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Abstract

Covalent modification of histones on chromatin is a dynamic mechanism by which various nuclear
processes are regulated. Methylation of histone H3 on lysine 4 (H3K4) implemented by the
macromolecular complex COMPASS and its related complexes is associated with
transcriptionally active regions of chromatin. Enzymes that catalyze H3K4 methylation were
initially characterized genetically as regulators of Hox loci, long before their catalytic functions
were recognized. Since their discovery, genetic and biochemical studies of H3K4 methylases and
demethylases have provided important mechanistic insight into the role of H3K4 methylation in
HOX gene regulation during development.
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Introduction

The linear sequence of nucleotides in DNA is the primary storage form of genetic
information in all living cells and in viruses. Execution of the genetic program encoded in
DNA, on the other hand, relies on elaborate combinations of protein-DNA interactions, and
in some cases, covalent modifications of chromatin. In eukaryotic nuclei, the DNA is
complexed with an equal mass of histone protein. The DNA is wrapped around the outside
of an octamer of two each of histones H2A, H2B, H3 and H4 or some variant of these
canonical histones (Kornberg, 1974; Kornberg and Lorch, 1999). The N-terminal tails of
each of the histones, however, protrude beyond the gyres of the DNA (Luger et al., 1997)
and present themselves as substrates for a variety of covalent modifications including
phosphorylation, acetylation, ubiquitination, ADP-ribosylation, biotinylation and
methylation. Both the amino acid sequence and the targets of modification are, for the most
part, conserved among all eukaryotes examined. Since the discovery of histone
modifications in the 1960s and 1970s, much evidence has accumulated pointing to roles for
specific modifications in mechanisms of developmental gene regulation and DNA repair
(Shilatifard, 2006).

While lysine methylation of histones was first described in 1964 (Murray, 1964), decades
passed without providing much insight into the functional significance of this modification.
Most or all of the thinking on the significance of lysine methylation was guided by the belief
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that the role of lysine methylation in histones might affect the conformation, hydrophobicity
or DNA affinity of the methylated histone (Honda et al., 1975). And indeed, it was recently
shown that methylation of H4 at lysine 20 enhanced the ability of nucleosomal arrays to fold
and condense /n vitro, demonstrating that histone methylation can affect higher order
chromatin structure directly (Lu et al., 2008). However, it has also become apparent that
lysine methylation can create a binding site for proteins that can alter the local properties of
chromatin for transcription (Fischle et al., 2008; Kouzarides, 2007). In the case of H3K4
methylation, this mark is generally associated with active transcription. H3K4 dimethylation
appears to be broadly associated with active and potentially active genes, while H3K4
trimethylation is primarily a mark associated with the start site of transcription (Bernstein et
al., 2002; Krogan et al., 2003; Ng et al., 2003). The first H3K4 methylase to be identified
was Setl, from the yeast S. cerevisiae, within a complex named COMPASS (Complex
Proteins Associated with Set1) (Miller et al., 2001). COMPASS is capable of mono- di- and
trimethylating H3K4 (Krogan et al., 2002; Roguev et al., 2001; Shilatifard, 2006; Wood et
al., 2007). Setl/COMPASS-related enzymes in animals and plants have also been identified,
both genetically and biochemically. In most cases, these enzymes have been implicated in
fundamental gene regulatory pathways during development. In this review, we summarize
the major lines of genetic and biochemical data that link H3K4 methylation to
developmental gene regulation in animals, plants and fungi.

Developmental regulation of gene expression by the trithorax gene family

Trithorax (trx) was discovered as a spontaneous mutation that gave a partial transformation
of halteres, a pair of lobe-like projections that lie behind the wings, into wings (Ingham and
Whittle, 1980). Further characterization revealed leg transformations as well, and in a few
cases, the appearance of a supernumerary pair of wing-like structures on the thoracic
segment ahead of the normal wing position, resulting in three sets of wings (hence the name
"trithorax"; Fig. 1). As noted by Ingham (1998), the mutation tetraptera, described by
Astauroff (1930) and since lost, had a similar phenotype and mapped to a similar
chromosomal location and thus was likely to have been the first frxallele.

The phenotypes of the original #xallele (¢7x?) included transformations of posterior
abdominal segments to the appearance of more anterior segments, which, together with the
haltere-to-wing transformation, resembles loss-of-function mutations in the Bithorax
complex, one of the two clusters of HOX genes in the Drosophila melanogaster genome.
This implicated #xas a positive regulator of HOX gene function. Subsequent cloning and
molecular analysis established that the TRX protein shares a common motif, the eponymous
Su(var)3-9/Enhancer of zeste/trithorax (SET) domain, with other so-called epigenetic
regulators. Most interestingly, #xZ is a hypomorphic allele that contains a glycine-to-
serine substitution in the SET domain (Breen, 1999; Stassen et al., 1995) that interferes with
histone binding (Katsani et al., 2001).

Antibodies to TRX are capable of immunoprecipitating H3K4 methyltransferase activity
from embryonic nuclear extract (Czermin et al., 2002), implicating either TRX or some
associated protein in H3K4 methylation /77 vivo. The Drosophila TRX SET domain has been
shown to have H3K4 methylase activity /n vitro, and a mutated version of the TRX SET-
domain carrying the same substitution found in the #x<Z allele shows little or no
methylation activity towards histone H3 (Smith et al., 2004). Thus, the genetic and
biochemical characterization of TRX point to a role in maintaining gene activity, at least in
part, through the methylation of H3K4.

Antibodies to TRX localize to ca. 60 sites on salivary gland polytene chromosomes,
including the HOX gene clusters at the Antennapediaand Bithorax gene complexes
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(Chinwalla et al., 1995). The number of chromosomal sites that accumulate significant
levels of trimethylated H3K4 (H3K4me3) is far greater than the number of TRX binding
sites inferred from immunostaining with this antibody (Tenney et al., 2006), suggesting
either that TRX binding may be transient at most target sites or that there are other H3K4
trimethylases in Drosophila, albeit with non-redundant genetic activities. Recent chromatin
immunprecipitation studies, however, suggest that the relationship between TRX protein
binding sites and H3K4me3 may be complicated. While antibodies to the C-terminal region
of TRX containing the SET domain show that binding sites for this domain have only
limited overlap with sites of H3K4me3, antibodies to an N-terminal region of TRX shows
that this domain is found at nearly every site of H3K4me3 enrichment (Schuettengruber et
al., 2009). The distinct distributions of the N- and C-terminal TRX domains are consistent
with proteolytic cleavage of TRX analogous to that seen with MLL (Hsieh et al., 2003) (Fig.
2). Proteolytic cleavage has been demonstrated for TRX and one of the two MLL cleavage
sites is conserved in the TRX protein sequence (Capotosti et al., 2007). This site is deleted in
the trxE3 allele, which causes impaired expression of Antennapedia Complex HOX genes
but not Bithorax Complex HOX genes (Breen, 1999; Mazo et al., 1990; Sedkov et al., 1994).
Thus, the functional linkage between TRX methylation activity and specific sites of H3K4
trimethylation remains ambiguous.

SET1, COMPASS and H3K4 methylation in yeast

To better understand the molecular function of TRX, the yeast Setl protein was identified as
the TRX homologue in yeast (Nislow et al., 1997), and was subsequently purified in a
macromolecular complex named COMPASS (Miller et al., 2001). It was demonstrated that
COMPASS has H3K4 methylase activity (Krogan et al., 2002; Miller et al., 2001; Roguev et
al., 2001; Shilatifard, 2006). Subsequently, it was demonstrated that the mammalian MLLs
also exist in COMPASS-like complexes capable of methylating H3K4 (Hughes et al., 2004;
Shilatifard, 2008). COMPASS-like complexes in Drosophila have been reported, and
antibodies to TRX are capable of immunoprecipitating H3K4 methyltransferase activity
from embryonic nuclear extract (Czermin et al., 2002), implicating either TRX or some
associated protein in H3K4 methylation /n vivo.

Trithorax-related and ecdysone-mediated gene expression in Drosophila

Trithorax-related (trr) was first identified as a cDNA clone containing a SET domain using a
degenerate PCR strategy (Sedkov et al., 1999). A putative null allele, #rZ, is recessive
embryonic lethal. No evidence for homeotic transformations resembling loss-of-function
HOX gene mutations was observed in the dead embryos. Furthermore, no dominant
interaction was seen between #rrZ and hypomorphic alleles of either Polycomb or trithorax,
suggesting that #rris probably not a major regulator of HOX genes.

Trrencodes an H3K4 trimethylase (Sedkov et al., 2003). The TRR protein is more abundant
in embryos than TRX or the H3K4 methylase ASH1 (discussed below) and more widely
distributed than these other proteins on polytene chromosomes. TRR co-localizes
extensively with the ecdysone receptor (ECR), the receptor for the major steroid hormone in
Drosophila. Antibody to the ECR can co-precipitate TRR in an ecdysone-dependent fashion
from embryo extract, suggesting that TRR and the EcR are part of a ligand-dependent
common complex. Chromatin immunoprecipitation in ecdysone-treated S2 cultured cells
shows that two ecdysone-induced promoters are associated with elevated levels of ECR,
TRR and trimethylated H3K4. Importantly, transcription and H3K4 trimethylation are
markedly reduced at both loci in embryos homozygous for the ¢ allele compared to wild-
type embryos. A similar reduction is observed in embryos homozygous for the #7° allele,
which deletes the SET domain of TRR, implicating the catalytic activity of TRR in the
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mechanism of methylation and ecdysone-dependent gene activation /in vivo. Thus, although
they share many structural similarities and catalytic activities, TRX and TRR have diverged
in their developmental roles.

The mammalian trx gene family

A similar specialization appears to have occurred among the TRX family proteins in
mammals, suggesting an ancient origin for this division of labor (Goo et al., 2003; Lee et al.,
2008).The mammalian homologs of #rxinclude the MLL (Mixed Lineage Leukemia) protein
(Shilatifard, 2008). MLL and its translocations are associated with the pathogenesis of
hematological malignancies (Krivtsov and Armstrong, 2007; Rowley, 1998; Tenney and
Shilatifard, 2005). The mammalian genome contains genes encoding six frx-related proteins:
SetlA and Set1B, MLL, MLL2, MLL3, and MLL4. All are found in COMPASS-like
complexes capable of methylating H3K4 (Fig. 3) (Cho et al., 2007; Hughes et al., 2004; Lee
and Skalnik, 2005; Lee et al., 2007a; Shilatifard, 2008; Wu et al., 2008). There is only one
H3K4 methylase in yeast, and it is not clear why mammals carry at least six, functionally
non-redundant H3K4 HMTases.

The M/ gene (also called ALL-1 and HRX) was discovered by virtue of its involvement in
human acute leukemia; chromosome rearrangements involving a breakpoint within the MLL
gene are associated with a variety of acute myeloid and lymphoid leukemias (Djabali et al.,
1992; Gu et al., 1992; Mbangkollo et al., 1995; Tkachuk et al., 1992). While MLL is
structurally homologous to Drosophila TRX, it also contains three AT-hook domains and a
DNA methyltransferase homology domain that are absent from TRX.

Considerable experimental evidence points to a key role of MLL in hematopoiesis (reviewed
in Dorshkind and Witte, 2004; Ono et al., 2005). Mice heterozygous for an M//Z knockout
allele are anemic and have reduced platelet and B-cell counts (Yu et al., 1995). Homozygous
M1 knockout mouse embryos developed from chimeras of M//1* and M//1~ embryonic
stem cells still support the development of early hematopoietic progenitor cells (Ernst et al.,
2004). However, these cells show proliferation and differentiation defects. Remarkably,
ectopic HOX gene expression rescues the growth defect, strongly implicating M//Z in the
maintenance of HOX genes required for hematopoiesis. Targeted knockout of M//Zin
mouse hematopoietic stem cells implicates MLL in hematopoietic stem cell renewal
(McMahon et al., 2007).

MLL and HOX gene regulation in mammals

MLL is essential and required for axial segment identity in mice (Yu et al., 1995). Mice that
are heterozygous for an M//1 knockout allele show rostral skeletal transformations in the
cervical, thoracic and lumbar vertebrae resembling the effects loss-of-function alleles for
multiple HOX genes. Importantly, the initial axial patterns of HOX gene expression are
established during embryogenesis, but are lost in heterozygous M//1 knockout animals,
arguing for a maintenance role in HOX gene activation analogous to that of #xin
Drosophila (Yu et al., 1998).

Although M//1 null mutations result in embryonic lethality, mice homozygous for an M//1
mutation lacking the SET domain (M//ZASET) are viable and fertile (Terranova et al.,
2006), demonstrating that MLL has essential functions distinct from H3K4 methylation.
Nevertheless, MI/14SET mice show skeletal defects resembling knockouts of specific HOX
genes as well as reduced mono- and di-methylated H3K4 levels at the promoters of specific
HOX gene promoters in the embryonic trunk tissue.

Chromatin immunoprecipitation analysis of MLL distribution in human monocyte and
lymphoblast cell lines using a microarray consisting of human proximal promoter and
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noncoding sequences found MLL at ca. 40% of promoters on the array, including ca. 90% of
sites containing trimethylated H3K4 and occupied by RNA Polymerase 11 (Guenther et al.,
2005). Using tiling arrays for a subset of #OX and non-HOX genes, both MLL and
trimethylated H3K4 were found concentrated in promoter-proximal chromatin of highly
expressed genes, as is the case with yeast Setl (see below). Interestingly, the distribution of
MLL and trimethyl H3K4 extends broadly upstream and downstream of the promoters of
several late HOX genes, suggesting that MLL acts by different mechanisms at HOX and
non-HOX loci, and could also maintain large domains of active chromatin specifically at
HOX gene clusters. However, recent studies have demonstrated that less than 2% of the
genes in mouse embryo fibroblast are the sole H3K4 methylation targets of MLL (Wang,
Submitted).

Since all leukemia-associated MLL translocations involve the expression of a MLL fusion
protein that deletes the C-terminal SET domain (Krivtsov and Armstrong, 2007; Tenney and
Shilatifard, 2005), the relationship between the oncogenic activity of MLL fusion proteins
and H3K4 methylation is unclear. Furthermore, the interpretation of the genetic and
chromatin immunoprecipitation data concerning MLL is complicated by the fact that MLL
is proteolytically cleaved /n vivo, resulting in N- and C-terminal fragments that can
associate non-covalently (Hsieh et al., 2003). As suggested by the chromatin
immunoprecipitation data using antibodies to N- and C-terminal domains of TRX in
Drosophila embryos (Schuettengruber et al., 2009), the distributions of the MLL N- and C-
terminal fragments may be distinct /7 vivo. Similarly, the functions of MLL protein
complexes containing only one fragment versus those containing both could be distinct.

MLL2 was cloned based on sequence homology to MLL (FitzGerald and Diaz, 1999;
Huntsman et al., 1999). MLL2 was found within regions amplified in a subset of pancreatic
and glioblastoma cell lines, although no mechanistic relationship between MLL2
amplification and these cancers has been established. Like MLL, MLL?2 inactivation is
embryonic lethal in mice (Glaser et al., 2006), demonstrating that these structurally
homologous proteins are not functionally redundant. MLL and MLL2 are most highly
similar to TRX in Drosophila and both have been shown to be able to regulate Hox gene
expression in mammalian cells (Ernst et al., 2004; Glaser et al., 2006). Furthermore, both
MLL and MLL2 are found in similar complexes, both containing menin (Fig. 3).

Human TRX homologs and nuclear hormone receptors

MLL4/AL Rwas identified as a cDNA clone in a low stringency hybridization screen using
the MLL SET domain coding sequence as a probe (Prasad et al., 1997). Similarly, the genes
that require MLL4/ALR appear to be distinct (Prasad et al., 1997). A complex containing
MLL4/ALR was found to interact with the estrogen receptor (Mo et al., 2006). siRNA to
MLL4/ALR reduced receptor-dependent transcription, implicating MLL4/ALR as a co-
activator in receptor-induced transcription. In this respect, MLL4/ALR seems to be a
functional homolog of TRR in Drosophila--a co-activator of genes controlled by steroid
hormone receptors.

MLL3 was identified based on sequence similarity to the other MLL-related proteins during
sequence analysis of human chromosome 7 (Ruault et al., 2002) and independently in a
yeast two-hybrid protein screen of a human brain cDNA library for interactors with the
nuclear protein HUEL (Tan and Chow, 2001). It maps to a region of chromosome 7 that is
frequently deleted in patients with developmental defects and leukemia.

MLL3 and MLL4/ALR have been found in association with retinoic acid receptor,
implicating them in nuclear receptor-mediated gene activation (Goo et al., 2003). RNAI
against both MLL3 and MLL4/ALR causes reduced expression and H3K4 trimethylation of
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a retinoic acid receptor target gene (Lee et al., 2006). Again, this would seem to place MLL3
and MLL4/ALR, in the category of nuclear receptor co-activators like Drosophila TRR.
Indeed, the closest mammalian homologues of Drosophila TRR are the MLL3 and MLL4/
ALR proteins. Given that mammals have considerably more nuclear receptor superfamily
proteins than Drosophila, it may be that the MLL3-MLL4/ALR proteins may both have
evolved from an ancestral TRR-like protein to accommodate this diversification

The studies to date clearly demonstrate that, despite their structural similarities, the MLL
family of proteins in mammals have distinct and non-redundant functions in development.
Defining the specific gene targets of each MLL protein and the mechanisms of targeting will
be essential in understanding this important family of developmental regulators.

MLL5 and hematopoiesis in mammals

MiII5was cloned as a gene with limited homology to MLL found in a region that is often
deleted in patients with acute myeloid leukemia and myelodysplasitc syndrome who have
poor clinical outcome (Emerling et al., 2002; Kratz et al., 2001; Le Beau et al., 1996; Luna-
Fineman et al., 1995). However, no MLL5 mutations have been identified among primary
leukemia cells examined (Emerling et al., 2002).

MLLS5 is only about half the size of MLL, lacks the AT-hook, DNA methyltransferase, and
FYRN-FYRC homology domains of MLL and its SET domain is near the center of the
protein rather than near the C-terminus. Furthermore, based on sequence analysis, MLL5 is
no more closely related to MLL than to other SET domain families such as the Set2 family,
some of whose members methylate H3 at lysine 36. Furthermore, when shared components
of the MLL1-4 and SetlA/Complexes such as ASH2, WDR5 or RBBP5 are tagged and
purified, MLLS5 is not identified in such purifications (Wu et al., 2008) (Fig. 3). Putative
orthologs of MLLS5 in other species include the largely uncharacterized CG9007 in
Drosophila and SET3 and SET4 in yeast.

Despite the low similarity between MLLS5 and Setl/MLL1-4, a complex containing MLL5
is capable of methylating nucleosomal histone H3, and peptide methylation analysis
demonstrated a specificity for H3K4 (Fujiki et al., 2009). M//5is expressed in all embryonic
and adult tissues, including hematopoeitic organs (Emerling et al., 2002). Despite the high
conservation level of MLLS5 in different species, it is not essential for embryogenesis in
mammals. However, mice in which MLLS5 is inactivated have impaired immune response
and show defects in several aspects of hematopoiesis (Heuser et al., 2009; Madan et al.,
2009; Zhang et al., 2009).

Recently, MLL5 was found to be associated with retinoic acid receptor a(RAR a) in
retinoic acid-treated granulocyte-like HL60 cells (Fujiki et al., 2009). Over-expressed MLL5
stimulates expression of an RAR a-dependent reporter in an SET domain-dependent
fashion. MLLS5 activity is potentiated by O-linked glycosylation at threonine 440.
Interestingly, this threonine is conserved in the Drosophila MLL5 homolog, but not in yeast
SET3 and SET4. Immunoprecipitated MLL5 complexes containing a T440A mutation in
MLLS5 are catalytically dead. Importantly, overexpression of wild-type MLL5 promotes the
RAR a-dependent differentiation of cultured HL60 cells, while overexpression of either the
SET domain-deleted MLL5 or the T440A mutation attenuated the response. Thus, MLL5 is
implicated in RAR a-dependent H3K4 methylation, with an activity that is regulated by O-
linked glycosylation. It would be interesting to determine whether developmental defects in
mice carrying the T440A allele are as extensive as in the M//5knockout.
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Ashl and homeotic gene regulation in Drosophila

Absent, small or homeotic discs1 (ashl) was first identified in a genetic screen for late larval
lethal mutations that displayed abnormal or missing imaginal discs (Shearn et al., 1987;
Shearn et al., 1971). Although most allelic combinations of Ashl mutations are lethal,
surviving and pharate adults display transformations including haltere to wing, first and third
legs to second leg and genitalia to leg or antenna (Shearn, 1980; Shearn, 1989). These all
represent anterior-ward transformations, similar to loss-of-function alleles of Bithorax
complex genes, placing ash1 in the trithorax group of homeotic regulators.

Using an as/1 allelic series of increasing phenotypic severity, Byrd and Shearn (2003) found
a progressive loss of chromosomal dimethyl H3K4, with a virtually complete loss of
chromosomal dimethyl H3K4 with the strongest allelic combination. The ASH1 protein is
an H3K4 methylase /n vitro, (Byrd and Shearn, 2003), although it can also show methylation
activity towards H3K9 and H4K20 (Beisel et al., 2002). However, larvae carrying strong
mutant alleles of Ashl1 show only a partial reduction of dimethylated H3K9 on polytene
chromosomes and no detectable reduction in chromosomal H4K20 (Byrd and Shearn, 2003),
suggesting the H3K4 is the primary substrate for ASH1 /n vivo.

Genetic evidence supports a direct role for the ASH1 SET domain in H3K4 methylation by
Ash1. The hypomorphic Ash12?allele carries an asparagine-to-isoleucine substitution in the
SET domain that leads to dramatic reduction of H3K4 dimethylation when heterozygous
with the null allele Ash222 (Byrd and Shearn, 2003). Furthermore, immunolocalization of
ASH1 on larval salivary gland chromosomes shows that ASH1 protein is found at over 100
sites and has a much wider chromosomal distribution than TRX (Tripoulas et al., 1996). The
mutation in the As/720 allele results in somewhat reduced immunostaining at specific sites.
About a quarter of the ASH1 sites overlap those of TRX, including the Anfp HOX complex
but not the Bithorax HOX complex (Rozovskaia et al., 1999; Tripoulas et al., 1996).
However, ASH1 can be found by chromatin immunoprecipitation at several sites within the
Ubx locus of the Bithorax complex in imaginal discs of the metathoracic legs and halteres
(where Ubx s expressed) but not in wing discs and S2 cultured cells (where Ubx s silent)
(Sanchez-Elsner et al., 2006). This suggests a tissue-dependent distribution for ASH1. The
number of ASH1 sites is far larger than the number of homeotic genes, suggesting that
ASH1 probably regulates many other targets during development.

ASH1 and TRX can be co-immunoprecipitated from embryonic extracts, and /n vitro
binding experiments suggest that they can interact through their SET domains (Rozovskaia
et al., 1999). Given the dominant role of ASH1 in H3K4 dimethylation, one possible role for
the TRX-ASH1 association could be for ASH1 to create a dimethyl-H3K4 substrate that can
subsequently be trimethylated by TRX.

The human homolog of Ashl

Human Ash 1 (huAsh1l) was first identified as an EST clone homologous to the Drosophila
ASH1 SET domain (Nakamura et al., 2000). The SET domain of huAsh1 methylates H3K4
in vitro (Gregory et al., 2007). In contrast to the reported /n vitro substrates of Drosophila
ASH1, huAsh1 does not seem to methylate H4K20 or H3K9; indeed, H3K9 methylation
impairs /n vitro methylation of H3K4 by the huAsh1.

Chromatin immunoprecipitation finds huAshl, MLL, and H3K4 trimethylation are co-
enriched in the transcribed regions of active housekeeping genes, but not inactive genes.
This association was independent of the phosphorylated isoform of RNA Polymerase 11, the
elongating form of the enzyme (Gregory et al., 2007), as it is for ASH1 in Drosophila
(Eissenberg et al., 2007b). Significantly, both huAsh1 and MLL are enriched throughout the
transcribed region of HOXA10 in HEK-293T cells, which express this HOX gene (Gregory
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et al., 2007). The functional contribution of huAsh1 binding to transcription and H3K4
methylation was not unambiguously determined in this study due to incomplete knockdown
of huASH1 protein. However, the functional interdependence between huAsh1 binding and
MLL could be assessed in M//1 null mouse embryonic fibroblasts. For non- HOX genes
examined, huAshl was still present at the 5' end of the genes; these genes showed some
reduction in di- and tri-methylated H3K4 but normal transcription. Interestingly, in these
cells the level of H3K4 trimethylation at HoxA9 is dramatically reduced, but levels of
huAshl and H3K4 dimethylation are only moderately reduced. This is consistent with the
finding that Drosophila ASH1 has a major role in H3K4 dimethylation (Byrd and Shearn,
2003).

Trithorax homologs and development in Arabidopsis

The Arabadopsis thaliana genome encodes nine frithorax family proteins (Alvarez-Venegas
and Avramova, 2002; Baumbusch et al., 2001; Ng et al., 2007). The Arabidopsis homologue
of TRX, ATX1, is required for floral development, and its SET domain has weak H3K4
methylating activity /n vitro (Alvarez-Venegas et al., 2003). In plants homozygous for a
loss-of-function ATX1 allele, defects in flower structures as well as transformations in
flower organ identity are observed. The Arabidopsis genome encodes structural homologs of
the mammalian COMPASS subunits WDR5, ASH2L and RBBP5, suggesting that the
COMPASS complex is conserved in plants..

Plants don’t have HOX genes, however, the MADS box family of transcription factors
control flower organ identity (Honma and Goto, 2001; Pelaz et al., 2000; Riechmann and
Meyerowitz, 1997). Reduced levels of steady state transcripts for several MADS box genes
are observed in the developing buds of ATX1 mutant plants, consistent with a role for
ATX1 in activating these genes in early flower development (Alvarez-Venegas et al., 2003).

Histone H2B monoubiquitination and H3K4 methylation crosstalk

Since methylation of the H3K4 within chromatin by yeast COMPASS is required for the
proper regulation of gene expression, we set out to define the pathway controlling H3K4
modifications in yeast. We devised a method to screen the entire yeast proteome for proteins
involved in this pathway termed Global Proteomic analysis in S. cerevisiae (GPS)
(Schneider et al., 2004). Using GPS, it was demonstrated that ubiquitination of lysine 123 of
histone H2B by the Rad6/Brel complex is required for histone methylation by COMPASS
(Dover et al., 2002; Shilatifard, 2006; Wood et al., 2003a; Wood et al., 2003b) (Fig. 4). This
process, termed histone crosstalk, is highly conserved from yeast to human (Pavri et al.,
2006; Shilatifard, 2006; Smith and Shilatifard, 2009). This crosstalk is mediated through the
Cps35 (Wdr82 in humans) subunit of COMPASS (Lee et al. 2007, Wu et al. 2008, Fig. 4).
Due to the absence of Wdr82 in the MLL1-4 complexes, we have speculated that Set1, but
not MLL1-4, works via this cross-talk pathway, but this idea awaits experimental validation
(Smith and Shilatifard, 2009).

In addition to Rad6 and Brel, GPS uncovered a role for the components of the Pafl
complex, a Pol Il elongation factor, as well as the Pol Il CTD kinase, and Burl/Bur2 in the
regulation of histone monoubiquitination and methylation (Krogan et al., 2003; Wood et al.,
2003b; Wood et al., 2005) (Fig. 4). GPS was also instrumental in defining a role for another
CTD kinase, Ctk1, in proper H3K4 mono-, di-, and trimethylation (Wood et al., 2005; Wood
etal., 2007).

Studies from different laboratories during the past several years have concentrated on

defining the pattern of histone modifications throughout the genome. We know that
transcription-coupled activation of the H3K4 methylation mark can result in erasure of the
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repressive H3K27 methylation mark. While the field has produced a wealth of information
regarding histone marks, few details are known of the machinery and mechanisms involved
in their creation and removal. In the next section, we will discuss recent findings regarding
the molecular machinery required for the removal of H3K4 methylation.

H3K4 demethylases and development

In addition to the identification of factors required for proper H3K4 methylation, we and
others have also identified the machinery required for demethylating H3K4, which is also
conserved from yeast to mammals. The methylation of histones was long considered to be a
biochemically stable mark, making it an attractive candidate for a mechanism of
transcriptional memory. Metabolic labeling of cultured Chinese hamster ovary cells,
developing rat brain, developing trout testes or cultured alfalfa cells indicated that little or no
turnover of methyllysine occurs outside of protein turnover (Byvoet et al., 1972; Duerre and
Lee, 1974; Honda et al., 1975; Waterborg, 1993), leading to the assumption that this
modification is irreversible. Recent biochemical and genetic studies have uncovered several
classes of histone demethylases (Agger et al., 2008; Shi and Whetstine, 2007; Smith et al.,
2008; Trojer and Reinberg, 2006). Among them are lysine demethylases capable of
reversing the H3K4 methyl mark.

Little imaginal discs (Lid) and gene regulation in Drosophila

Lidwas first identified in a genetic screen for intergenic noncomplementation with As/1
mutations (Gildea et al., 2000). This phenotype implies that Lid belongs to the trithorax
group of homeotic gene activators. This phenotype seems paradoxical in light of the
subsequent discovery that L/dencodes a jumonji C domain-containing protein with
trimethyl H3K4 demethylating activity (Eissenberg et al., 2007a; Lee et al., 2007b; Secombe
etal., 2007).

How could a H3K4 demethylase be a TRX-like transcriptional activator if its role /in vivois
to reverse the TRX/Ash1/TRR methyl mark? One possibility is that loss of H3K4
demethylation activity results in ectopic H3K4 methylation and the mislocalization of
factors that bind the H3K4 methyl mark. One such factor is the chromo helicase CHD1,
which has been shown to bind methylated H3K4 (Flanagan et al., 2005; Sims et al., 2005).
In Drosophila, CHD1 is concentrated at transcriptionally active loci, requires its chromo
domains in order to bind chromatin, and is lost from chromosomes under conditions where
H3K4 trimethylation is reduced (Eissenberg et al., 2007b; Kelley et al., 1999; Stokes et al.,
1996). Recent evidence implicates CHD1 in chromatin remodeling 7 vivo (Konev et al.,
2007), remodeling that could facilitate gene activation. Thus, ectopic H3K4 methylation
would be expected to titrate CHD1 away from its normal transcriptional targets, reducing
expression of those genes. Indeed, Eissenberg et al. (2007a) showed that L/d knockdown in
salivary gland chromosomes results in elevated genome-wide H3K4 trimethylation and a
relative reduction of CHD1 at loci where it is normally concentrated.

Mutations in L/d have no homeotic phenotypes, although they can enhance the phenotype of
a Polycomb hypomorphic allele (Gildea et al., 2000). Instead, hypomorphic alleles show a
high frequency of duplicated thoracic bristles, suggesting a defect in the Notch signaling
pathway. This suggests that either another H3K4 demethylase exists in Drosophila, or else
that no enzymatic demethylase exists to oppose the TRX H3K4 methylation activity at HOX
genes.

Role of the H3K4 mark in development

Does the H3K4 methyl mark constitute a form of molecular "memory" for the
transcriptionally activated state? The answer to this question depends on what one means by
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memory. In one sense, molecular memory is represented by the perdurance of the methyl
mark after the enzyme has completed its catalysis. In that sense, the persistence of H3K4 di-
and trimethylation at an induced gene for over an hour after gene inactivation and Set1
dissociation could constitute a kind of memory of the active state (Krogan et al., 2003; Ng et
al., 2003). However, this mark doesn't seem to persist through mitosis, and there is no
evidence that the elevated methylation results in a distinct mechanism of induction.

In developmental terms, can H3K4 methylation promote transcriptional activity if the factor
required to establish the mark is removed? Using X-rays to induce somatic recombination at
different periods of development and then inspecting adult cuticular markers, Ingham (1985)
found that #rx is required continuously through third instar to maintain segment identity. A
later study confirmed that #7x" clones in the leg lead to loss of UBX protein expression 96
hours later, consistent with a continuous requirement for TRX (Klymenko and Muller,
2004). If TRX is directly responsible for establishing the H3K4 methyl mark at specific
HOX loci, this would suggest that the TRX-dependent H3K4 methyl mark alone is
insufficient to maintain a "memaory" of the frx activation pattern. Since this study didn't
directly measure the H3K4 mark, it is unknown whether H3K4 methylation is lost when frx
is removed.

A similar requirement for continuous activity for As/A1 has been demonstrated in the
activation of Ubx (Klymenko and Muller, 2004). Again, the status of H3K4 methylation at
Ubx was not assessed, although the results of Byrd and Shearn (2003) would predict a
complete loss of dimethylated H3K4. Analogous experiments have not been done with 77r.

This contrasts with another SET domain protein, SU(VAR)3-9, which methylates H3K9 and
which has dosage-dependent effects on heterochromatic gene silencing. Heterochromatin
silencing in the fly established by a single dose of the SET domain protein SU(VAR)3-9 is
not reversed in clones of two-dose cells induced after embryogenesis. Thus, the "memory"
of the embryonic state of suppressed silencing was still retained in the daughter cells in
which SU(VAR)3-9 dose is restored to wild type levels (Rudolph et al., 2007). Here, too,
the study didn't directly measure H3K9 methylation, so a role for the histone methyl mark in
the "memory" mechanism is only inferred.

POLYCOMB-mediated silencing provides another test of molecular memory. In this case,
HOX genes in Drosophila that are initially silenced by the action of segmentation genes are
maintained in a silent state after the repressors that established the silent state have
disappeared. In Drosophila, this silencing mechanism depends on the H3K27 methylase
Enhancer of zeste [ E(z)], a subunit of the E(Z)-ESC Polycomb repression complex. When
null clones for £(z) are generated in the primordial of the wing or leg, ectopic Ubx
expression appears in the £(z) null cells (Klymenko and Muller, 2004), demonstrating a
requirement for E(Z) in the maintenance of Ubx repression.

The H3K4 methylases TRX and ASH1 are thought to antagonize the silencing of HOX
genes by the POLYCOMB-containing complexes. Surprisingly, however, clones that are
simultaneously lacking ASH1 and E(Z) still show ectopic Ubx expression. A similar ectopic
Ubx expression is observed in cells doubly mutant for frxand Sex combs on midleg (Scm), a
subunit of the distinct PRC1 Polycomb repression complex. Taken together, the results
suggest that the TRX and ASH1 H3K4 methylases act as anti-repressors and not as
transcriptional co-activators. Since the anti-repressor effect is lost after the developmental
period at which HOX gene expression patterns are initially established, any "memory" of
TRX/ASHL1 activity must have been erased in the hours after the cells lost the enzymes.

Thus, on the timescale of development, the continuous presence of H3K4 methylases
appears to be required to maintain their effects of promoting transcription. The role of the
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H3K4 methyl mark is likely to be as a binding site for proteins that facilitate access by RNA
Polymerase 11 to the DNA. In that sense, the memory conferred by the H3K4 methyl mark is
transient, highly coupled to the presence of the methylase and rapidly reversed.

Concluding Remarks

H3K4 methylation and machinery involved in its implementation are evolutionarily
conserved marks of active and potentially active genes in all eukaryotes examined
(Shilatifard, 2006; Shilatifard, 2008). Remarkably, a role for the #rxfamily of H3K4
methylases in the specification of tissue identity has been conserved in plants and animals,
despite the fundamental differences in the mechanisms of homeosis in these kingdoms.

A model for the mechanism by which TRX family of proteins antagonize transcriptional
silencing is that TRX acts directly to interfere with methylation of H3K9 and/or H3K27,
histone marks recognized and bound by the HP1 and POLYCOMB chromo domain proteins,
respectively. However, it is probably important to keep in mind that there may also exist
nonhistone targets for methylation by any of these proteins, and that such substrates may be
equally or more important than histones in the biological activities of at least some of these
enzymes for at least some genes. Indeed, the HMTase homolog Set7 has been shown to
methylate the transcription factors p53 and TAF10 (Chuikov et al., 2004; Kouskouti et al.,
2004). The extent to which H3K4 methylases have nonhistone substrates is currently
unknown.

While the correlation between H3K4 methylation (especially H3K4 trimethylation) and
transcriptional activity is high in all eukaryotes examined, there are striking exceptions.
Increasing numbers of examples of "bivalent" marks have been described, in which H3K4
methylation is enriched at loci that are also enriched for silencing-associated marks such as
H3K9 or H3K27 methylation (Bernstein et al., 2006; Saleh et al., 2007). The significance of
bivalently marked loci is unknown, although it is speculated that this chromatin state could
keep a silent locus "poised" for activation, perhaps by recruiting both activators and
silencers to the same domain. It is thought that such a bivalent state could underlie the
pluripotency of stem cells, although the requirement for such bivalency in stem cell
maintenance is untested.

There is no evidence that the H3K4 mark is stably maintained in the absence of methylase
activity in proliferating cells. Thus, while TRX can be said to propagate a kind of epigenetic
"memory" for the activity of HOX genes through development, and this activity of TRX
does require its H3K4 methylase activity, there is no evidence that the methyl mark can
maintain the transcriptional activation function of TRX in the absence of TRX. One
confounding variable in uncoupling the role of H3K4 methylation from TRX is the role of
cell division. With each round of DNA replication, new unmethylated H3 is deposited on the
daughter strands and the marked nucleosomes will gradually be lost through dilution. A test
of whether H3K4 methylation is itself a memory mark would be to test whether knockdown
of TRX in nonproliferating cells results in loss of expression of a frx-dependent reporter
gene.

Regardless of the mechanism by which the H3K4 methyl mark contributes to key regulatory
and developmental fate decisions, the striking evolutionary conservation of this mark argues
for an ancient origin. The number of enzymes capable of methylating H3K4 have
proliferated with the split between plants and animals and with the radiation of metazoa,
suggesting a diversification in the targeting of chromatin domains for H3K4 methylation
during development and differentiation. We anticipate that the dissection of mechanisms for
H3K4 targeting, as well as the mechanisms by with H3K4 methylation results in changes in
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gene expression, will yield fundamental insights into the molecular circuitry of development
and cell fate decisions.
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Figure 1. Trithorax and the specification of axial segment identity

A. The three segments of the wild-type fly thorax are decorated with distinct structures;
from anterior to posterior, the prothoracic segment (T1) carries a ventral pair of legs, the
mesothoracic segment (T2) carries both a ventral pair of legs and a dorsal pair of wings, and
the metathoracic segment (T3) carries a ventral pair of legs and a dorsal pair of vestigial
wings called halteres. In the prothoracic and metathoracic segments, trithorax ("trx")
prevents the silencing of genes that are repressed in the mesothroax by the Polycomb group
("Pc") repressors. B. In flies lacking trithorax function, Polycomb group repressors are
unopposed in the pro- and metathoracic segments, causing these segments to develop as
mesothoracic segments, with a dorsal pair of wings on each segment. Panel B adapted from
Ingham, P.W. (1998) Int. J. Dev. Biol. 42, 423-429. Used by permission.
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Figure 2. Domain structure of animal H3K 4 methylases

The domain organization for the founding member of the H3K4 methylase, the yeast Setl
protein, and its homolog and related proteins in Drosophila (Setl, TRX and TRR) and
human (Setl, and MLL1-5) are shown above. Numbers to the left of each structure diagram
indicate protein length in amino acids. Arrows indicate the proteolytic cleavage sites on each
protein.
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Figure 3. Subunit composition for yeast COMPASS and its mammalian homologues Set1 A/B
and MLL 14 complexes

The founding member of the H3K4 methyltransferases, Setl/COMPASS was identified in
yeast. Human hSetl (hSet1A and B) and MLLs (MLL1-4) are also found in COMPASS and
COMPASS-like complexes, respectively. Each complex is capable of methylating histone
H3 on its fourth lysine (H3K4). The known common subunits shared between yeast and
mammalian complexes are shown in BLUE B. Cps35 in yeast and its homologue in human
Wdr82 are found only in COMPASS and Setl A/B complexes. This subunit is shown in
BROWN. Menin, which is subunit shared only in the MLL1/2 complexes is shown in
LAVENDER. MLL3/4 specific components are shown in GOLD,
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Figure 4. Schematic representation of the molecular machinery uncovered via a biochemical
screen, GPS, that arerequired for proper H3K4 methylation by COMPASS

Based on our work, as well as results from other laboratories, we know that COMPASS is
required for methylation of H3K4. GPS screen uncovered a role for the Rad6/Brel complex
in monoubiquitination of histone H2B, which signals the methylation of H3K4 by
COMPASS. The Cps35 subunit of COMPASS interacts with chromatin in an H2B
monoubiquitination-dependnet manner resulting in the assembly of trimethylation
competent COMPASS. Other factors such as the elongation factor, the Pafl complex, and
protein kinases Burl/Bur2 complex and Ctk complex were identified through our GPS
screen as factor required for proper H3K4 methylation. Much of the machinery identified in
yeast functioning in H2B monoubiquitination or H2B deubiquitination and H3K4
methylation are highly conserved, both structurally and functionally, from yeast to human.
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