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Abstract

In eukaryotes, histone H3K4 methylation by the MLL/SET1 family histone methyltransferases is
enriched at transcription regulatory elements including gene promoters and enhancers. The level of
H3K4 methylation is highly correlated with transcription activation and is one of the most
frequently used histone post-translational modifications to predict transcriptional outcome.
Recently, it has been shown that rearrangement of the cellular landscape of H3K4 mono-
methylation at distal enhancers precedes cell fate transition and is used for identification of novel
regulatory elements for development and disease progression. Similarly, broad H3K4 tri-
methylation regions have also been used to predict intrinsic tumor suppression properties of
regulator regions in a variety of cellular models. Understanding the regulation for how H3K4
methylation is deposited and regulated is of paramount importance. In this review, we will discuss
new findings on how the MLL/SET1 family enzymes are regulated on chromatin and their
potential functional and regulatory implications.
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1. Introduction

Histone lysine methylation is a major post-translational modification (PTM) in eukaryotes. It
occurs on the e-amino group in three discrete states of mono-, di-, and tri-methylation. Since
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the first histone lysine methyltransferase (KMT or HMT) was discovered twenty years ago
[1], over 60 putative or predicted enzymes have been identified [2]. Among well-
characterized KMTSs, the highly conserved mixed lineage leukemia (MLL or KMT2) family
of proteins is responsible for deposition of the majority of histone 3 lysine 4 (H3K4)
methylation in eukaryotes. Complexity of the H3K4 HMTs increases as eukaryotes evolved
from single cell organisms to mammals, concomitant with increasing demands for spatial
and temporal gene regulation. In yeast, ySET1 (Su(Var)3-9, Enhancer of Zeste, Trithorax),
an MLL homolog, is responsible for all H3K4 methylation [3-5]. In Drosophila
melanogaster, there are three MLL family enzymes, TRX, TRR, and dSET1, responsible for
global H3K4 methylation [6, 7]. Each of the three genes (i.e., TRX, TRR and dSET1) are
duplicated in mammals, giving rise to MLL1 and MLL2 (KMT2A and 2B), MLL3 and
MLL4 (KMT2C and 2D), and SET1A and SET1B (KMT2F and 2G), respectively. Despite
general conservation of the catalytic SET domain, each MLL/SET1 protein has non-
redundant functions in development and is subject to distinct regulations [6]. Recent cryo-
EM structures have revealed how the MLL1, MLL3 and ySET1 complexes bind to the
nucleosome core particle (NCP) [8-11]. These studies shed light on distinct features of these
MLL complexes on chromatin that may have implications for their respective regulation.
Here we will focus on these exciting new discoveries and discuss how chromatin binding by
the MLL family proteins is regulated in eukaryotes.

Regulation of the MLL methyltransferase activity on the NCPs

MLL Family Enzymes Reside in a Conserved Core Complex

The MLL/SET1 family enzymes are large proteins with multiple functional domains
containing substantial stretches of disordered regions [12, 13]. While they share a highly
conserved C-terminal SET domain that confers H3K4 methylation [14], they also have
subclass specific domains such as the CxxC and bromodomain for KMT2A/2B, the PHD
domains for KMT2A-D, and the RRM domain for KMT2F/G. Biochemical studies show
that the catalytic SET domains of the MLL/SET1 family enzymes have low intrinsic
enzymatic activity [14, 15]. This activity can be drastically enhanced by interacting with a
core complex containing highly conserved WDR5 (WD40 repeat-containing protein 5),
RbBP5 (Retinoblastoma binding protein 5), ASH2L (Absent, small, homeotic disks-2-like),
and DPY30 (DumPY protein 30) proteins [6, 15, 16]. Among them, WDR5, RbBP5 and
ASH2L, together with MLL1SET  are sufficient to reconstitute full activity of the MLL1
holo-complex on histone H3 [15, 17]. The core complex also acts as a platform for
interacting with transcriptional factors, chromatin remodeling complexes and IncRNAs [6,
18-20], constituting a basic functional unit of the MLL/SET1 complexes.

2b. Co-crystal Structures of the MLL1/MLL3/ySET1 Core Complexes

Biochemical and structural studies have characterized inter-subunit interactions within the
MLL/SET1 core complex [21-23]. Recent co-crystal structures of the MLL1, MLL3, and
ySET1 complexes delineate detailed architectures of the core complex with or without
substrates, i.e., S-adenosine-L-methionine (SAM) and histone H3 [24, 25]. Li and colleagues
reported the first co-crystal structure of the MLL3 core complex showing that MLL3SET
makes extensive interactions with an acidic surface of the RoBP5-ASH2L heterodimer via a
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conserved SET-1 arginine residue [25]. This interaction is stabilized by two hydrophobic
residues in SET-1, which are conserved in KMT2B-G. Interestingly, this interaction is not
conserved in the MLL1SET domain and mutating MLL1 residues to MLL3-like sequences
(N38611/Q3867L, MLL1'-) stabilizes RoBP5-ASH2L binding and circumvents WDR5
requirement for MLL1 activation [25]. Furthermore, RbBP5-ASH2L association with
MLL3SET and MLL1'" reduces SET-I flexibility, allowing for stable substrate binding [25].
This study provides a structural basis for regulation of the MLL1/3 activities by its minimal
core components [15, 17, 26] as well as the unique requirement of WDR5 for the MLL1
complex [27]. Divergent SET domain sequences confer distinct biochemical properties for
the MLL/SET1 family HMTs, despite overall structural similarity [28-30]. The co-crystal
structure of the ySET1 complex by Hsu and colleagues shows that ySET1 contains a unique
glycine-centered motif (GI/NR)G(V/I/C/SS) that acts as a ‘hinge’ to control substrate access
to the ySET1 catalytic site [24], rendering a naturally inactive state. Distinct primary
sequences of the MLL3/4 SET domain also confer precise regulation of substrate state
specificity [24, 31]. Targeting unique biochemical properties of individual MLL/SET1
complex has led to development of the MLL1-specific inhibitors that show good efficacy in
cancer treatment as well as embryonic stem cell reprograming [27, 32-34]. Such approaches
can be envisioned to specifically target other MLL family enzymes as we learn more about
their unique features in the future.

2c. Binding of the MLL1 Core Complex on the NCP

It has been shown that the MLL1 core complex has much higher activity and processivity on
the NCP as compared to other substrates (i.e., H3 peptide or recombinant H3) [35]. Cryo-
EM structures of the MLL1, MLL3 and ySET1 complexes with the NCP have shed light on
the underlying mechanisms [8-10]. These studies, for the first time, reveal how the MLL/
SET1 complexes engage the H3 substrate in a more physiological context and, importantly,
highlight divergent regulation of the MLL family enzymes on chromatin. Two laboratories
(including ours) reported the cryo-EM structures of the MLL1-NCP complex [8, 10]. Both
structures show a dynamic interaction between the MLL1 core complex and the NCP. We
show that the MLL1 core complex (EMDB: 20512, PDB: 6PWV) binds at the edge of the
NCP via RbBP5 and ASH2L [8]. In this conformation, the MLL1 complex anchors on the
NCP through RbBP5 and ASH2L interactions at DNA superhelix (SHL) 1.5 and SHL 7,
respectively [8]. This positions MLL1SET at the nucleosome dyad, facilitating access of both
H3 tails to the catalytic site. The RbBP5-NCP interface constitutes a conserved Quad-R
motif in RbBP5 that interacts with DNA at SHL1.5 as well as an I-loop emanating from the
RbBP5 WDA40 repeats that interact with histone H4. Mutating two of the arginine residues in
Quad-R or deleting the I-loop is sufficient to inhibit H3K4 tri-methylation on the NCP [8].
Interestingly, two of the Quad-R residues (R220Q and R272W) in RbBP5 are mutated in a
variety of cancers [36, 37]. It would be interesting to examine whether they contribute to
tumorigenesis by disrupting MLL1 binding to chromatin. Comparing to the RbBP5-NCP
interaction, the ASH2L-NCP interface is more dynamic and involves a highly conserved ,q5-
KRK-297 motif at the N-terminus of ASH2L [8]. This binding conformation is also observed
by Xue and colleagues (EMDB:0694, PDB: 6KIX) [10]. Interestingly, Xue and colleagues
have reported a second conformation of the MLL1-NCP interaction in the majority of their
cryo-EM particles [10]. In this case, MLL1SET hinds across the nucleosome-disc, in close
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proximity to the C-terminal helical region of H2A while RbBP5 binds to DNA SHL2 on the
NCP. In this conformation, an arginine anchor (Arg3821) in MLL1SET makes contacts with
asparagine 72 (Asp72) of H2A. Several hydrophaobic residues in RbBP5 (Loop 1, Leu248
and Val249) are close to aC of H2B. Electrostatic contacts between RbBP5 (Loop 2,
Glu296) and K79 of H3 is also observed [10]. Importance of these residues in MLL1 activity
on the NCP has not been reported [10]. We have recently found that mutating residues
involved in the second MLL1-NCP conformation does not affect overall MLL1 activity on
the NCP (unpublished observation). It is likely that the MLL1 complex binds to the NCP in
multiple conformations with distinct intrinsic activities. The highly dynamic interactions
between the MLL1 complex and chromatin allows for loci-specific fine-tuning of H3K4me
levels and state /7 vivo. Determining the functionally active conformation in cells and
whether transition between binding conformations is regulated are important future
directions.

2d. Binding of the ySET1 Core Complex on the NCP

Comparing to the MLL1-NCP complex, the cryo-EM structure of the ySET1-NCP complex
shows a similar conformation as the off-dyad binding mode of the MLL1-NCP complex [9-
11]. The ySET1 complex maintains the overall architecture upon NCP interaction with slight
rotation of three components [24]. The SET domain of ySET1 bisects the nucleosome
surface, with a conserved arginine residue (R856) in the arginine-rich motif (ARM)
anchoring near the acidic patch of the NCP. The ySET1 complex engages nucleosome DNA
at SHL2 through Sppl (CFP1 homolog) and Swd1 (RbBP5 homolog) and at SHL6 through
Bre2 (ASH2L homolog), respectively [9]. Importantly, the ARM of ySET1 adopts an a-
helical conformation upon interacting with the NCP, which blocks H3 access to the ySET1
active site [9, 24]. This induced a-helical conformation is stabilized by electrostatic
interactions between the SET domain and H2A as well as the hydrophobic interactions with
aC of H2B [9, 24]. The loss of these anchoring motifs severely attenuate all H3K4me
activity /n vitroand in vivo[9, 11, 38]. It is worth noting is that the ARM motif is unique to
ySET1 and hSET1A/SET1B proteins, therefore, its function in NCP-induced autoinhibition
is not conserved for MLL1-4. Divergent SET domain sequences and different binding modes
on the NCP imply that different MLL/SET1 family enzymes may be subject to distinct
regulations on chromatin.

2e. Distinct regulation of the ySET1 and MLL1/3 activity by H2BK120ub

Regulation of H3K4me3 by H2B ubiquitylation (H2BK120ub) is one of the best described
histone cross-talks /n vivo. In yeast, H2BK120ub, a highly prevalent mark [39, 40], is a
prerequisite for global H3K4me3 [38—-40]. While a previous biochemical study identified
ARM of ySET1 and Spp1 are essential factors for this regulation [41], the cryo-EM structure
of the ySET1-H2BK120ubNCP complex reveals fascinating molecular details underlying
this regulation [9]. The H2BK120ub mediated trans-tail regulation occurs intra-
nucleosomally, similar to that of DOT1L [42]. It shows that H2BK120ub is able to alleviate
ARM-mediated auto-inhibition to enhance ySET1 activity on the NCP [9, 11]. Ubiquitin
attached to H2BK120 makes direct contact with ARM and effectively moves ARM away to
allow H3 access to the catalytic site [9]. It also stabilizes the SET domain on the NCP
without altering overall binding affinity [9]. Notably, H2BK120ub-mediated trans-tail
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regulation is relatively modest in the absence of Spp1, which augments H2BK120ub-
dependent stimulation, in part by suppressing basal activity of the ySET1 complex on the
unmodified NCP [9]. However, the role of Sppl in ySET1 regulation on the NCP is probably
more complicated. Previous studies show that Sppl increases ySET1 activity on the
unmodified NCP [41] and genetic deletion of Sppl leads to 40% reduction of global
H3K4me /n vivo [43]. The discrepancy could be due to presence of other components in
previous studies, i.e., Swd2 and Shgi, that significantly repress ySET1 activity on the
H2BK120ub-NCP but are not included in the structure studies. Alternatively, the extended
nSET region in the ySET1 may confer additional functional interplays with Spp1 that
remain to be characterized [41]. The mammalian homolog of Sppl, CFP1, is important for
activation of the hSET1 complex on H2BK120ub-NCP [41]. It would be important to
examine the conserved and divergent functions of CFP1 in the hSET1 complex for
H2BK120ub-dependent regulation.

Given the unique autoinhibitory role of ARM in ySET1 and lack of conservation of ARM in
MLL1-4 homologs, it raises the question of whether H2BK120ub regulates other MLL
family enzymes? Unlike yeast, decoupling of H2BK120ub and H3K4me3 has been widely
described in mammals and Tetrahymena thermophila [44, 45]. Furthermore, it has been
shown that the MLL1 complex has very high methylation activity on the unmodified NCP
[8, 17, 46]. H2BK120ub does not regulate activity of the MLL3 complex and has only a
modest effect on the MLL1 activity /n vitro[46]. The cryo-EM structure of the MLL1/3 core
complexes bound to H2BK120ubNCP (MLL1 EMDB:9999, PDB: 6KIV; MLL3 EMDB:
0693, PDB: 6KIW) seems to support a different role of H2BK120ub in regulation of the
MLL1/3 activity. Although the MLL1/3 complexes overlay well with that of ySET1-
H2BK120ub-NCP, key interactions between ySET1-H2BK120ub-NCP are not conserved in
the MLL1/3-H2BK120ub-NCP complexes [9, 10]. The N-terminal region of the MLL1SET
domain interacts directly with neither ubiquitin nor the “acidic patch” on the NCP. Instead,
the ubiquitin module exhibits dynamic binding to multiple different surfaces near RbBP5
[10]. These results suggest that H2BK120ub is probably less important for regulating the
MLL1/3 complexes in higher eukaryotes. Alternatively, it may regulate MLL activities
through proteins that are not fully characterized in the structure.

3. Multi-Valent Chromatin Interactions for MLL1

While the structure and biochemical studies show extensive interactions between the MLL/
SET1 core complex and the NCP, the MLL/SET1 family enzymes also contain multiple
other chromatin-interacting domains that are capable of recognizing specific patterns of
histone and DNA modifications. These interactions may contribute to specific distribution of
H3K4 methylation at transcriptionally-active gene promoters and distal regulatory enhancers
[47] as well as colocalization of H3K4 methylation with other prominent co-transcriptional
marks such as H3 acetylation, H3K79 and H3K36 methylation [47-50]. Close correlation of
H3K4 methylation has also been established with hypo-methylated DNA [51-54]. We will
briefly review the current understanding of the function and regulation of the chromatin
binding domains in MLL1.
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3a. MLL1 binds to H3K36me2 loci through interactions with LEDGF/MENIN.

MLL1 forms a tripartite complex with tumor suppressors MENIN and LEDGF/p75 [55, 56].
Chromatin binding for each protein is mutually dependent. Deletion of MENIN or
LEDGF/p75 significantly reduces MLL1 recruitment to the target genes (i.e., HoxA9,
27411 and p187k4c) [56-59]. Reciprocally, MLL1 also plays a critical role in supporting
MENIN function /n vivo [57]. Since LEDGF specifically binds to H3K36me2 [60], it is able
to recruit the MLL1 complex to genomic regions enriched for H3K36me2. In support of this,
the histone H3K36 methyltransferase Ash1L co-localizes with MLL1 and LEDGF and is
required for transcriptional activation [60, 61]. Similarly, H3K36 demethylase KDM2A
promotes dissociation of MLL1 and LEDGF from chromatin and functionally antagonistic
to both MLL1 and ASH1L in leukemic transformation [60]. While MENIN is a stable
component of the MLL2 (KMT2B) complex [55, 62], it remains to be determined whether
LEDGF is a bona fide component of the MLL2 complex. Furthermore, since MENIN and
LEDGF/p75 interact with the oncogenic MLL1 fusion proteins [63], rationally targeting the
MLL1-MENIN or LEDGF/p75-MLL1-MENIN interactions has shown great efficacy in
blocking MLL1-rearranged leukemia [63-66].

3b. CxxC domain recruits MLL1 to unmethylated DNA CpG islands.

MLL1 contains a CxxC domain that is retained in the MLL1 fusion proteins after
chromosomal rearrangement. The MLL1 CxxC domain binds to unmethylated DNA [53,
67]. Structural studies show that the MLL1 CxxC domain makes rigid contacts with DNA
nucleobases [68]. The methyl group on cytosine creates a steric clash to the CxxC binding
pocket [68]. However, the CxxC mutant deficient in DNA binding does not affect MLL-AF9
recruitment to chromatin with high levels of DNA methylation, suggesting the CxxC domain
is not a key contributor to overall binding affinity of MLL1 to chromatin. Instead, it acts to
passively regulate DNA methylation by excluding the binding of other CpG-binding proteins
[54, 68]. In addition to interacting with DNA, the CxxC domain is also able to interact with
the polymerase associating factor (PAF) elongation complex (PAF1C) in mammals [69-71].
This interaction involves a key arginine residue (R1153) of MLL1 that is not important for
DNA binding [72]. The R1153 residue is not conserved in MLL2, which has alanine in its
place. The R1153A mutant abolishes the interaction between MLL1 CxxC domain and
PAF1C [69] and leads to reduced recruitment of MLL-AF9 to HOX targets and attenuation
of leukemic transformation [69-71]. These studies demonstrate that the CxxC domains in
MLL1 and MLL2 have distinct functions, in part due to differential PAF1C interactions. The
CxxC domain is not conserved in KMT2C, 2D, 2F or 2G. However, the function of CxxC
domain is likely partially conserved through CFP1 [73, 74], a stable component of the
hSET1 complexes. While CFP1 (and human SET1) does not interact with PAF1C [69], the
CxxC domain of CFP1 is able to bind non-methylated CpG [75]. Distinct from that of
MLL1, CFP1 is causally linked to de novo establishment of H3K4me3 at non-methylated
CpG in mammalian cells [74, 76-78].

3c. Multifaceted functions of the PHD fingers in MLL1.

MLL1 contains four Plant Homeodomains (PHD) and a bromodomain immediately C-
terminal to the CxxC domain. The PHD fingers are also present in other MLL family
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enzymes [6]. PHD fingers, together with the CxxC domain, are essential for recruitment of
MLL1 to gene targets on chromatin [69, 71]. Specifically, PHD3 is able to recognize di- and
tri-methylated H3K4 (H3K4me2/3) [69], contributing to spreading of H3K4 tri-methylation
through the coupled “writer-reader’ regulation [47, 50]. Mutation of PHD3 attenuates
chromatin recruitment of MLL1 and expression of MLL1 target genes [79]. Interestingly,
PHD3 of MLL1 also interacts Cyp33, which is required for HDAC-dependent gene
repression [80, 81]. Cyp33 contains a peptidyl prolyl isomerase (PPI) domain on the C-
terminus [81, 82]. It induces isomerization of the proline 1629 (P1629) in the MLL1 PHD3-
bromodomain, allowing PHD3 to directly interact with its RNA recognition motif (RRM).
Binding of PHD3 to H3K4me2/3 and Cyp33 RRM are mutually exclusive. Cyp33
overexpression dramatically decreases H3K4me3 at MLL1 target genes [82], enabling
Cyp33 to act as a regulatory switch for gene regulation [82]. In MLL1-rearranged leukemia,
PHD3 is not present in the fusion proteins. Loss of PHD3 and the Cyp33-mediated
repression potentially leads to constitutive activation of HOXA-mediated leukemia program
for malignant transformation [83, 84]. Notably, Cyp33 overexpression can also inhibit
leukemia independent of MLL1 rearrangement [83], likely through a different mechanism.
Cyp33 interacts specifically with the PHD3 domain of MLL1, but not that of MLL2, despite
over 70% sequence homology [81]. Functions of PHD domains in other MLL family
enzymes for recognition of H4K16 acetylation and protein degradation have also been
reported [85, 86].

Functional interplay between MLL1/SET1 and CBP

MLL1 has a conserved trans-activation domain (TAD) that interacts with CREB-binding
protein (CBP) [87]. A solution structure of a ternary complex for the activation domain of
transcription factor c-Myb, MLL1 TAD and CBP kinase-inducible domain-interacting
domain (KIX) has been reported [88]. Binding of MLL1 TAD stabilizes the binary
interaction between c-Myb and CBP through conformational changes in the disordered
regions of the KIX domain [88]. MLL1 TAD binding also facilitates interaction between
phosphorylated CREB and CBP [87]. The MLL1 TAD-mediated transactivation is largely
suppressed by co-expression of adenovirus E1A12g, a competitive inhibitor of CBP, or by
MLL1 TAD mutants deficient in CBP binding [87]. Interestingly, CBP seems to dictate
MLL1 recruitment to either E2F1-mediated early stage pro-survival genes or late stage pro-
apoptotic genes in a hepatocellular carcinoma mouse model [89]. The interaction between
MLL1 and CBP is evolutionarily conserved. In Drosophila, TRX resides in a stable complex
with dCBP, which cooperates with TRX in homeotic gene regulation [90]. Similarly,
p300/CBP also interacts with the mammalian SET1 complex [91]. Tang and colleagues have
elegantly demonstrated that both p300 and the SET1 complex are required for efficient p53-
dependent transcription from a reconstituted chromatin template 7 vitro [91]. Although
p300 is sufficient to initiate transcription on chromatin in a p53-dependent manner,
recruitment of the SET1 complex by p300 enhances H3K4 methylation and further activates
transcription in a p300 dose-dependent manner [91]. Knockdown p300 by siRNA leads to
global down regulation of H3K4me3 [91]. Given autoinhibition of the SET1 activity on the
NCP [9], it remains to be examined how p300/CBP is able to alleviate NCP-induced
autoinhibition of SET1, independent of H2BK120ub. It would be interesting to test whether
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p300 binding leads to conformational changes in the SET1 complex to alleviate
autoinhibition, similar to that of H2BK120ub.

4. Closing Remarks

Spatial and temporal regulation of gene expression is crucial for normal development and
proper cellular response to environmental cues. The MLL/SET1 family proteins, through
histone H3K4 methylation, play essential roles in regulating specific gene program in cells.
As revealed in the recent cryo-EM structures of the MLL1-NCP complex [8, 10],
stabilization of the MLL1 complex on chromatin likely enhances the higher H3K4
methylation states, which is pivotal for transcription activation. These studies also highlight
divergent regulation of the H3K4 methylation activity within the MLL/SET1 family
enzymes, which is further supported by distinct functions of multiple chromatin-interacting
domains for each of the MLL/SET proteins. Future studies on how conservation, or lack
thereof, of each distinct functional domain contributes to unique functions of the MLL/SET1
family proteins are warranted. Furthermore, it is also important to study how different
chromatin-interacting domains within each MLL/SET1 protein coordinate with each other in
executing chromatin-based functions. Understanding the complexity of the MLL/SET1
regulation will shed light on how the cellular epigenetic landscape can be modulated in
response to cell fate transition during normal and aberrant biological processes.
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Highlights
. Regulation of the MLL/SET1 activity by a conserved mechanism
. The MLL/SET1 complexes exhibit dynamic conformations on the NCP
. H2BK120ub alleviates repression of ySET1 activity on the NCP

. Multivalent chromatin interactions by the MLL1 complex
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