolved but should be kept in mind when
interpreting data regarding class B synMuv site of action.

The class B synMuv genes encode components of an Rb pathway

At the time my studies began, one class A gene, lin-15A, and four class B genes,
lin-9, lin-15B, lin-36 and lin-37 had been cloned (Clark et al., 1994; Huang et al., 1994;
Lu, 1999; Thomas and Horvitz, 1999; Beitel et al., 2000). All were found to encode
novel proteins, although since this time human and Drosophila homologs of /in-9 have
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been identified (Beitel et al., 2000; White-Cooper et al., 2000). A few months after my
joining the laboratory, another graduate student, Xiaowei Lu, made a fundamental
discovery that has considerably impacted studies of the synthetic multivulva genes.

She cloned the class B gene /in-35 and found that it encodes a member of the Rb tumor
suppressor protein family (Lu and Horvitz, 1998). In addition, she found that /in-53
encodes a homolog of the Rb-interacting protein RbAp48 and that the C. elegans
histone deacetylase hda-1 has class B synMuv activity. As discussed below, Rb and
histone deacetylases can act together to regulate transcription by remodeling
chromatin. /in-35 and hda-1 were proposed to regulate genes involved in vulval
development by a similar mechanism.

Transcriptional regulation by chromatin remodeling is likely important for vulval
development

Subsequent studies have extended this model of class B synMuv function. |
have identified homologs of DP and E2F transcription factors as class B synMuv genes
(Chapter 3). Genes encoding a Mi-2-like ATP-dependent chromatin remodeling
enzyme (Solari and Ahringer, 2000; von Zelewsky et al., 2000) and a heterochromatin
protein 1 homolog (Couteau et al., 2002) also have class B synMuv activity. These
genes, along with two novel genes | have identified, /in-52 and lin-54 (Chapters 4, 5),
are likely involved in /in-35 Rb-mediated chromatin remodeling and transcriptional
regulation in C. elegans. In the following sections of this Introduction, | discuss
chromatin remodeling and transcriptional regulation with an emphasis on studies that
link homologs of class B synMuv proteins to these processes. | have also defined a
third class of synMuv genes that acts in parallel to both class A and class B genes
(Chapter 6). These genes encode homologs of MYST family histone
acetyltransferases, the mammalian TRRAP and yeast Tra1p transcriptional regulatory
proteins and the Drosophila Enhancer of Polycomb protein. | additionally discuss
studies of the functional characterization of these homologs. Finally, | return to the
synMuv genes and discuss how chromatin remodeling by these genes may influence
vulval cell fate determination in C. elegans.
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PROTEINS THAT MODULATE CHROMATIN STRUCTURE REGULATE
TRANSCRIPTION

Chromatin structure and organization

The fundamental unit of chromatin is the nucleosome, which consists of DNA and
a histone octamer that contains two subunits each of histones H3, H4, H2A and H2B
(Wolffe, 1998). The DNA associated with a single nucleosome can vary in length but is
approximately 150 base pairs and is wound almost twice around the octamer and held
in place largely through electrostatic interactions with the positively charged histones.
Crystallographic studies indicated that nucleosome structure is well defined and
globular with the exception of the amino-terminal tails of the histones (Luger et al.,
1997). Their lack of structure and their protrusion from the surface of the globular
octamer is thought to expose the histone tails to a variety of proteins that modify and
bind to chromatin. The sequences of nucleosomal histone proteins, including those of
amino-terminal histone tails, are highly conserved in eukaryotes.

Enzymes that alter chromatin structure have traditionally been said to “remodel”
chromatin. These enzymes fall into two classes (Table 1). ATP-dependent chromatin
remodeling enzymes act to shift the positions of nucleosomes with respect to the
underlying DNA template without chemically modifying either of these chromatin
components. Chromatin modifying enzymes add or remove covalent modifications such
as acetyl, methyl, phosphoryl and other groups to or from nucleosomes and DNA.
These classes of enzymes and the complexes in which they function will be discussed
below, and, during this discussion, | will keep with convention and use the term
“chromatin remodeling” to refer to both non-covalent ATP-dependent chromatin
remodeling and to covalent chromatin modification.

Two properties of nucleosomes are important in regulating chromatin structure.
First of all, histone octamers are reversibly bound to nucleosomal DNA. Additionally,
multiple nucleosomes can be reversibly arranged into more or less compact structures.
These features allow chromatin structure to be dynamic enough for gene regulation yet
able to adopt highly compact structures that are required for processes such as mitosis.
Covalent modifications of histone tails may influence chromatin structure by regulating
interactions between histones and DNA and interactions between adjacent
nucleosomes.

19



Chromatin structures have been investigated using electron microscopy. Since
electron microscopy must be performed under non-native conditions, it is unclear to
what extent these structures represent in vivo conformations of chromatin. Visualization
of different structures is dependent on the manner in which chromatin is prepared for
microscopy. Under more disruptive conditions, chromatin adopts a decompacted
“beads-on-a-string” conformation. This structure is thought to approximate chromatin
that is being actively transcribed. Another well-characterized structure is the 30 nm
fiber, which is observed following less stringent preparations. The 30 nm fiber, named
for its diameter, contains an ordered array of nucleosomes that may be arranged in
either a helical (Finch and Klug, 1976) or zigzag (Bednar et al., 1998) configuration.
The stability of the 30 nm fiber is dependent on linker histones, such as histones H1 and
H5, which are present in one copy per nucleosome. Linker histones reduce the linear
dimension of chromatin by interacting with and bringing into apposition adjacent
stretches of internucleosomal DNA (Bednar et al., 1998). The importance of linker
histones in the stabilization of higher-order chromatin structure has been highlighted by
assays of chromatin formation performed in vitro (Carruthers et al., 1998; Carruthers
and Hansen, 2000). Interestingly, these assays also point to a dependence on amino-
terminal histone tails in the compaction of chromatin (Garcia-Ramirez et al., 1992; Tse
and Hansen, 1997; Carruthers and Hansen, 2000).

Interphase chromosomes have also been visualized using light microscopy under
more native conditions. These chromosomes typically display regions of
heterochromatin that are compacted like mitotic chromosomes and less condensed
regions of euchromatin. These forms are thought to represent different functional
structures of chromatin, with heterochromatin being more transcriptionally inert.
Heterochromatin and euchromatin structures are poorly understood, although the
predominant association of histone H1 with heterochromatin indicates that it contains
structural elements like that of the 30 nm fiber and other more highly-ordered structures
(Gorka et al., 1993).

ATP-dependent chromatin remodeling complexes alter DNA accessibility

Certain protein complexes regulate chromatin structure by utilizing the energy
derived from ATP hydrolysis to break histone-DNA contacts. Sequence comparisons of
their ATPase subunits have been used to divide these chromatin remodeling complexes
into three classes: SWI2/SNF2, ISWI and Mi-2 (Table 1). The biochemical functions of
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these complexes have been studied in vitro using a variety of assays, including
translational repositioning of histone octamers on small linear DNA fragments (reviewed
by Narlikar et al., 2002). These assays indicate that all three classes of remodeling
complexes efficiently reposition octamers, although differences in substrate
requirements indicate that the different classes of ATP-dependent remodelers might not
act through the same mechanism. One interesting difference is the dependence, or
lack thereof, on histone tails for remodeling. Whereas yeast and human SWI/SNF and
the Drosophila Mi-2 complexes do not require histone tails for their activities (the lack of
only the H4, H3 and H2A tails was investigated in the case of Mi-2), remodeling by the
Drosophila ISWI complex NURF is strongly diminished by the lack of the histone H4 tail
(Brehm et al., 2000; Clapier et al., 2001; Langst and Becker, 2001). In the latter case,
the absence of the H4 amino-terminal tail does not appear to affect binding to the
octamer by NURF but instead affects its rate of ATP hydrolysis (Clapier et al., 2001).
Although ATP-dependent chromatin remodeling complexes can expose DNA by
mobilizing nucleosomes, assays using crosslinked nucleosomes or mononucleocsomes
indicate that SWI/SNF and possibly other remodeling complexes may alter DNA
accessibility by additional mechanisms that do not involve octamer repositioning (Lee et
al., 1999; Narlikar et al., 2001). Remodeling under these circumstances appears to
cause local bulging of DNA away from the histone octamer core. Whether bulging is a
necessary precursor of sliding or whether these modes of remodeling are mutually
exclusive is currently unknown.

The roles of ATP-dependent chromatin remodeling complexes in transcriptional
regulation are discussed below. In addition, functions for ATP-dependent remodeling
enzymes in processes as diverse as nucleosome assembly, homologous recombination
and DNA repair have been described (reviewed by Fyodorov and Kadonaga, 2001).

HATs and HDACs control acetylation of histones

Chromatin remodeling is also characterized by the covalent modification of
nucleosomal histones. Modifications include acetylation, methylation, phosphorylation,
ubiquitination and ADP-ribosylation and are generally found on the amino-terminal tails
of histones. The presence of acetyl and methyl groups have been shown to strongly
affect transcriptional competency, and, because of my interest in the relationship
between chromatin structure and transcription, | will focus on enzymes that add or
remove these moieties.
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Histone acetyltransferases (HATs) have been grouped into families based on
sequence similarity (Table 1). The GNAT (Gcn5-related N-acetyltransferase) family
includes the first genetically-identified HAT, Genbp from yeast, the first biochemically-
recognized HAT, GCNS5 from Tetrahymena (previously known as p55), and the well-
characterized mammalian PCAF HAT (reviewed by Roth et al., 2001). Interestingly,
these and other HATs acetylate only a subset of nucleosomal histones and often
acetylate only a subset of the lysine residues of a histone tail. For example,
recombinant yeast Gen5p preferentially acetylates lysines of histone H3 over amino-
terminal lysines of other nucleosomal histones (Kuo et al., 1996). In its cellular context,
yeast Gen5p functions as part of multi-subunit protein complexes, and the substrate and
site specificities of yeast Gen5p as part of the purified SAGA and ADA complexes are
slightly broader than those of the recombinant protein alone (Grant et al., 1999). Such
nonrandom site specificities are a feature of many types of HATs and have been
confirmed in chromatin preparations from HAT mutant cells (Suka et al., 2001).

A second group of well-characterized HATs are those of the MYST family
(named after its founding members MOZ; Ybf2/Sas2; Sas3; Tip60). Whereas most
GNAT family members preferentially acetylate histone H3, the MYST family members
Esalp from yeast, Drosophila MOF and Tip60 from mammals show a preference, as
either recombinant proteins or as part of protein complexes, for histone H4 as a
substrate (Kimura and Horikoshi, 1998; Smith et al., 1998; Aliard et al., 1999; Clarke et
al., 1999; Akhtar and Becker, 2000; Smith et al., 2000). An exception to MYST family
acetylation of H4 is Sas3p, which, as part of the NuA3 complex, preferentially acetylates
histone H3 (John et al., 2000).

A third family of HATs is defined by the related mammalian proteins p300 and
CBP. HATSs in this family have been found in various metazoans but not in yeast and
have been shown to be promiscuous in their substrate specificities, being able to
acetylate residues on all four nucleosomal histones (Schiltz et al., 1999). Lastly, other
families of HATs, for example the TAF,250 and HAT1 families, have been identified and
biochemically characterized (reviewed by Roth et al., 2001).

A similar amount of diversity characterizes enzymes that remove acety! groups
from nucleosomal histones. These histone deacetylases (HDACs) have been grouped
into families, again based on sequence similarity (Table 1). Class | HDACs, which
include the yeast Rpd3p HDAC, are the best characterized and are thought to function
broadly in regulating chromatin structure. Class Il HDACs and the Sirtuin family of
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HDACSs, the latter named after the Sir2p HDAC, have also been characterized.
Although less biochemical and structural information is available for HDACs, the
differential requirement of an NAD cofactor (class | and class Il HDACs do not require
an NAD cofactor, whereas Sir2p does) indicates that different classes of HDACs use
different catalytic mechanisms (Imai et al., 2000; Landry et al., 2000). HDACs, like
HATSs, function as the catalytic subunits of multi-protein complexes in vivo. By contrast
to most HAT complexes, HDAC complexes are promiscuous in their site specificities
(Suka et al., 2001).

Acetylation of nucleosomal histone tails is typically correlated with
transcriptional activation

A variety of studies established a relationship between histone acetylation and
transcriptional competence. In pioneering work, Allfrey and coworkers purified
hyperacetylated histones and found that they could promote transcription in vitro more
efficiently than hypoacetylated histones (Allfrey et al., 1964). The observation that
histone tails contained multiple acetylation sites focused attention on these regions, and
subsequent studies of histone tail deletion mutants in yeast highlighted their importance
in transcriptional regulation (Durrin et al., 1991).

The link between hyperacetylation and transcription was further strengthened by
the discovery that many transcriptional regulators participate in the biochemical
modification of histones. These transcriptional regulators include Gen5p and Rpd3p,
which were originally identified in screens for genes that affected transcription and were
later found to be homologs of biochemically-purified HAT and HDAC proteins,
respectively (Vidal and Gaber, 1991; Georgakopoulos and Thireos, 1992; Brownell et
al., 1996; Taunton et al., 1996). Subsequent studies revealed that the biochemical
activities of these proteins were necessary for their effects on transcription. Specifically,
whereas wild-type Genb5p promotes transcription on nucleosomal substrates in vitro or
when overexpressed in vivo, mutants that are defective in histone acetyltransferase
activity do not (Kuo et al., 1998; Wang et al., 1998). Likewise, Rpd3p mutants that are
biochemically inactive yet retain the ability to bind other corepressor complex proteins
are unable to act as transcriptional repressors (Kadosh and Struhl, 1997).

The availability of yeast mutants defective in histone acetylation and of
antibodies that recognize acetylated histone isoforms have allowed the effects of
modifications to be explored in vivo. Suka et al. investigated the extent of acetylation at
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two promoters repressed by RPD3 with respect to a promoter that is not regulated by
RPD3 (Suka et al., 2001). Their results indicate a correlation between hyperacetylation
of specific histone residues in promoter nucleosomes by GenbSp and Esatp and the
upregulation of these promoters in the absence of Rpd3p. Using the same reagents,
Robyr et al. combined ChIP (chromatin immunoprecipitation) with DNA microarrays to
determine a genome-wide set of promoters whose acetylation was increased by loss of
APD3 (Robyr et al., 2002). The expression of nearly 500 of the open reading frames
(ORFs) corresponding to these promoters was previously examined in rpd3A as
compared to wild-type strains (Bernstein et al., 2000). This large data set again
indicates a correlation between hyperacetylation (especially that of K5 and K12 of the
histone H4 sites examined) and transcriptional upregulation. Of the ORFs whose
promoters were hyperacetylated, 13% were upregulated in the absence of RPD3. A
large number of ORFs were downregulated in the rpd34 mutant, leading to the
suggestion that Rpd3p may have a role in transcriptional activation (Bernstein et al.,
2000). A smaller proportion of the hyperacetylated set (4.9%) overlapped with these
downregulated ORFs. Since a majority of studies argue for Rpd3p functioning only as a
repressor, it has been speculated that the downregulation observed is a secondary
effect of APD3 disruption (Robyr et al., 2002).

The relatively minor impact of RPD3 disruption highlights an important point
about the overall role of chromatin remodeling in gene expression. While chromatin
remodeling may be important for the regulation of some genes, expression of many
genes may be relatively indifferent to chromatin effects. Indeed, expression of many
essential genes in yeast is likely insensitive to chromatin effects since strains lacking
different chromatin remodeling enzymes, including RPD3 and GCNS5 single mutant
strains, are typically only slightly growth impaired (Vidal and Gaber, 1991;
Georgakopoulos and Thireos, 1992). Whether multicellular eukaryotes rely on
chromatin effects to a greater degree than yeast is currently unknown.

Repressed chromatin domains are hypoacetylated

Studies of transcriptionally silent regions have shown that these regions are
characterized by a paucity of histone acetylation. As determined by immunostaining of
acetylated histone isoforms, only one of the four H4 tail lysines (K12) is appreciably
acetylated in Drosophila heterochromatin (Turner et al., 1992). In similar
immunolocalization studies, centromeric heterochromatin and the inactive X
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chromosome of mammals were found to be hypoacetylated at all H3 and H4 sites
examined (Jeppesen et al., 1992; Jeppesen and Turner, 1993). In yeast, ChIP and
quantitative PCR were used to investigate acetylation at the silenced mating-type loci
and telomeric regions. In these regions, both H3 and H4 were found to be
hypoacetylated, in a Sir2p-dependent fashion, at all tail lysines except for lysine 12 of
histone H4 (Braunstein et al., 1996). A more recent study has led to a discrepancy
regarding the acetylation state of lysine 12 of histone H4, as independently-derived anti-
Ac-K12 antibodies have yielded contrasting results (Suka et al., 2001). Whether or not
the yeast loci in question are acetylated at H4 K12, the results from these different
species further support the link between acetylation and transcriptional competence.

Some histone acetylation may be important for gene silencing

Whereas hyperacetylation is most often correlated with gene activation, a small
number of studies have shown that some acetylation may be important for gene
silencing. These studies stem from the observation that deletion of a yeast MYST
family histone acetyltransferase, sas2, causes defects in telomeric silencing and in
silencing of HML, one of two mating type loci (Reifsnyder et al., 1996). The SAS protein
complex, of which Sas2p is a subunit, is proposed to facilitate SIR-dependent silencing
(Reifsnyder et al., 1996; Meijsing and Ehrenhofer-Murray, 2001; Osada et al., 2001).
Acetylation of lysine 16 of histone H4 may be critical for SIR-dependent silencing, as
mutation of lysine 16 to arginine, an alteration that is thought to mimic the unacetylated
state, causes defects in mating type loci and telomeric silencing like those observed in a
sas2A strain (Johnson et al., 1992; Meijsing and Ehrenhofer-Murray, 2001). Since
lysine 16 of histone H4 is not hyperacetylated in the silenced loci, this modification may
be important for the establishment but not the maintenance of SIR-dependent silencing.

Recruitment of ATP-dependent remodeling and histone acetyltransferase
complexes can stimulate transcription

A large number of genetic and molecular studies have indicated that sequence-
specific DNA-binding proteins target ATP-dependent remodeling and modifying
complexes to promoters to regulate transcription. In many of these studies, functional
interactions between a transcription factor and one type of complex, either an ATP-
dependent remodeling or modifying complex, have been examined. However, some
transcription factors may recruit both types of activities. This recruitment may occur
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through a direct interaction with the transcription factor. For example, the glucocorticoid
receptor has been shown to interact directly with both the human SWI/SNF BRG1 ATP-
dependent remodeling complex and with the CBP HAT (Fryer and Archer, 1998).
Transcription factors containing acidic activation domains may also recruit both types of
complexes, as these domains have been shown to mediate recruitment of SWI/SNF
and, via a direct interaction with their shared Tra1p subunit, of the SAGA and NuA4
HAT complexes (Neely et al., 1999; Yudkovsky et al., 1999; Brown et al., 2001).
Instead of directly interacting with ATP-dependent remodeling and modifying
complexes, a transcription factor may be able to recruit both types of activities by
initiating a sequence of recruitment steps. Such a sequence has been suggested in the
regulation of the yeast HO endonuclease gene in mother cells during cell division.
Nasmyth and coworkers used ChIP to examine the temporal localization at the HO
promoter of the transcriptional activator Swibp and of the SWI/SNF ATP-dependent
remodeling and SAGA HAT complexes (Cosma et al., 1999). SwiSp binding during late
anaphase was followed, in mother cells, by binding of the SWI/SNF complex. Binding
of SAGA occurs while SWI/SNF is present, but after SwiSp has left the promoter. This
order of events suggests that SWI/SNF, either directly or indirectly, recruits SAGA to the
HO promoter. Other studies have indicated that a sequence of recruitment steps may
not always occur in the same order. In regulation mediated by the IFN-3
enhanceosome and RAR/RXR nuclear receptor heterodimer, recruitment of HAT
complexes precedes, and is required for, recruitment of ATP-dependent remodeling
complexes (Agalioti et al., 2000; Dilworth et al., 2000).

Transcriptional repression can involve recruitment of ATP-dependent chromatin
remodeling and histone deacetylase complexes

DNA-binding proteins that repress transcription also recruit ATP-dependent
remodeling and modifying complexes to promoters. Since ATP-dependent chromatin
remodeling factors were originally identified as transcriptional coactivators, their
characterization as corepressors was somewhat surprising. Instead of simply opening
chromatin to transcriptional activators, remodeling complexes may mediate transitions
between open and closed chromatin states. ATP-dependent remodeling enzymes may
act, in part, by providing energy to overcome kinetic barriers between these states.

Again, some transcription factors appear to recruit both ATP-dependent
remodeling and modifying activities. Ume6p, a repressor of genes involved in meiosis
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in yeast, directly interacts with the Sin3p subunit of a multimeric complex that includes
Rpd3p (Kadosh and Struhl, 1997). Repression by Ume6p is dependent on this
interaction and on the HDAC activity of Rpd3p. More recently, Ume6p was shown to
recruit the Isw2 ATP-dependent remodeling complex to promoters (Goldmark et al.,
2000). ltc1p, a subunit of this ISWI-family complex, mediates targeting by binding to
Ume6p. There is no evidence to date that DNA-binding transcriptional repressors act
by sequential recruitment events, although their mounting analogies to DNA-binding
transcriptional activators make this possibility likely.

Some repressors target both activities by recruiting a bifunctional NuRD complex.
NuRD complexes were originally characterized in vitro and were found to include a Mi-2
family ATPase subunit and a class | HDAC (Tong et al., 1998; Xue et al., 1998; Zhang
et al., 1998). Transcriptional repression by the Drosophila repressor hunchback and by
the lymphoid differentiation transcription factor Ikaros is thought to depend on NuRD
complexes (Kehle et al., 1998; Koipally et al., 1999).

Switching between activating and repressing complexes

Transcription of many genes is differentially regulated by the recruitment of HAT
and HDAC complexes. Some promoters utilize different cis-acting DNA elements to
bind transcriptional activators and repressors, which, in turn, can recruit HAT and HDAC
complexes, respectively. In other instances, the same cis-acting DNA element, through
DNA-binding proteins, recruits both activities. The Ebox element of Myc-responsive
genes accomplishes such regulation by binding two types of heterodimeric transcription
factors. In proliferating mammalian cells, Myc/Max heterodimers bind to the Ebox and
recruit the coactivator TRRAP and a TRRAP-associated histone acetyltransferase to
stimulate transcription (Park et al., 2001). As cells begin to differentiate, levels of Mad,
an alternative heterodimeric partner for Max, rise to levels at which Mad/Max
heterodimers outcompete Myc/Max heterodimers for Ebox occupancy. Mad/Max
heterodimers repress transcription by recruiting an mSin3-HDAC complex (Hassig et al.,
1997, Laherty et al., 1997). In the case of the thyroid and other nuclear hormone
receptors, the same protein bound to a cis-acting DNA element may mediate the shift
between transcriptional activating and repressing complexes. The liganded thyroid
receptor recruits the p300/CBP HAT by binding the p300/CBP-interacting protein p/CIP
(Torchia et al., 1997). Release of ligand results in a conformational change that
decreases the affinity of the receptor for p/CIP and increases its affinity for an mSin3-
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HDAC complex (Lin et al., 1997; Torchia et al., 1997). The effects of having both types
of complexes function through the same binding element are not understood, although it
is possible that these mechanisms of mutually exclusive complex binding act as a
switch to change the acetylation state and transcriptional competence of promoters.

Chromatin-modifying activities are not always targeted

Recent studies have addressed whether chromatin-modifying complexes act only
through targeting by DNA-binding transcription factors. Two groups performed ChiP to
examine the acetylation status of non-promoter regions in yeast HAT and HDAC mutant
strains (Reid et al., 2000; Vogelauer et al., 2000). All of the non-promoter regions in
these mutants showed substantial changes in acetylation as compared to the same
regions in control strains. This phenomenon appears to be conserved, as untargeted
Sin3/HDAC and NuRD activities have also been observed in Xenopus (Li et al., 2002).

What is the purpose of having both targeted and untargeted activities? It has
been suggested that the untargeted activities set a basal level of transcriptional
competence throughout the genome upon which targeted activities function (Vogelauer
et al., 2000). When the competence of a specific locus needs to be changed, a DNA-
binding transcription factor recruits a chromatin-modifying complex to this locus. If the
competence of this locus needs to be changed back to its original state, the targeted
activity vacates the locus and the untargeted activities ensure a quick transition back to
the original competence. In support of this hypothesis, a recent study in yeast found the
acetylation pattern of an unperturbed tetO-regulated promoter is rapidly altered and
reestablished upon addition and removal, respectively, of a chimeric TetR-Ume6 DNA-
binding transcription factor (Katan-Khaykovich and Struhl, 2002). Such a combination
of targeted and untargeted activities may offer a means of quickly switching between on
and off states. Whether this model can be extended to include ATP-dependent
chromatin remodeling complexes has not been investigated.

Histone methyltransferases

Histone methylation has long been known to affect transcription (Allfrey, 1964),
although only recently have enzymes that methylate histones been identified. On the
basis of substrate specificity these enzymes fall into two classes: lysine HMTs and
arginine HMTs (HMT, histone methyltransferase; Table 1). Most lysine HMTs identified
to date share a common SET domain that mediates catalysis, although not all SET-
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domain containing proteins appear to have HMT activity in vitro (Rea et al., 2000). |t
has been proposed that conserved groups of residues adjacent to the SET domain are
important for catalysis (Rea et al., 2000). One group of SET domain-containing proteins
includes SUV39H1 from mammals and Clr4p from S. pombe and primarily methylates
lysine 9 of histone H3, whereas another group includes mammalian Set1 and Set9 and
methylates lysine 4 of histone H3 (Rea et al., 2000; Nakayama et al., 2001; Nagy et al.,
2002; Nishioka et al., 2002a). SET-domain proteins that methylate other lysine residues
have been identified (Nishioka et al., 2002b; Strahl et al., 2002). Additional studies
have identified the arginine HMTs CARM1 and PRMT1 (Chen et al., 1999; Strahl et al.,
2001). Although these two proteins share a domain that may be involved in catalysis,
the sites they methylate differ significantly: CARM1 preferentially methylates arginines
17 and 26 of histone H3 and PRMT1 arginine 3 of histone H4 (Schurter et al., 2001;
Strahl et al., 2001).

Lysine methylation of histones has different effects on transcription

Histone methylation has varying effects on transcription. Methylation of H3 lysine
9 is generally correlated with transcriptional silencing. The Drosophila Su(var)3-9 and
S. pombe clr4 HMT genes are known to regulate silencing at heterochromatic regions
and the silent mating type locus (Ekwall and Ruusala, 1994; Tschiersch et al., 1994),
respectively, and lysine 9 methylation is enriched at these sites in vivo (Jacobs et al.,
2001; Noma et al., 2001). Methylation of H3 lysine 4 may differentially regulate
transcription. H3 lysine 4 methylation is observed in transcriptionally active regions
such as macronuclei of Tetrahymena and euchromatic regions of mammalian
autosomes, but is greatly reduced in transcriptionally silent micronuclei and inactive X
chromosomes (Strahl et al., 1999; Boggs et al., 2002). H3 lysine 4 methylation may
keep chromatin poised for transcriptional activation by blocking H3 lysine 9 methylation
through an as yet unknown mechanism (Nishioka et al., 2002a). By contrast, studies of
the Set1 and COMPASS HMTs suggest that methylation at lysine 4 is required for
silencing of some loci (Briggs et al., 2001; Krogan et al., 2002). Additional studies are
needed to explain why methylation of H3 lysine 4 can have apparently opposite effects
on transcription.

Modified histone tails are docking sites for chromatin-binding proteins

29



Although chromatin modifying complexes are known to affect transcription, the
means of translating a modified chromatin state into a transcriptional readout are
unclear. It has long been speculated that modified residues may regulate transcription
by directly modulating properties intrinsic to chromatin. This modulation may include
the loosening of histone-DNA contacts or the disruption of internucleosome contacts
(reviewed by Annunziato and Hansen, 2000).

Recent studies have suggested an additional function of modified residues,
namely, that modified residues provide docking sites for proteins that participate in
transcriptional activation. Bromodomains are found in many chromatin-associated
proteins and are known to bind to acetylated lysine residues (Dhalluin et al., 1999).
Interestingly, TAF,250, a subunit of the TFIID component of RNA polymerase |, was
shown to interact with acetylated residues on nucleosomes through its bromodomains
(Jacobson et al., 2000). An analogous mechanism may be used to target proteins
involved in gene silencing. A mammalian homolog of Drosophila HP1, which is
important for heterochromatin formation, was found to interact with methyl-lysine
residues through a conserved chromodomain (Bannister et al., 2001; Lachner et al.,
2001). The binding affinity for methyl-KQ was much stronger than that for methyl-K4,
suggesting a modification itself does not solely determine affinity and that different
residues with modifications of the same type may be able to bind non-overlapping sets
of proteins (Bannister et al., 2001). Such observations have led to a ‘histone code’
hypothesis, whereby distinct histone modifications regulate interaction affinities of
chromatin-associated proteins (Strahl and Allis, 2000; Turner, 2000).

Dysfunction of chromatin remodeling proteins is linked to cancer in mammals
Human and mouse genetic studies implicate SWI/SNF components in tumor
suppression. The gene encoding hBrg1, the ATPase subunit of the human SWI/SNF
complex, was found mutated, typically by deletion, in multiple types of human tumor cell
lines (Wong et al., 2000). In the mouse, disruption of the Brg1 gene caused embryonic
lethality of homozygous mutants, and, in a small sample population, predisposed
heterozygous mutants to epithelial tumors (Bultman et al., 2000). The tumor cells
retained a Brg1 allele of wild-type size, suggesting that the phenotype was caused
either by a subtle mutation in this allele or by haploinsufficiency of the Brg1 locus.
Nonsense and deletion mutations of the human Snf5/Ini1 gene were observed in
rhabdoid and other cancer cell types (Versteege et al., 1998; Sevenet et al., 1999). As
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with Brg1, Snf5/Ini1 homozygous mutant mice died as embryos and heterozygous
mutants were predisposed to tumors (Roberts et al., 2000; Guidi et al., 2001). These
tumors were rhabdoid in nature and failed to express wild-type Snf5 protein. Little is
known about why these SWI/SNF components are critical for tumor suppression.

A variety of studies indicate that misregulation of HATs and HDACs contributes
to tumorigenesis. Chromosomal translocations are often observed in acute leukemias,
and some of these translocations involve HAT genes (reviewed by Cairns, 2001). The
catalytic domains of HAT proteins are generally preserved in translocations, suggesting
that defects in proliferation result from an increased or novel gene function. One of the
genes subject to translocation encodes the CBP HAT. Deletion of the corresponding
mouse gene caused embryonic lethality in homozygotes and predisposed
heterozygotes to different types of hematologic malignancies (Kung et al., 2000). Loss
of heterozygosity was observed in these cancers, suggesting that, in this context and
perhaps others, tumorigenic alterations of the CBP gene may cause a loss of gene
function. Further functional characterization of human CBP fusions may resolve the
natures of these mutations. Finally, HDACs are linked to tumor progression primarily
because they are targeted by various anti-cancer therapies, including butyrates and
trichostatin A (reviewed by Marks et al., 2001).

As discussed above, some transcriptional regulators function by recruiting
chromatin remodeling complexes. These transcriptional regulators include proto-
oncogenes like myc and tumor suppressor genes like Rb. Although | will not discuss
the genetic data regarding their dysfunction in cancers, it should be noted that
alterations of chromatin structure are likely involved in their regulation of cell
proliferation.

Transcriptional regulation by the E2F and Rb families of proteins involves
chromatin remodeling

Many of the mechanisms discussed above are thought to apply to the regulation
of transcription by E2F and Rb family proteins. These proteins have been the subjects
of intense study (reviewed by Dyson, 1998; Zhang and Dean, 2001; Trimarchi and
Lees, 2002), in large part because of the role of pRb as a tumor suppressor in
mammals. Early studies established that E2F proteins form heterodimers in vivo with
DP family proteins. DP/E2F heterodimers bind DNA site-specifically and are
themselves bound by Rb family proteins. Transcriptionally-activating forms of DP/E2F
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heterodimers promote cell cycle progression, whereas forms of DP/E2F that are bound
by Rb family proteins repress transcription and prevent cell cycle entry. These
contrasting activities are thought to underlie a cell's decision to proliferate or
differentiate. Many activities of these proteins have been described; | will focus on their
functions in relation to chromatin remodeling and modification.

Rb family proteins are thought to mediate transcriptional repression by recruiting
chromatin remodeling activities to promoters. Mammalian class | HDACs were found to
interact with pRb, and the repression of Rb-regulated reporter genes was dependent on
HDAC activity (Brehm et al., 1998; Luo et al., 1998; Magnaghi-Jaulin et al., 1998). In
addition, the presence of an HDAC at Rb-regulated promoters caused a reduction in the
acetylated forms of histone H3 and histone H4 (Luo et al., 1998; Ferreira et al., 2001).
More recent studies have found that Rb can also recruit the SUV39H1 HMT to repress
transcription (Nielsen et al., 2001; Vandel et al., 2001). Such a coupling of HDAC and
HMT activities suggests that Rb may coordinate a two-step modification process in
which acetyl groups are first removed from lysine residues and methyl groups
subsequently added. The association with SUV39H1 is notable because of its
specificity for lysine 9 of histone H3 and the link between this modification and
transcriptional silencing. Rb is thought to repress E2F-dependent transcription by
additional mechanisms. Rb binds to and is proposed to mask a transactivation domain
that is present in the carboxy-terminal region of most E2F family proteins (Helin et al.,
1992; Flemington et al., 1993; Helin et al., 1993; Ross et al., 1999). As a consequence,
Rb may prevent association of the basal transcription machinery with E2F.

E2F-6, an atypical E2F family member, may associate with HMT activity
independently of Rb. Unlike other E2F proteins, E2F-6 lacks a transactivation domain
and an Rb-binding site and in place has a potent transrepression domain (Morkel et al.,
1997; Gaubatz et al., 1998; Trimarchi et al., 1998). Recently, E2F-6 was found to
interact with a multisubunit complex that contains the histone H3 lysine 9-specific Eu-
HMTase1 (Ogawa et al., 2002). The cellular role of this interaction has not yet been
reported.

In addition to chromatin modifying activities, Rb may recruit ATP-dependent
chromatin remodeling activities to repress transcription. Zhang et al. found that
cotransfection of Rb with the human SWI2/SNF2-like protein BRG1 in the C33a cell line
caused a synergistic S-phase arrest along with a reduction in E2F reporter gene
transcription (Zhang et al., 2000). Genetic data from Drosophila suggest a conserved

32



role for SWI/SNF remodeling subunits in Rb-mediated repression. Loss-of-function
mutations in osa, mor and brm, which encode homologs of SWI3, SWI1 and the ATP-
dependent catalytic subunit SWI2/SNF2, respectively, enhance the phenotype caused
by overexpression of the dE2F1 gene (Staehling-Hampton et al., 1999).

Rb may act through chromatin-binding proteins to regulate transcription. As
suggested by its interaction with SUV39H1, Rb indirectly creates a binding site for the
HP1 protein (Nielsen et al., 2001). Surprisingly, Rb not only appears to facilitate binding
of HP1 to chromatin by promoting histone H3 lysine 9 methylation, but it also may
directly interact with HP1 and recruit this protein to its binding site. As noted above, the
mechanism by which HP1 alters chromatin structure is poorly understood.

As with regulation by Myc/Mad/Max proteins and nuclear hormone receptors, the
same DNA regulatory sequences are involved in the switch between DP/E2F-mediated
transcriptional repression and activation. As examined in cells transitioning from a
quiescent GO state and G1 phase to the S phase of the cell cycle, the replacement of
DP/E2F/Rb species with 