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Abstract

The Saccharomyces cerevisiae Set1/COMPASS was the first histone H3 lysine 4 (H3K4)

methylase identified over ten years ago. Since then, it has been demonstrated that Set1/COMPASS

and its enzymatic product, H3K4 methylation, is highly conserved across the evolutionary tree.

Although there is only one COMPASS in yeast, human cells bear at least six COMPASS family

members each capable of methylating H3K4 with non-redundant functions. In yeast, the

monoubiquitination of histone H2B by Rad6/Bre1 is required for proper H3K4 and H3K79

trimethylations. This histone crosstalk and its machinery are also highly conserved from yeast to

human. In this review, the process of histone H2B monoubiquitination-dependent and independent

histone H3K4 methylation as a mark of active transcription, enhancer signatures, and

developmentally poised genes will be discussed. The misregulation of histone H2B

monoubiquitination and H3K4 methylation results in the pathogenesis of human diseases

including cancer. Recent findings in this regard will also be examined.
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1 - Introduction

The very long linear sequences of nucleotides within the DNA possesse the genetic blueprint

required for the creation of all organisms, with the exception of RNA viruses. The several

meters of DNA constituting our genome must remain functional and accessible to the

transcriptional machinery, yet be protected and packaged within a very minute space within

the nucleus of our cells. To achieve such dynamic packaging of this genomic information,

the DNA is found in complex with an equal mass of histone proteins to form nucleosomes,

the basic unit of chromatin (Figure 1).

The eukaryotic genome is compacted at several levels. The first level requires the wrapping

of DNA around the outside of an octamer of two of each histones: H2A, H2B, H3 and H4,

or some variant of these canonical histones to form nucleosomes (1–3). Using electron

microscopy, the array of nucleosomes on DNA was observed as a series of “beads-on-a-

string” or the 11nm model. This “beads-on-a-string” structure of nucleosomes can further

interact through short-range inter-nucleosomal exchanges to compact the nucleosomal array
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to a structure known as the 30nm fiber. To form the fully packaged metaphase

chromosomes, linker histone proteins, such as histone H1, further compact the 30nm fiber

into stable chromatin fibers, which can then be further packaged into metaphase

chromosomes (Figure 1).

Upon packaging, the DNA within the nucleus is found in both lightly and tightly packed

regions of chromatin. Based on a series of cytogenetic observations by light microscopy,

Emil Heitz reported the presence of darkly stained chromatin in the nucleus, which he

referred to as “heterochromatin.” Heitz found that the heterochromatin remained condensed

throughout the cell cycle (4). This observation was in contrast to the behavior of the

euchromatic regions (the lightly packed regions), which are subjected to cycles of

condensation and decondensation at different stages of the cell cycle. Initial studies by Heitz

suggested that heterochromatin is devoid of genes, however, functional studies in

Drosophila established that genes such as rolled and light reside within the heterochromatin

(5, 6).

In the early 1930s, H.J. Muller described the phenomenon of position-effect variegation

(PEV) of gene expression which describes that the expression of genes in Drosophila that is

brought near heterochromatin is silenced (7). PEV, which was originally observed in insects,

has since been demonstrated to exist in other organisms including plants and mammals and

is a general mechanism for the regulation of gene expression. The variegation in gene

expression is thought to be regulated by a ‘spreading effect’ of factors from the adjacent

heterochromatin. This explanation for the molecular mechanism of PEV presumes that the

juxtaposed gene locus is condensed to form a transcriptionally inactive state through the

movement of factors or posttranslational modifications of factors from heterochromatic

regions to regions within its vicinity. In the late 1970s, studies by Grigliatti and colleagues

in Drosophila demonstrated that the variegation in gene expression in Drosophila is a

function of histone gene multiplicity or expression levels, suggesting for the first time that

chromatin and its basic components, the “histones,” may have a fundamental role in the

process of regulating gene expression (8, 9).

Nucleosomes and histones also represent an analogous inhibitory effect to transcription in

other cell types in addition to Drosophila. For example, attenuation of histone levels, and

thereby nucleosome levels, by genetic means in yeast cells resulted in the activation of genes

that were otherwise inactive (10, 11). Not only were nucleosomes found to be inhibitory to

transcription, their presence as being wrapped around DNA can control the interaction of the

DNA binding factors. Although the DNA sequences recognized by the DNA binding

proteins are found throughout the genomes of organisms, the actual in vivo interaction of the

DNA binding proteins with chromatin is highly specific and is only found on precise

regions. For example, the Repressor-Activator Protein 1 (Rap1) is found to be associated

with certain limited sites on chromatin that have regions with the potential to act as

promoters, although its primary DNA sequence consensus binding site is found throughout

the genome (12). Similar to these in vivo studies, fundamental in vitro biochemical studies

demonstrated that nucleosomes are inhibitory to the initiation of transcription by RNA

polymerase II (Pol II) (13–15). Biochemical studies also demonstrated that even if Pol II is

initiated, the presence of nucleosomes, or just histone tetramers, provide a blockage to
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productive transcription-elongating Pol II (16, 17). The above findings in consensus with

other findings in the field suggested that not only does chromatin regulate the initiation and

elongation steps of gene expression in vivo, but also that chromatin is pivotal in modulating

the interaction of DNA binding proteins with its consensus binding sites on DNA. Indeed,

using DNaseI hypersensitivity mapping, Weintraub and Groudine provided the seminal

concept that nucleosomes can block the access of the transcription factors to DNA, and the

regulatory regions thereby controlling gene expression, initiation of DNA replication,

recombination and other processes requiring DNA access (18).

To define the mechanism of heterochromatin formation and the molecular machinery

involved in the regulation of gene expression from heterochromatin and other developmental

loci such as the homeotic gene-containing regions, genetic studies were performed in

Drosophila and other organisms. From these studies, the trithorax (trx) group and the

Polycomb (Pc) group of genes were identified to play opposing roles in homeotic gene

expression (19–21). The suppressor and enhancer screens of PEV in Drosophila identified

Suppressors and Enhancers of position-effect variegation [Su(var)] and [E(var)],

respectively. Many of the genes found from the above screens encode for proteins bearing a

130- to 140-amino-acid motif called the SET domain (12–13). This domain takes its name

from the Drosophila proteins Su(var)3–9, Enhancer of zeste (E(z)), and trx (22, 23). Many

of the SET domain-containing proteins have now been demonstrated to possess histone or

lysine methyltransferase (H/or KMTase) activity.

Detailed structural studies of nucleosomes demonstrated that the N-terminal tails of each of

the histones protrude outward beyond the gyres of the DNA (24) (Figure 1). Many amino

acid residues within the histone tails can be posttranslationally modified; and the

modifications of histone tails could provide a landing pad for a diverse array of transcription

factors, chromatin remodelers and DNA-interacting proteins to regulate gene expression.

The covalent modifications of histones to date include acetylation, phosphorylation, ADP-

ribosylation, biotinylation, ubiquitination, and methylation (25–29). Although, the list of

SET domain-containing proteins with identified KMTase activity towards histones is

growing, so far, this list only includes eight classes of enzymes, KMT1-KMT8 (30).

The KMT2 class and its first member, Set1, in yeast Saccharomyces cerevisiae were isolated

within the Set1/COMPASS functioning as a histone H3K4 methylases. Given the limitation

in space, I will only focus my attention in this review on the full description of the KMT2

class and its histone substrate. I will discuss our current knowledge on how histone H3K4

methylation by the KMT2 class is regulated via histone H2B monoubiquitination

implemented by the Rad6/Bre1 complex, and how these marks function as a sign of active

transcription, enhancer signatures, and are present and mark the developmentally poised

genes in mammalian cells.

2 - Molecular and biochemical properties of Set1/COMPASS

2.1 - Biochemical purification of Set1/COMPASS as the first histone H3K4 methylase

Early genetic studies in Drosophila identified two families of proteins, the trithorax group

(trxG) and the Polycomb group (PcG), to play a central role in the regulation of gene
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expression throughout development (31). The clustered homeotic (Hox) genes in the

Bithorax and Antennapedia gene complexes in Drosophila are some of the known targets of

the trxG and PcG proteins. The Drosophila trx gene was discovered based on the

identification of several mutations in this gene that resulted in the partial transformation of

the halteres into wings (32). The halteres are small knobbed-like structures found behind the

wings in Drosophila functioning as a gyroscope informing the insect about position of the

body throughout flight. Mutations in trxG and PcG genes resembled mutations in the Hox

genes, leading to the suggestion that trxG proteins function as positive effectors of gene

expression while the PcG proteins function in the repression of gene expression (33, 34).

Most of the trxG and PcG proteins are conserved in mammals functioning within similar

pathways to those of their Drosophila counterparts (35, 36). The first mammalian homolog

of Drosophila trx, the Mixed Lineage Leukemia (MLL) gene, was cloned based on the

identification of its random translocations found in patients suffering from hematological

malignancies, including acute myeloid and lymphoid leukemia, AML and ALL, respectively

(37–40). Despite the critical role of the MLL gene product in the pathogenesis of

hematological malignancies, very little was known about the molecular and biochemical

properties of MLL until the genetic and biochemical studies of its yeast homolog, Set1.

To begin to define the biochemical function(s) of MLL in the hope of a better understanding

of its role in leukemic pathogenesis, initial studies from our laboratory in the late 1990s set

out to purify MLL-containing complexes. Our approach was to fractionate nuclear extracts

and follow MLL by immunoblotting. Cloning and sequencing of MLL predicted a 400 kDa

polypeptide on Western, but it was much later that it was determined that MLL is

proteolytically cleaved in vivo, resulting in N-terminal (~150kDa) and C-terminal (~200

kDa) fragments that can associate non-covalently in cells (41). While we were unable to

detect full-length MLL at its expected electrophoretic mobility (~400kDa), and therefore

could not identify MLL complexes from mammalian cells, we had identified Set1 of yeast

Saccharomyces cerevisiae as a MLL homolog (42). We used conventional chromatographic

methods to isolate a yeast Set1-containing complex from 300 liters of yeast nuclear extract

(42). This complex was named COMPASS for Complex of Proteins Associated with Set1,

and it was demonstrated to be a histone H3 lysine 4 (H3K4) methylase. Set1/COMPASS

was the first H3K4 methylase identified and is capable of catalyzing the mono-, di- and

trimethylation of H3K4 (42–45).

2.2 - Kinetic properties and contribution of Set1/COMPASS subunits in H3K4 mono-, di-
and trimethylation

Set1 alone is not active as a KMTase, as Set1 within COMPASS is the active form of the

enzyme. Indeed, any alteration to the C-terminal domain of Set1 containing its SET domain,

such as insertion of tags including TAP, HA or Flag, results in the full loss of complex

formation and the activity of the enzyme (43, 44). Set1/COMPASS consists of eight

subunits including Set1, Cps60, Cps50, Cps40, Cps35, Cps30, Cps25, and Cps15 (Figure 2;

Table 1), with each of the subunits having a specific function in the assembly and regulation

of the pattern of H3K4 mono-, di and trimethylation by the enzyme (Table 1). Several

subunits of Set1/COMPASS including Set1, Cps50 and Cps30 are essential for complex
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formation/stability; and full KMTase activity of the complex as yeast cells lacking these

subunits are defective in H3K4 mono-, di- and trimethylation. The Cps35 subunit of

COMPASS (also known as SWD2) is the only essential subunit of the complex in yeast and

it is shared with other complexes including the cleavage and polyadenylation factor (CPF)

functioning in transcription termination on snoRNA genes (46–48). The essentiality of

Cps35 for growth is due to its requirement within CFP and not in COMPASS, as the

lethality due to the lack of Cps35 is suppressed by the overexpression of the C-terminal

fragment of Sen1, a superfamily I helicase functioning in snoRNA termination (47). The

Cps35 null strains in a Sen1-overexpression-background demonstrate a significant reduction

in H3K4 di- and trimethylation levels, with no detectable change in H3K4

monomethylation. Therefore, the Cps35 subunit of Set1/COMPASS is required for proper

H3K4 di- and trimethylation, but not monomethylation. The Cps40 subunit of the complex

is required for proper H3K4 trimethylation, as in its absence, yeast cells lack over 80% of

H3K4 trimethylation with very little effect on H3K4 mono- and dimethylation (45). The

Cps25 and Cps60 subunits of the complex appear to be required for proper H3K4 di- and

trimethylation, but not monomethylation (45, 49, 50).

2.3 - The pattern of H3K4 methylation by Set1/COMPASS and its dependence on the rate of
transcription elongation by RNA Pol II

Biochemical screens in yeast identified a role for the RNA Pol II C-terminal domain (CTD)

kinases Ctk1, Ctk2, and Ctk3 (the Ctk complex) in the regulation of H3K4 monomethylation

by Set1/COMPASS (51, 52). These studies demonstrated that the loss of the Ctk complex

kinase activity in yeast cells results in reduced histone H3K4 monomethylation levels

followed by a global increase in the histone H3K4 trimethylation levels (51). Given the fact

that Set1/COMPASS associates with transcribing Pol II through its interactions with the

Paf1 complex (53, 54) and that there is an established role for the Ctk complex in

transcriptional elongation control through CTD phosphorylation, a possible role for the rate

of transcription elongation by Pol II in dictating the pattern of H3K4 mono-, di- and

trimethylation by Set1/COMPASS was tested (51). These in vivo studies demonstrated that

as Set1/COMPASS travels with transcribing Pol II during the promoter escape, where Pol II

transcribes at a slower rate, therefore, the chromatin within such regions are mostly

trimethylated as Set1/COMPASS has a longer window of opportunity to methylate its

substrate, the nucleosomes. However, in regions where Pol II transcribes at a faster rate,

during productive elongation, Set1/COMPASS spends less time with its substrate, and

therefore, chromatin within such areas are monomethylated (51). In support of such

observations, in vitro enzymological studies demonstrated that the onset of

monomethylation on an unmethylated histone H3 by Set1/COMPASS is virtually

immediate, while the onset of trimethylation occurs upon extended time of association

between the histone H3 tail and Set1/COMPASS, further supporting the notion that the

pattern of H3K4 trimethylation by the enzyme requires an extended interaction with its

substrate (51).
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3 - Identification of the metazoans Set1/Trx/MLL in COMPASS-like

complexes functioning as H3K4 methylases

3.1 - Biochemical purification of MLL and Set1/COMPASS-like complexes from Drosophila
to human

The COMPASS family of H3K4 methylases is highly conserved from yeast to plant and to

human (42, 43, 55–58). Three independent genes in Drosophila: dSet1, trithorax (trx) and

trithorax-related (Trr), are homologs to yeast Set1 (Mohan et al., 2011) (Figure 2; Table 1).

The dSet1 is the direct descendent of yeast Set1, while trx and Trr are more distantly related

to yeast Set1 (Figure 2). Although it was initially reported that trx is found in a

heterotrimeric complex with CBP and SBF1 (59), our studies have demonstrated that dSet1,

trx and Trr are all three found in COMPASS-like complexes capable of methylating histone

H3K4 (Mohan et al., 2011). Each enzyme localizes to hundreds of sites on polytene

chromosomes, but the deletion or RNAi-mediated knockdown of either one of these genes

results in lethality in Drosophila, indicating that the H3K4 methylase function of each

complex is non-redundant. Loss of dSet1 results in global losses of H3K4 di- and

trimethylation (60, 61), indicating that trx and Trr may have more specialized functions.

dSet1, trx and Trr each interact with a set of core COMPASS subunits, but there are also

subunits unique to each complex (61). Importantly, each of these unique subunits has an

ortholog in the mammalian version of its COMPASS-like complex; mammals, however,

have two homologous complexes for each of the Drosophila complexes.

In human cells, Set1A, Set1B, MLL1, MLL2, MLL3 and MLL4 are homologs of yeast Set1

(62, 63) (Figure 2; Table 1). Following the identification of Set1/COMPASS in yeast as the

first H3K4 methylase (42–45), the affinity purification of the menin tumor suppressor

protein, which is the product of the MEN1 gene, resulted in the isolation of MLL2 and many

of the human homologs of the yeast COMPASS subunits within the same complex (56).

This biochemical study demonstrated that not only is MLL2 associated within a COMPASS-

like complex, but it can also function as a histone H3K4 methylase (56). Subsequent studies

demonstrated that the MLL1-4 are all found in COMPASS-like complexes capable of

mono-, di- and trimethylating H3K4 (64–71) (Figure 2; Table 1). The Set1A and Set1B

proteins in human cells were also identified in COMPASS-like compositions functioning as

an H3K4 methylase (66, 72, 73). These studies established the fact that Set1/COMPASS,

found initially in yeast, is highly conserved from yeast to human, both in composition and

function. Detailed biochemical studies have demonstrated that each COMPASS-like

complex in metazoans carries shared subunits that are similar to their yeast counterpart.

Additionally, the metazoan complexes also possess complex-specific subunits bringing

about target specificity and functioning as interaction modules for each complex (Figure 2;

Table 1). Details of the composition of the human COMPASS-like complexes are described

below.

3.2 - Composition of metazoan COMPASS-like complexes

The shared subunits between yeast COMPASS and the metazoan Set1/MLL/COMPASS-

like complexes include ASH2 (related to Cps60), RbBP5 (related to Cps50), Wdr5 (related

to Cps30) and Dpy30 (related to Cps25) (Figure 2; Table 1) (62, 74). Metazoan Set1/
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COMPASS possesses CxxC and Wdr82, which are related to yeast Cps40 and Cps35

respectively, however, these proteins are not detected stoichiometrically within the MLL1-4

complexes (62, 66, 73, 75, 76). The menin tumor suppressor protein, whose gene, MEN1, is

mutated in familial multiple endocrine neoplasia type 1, together with the lens epithelium

derived growth factor (LEDGF) are found to be associated with both the MLL1 and MLL2

complexes. However, these proteins are absent in the MLL3 and MLL4 complexes (56, 66).

The histone H3K27 demethylase UTX, the Pax Transactivation domain-Interacting Protein

(PTIP), nuclear receptor coactivator (NCOA6), and PTIP-associated 1 (PA1) are specifically

found within the MLL3-4/COMPASS-like complexes (64–66, 69, 71, 77–79).

3.3 - Functional diversity of the metazoans’ COMPASS-like complexes

Following the identification of MLL1 within a COMPASS-like complex functioning as an

H3K4 trimethylase (56), the vast majority of H3K4 methylation studies were focused on

MLL1’s activity. However, biochemical and cell biological studies in mammalian cells

demonstrated that the attenuation of Wdr82 (a Set1A/B specific subunit) levels in cells

results in the reduction of the Set1A/B protein levels, but not the core components or MLL1

(66, 80). This loss in the Wdr82 levels is followed by a global loss in H3K4 trimethylation

levels with very little alteration in the H3K4 di- and trimethylation levels (66). This study

demonstrated that: 1) mammalian Wdr82, the Set1A/B specific factor, is required for the

majority of proper H3K4 trimethylation by Set1, and not for the MLL COMPASS-like

complexes; 2) Set1A/B complexes in mammalian cells are the major H3K4 methylases; and

3) MLL1-4 do not function globally as the major regulators of H3K4 trimethylation, but

rather must have specific functions. Recently, the generality of the role of Set1/COMPASS

as a major histone H3K4 methylase in other organisms was confirmed (60, 61).

Studies in Caenorhabditis elegans confirmed that many of the components of the

COMPASS family are highly conserved in C. elegans as well (81). Similar to studies in

mammalian cells (58), the loss of the Set1 homolog in C. elegans resulted in a major

decrease in bulk H3K4 trimethylation, however, removal of the only MLL1-4 homolog in C.

elegans, Set-16, did not have a global effect on the pattern of H3K4 methylation (81).

Recent studies have demonstrated a specific role for the components of Set1/COMPASS in

C. elegans, specifically in the regulation of the expression of the gustatory neurons ASEL

and ASER, a bilaterally symmetric neuron pair that is functionally lateralized and occur

stereotypically (82). This study demonstrated that Set1/COMPASS has a role in the

specification of a left-right asymmetry in this sensory neuron pair. Several shared

components of the COMPASS family in C. elegans, including Ash2, Wdr5 and Rbbp5 are

required for ASE laterality defects (82). Furthermore, Wdr82, which is specific to Set1/

COMPASS and not the MLL1-4/COMPASS-like complexes, is also required for ASE

laterality (82), suggesting a specific role for Set1/COMPASS in this process. Since C.

elegans lacks the Trx/MLL1-2 complexes (please see below) (83), this function of Set1/

COMPASS could be shared between trx and Set1 in C. elegans.
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3.4 - Mammalian MLL1/MLL2, the Drosophila homologs of trithorax involved in the positive
regulation of homeotic gene expression

Early studies by Korsmeyer and colleagues demonstrated that MLL1 is required for proper

segment identity in mammals, and that it positively regulates Hox gene expression (84). The

targeted deletion of both copies of MLL1 in mouse embryonic stem (ES) cells by

homologous recombination resulted in embryonic lethality (84, 85). MLL1 heterozygous (+/

−) mice demonstrated retarded growth, hematopoietic abnormalities, and similar to the loss

of the trx gene in Drosophila, demonstrated bidirectional homeotic transformations (84).

Reduction of MLL1 levels in MLL1 heterozygous (+/−) animals also demonstrated

abnormalities in the anterior boundaries of Hoxa7 and Hoxc9 expression, whereas their

posterior expression was lost in MLL −/− embryos. Subsequent cellular studies confirmed a

role for MLL1 as a regulator of Hox gene expression and linked MLL’s specific role in this

process to its role in leukemic pathogenesis (86–89).

Given the importance of the histone methyltransferase activity of MLL1 in leukemogenesis,

and its existence in just one of the six COMPASS-like complexes, the global pattern of

H3K4 methylation was tested in mouse embryonic fibroblasts (MEFs) wildtype and null

type for MLL1 (77). Surprisingly, these studies demonstrated that MLL1 is required for the

H3K4 trimethylation of only less than 5% of the promoters carrying this modification (77).

The Gene Ontology (GO) analysis of the MLL1 H3K4 methylation targets demonstrated

that many of these genes include developmental regulators such as Hox genes, however, not

all Hox genes require MLL1 for their proper H3K4 methylation (77). Also, the loss of

MLL1 resulted in decreased levels of Pol II recruitment, decreased expression and a

concomitant loss of H3K4 methylation at these genes. Analysis of the entire Hox cluster

established that MLL1 is only required for the methylation of a subset of Hox genes.

However, the deletion of Menin, which is a component of both the MLL1 and MLL2

complexes (Figure 2), resulted in the abolishment of the majority of H3K4 methylation at

the entire Hox loci. This finding established that MLL1 and MLL2 are the functional

homologs of the Drosophila trx gene, as the loss of the MLL3/MLL4 and/or the Set1

complexes demonstrated little to no effect on the H3K4 methylation or expression of this

homeotic cluster (77). Similar findings in Drosophila also suggest that Set1/COMPASS is

the major H3K4 methylase and that trx and Trr/COMPASS-like complexes have limited and

specific genomic targets (61).

3.5 - Mammalian MLL3/MLL4: the homologues of the Drosophila trithorax-related (Trr)

The Drosophila trithorax-related (trr) gene was identified based on the homology of its

SET-domain with trx, and cloned using a degenerate PCR strategy (90, 91). Similar to trx,

mutations or deletions of the trr gene result in embryonic lethality indicating that the

function of these two related genes are not redundant. Indeed, the loss of the Trr function

does not result in homeotic transformations as seen with the loss-of-function of trx, and no

dominant interaction has been reported between trr1 and the hypomorphic alleles of either

Polycomb (Pc) or trx, revealing that Trr is not a major regulator of the expression of

homeotic genes (74, 90).
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The major steroid hormone pathway receptor in Drosophila, the ecdysone receptor (EcR),

co-localizes extensively with Trr on polytene chromosomes (92). Furthermore, Trr and EcR

can be co-immunoprecipitated in an ecdysone-dependent manner (92). Following the

demonstration that the SET-domain of Trr can also function as a histone H3K4 methylase

(92), it was demonstrated that association of Trr and EcR on chromatin in an ecdysone-

dependent manner is followed by the trimethylation of histone H3K4 of EcR target

promoters. More importantly, in trr alleles lacking the SET-domain of Trr, the H3K4

trimethylation levels on EcR target genes are significantly abridged suggesting that the

catalytic activity of Trr is required for ecdysone-dependent gene activation through H3K4

methylation in vivo (92).

Cloning of one of the human homologs of Drosophila Trr, the MLL4/ALR gene (93), was

followed by the purification of its complex from human cells in a COMPASS-like

composition capable of interacting with the estrogen receptor (94). The ER alpha directly

binds to MLL4’s two LXXLL motifs near its C terminus in a ligand-dependent manner (94).

Similar to EcR in Drosophila, the MLL4 complex is recruited to the promoters of the ER

alpha target genes following estrogen stimulation, and the expression of the ER alpha target

genes is abridged upon inhibition of MLL4 expression. Subsequently, other complexes

containing MLL3/MLL4 were also identified, and demonstrated that MLL3/4 to exist in

COMPASS-like complexes (64–66, 69, 71, 78) (Figure 2). Overall, studies on the MLL3/

MLL4 complexes have demonstrated that these COMPASS family members play an

important role as co-activators of nuclear transport signaling, adipogenesis and

immunoglobulin class switching (71, 94–98). The prominent role of the MLL3/4 and Trr

complexes in nuclear receptor coactivation indicates specialization among different classes

of the MLL1-4 proteins. Indeed, C. elegans, which has a reduced homeotic gene cluster (99)

lacks a MLL1/2/Trx-like gene, but does have Set1 and MLL3/4/Trr genes. Interestingly, C.

elegans has an expanded number of nuclear receptors encoded in their genome, perhaps

explaining why this organism has MLL3/4 (Set-16), but not MLL1/2 genes (83, 100).

3.6 - A histone H3K27 demethylase as a component of the Trr/MLL3/MLL4 complexes

As the histone H3K4 methylase function of trx in Drosophila and MLL1-2 in mammalian

cells is considered to be a positive regulator of homeotic gene expression, the histone

H3K27 methylation by the Polycomb group of proteins (PcG) is considered to be a negative

regulator of this process. The Jumonji C domain-containing histone demethylase, UTX,

functions as a histone H3K27 demethylase (78, 79, 101–104). Surprisingly, UTX was

identified to co-purify with the MLL3/MLL4 complexes (64, 65, 69, 78) and to function

during retinoic acid signaling events (78). Similar complexes containing Trr and UTX have

also been observed in Drosophila (61) and have been demonstrated to function in cell

growth control, where it interacts with the Notch and Rbf pathways to suppress

tumorigenesis (104). A similar phenomenon was observed in C. elegans and in human cells

(105). It is not clear at this time why the Trr/MLL3/MLL4-containing complexes carry

H3K27 demethylase activity within their complexes and why the Set1A/B and Trx/MLL1/

MLL2 complexes lack this activity. H3K27 methylation machinery and a MLL3-like protein

can be found even in unicellular organisms such as ciliated protozoa, indicating an ancient

role for antagonism between H3K4 and H3K27 methylation that goes beyond regulating
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Hox gene patterning (83). Recent genome-wide studies of PcG proteins indicate that these

proteins play a much larger role than to repress Hox genes (106–108). Perhaps the MLL3/4

H3K4 methyltransferases together with H3K27 demethylase activity regulate a distinct form

of antagonizing PcG function that differs from the Trx-Hox paradigm. MLL3 and MLL4, as

well as UTX, are frequently mutated genes in human cancers (109–112). Therefore,

determining the way that these two classes of enzymes interact with each other to regulate

gene expression is an important area of future research.

3.7- Metazoan COMPASS subunit Dpy-30 in dosage compensation

Dosage compensation is a process by which the expression of X-linked genes is equalized

between males and females. In mammals, this is achieved by silencing one of the two X

chromosomes in females. In Drosophila, genes on the single X chromosome in males are

transcribed at twice the rate to achieve the same transcriptional output from two X

chromosomes in females. In C. elegans, the two X chromosomes in hermaphrodites are

transcribed at half the level of the X chromosome in XO males (113). In each lineage, along

with the evolution of an autosome into a sex chromosome, there was also the co-option of

global chromatin-modifying machinery for the purpose of dosage compensation. In

mammals, the machinery includes proteins involved with heterochromatin formation that are

co-opted for silencing one of the X chromosomes (forming the cytologically visible Barr

body) (114). In Drosophila, the MSL complex implements H4K16 acetylation on the male

X chromosome to achieve dosage compensation. In both Drosophila and mammals, a

related H4K16 acetylation complex modifies histones in both males and females on all

chromosomes for proper gene expression genome-wide (115). In C. elegans, a condensin

complex (called the DCC for dosage compensation complex) shares subunits with the

chromosome compaction machinery necessary for the faithful segregation of the mitotic and

meiotic chromosomes (113, 116–119). While mutations in many of the DCC genes cause

hermaphrodite-specific lethality, rare survivors have a shortened or dumpy morphology.

Another gene whose mutation gives a dumpy phenotype is dpy-30 (120, 121). However

dpy-30 is also essential for the development of XO males, indicating an additional, more

general function. C. elegans DPY-30 is homologous to Cps25 found in yeast COMPASS

and to Dpy30 found in Drosophila and the mammalian COMPASS family. Co-

immunoprecipitation experiments and genome-wide profiling studies demonstrate that C.

elegans DPY-30 associates not only with COMPASS and COMPASS-like complexes,

where it is essential for the H3K4me3 mark, but also functions in the DCC, independently of

other COMPASS subunits (122). As a member of the DCC, DPY-30 plays an essential role

in the loading of DCC components onto X chromosomes of hermaphrodites. Thus, the same

subunit that is required for H3K4me3, a mark of active transcription from yeast to

mammals, is also a component of a complex that reduces transcription through chromatin

condensation. The existence of DPY-30 in the context of the DCC has the potential to

provide clues for the function of DPY-30 and its homologs of the COMPASS family, due to

unique genetic tools developed over the last 25 years in studies of C. elegans dosage

compensation.
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4- Development of a biochemical screen (GPS) in yeast for the

identification of the molecular pathway of histone H3K4 methylation

4.1 - Identification of histone H2B monoubiquitination by Rad6 as a signal for H3K4
trimethylation by Set1/COMPASS

A proteomic screen called Global Proteomic analysis in S. cerevisiae (GPS) was devised to

identify factors and molecular pathway(s) required for proper histone H3K4 methylation by

Set1/COMPASS (123). This method takes advantage of the availability of the collection of

the yeast non-essential deletion mutants (124, 125) and antibodies generated toward H3K4

mono-, di-, and trimethlyated H3K4 to identify factors required for implementation of this

histone modification in cells (123). In GPS, extracts from strains deleted for each of the non-

essential yeast genes from the collection are generated and analyzed by SDS/PAGE

followed by Western blot analysis. This method allows the identification of the protein

coding genes in the yeast genome required for Set1/COMPASS function.

The first hit from this biochemical screen was the demonstration of the first trans-tail histone

crosstalk (126). This study demonstrated that histone H2B monoubiquitination by the E2-

conjugating enzyme, Rad6, is required for proper H3K4 methylation by Set1/COMPASS

(126). At the same time, another independent study also reported the role of H2B

monoubiquitination by Rad6 in H3K4 methylation (127). These studies confirmed that H2B

monoubiquitination by Rad6 is required for H3K4 di- and trimethylation by Set1/

COMPASS and that methylation of H3K4 is downstream of the H2B monoubiquitination

function of Rad6 (45, 126, 127). The histone H2B monoubiquitination crosstalk is also

required for proper histone H3K79 trimethylation by the non-set domain-containing enzyme,

Dot1 (128–130). Indeed, global genomic studies have demonstrated that promoters within

the yeast genome bearing H2B monoubiquitination possess H3K79 trimethylation and that

promoters lacking H2B monoubiquitination only bear H3K79 mono- and dimethylation,

further solidifying a direct link for this trans-histone tail crosstalk throughout the yeast

genome (131).

4.2 - Bre1, the E3-conjugating enzyme, is required for the association of Rad6 with
chromatin and H2B monoubiquitination

Following the identification of the role of histone H2B monoubiquitination by Rad6 in

regulating H3K4 methylation, investigators were searching to identify the E3-conjugating

enzyme required for Rad6 function in chromatin modification and transcription. Our GPS

screen identified the C3HC4 ring finger-containing protein, Bre1, as a factor required for

proper H3K4 di- and trimethylation by COMPASS or H3K79 methylation by Dot1 (130).

Deletion or generation of a single point mutation in the ring finger of Bre1 rendered this E3

ligase inactive in H2B monoubiquitination and resulted in the loss of H3K4 and H3K79

methylations in strains bearing such mutations (130). In support of this observation,

biochemical purification of Rad6 demonstrated that this enzyme exists in complexes with

several different E3 ligases, including Bre1 (130). This study demonstrated the existence of

physical interactions between Rad6 and Bre1 (130). In strains lacking Bre1, Rad6 is not able

to interact with chromatin, and therefore, the levels of H2B monoubiquitination and H3K4

and H3K79 trimethylation are lost, suggesting that Bre1 is required for the recruitment of
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Rad6 to chromatin on genes (53, 130). Bre1 and its interacting factor, Lge1, were also

identified to be required for proper H2B monoubiquitination and H3K4 methylation (132).

This study further suggested a function for Bre1/Lge1-dependent H2B monoubiquitination

in the control of cell size in yeast (132).

Studies in yeast demonstrated that a subunit of Set1/COMPASS, Cps35 (also known as

Swd2), associates with the enzyme and chromatin in an H2B monoubiquitination-dependent

manner and that the interaction between Cps35 and monoubiquitinated nucleosomes appears

to be indirect as Cps35 is not capable of interacting with free ubiquitin (76, 133). Given the

fact that Cps35 is required for proper H3K4 di- and trimethylation (47, 48, 76), such studies

suggest that Cps35 can function in regulating histone H2B monoubiquitination/H3K4

methylation crosstalk. Similarly, other studies have also found a role for Cps35/Swd2 as a

factor within Set1/COMPASS regulating monoubiquitination/H3K4 methylation crosstalk

(134). In support of these observations, the Drosophila and human homologue of Cps35, a

protein known as Wdr82, is also required for Set1/COMPASS function in H3K4

trimethylation (58).

4.3 - The conserved role of Bre1 in Set1/COMPASS function from yeast to human

Both Rad6 and its E3-conjugating enzyme, Bre1, are highly conserved in structure and

function from yeast to human cells, demonstrating the power of genetic and biochemical

screens in yeast in identifying the molecular machinery required for proper H3K4

methylation (3, 83, 135–139). In Drosophila, Bre1 was identified through genetic screens as

a factor that is required for the proper expression of Notch target genes during development

(139). Similar to yeast cells (130), depletion of Bre1 levels in Drosophila results in a

reduction of H2B monoubiquitination levels followed by a reduction in histone H3K4 and

H3K79 methylation levels (61, 130, 138). In addition to a role in the regulation of the Notch

signaling pathway, Bre1 and H2B monoubiquitination also function in Wnt signaling and

the maintenance of multiple types of adult stem cells (138, 140, 141).

Although initial studies in mammalian cells suggested that the RING domain-containing E3

ubiquitin ligase, Mdm2, which ubiquitinates the p53 tumor suppressor protein, can also

monoubiquitinate histone H2B both in vivo and in vitro (142), it has been firmly established

that similar to yeast, human Bre1 is the E3 ligase functioning with human Rad6 to regulate

the global pattern of H2B monoubiquitination (135–137). These studies demonstrated that

the machinery required for the proper regulation of H2B monoubiquitination is highly

conserved from yeast to human (3). Indeed, when using recombinant nucleosomes

containing a wildtype or monoubiquitinated H2B version, the human Set1/COMPASS

containing Wdr82 (mammalian homolog of yeast Cps35) used the H2B monoubiquitinated

substrate with higher kinetics and efficacy than the non-monoubiquitinated version,

indicating the conservation of function of H2B monoubiquitination in H3K4 trimethylation

by Set1/COMPASS from yeast to human (137).

4.4 - Histone H2B monoubiquitination by Rad6/Bre1 in transcription elongation control

Although H2B monoubiquitination is required for proper histone H3K4 and H3K79

trimethylation from yeast to human, this modification and its machinery have recently been
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linked to other pathways. The global analysis of the pattern of H2B monoubiquitination in

yeast demonstrated that this mark is found on other regions of chromatin lacking some or all

of the histone marks mentioned above (131). For example, histone H3K4 trimethylation is

only associated with the promoters of active genes, however, histone H2B

monoubiquitination is found covering the entire body of an actively transcribed gene (131).

Histone H3K79 trimethylation appears to be associated with genes that are on average larger

in length versus H3K79 dimethylation, which is found on the promoters and associates with

genes that are on average shorter in length (131). These findings suggested that

dimethylation of histone H3K79 is associated with cell cycle regulation and G1/S transition,

however, H3K79 trimethylation does not appear to play a role in this process. Subsequent

studies demostrated that histone H3K79 trimethylation is required for the Wnt signaling in

metazoans and gene expression in yeast (138, 143).

In vitro studies using reconstituted transcription systems demonstrated that histone H2B

monoubiquitination works cooperatively with the transcription elongation factor FACT to

regulate the elongation properties of RNA Pol II (144). In support of this observation,

studies in the fission yeast, Schizosaccharomyces pombe, established that the loss of H2B

monoubiquitination is associated with defects in nuclear structure, cell growth and septation.

Chromatin immunoprecipitation experiments analyzing the localization properties of RNA

Pol II in S. pombe cells lacking H2B monoubiquitination confirmed that the loss of H2B

monoubiquitination results in an altered pattern of Pol II distribution and histone occupancy

in the wake of Pol II transcription in gene coding regions (145). These in vivo findings

further suggest that H2B monoubiquitination could regulate the rate and the process of

transcriptional elongation control (145). Whether H2B monoubiquitination and/or Rad6/

Bre1 can directly regulate the elongation properties of Pol II, or whether H2B

monoubiquitination of nucleosomes alters transcription elongation due to changing the

positioning and/or occupancy of nucleosomes, in front of and/or in the wake of transcribing

polymerase, remains to be resolved.

4.5 - Histone H2B monoubiquitination by Rad6/Bre1 in DNA double-strand break repair by
homologous recombination

Histone H2B monoubiquitination by Rad6/Bre1 has also been proposed to be required for

DNA double-strand break repair by homologous recombination (146, 147) (146). The

protein kinase ATM is central to the DNA damage response (DDR) as it phosphorylates

many of the factors found within the DDR network. In human cells, double-stranded DNA

breaks induce histone H2B monoubiquitination catalyzed by Rad6/Bre1, and this process is

regulated by the ATM-dependent phosphorylation of the Rnf20 and Rnf40 subunits of the

human Bre1 complex to form a heterodimer (146). Histone H2B monoubiquitination was

demonstrated to be involved in the two major double-stranded repair pathways:

nonhomologous end-joining and homologous recombination repair (146).

In another independent study, the RNF20 subunit of human Bre1 was shown to be recruited

to double-stranded DNA break sites independently of H2AX. This study showed that the

histone H2B monoubiquitination-dependent methylation of H3K4 at double-stranded break

sites is involved in the recruitment SNF2h functioning in homologous recombination repair
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and the enhanced sensitivity to radiation damage (147). However, these studies did not

identify which COMPASS family member is involved in this process. Given the

requirement of H2B monoubiquitination for Set1A-B/COMPASS function in human cells,

Set1/COMPASS could be the appropriate methyltransferase over the MLL1-4/COMPASS

family.

Although the exact molecular mechanism for Rad6/Bre1 and histone H2B

monoubiquitination in DNA damage repair is still in its infancy, these studies point to the

diverse implementation, regulation and biological outcome for this highly conserved

process. Given the fact that genetic and biochemical studies in yeast have been very fruitful

in this regard, studies concentrating on defining the role of the Rad6/Bre1 complex in DNA

double-stranded break repair and in homologous recombination in yeast could be highly

informative.

4.6 - The RNA polymerase II elongation factor, the Paf1 complex, regulating Set1/
COMPASS function

Biochemical affinity purifications, with yeast RNA Pol II as the bait, identified the

Polymerase Associated Factor 1 (PAF1) as a Pol II-interacting protein (148). Deletion of

Paf1 in yeast resulted in several general transcriptional phenotypes including a defect in the

induction of the galactose-regulated genes, suggesting a general role for Paf1 in

transcriptional control (148). Another factor, Rtf1, was genetically identified to function as a

RNA Pol II elongation factor in yeast (149). Further biochemical studies demonstrated that

both Paf1 and Rtf1 and a few other factors including Cdc73, Ctr9 and Leo1 interact within a

same complex, named the Paf1 complex, controlling transcriptional initiation and elongation

in yeast (150–153).

Very little was known about the exact molecular function of the Paf1 complex in

transcription until the subunits of this complex appeared as hits in the GPS biochemical

screen when exploring for factors required for proper H3K4 and H3K79 methylation (54).

Several components of the Paf1 complex including Paf1, Rtf1, Cdc73 and Ctr9 were

identified as factors whose deletion resulted in a reduction in H3K4 and H3K79

trimethylation levels (54). The Paf1 complex regulates H3K4 methylation at several levels.

The components of the Paf1 complex are required for proper H2B monoubiquitination by

Rad6/Bre1, since in the absence of the Paf1 complex, both Rad6 and Bre1 are recruited to

chromatin. However, Rad6/Bre1 are not functional in H2B monoubiquitiation until Paf1 is

recruited to the same site (53). Not only does the Paf1 complex function by regulating H2B

monoubiquitination through Rad6/Bre1, it also plays a role as a landing pad for Set1/

COMPASS on RNA Pol II promoting H3K4 methylation on chromatin within the

transcribed regions of the genes (53, 54). These early studies proposed that the Paf1

complex plays a role as a “platform” for the association of the histone-modifying machinery

with the transcribing RNA Pol II (53, 54, 154). Indeed, subsequent studies identified other

factors such as Set2, in addition to COMPASS, that required the Paf1 complex for their

association and methylase function (155).

Similar to the subunits of Set1/COMPASS or Rad6/Bre1, which were initially identified in

yeast to play a role in histone H3 and H2B modifications and shown to be functionally
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conserved in mammalian cells (42, 43, 53, 126, 127, 130, 135, 137, 144), the Paf1 complex

is also highly conserved in structure and function from yeast to mammalian cells (144, 156–

159). Even the “platform” function of the Paf1 complex, as a site of recruitment for Set1/

COMPASS (53, 154), is conserved in mammalian cells. The Paf1 complex in human cells

can associate and recruit the MLL1/COMPASS-like complex to transcribing RNA Pol II

(160, 161). However, given the fact that the Paf1 complex associates with all

transcriptionally active sites in mammalian cells, this finding does not describe how MLL,

which is only required for H3K4 methylation on a small subset of genes (77), is specifically

recruited by the Paf1 complex to such loci.

5 - Histone H3K4 methylases in development and disease pathogenesis

5.1 - “Licensed to Elongate” a model for leukemic pathogenesis through MLL1
translocations

Among the four MLLs, the MLL1 gene is the subject of frequent chromosomal

translocations associated with acute myeloid and lymphoid leukemia (162–164).

Chromosomal translocations involving the MLL1 gene in childhood malignancies account

for ~10% of all detectable translocation events, and many of the patients bearing such

chromosomal translocations are at high risk of relapse and require aggressive treatment

(162, 164). Upon translocation, the C-terminal half of MLL is replaced by the translocating

chromosomes and the entire SET domain of MLL is lost as a result of such translocations.

Although the chromosomal copy of MLL within the translocations loses its SET domain, the

SET domain of MLL from the other chromosomal copy of MLL appears to be required for

leukemic pathogenesis (165). A role for MLL1 translocations as a cause of leukemic

pathogenesis is well established, as knock-in or immortalization models of cancer have

demonstrated that MLL1 translocations result in the pathogenesis of hematological

malignancies with varying latencies of disease based on the translocation partners of MLL

(162, 166–169). Although MLL’s contribution to leukemic pathogenesis was known for a

long time, the exact molecular mechanism and contribution of so many of the seemingly

unrelated MLL partners in leukemic pathogenesis was not clear until recently.

There are a large number of MLL translocation partners with very little sequence similarities

(170). As diverse as the number of MLL partners in leukemia, are the numbers of models

proposed describing how MLL1 translocations in so many unrelated genes result in the

pathogenesis of leukemia (171–174). The ELL protein, which is one of the major

translocation partners of MLL, was the first MLL-associated partner in leukemia for which a

molecular and biochemical function was determined (175, 176). Over fifteen years ago, ELL

was biochemically purified and demonstrated to function as a RNA Pol II elongation factor

(175). ELL increases the catalytic rate of transcription elongation by RNA Pol II by

suppressing transient pausing by the enzyme (175). Given the fact that biochemically, ELL

functions as a Pol II elongation factor, and that ELL is one of the many MLL partners found

in leukemia, it was proposed over fifteen years ago that the misregulation of the elongation

stage of transcription could be central to leukemic pathogenesis through MLL translocations

(175–177). Biochemical and genetic studies with human ELL 1–3 and the sole copy of ELL

in Drosophila established that ELL can function as a RNA Pol II elongation factor both in
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vitro and in vivo (175, 178–183). However, it was not clear how MLL translocations, to so

many unrelated genes, resulted in leukemia.

Following the biochemical purifications of many of the MLL-chimeras including MLL-

ELL, MLL-ENL, MLL-AF9 and MLL-AFF1, it was demonstrated that AFF4, itself a

partner of MLL in leukemia, is found as a common factor among the complexes purified

from these translocations (184). Further biochemical purification of AFF4 resulted in the

demonstration that many of the MLL translocation partners are found associated with the

elongation factors ELL and P-TEFb within a complex called the Super Elongation Complex

(SEC) (184). It is the translocation of MLL into SEC that is involved in the misrecruitment

of SEC to MLL target genes, perturbing transcription elongation checkpoints at these loci,

and resulting in leukemic pathogenesis (Figure 3) (83, 162, 184, 185). Not only is SEC

involved in the regulation of transcription of the MLL target genes in leukemia, this

elongation complex plays a central role in regulating transcription elongation control and

gene expression during development, in response to environmental stimuli, and in HIV Tat-

dependent transactivation (186–188).

5.2 – COMPASS family in the regulation of lifespan and aging

In addition to marking actively transcribed regions and the regulation of developmentally

controlled genes, histone H3K4 methylation machineries have recently been linked with

lifespan in a germline-dependent manner in C. elegans (189). Using a directed RNAi screen

in fertile worms, the ASH2L subunit of the COMPASS complexes of C. elegans was

demonstrated to play a role in the regulation of lifespan. Based on homology searching, it

has been proposed that C. elegans possesses two of the three classes of the COMPASS

family of H3K4 methylases (83). One is Set-2 of C. elegans, which is very similar to the

Drosophila Set1 and human Set1A/B genes. The other is C. elegans Set-16, which bears

resemblance to Drosophila Trr and human MLL3/4. The loss of Trx/MLL1-2 in C. elegans

can be explained by the fact that this organism does not possess a large number of homeotic

genes for development.

Along this line, reductions in the levels of other members of Set1/COMPASS in C. elegans,

including Wdr5 and Set-2 (Set1 homolog), resulted in extension of lifespan, suggesting that

an excess of H3K4 methylation is detrimental for longevity (189). In support of this

observation, loss of the histone H3K4 demethylase RBR-2 in C. elegans was demonstrated

to be also required for normal lifespan. Given the fact that histone H3K4 trimethylation by

Set1/COMPASS requires proper H2B monoubiquitination by Rad6/Bre1 from yeast to

human (3, 76, 190), it will of great interest to determine whether this pathway is also

required for longevity in C. elegans, and whether di- and/or trimethylation is required for

this process. This pathway can be further dissected by identification of the conserved role of

Wdr82, which is specifically required for H3K4 trimethylation by Set1/COMPASS. The

determination of the role of these factors in the specific regulation of di- and trimethylation

in the regulation of longevity will also be of great interest.
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5.3 - Histone H3K4 methylation by the Trr/COMPASS family in nuclear receptor
transactivation, and cancer pathogenesis

The Trr family of H3K4 methylases in Drosophila and their human homologs, the MLL3/4

complexes, have been shown to function in diverse processes. Initially for Drosophila Trr

and later for mammalian MLL3/4, it was demonstrated that they function in the nuclear

hormone transactivation pathway. The ecdysone receptor (EcR), which is the major steroid

hormone pathway receptor in Drosophila, was demonstrated to co-localize extensively with

Trr in an ecdysone-dependent manner (92). Furthermore, Trr and the EcR can be isolated

within a common complex in an ecdysone-dependent manner (92). Following these initial

observations in Drosophila, it was demonstrated that the human homolog of Trr, the

MLL3/4 family of the H3K4 methylases, also functions within the nuclear hormone pathway

(94). This class of H3K4 methylases was demonstrated to work in the crosstalk between the

ATPase-dependent chromatin remodeling complexes and efficient nuclear receptor

transactivation.

In other studies, the MLL3/4 family members have been linked to cancer through

interactions with p53 and the DNA damage pathway (191). Recently, frequent mutations in

MLL4 were associated with non-Hodgkin’s lymphoma (110). Follicular lymphoma (FL) and

diffuse large B-cell lymphoma (DLBCL) are the most common non-Hodgkin’s lymphomas.

DNA sequence analysis from samples from patients suffering from FL and DLBCL

demonstrated that about 32% of DLBCL and 89% of FL cases had somatic mutations in the

MLL4 gene (110). Given the widespread role of MLL1 in leukemic pathogenesis and recent

findings about MLL3/4 in cancer, further investigation of the roles of these families of

methyltransferases will better our understanding of the Trr/MLL3-4 family of histone H3K4

methyltransferases.

6 - Concluding Remarks

It has been almost ten years since the original report on the biochemical purification of Set1/

COMPASS as the yeast homolog of Drosophila trx and mammalian MLL (42) and its

biochemical characterization as the first histone H3K4 methylase (42–44, 192). As described

in this review, there has been a watershed of information regarding the COMPASS family of

H3K4 methylases and the biological role of this histone modification from yeast to humans.

We now know that Set1/COMPASS is highly conserved from yeast to human both

enzymatically and structurally. Histone H3K4 trimethylation in yeast was shown to mark the

promoters of the actively transcribed regions (53, 54, 193) and this mark is highly conserved

from yeast to human (194). Although there is only one Set1/COMPASS in yeast, there are

three COMPASS-like complexes in Drosophila, which are the Set1, trx and Trr/COMPASS-

like complexes (Figure 2; Table 1). The activities of these three family members of the

H3K4 methylases of Drosophila are expanded in mammalian cells. The activity of Set1/

COMPASS is shared by the Set1A-B/COMPASS complexes. The trx and Trr activities are

shared by the MLL1-2 and MLL3-4 COMPASS-like complexes, respectively (Figure 2).

The H3K4 methylase activities of Set1, trx, and Trr of Drosophila and Set1A-B, MLL1-2

and MLL3-4 of mammals, are highly specific and non-redundant as the deletion of any of
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these methylases results in lethality, indicating that these enzymes cannot compensate for

one another (84, 195–197).

Although we have learned an extensive amount of information about the process of

implementation and the removal of the different patterns of histone H3K4 methylation

during the past ten years, there is still much to be learned about the biology and reasons

behind the diversity of the COMPASS family in metazoan cells. For example, Set1/

COMPASS of yeast can implement the mono-, di- and trimethylation of H3K4, and several

subunits of COMPASS are required to regulate this process (Table 1). However, in

mammalian cells the different patterns of H3K4 methylations have been attributed to

different biological functions. For example, as with yeast, H3K4 trimethylation has become

a universal mark of actively transcribed regions in metazoans. And yet, other patterns of

H3K4 methylation by the metazoan COMPASS family have been associated with other

possible biological processes. Histone H3K4 monomethylation is becoming a landmark for

the identification of active enhancers (198, 199). It is not clear which COMPASS family

member is involved in the implementation of H3K4 monomethylation on the enhancers and

what the role of this mark is in enhancer organization and function within the genomes.

Another example of diversity and variation in the H3K4 methylation patterns, is its co-

existence with histone H3K27 trimethylation, which is referred to as bivalency (200).

Promoters for developmentally regulated genes in mammalian stem cells are marked by both

H3K4 trimethylation and H3K27 methylation. Such bivalently marked regions are thought

to be required for proper regulation and the stem cells’ commitment to one fate or another.

However, it is not clear which COMPASS family member is involved in the creation of

bivalently marked promoters on developmentally controlled genes or how such regions

function during development (201). Furthermore, other organisms such as Xenopus

tropicalis, which share similar trithorax and polycomb group proteins, do not appear to use

bivalently marked promoters throughout development (201, 202). Are bivalently marked

promoters a mammalian specific phenomenon? Future research on COMPASS family

members should include the molecular characterization of the mechanism of the recruitment

of the COMPASS family to different loci within the genome. Due to the lack of reliable

antibodies towards Set1A-B, MLL1-2 and MLL3-4, it is not clear at this time how different

COMPASS family members are recruited to different loci. Early studies demonstrated that

in the absence of MLL1-2, the Hox cluster in mouse embryonic fibroblasts lose their H3K4

methylation and concomitantly cease to express these loci (77). This finding suggested that

unlike Set1/COMPASS, which implements H3K4 methylation subsequent to transcriptional

activation, H3K4 methylation implemented by the MLL1-2/COMPASS family is instructive

to transcription. How is it that the MLL1-2 complexes, which are found within almost

identical complexes, are recruited to different loci within the Hox cluster? How is it that

Set1A-B and MLL3-4 activities are excluded from these loci? Future studies addressing the

above questions should employ molecular genetics, and biochemical and cell biological

approaches on the COMPASS family in diverse model systems. The results from these

studies will greatly add to our knowledge of the molecular complexity and functional

diversity of this highly conserved ancient machinery.
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Figure 1. Chromatin, histone modifications and gene expression
The very long eukaryotic DNA is compacted within the cell nucleus through its interactions with histones, forming the

nucleosomes. Structural studies of nucleosomes demonstrated that the histone N-terminal tails protrude outward beyond the

gyres of the DNA. Many of the amino acid residues within the histone tails can be posttranslationally modified providing a

landing pad for a diverse array of transcription factors, chromatin remodelers and DNA- interacting proteins to regulate gene

expression. In this figure, sites of posttranslational modifications on histone tails for H3K4 methylation and H2B

monoubiquitination by the COMPASS family and the Rad6/Bre1 complex, respectively, are shown.
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Figure 2. The subunit composition of the COMPASS family from yeast to human
The yeast Set1/COMPASS is the founding member of the family of COMPASS H3K4 methyltransferases. There is only one

Set1/COMPASS in yeast capable of methylating histone H3 on its fourth lysine (H3K4). From yeast to Drosophila, COMPASS

is divided into three family members. The Set1/COMPASS of Drosophila is the direct descendent of the yeast Set1 complex

(shown by solid arrow). There are two COMPASS-like complexes in Drosophila (shown by dotted arrow); one Trithorax (trx)-

containing complex and the other Trithorax-related-containing complex (trr). The SET domain-containing enzymes from yeast

to Drosophila are shown in RED, and the conserved subunits between yeast and Drosophila are shown in GREEN. The complex

specifics are shown in BLUE and PURPLE. From Drosophila to human cells, the COMPASS family is divided into six

members. The mammalian Set1A and B are direct homologs of yeast and Drosophila Set1 and are found in Set1A-B/

COMPASS (shown by solid arrow). The subunit composition and function of Trx of Drosophila is divided between MLL1 and

MLL2 in the mammalian cells. Both MLL1 and MLL2 are found in COMPASS-like complexes. The subunit composition and

function of Trr of Drosophila is divided between MLL3 and MLL4 in the mammalian cells, both of which are also found in

COMPASS-like complexes. All six mammalian COMPASS family members are capable of methylating H3K4. The known

common subunits shared between yeast, Drosophila and the human complexes are shown in GREEN. Cps35 in yeast and

Drosophila and its homolog of mammalian Wdr82 shown in BLUE, are found only in Set1A-B/COMPASS. Menin shown in

BLUE is found in complex with Trx and the MLL1-2/COMPASS-like complexes. The shared subunits among the trr and the

MLL3-4 complexes, Utx, PTIP, PA1 and NCOA6 are shown in PURPLE.

Shilatifard Page 31

Annu Rev Biochem. Author manuscript; available in PMC 2014 May 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. MLL translocation into Super Elongation Complex in leukemic pathogenesis
The MLL gene is found in a variety of chromosomal translocations associated with childhood leukemia. The ELL protein was

the first translocation partner of MLL for which a biological function was demonstrated. Biochemically, ELL was identified as a

RNA polymerase II elongation factor and it was proposed then that the elongation stage of transcription could be central in the

pathogenesis of leukemia through MLL translocations. We now know that many of the MLL translocation partners such as

ENL, AF9, AFF1, AFF4 are found in a super elongation complex (SEC) with ELL and the RNA polymerase II elongation factor

P-TEFb. It has been proposed that the translocation of MLL into SEC results in the mistargeting of SEC to MLL-regulated

genes and the misregulating of their expression without appropriate transcriptional elongation checkpoints.
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