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Abstract

Transcriptional regulation by nuclear hormone receptors (NRs) requires multiple coregulators that
modulate chromatin structures by catalyzing a diverse array of posttranslational modifications of
histones. Different combinations of these modifications yield dynamic functional outcomes,
constituting an epigenetic histone code. This code is inscribed by histone-modifying enzymes and
decoded by effector proteins that recognize specific covalent marks. One important modification
associated with active chromatin structures is methylation of histone H3-lysine 4 (H3K4). Crucial
roles for this modification in NR transactivation have been recently highlighted through our
purification and subsequent characterization of a steady-state complex associated with ASC-2, a
coactivator of NRs and other transcription factors. This complex, designated ASCOM for ASC-2
complex, contains H3K4-methyltransferase MLL3/HALR or its paralogue MLL4/ALR and
represents the first Set1-like H3K4-methyltransferase complex to be reported in vertebrates. This
review focuses on recent progress in our understanding of how ASCOM-MLL3 and ASCOM-
MLL4 influence NR-mediated gene transcription and of their physiological function.

Introduction

Nuclear hormone receptors (NRs) share a common modular structure comprised an N-
terminal variable domain, a central DNA-binding domain (DBD), and a C-terminal ligand-
binding domain (LBD).1 While the LBD harbors a ligand-dependent activation function
referred to as AF2, the N-terminal domains of some NRs harbor AF1, a constitutive
activation function. A variety of endocrine hormones, fatty acids, cholesterol, and lipid
metabolites act as ligands for various NRs. During ligand-dependent transcriptional
regulation by NRs, multiple transcriptional coregulators have been demonstrated to operate
in a ligand-dependent, combinatorial manner, as dictated by the context of the individual
target gene and cell type.2

Importantly, genes are normally compacted in closed chromatin structures in a
transcriptionally inactive state.? Thus, the establishment of open chromatin structures is an
essential step toward successful transactivation. Consistent with this notion, NR
transactivation depends on the ability of NR to recruit multiple coactivators whose primary
function is to remodel or modify chromatin structures. In particular, histone-modifying
enzymes catalyze a diverse array of posttranslational modifications of core and linker
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histones within chromatin.8" Interestingly, different combinations of these modifications
appear to yield dynamic functional outcomes, constituting an epigenetic histone code. While
this code is inscribed by histone-modifying enzymes catalyzing site-selective modifications,
it is proposed to be decoded by effector proteins that recognize specific covalent marks.5.

Methylation of histone H3-lysine 4 (H3K4) is one particular histone modification that has
been recently highlighted for its roles in NR transactivation through our characterization of
ASCOM, a novel NR coactivator complex associated with H3K4-methyltransferase
(H3K4MT) MLL3/HALR or its paralogue MLL4/ALR.89 ASCOM belongs to a family of
Setl-like H3K4MT complexes (Table I). It has been proposed that ASC-2 may play crucial
roles in reproduction and a variety of endocrine functions.10 Our recent results also
implicate ASCOM as a Setl-like complex specialized to regulate genes involved with
metabolic homeostasis.1112 Moreover, ASCOM contains another histone modifier, UTX,
that removes trimethylated-H3K27, a mark for inactive chromatin structures.13-17 Thus,
ASCOM is associated with two histone modifiers linked to transactivation and should serve
as an excellent model system to study the potential cross talk between H3K4 and H3K27-
methylation events. Interestingly, ASCOM appears to have a unique function as a platform
for integrating the activities of several other coactivators,1? including the ATPase-dependent
Swi/Snf chromatin remodeling complexes (see below), during NR transactivation.

Here, we present an overview of current literature on the function of ASCOM-MLL3 and
ASCOM-MLL4 in NR transactivation and further discuss future challenges in fully
elucidating their physiological functions.

Activating Signal Cointegrator-2 (ASC-2)

NRs bind to specific response elements in target genes and regulate transcriptional initiation
in a ligand-dependent manner.! In the unliganded state, a subset of the NRs repress
transcription by recruiting corepressors.2~* Upon ligand binding, the conserved C-terminal
LBD of NRs undergoes a dramatic conformational change, which is recognized by an a-
helical LXXLL motif, named the NR box, which is often found associated with
transcriptional coactivators.18:19

ASC-2, also named NCOA®6 (nuclear receptor coactivator-6), TRBP (thyroid hormone
receptor-binding protein), RAP250 (nuclear receptor-activating protein-250), NRC (nuclear
receptor coregulator), and PRIP (peroxisome proliferator-activated receptor-interacting
protein), has been shown to function as a coactivator of many NRs.19 In addition, AIB3
(amplified in breast cancer-3) has been identified as a human ASC-2 isoform in which the
N-terminal 26 amino acids replace the first 88 amino acids of ASC-2. Of note, ASC-2 has
two NR interaction boxes!® (Fig. 1A). While NR1 binds multiple NRs, NR2 interacts
primarily with the liver X receptors (LXRs).20 The physiological importance of ASC-2 and
its two NR boxes in transactivation by ASC-2-interacting NRs has been documented by
studies with various ASC-2 mouse models.?1-27 Notably, ASC-2 also functions as an
important coactivator for an array of other classes of transcription factors.10
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A. Expression of ASC-2 and Its Isoforms

ASC-2 is a 250 kDa protein of 2063 amino acids that is expressed from a ~8-9 kb mRNA in
different human tissues.28 ASC-2 mRNAs of 6.8, 4.5, and 3.6 kb also have been described.28
While the 3.6 kb transcript is the predominant ASC-2 mRNA species detected in heart and
skeletal muscle, the 4.5 kb transcript is the major form in testes.28 The latter transcript has
been identified in human testis as an alternatively spliced form of ASC-2 mRNA that
encodes an ASC-2 isoform of 1070 amino acids.2? This isoform lacks the NR box 2 and a
large internal region (amino acids 972-1964) toward the C-terminus. Mouse ASC-2 mMRNA
(~8-9 kb) encodes a protein of 2068 amino acids.28 A partial rat ASC-2 cDNA encoding the
NR box 1 and AD3 followed by a stop codon and a poly A tail has also been isolated from a
rat pituitary GH4C1 cell cDNA library.28

The mouse ASC-2 gene, containing 13 exons, is localized on chromosome 2,28 while rat
ASC-2resides on chromosome 3. The organization of human ASC-2 on chromosome 20q11
predicts a single gene, with 15 exons and 14 introns, that spans ~111 kb.30 Thus, the various
sized ASC-2 mRNAs described above likely represent alternative splicing products of the
ASC-2gene. The sequence of the ASC-2gene predicts a TATA-less promoter with four
binding sites for Sp1, as well as sites for C/EBP and Myc/Max.3% However, the functional
significance of these binding sites in regulating ASC-2 gene expression remains to be
established.

Human, mouse, and rat ASC-2 proteins show over 90% sequence identity at the amino acid
level. The distribution of the ASC-2 protein in mice has been studied by immunochemistry
using antibody against ASC-2. These studies indicate relatively higher levels of ASC-2 in
cells of endocrine target tissues, including testicular sertoli cells, follicular granulosa cells,
and epithelial cells of the prostate, uterus, mammary gland, kidney tubules and urothelia23:31
(PNAS 2009;106:8513-8, and our unpublished results). ASC-2 protein expression has also
been detected in thyroid and parathyroid cells and in the pancreatic islets of langerhans.23
Although medium to low expression is reported throughout a variety of tissues, the relatively
higher levels of ASC-2 observed in reproductive and many types of endocrine tissues
suggest that ASC-2 supports NR functions in reproduction and regulation of the endocrine
system.23:31 ASC-2 also is relatively abundant in a variety of metabolic tissues and cell
types, including the liver, pancreas, adipose tissues, and hypothalamic metabolic
neurons23:31 (our unpublished results). These results are consistent with our proposed roles
for ASCOM in metabolic homeostasis (see below).

B. Autonomous Transactivation Domains of ASC-2

Structure-function analysis of human ASC-2 has revealed a number of functional domains.
First, we have mapped three autonomous transactivation domains, AD1, AD2, and AD3, that
in human ASC-2 comprise residues 1-218, 622-849, and 849-1057, respectively.20 Mahajan
and Samuels have also mapped two autonomous transactivation domains in ASC-2 to
residues 302—783 and 940-1124.28 Thus, the boundaries of AD2 and AD3 are likely to be
refined to ASC-2 residues 622—783 and 940-1057, respectively (Fig. 1A). Interestingly,
while AD2 is dispensable for NR transactivation, the AD3 domain appears to play crucial
roles for NR signaling and AF2-dependent enhancement of NR transactivation by ASC-2.32
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The ~600 residue ASC-2 C-terminal region that is rich in Ser, Thr, and Leu (Fig. 1A)
inhibits the autonomous transactivation function of ASC-2 in the context of full length
ASC-2, as its deletion enhances the intrinsic activation potential of AD1, AD2, and AD3 in
ASC-2.28 Notably, this region contains an array of putative phosphorylation sites for
different protein kinases, raising the interesting possibility that the activity of ASC-2 may
potentially be modulated by kinases and phosphatases. These results also suggest that this C-
terminal region may function to control the transcriptional output of ASC-2 through inter-
and intramolecular interactions. One interesting possibility is that the activation properties of
ASC-2 could be modulated through exposure of the cryptic activation domain in response to
liganded NRs, as previously exemplified by the finding that PGC-1 undergoes a
conformational change upon NR binding.33 In support of this notion, a LexA fusion protein
containing ASC-2 AD2 and AD3 domains is transcriptionally mild in yeast but shows a
dramatically increased activity when coexpressed with RXR in the presence of its ligand.
Similar results are also observed in mammalian cells. When an ASC-2 region containing the
NR1 and AD2 regions is expressed in mammalian cells, it is moderately active when
expressed alone. However, its activity is markedly enhanced when coexpressed with the
liganded TR.28 These results lead to a proposal that the NR-coactivator function of ASC-2 is
masked until it associates with liganded NRs.28

C. Two NR Boxes in ASC-2

ASC-2 contains three distinct NR-interacting surfaces. Two distinct NR boxes mediate direct
interactions of ASC-2 with a variety of NRs.1 In addition, we have shown that ASC-2
contains a binding site for the retinoblastoma (Rb) tumor suppressor protein,3* which is
known to interact with androgen receptor (AR).3% We have further shown that this region
indeed functions as an indirect binding site for AR, as it recruits AR via Rb.34

1. NR1—Two functional NR boxes have been identified in ASC-2 (Fig. 1A). The NR box
1 shows ligand-dependent interactions with a wide variety of NRs that include RARs, RXRs,
TRs, GR, ERs, VDR, and the PPARs.28:29.36 Accordingly, mutation of the leucine residues
in NR1 abolishes the association of ASC-2 with NRs. Through the use of combinatorial
peptide libraries, the NR boxes have been characterized as Class 1, 2, or 3 depending on the
nature of the amino acid residue at position —1 or -2 of the LXXLL motif.3” The Class 2 NR
box with Pro at -2 has been shown to interact with various NRs. The NR box 1 region of
ASC-2 (LTSPLLVNLLQSDIS) resembles the Class 2 NR box and contains a Pro at the -2
position. Like other NR box-dependent coactivators, helix 12 of the NR AF2 domain is
pivotal in the formation of an interface that contacts the ASC-2 NR1. Thus, either a point
mutation (L398R) in helix 12 of chicken TRa or a deletion of helix 12 abolishes the
association with ASC-2.28 Deletion of helix 12 of PPARYy also disrupts the interaction with
ASC-2.38 We have found that the interactions of TRA with the NR1 of ASC-2 are abolished
by specific mutations in the TRA helices 3, 5, and 6,28 which are known to form the binding
pocket for SRC-1.3940 Qverall, these results indicate that the ASC-2:NR interactions are
similar to those of other coactivators.

The Ser at the -3 position (Ser 884) of the ASC-2 NR1 has been demonstrated to be
important for binding to LBDs of NRs, particularly for ERB, TR, and RXR.*1 Although /n
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vitro phosphorylation of Ser 884 by MAPK reduces its interaction with NRs, it remains to
be determined whether such regulation by phosphorylation occurs in vivo.*! Interestingly,
the ASC-2 NR1 has been shown to associate more strongly with mouse ERA1 than with
ER/A2, consistent with the notion that mouse ERAL is a more potent estradiol-induced
transcriptional activator than mouse ER/32.42 Studies with a ~300 amino acid rat ASC-2
region that contains NR1 and AD3 indicate that NR1 enhances both the ligand-dependent
activity and the intrinsic basal activity of AD3.32 Thus, the NR1 of ASC-2 embedded in
AD3 appears to influence not only the association of ASC-2 with NRs, but also the
activation potential of AD3. Correspondingly, the AD3 region has been shown to be
necessary for transcriptional activation by NRs.32

2. NR2—ASC-2 contains a second NR box (Fig. 1A) that does not contain a conserved
hydrophobic amino acid residue at the —1 position (EAPTSLSQLLDNSGA).28 While NR2
strongly interacts with LXRs,20 it does not recognize most NRs other than ERa, which
shows ~10-fold lower affinity toward NR2 compared with NR1.28 The ASC-2 NR2 does not
resemble any of the known NR boxes identified thus far in various NR coactivators or from
combinatorial phage peptide libraries.3”

RXR has been shown to enhance LXR transactivation, even in the absence of an LXR
ligand, via a unique mechanism of allosteric regulation.*3 Interestingly, we have found that
LXR binding to the ASC-2 NR2 is enhanced by RXR and even more substantially by
liganded RXR.** We also have identified specific NR2 region residues that are involved both
in its interaction with LXR and in the ASC-2-mediated transactivation of LXR in
mammalian cells. Using these mutants, we have demonstrated that the NR2-LXR
interaction surface is not altered by the presence of RXR and RXR ligand and that Ser 1490
is the critical determinant for the LXR-specific interaction of NR2.44 Notably, NR2, but not
NR1, is essential for ASC-2-mediated transactivation of LXR /n vivo and for the interaction
between LXR-RXR and ASC-2 /n vitro. These results indicate that RXR does not interact
directly with the NR1 of ASC-2, but functions as an allosteric activator of LXR binding to
the ASC-2 NR2.44

D. Homodimerization Domain in ASC-2

Most NRs activate transcription from target genes either as homodimers or as heterodimers
with RXR.1 SRC family coactivators contain multiple NR boxes, such that a single SRC
coactivator could interact simultaneously, through distinct NR boxes, with various NR
dimmers.*® Similarly, the TRAP220/MED1 Mediator subunit has two NR boxes. One NR
box interacts with RXR, while the other interacts preferentially with VDR or TR.%6 Thus, a
TRAP220/MED1 monomer has the potential to bind to NR-RXR heterodimers through two
interfaces. However, ASC-2 contains a single NR box that is involved in interactions with
multiple NRs. Potentially resolving the issue of how ASC-2 with a single functional NR box
binds to and activates NR dimers, ASC-2 has been found to homodimerize.28 The
homodimerization region (DD) of ASC-2 (Fig. 1A) has been mapped to a region of human
ASC-2 containing amino acid 849-995.28:32 Embedded in this region is the NR1 motif,
which is involved in NR interactions, but not homodimerization of ASC-2. Thus, a
homodimer of ASC-2 with two functional NR box motifs has the potential to bind NR
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homo- and heterodimers with high affinity.28:32 However, in vivo evidence for formation of
an ASC-2 homodimer has yet to be established.

lll. Setl -Like H3KAMT Complexes
A. Methylation of H3K4

H3K4-methylation is an evolutionarily conserved mark that is linked to transcriptionally
active chromatin and has been proposed to counter the generally repressive chromatin
environment imposed by H3K9/H3K27-methylation in higher eukaryotes.> H3K4-
methylation has been demonstrated to be associated with transcriptional activation in a
variety of eukaryotic species.*”#8 Lysine residues can be mono-, di-, or trimethylated at the
C-amine /n vivo. In particular, H3K4-trimethylation is tightly associated with the 5" regions
of transcriptionally active genes, as it shows a strong positive correlation with transcription
rates, active polymerase 11 occupancy, and histone acetylation.49-54 Interestingly, the
patterns of H3K4-dimethylation differ significantly between yeast and vertebrates. In
Saccharomyces cerevisige, dimethylated H3K4 is found throughout genes that,
transcriptionally, are either active or poised and peaks around the middle of the coding
region, whereas monomethylation is most abundant at the 3" end of genes.49:50:54 |n
vertebrates, the majority of H3K4-dimethylation is coupled to H3K4-trimethylation in
discrete zones about 5-20 nucleosomes in length proximate to highly transcribed genes.51:52

B. Multiple Setl-Like H3K4MT Complexes in Vertebrates

The majority of histone lysine methyltransferases contain a SET domain, which catalyzes
the addition of methyl groups to the specific lysine residues.*8 The catalytic SET domains of
H3K4MTs can be arbitrarily grouped into either Setl-like H3K4MTs, which are related to
the yeast Setl and Drosophila Trx, or non-Setl-like H3K4MTs, which include ASH1,
SET7/9, SMYD3, and Mei-setz.5559 The first H3K4MT to be identified is S. cerevisiae
Set1, a single enzyme responsible for all H3K4-methylation in yeast.59.61 Interestingly, this
enzyme is found as a component of a large steady-state Set1 complex52:63 (Table 1). We
subsequently described a similar mammalian complex containing mixed lineage leukemia 3
(MLLS3, also named HALR) or MLL4 (also named MLL2/ALR),% and others later
described homologous vertebrate complexes containing MLL1, MLL2, SET1a, or
SET1%4-68 (Table I). These evolutionarily conserved complexes are collectively named
“Setl-like H3K4AMT complexes” (Table ). The multiplicity of Setl-like H3KAMT
complexes in vertebrate genomes suggests that these complexes are not redundant in their
function. In strong support of this notion, MLL1, MLL2, and ML/[ 3 mutant mice display
distinguishable phenotypes.?11:12.64.69 The potential functional specialization of these
enzymes likely results from their differential expression patterns, recruitment to different
target genes, and/or methylation of distinct nonhistone substrates.

C. A Subcomplex of WDR5, RbBP5, and ASH2L in Setl-Like Complexes

The Setl-like H3K4MT complexes share at least three common subunits: WDRS5, RbBP5,
and ASH2L8:65-8.70 (Table 1). Our recent biochemical reconstitution of a functional four-
component MLL1 core complex reveals that recombinant WDR5, RbBP5, ASH2L, and
MLL1 are sufficient for recapitulating H3K4MT activity comparable to that of the MLL1
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holocomplex purified from human cells.”! Importantly, the subcomplex of WDR5, RbBP5,
and ASH2L associates with the MLL1 SET domain (Fig. 1B) but can exist independently of
the catalytic subunit, thereby serving as a structural platform that can associate with the SET
domains of different MLL-family members® 71 (Fig. 2A). All three subcomplex components
are required for H3K4-methylation by MLL1 jn vitroand in vivo,”*72 with different
components affecting methyl states to different degrees.”1:73.74 In particular, WDR5
mediates interactions of the MLL1 catalytic unit both with the common structural platform
and with the histone substrate’® (Fig. 1B).

D. H3K4 Methyl-Binding Effectors

Although H3K4 methylation has been proposed to function through countering the generally
repressive chromatin environment imposed by H3K9/H3K27-methylation in higher
eukaryotes,” its precise role in transcription remains poorly understood. Like other histone
modifications, histone methylation is proposed to act through the recruitment of downstream
effector proteins, which in turn carry out specific independent functions on the chromatin
template. Indeed, recent work has uncovered a remarkably wide variety of domains that have
the capacity to recognize methylated H3-lysine residues.”® In particular, at least two distinct
motifs have been shown to bind H3K4-trimethyl residues: the royal superfamily (including
the chromodomains of CHD1 and tudor domains of JIMJD2A) and the PHD-finger
superfamily (including the PHD fingers of BPTF and ING proteins).”577 Interestingly, many
of these H3K4-methyl-binding proteins reside within protein complexes associated with
chromatin remodeling and modifications. For example, CHD1 and BPTF are involved in
ATP-dependent chromatin remodeling,’® ING proteins associate with and modulate the
activity of histone acetyltransferase (HAT) and deacetylase (HDAC) complexes,’® and
JMJID2A carries out histone demethylation.89 Thus, H3K4-methylation can be directly
coupled to further chromatin remodeling and modification mechanisms necessary to carry
out specific biological functions. The recruitment of remodeling machinery, such as the
BPTF-containing NURF remodeling complex, may facilitate transcriptional activation by
increasing the accessibility of the chromatin template to the transcriptional machinery.8! The
association of H3K4-methyl with ING3-5 and yeast Yngl containing acetyltransferase
complexes is also consistent with the role of H3K4-methylation in transcriptional activation.
82-84 Histone acetylation directly promotes more accessible chromatin structure and can
further recruit bromodomain-containing transcriptional regulators.8° Interplay between
H3K4-methylation and acetylation is evidenced by a high correlation of hyperacetylation
and H3K4-methylation patterns in genomic location analyses.52-483 |n further support of
this notion, we have recently demonstrated that loss of the H3K4-methyl mark on RAR-
target gene RAR-B2in ASC-2-null cells is accompanied by loss of H3/H4-acetylation
marks.? Intriguingly, recent findings demonstrate that upon DNA damage ING2 recruits the
Sin3/HDAC complex to silence transcription of cell proliferation genes, thus implicating
H3K4-trimethylation in active gene repression as well.82 In support of this idea, H3K4-
methyl-binding PHD fingers exist in well-established HDAC complexes in organisms
ranging from yeast to humans.”® Interestingly, human CHD1 recognition of trimethylated
H3K4 has been shown to function through the recruitment of factors implicated in
transcriptional elongation and pre-mRNA processing.86 A PHD finger within RAG2, a
protein involved in VV(D)J recombination, has been shown to recognize trimethylated H3K4
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and these interactions subsequently have been shown to play important roles in V(D)J
recombination.87-89 The latter two sets of results expand the functional scope for H3K4-
methylation beyond its well-defined role in transcriptional initiation.

V. ASCOM in NR-Mediated Transactivation
A. ASCOM-MLL3 and ASCOM-MLL4

Our proteomic analysis of ASC-2 in HeLa nuclei has led to the surprising finding that
ASC-2 does not exist as a single polypeptide but belongs to a large (~2 MDa) steady-state
H3K4MT complex that is highly homologous to the yeast Set1 complex.8 This complex,
which we named ASCOM, was the first mammalian Setl-like H3K4MT complex to be
described.8:2 ASCOM, which contains either MLL3 or MLL4 as the H3K4MT, shares the
RbBP5, ASH2L, and WDR5 subcomplex with other Set1-like complexes (Table I). The
components unigue to ASCOM include PTIP, PTIP-associated protein 1 (PAl), a- and B~
tubulins, UTX, and possibly other additional proteins8-90:%1 (Table I). Like Set1 and
MLL1/2, the C-termini of MLL3 and MLL4 have a SET domain (Fig. 1B) that is associated
with an intrinsic histone lysine-specific methyltransferase activity.> We and others have
shown that ASCOM is indeed a genuine H3K4MT complex.8:90.91 |nterestingly, UTX has
been found to be a H3K27-specific demethylase.13-17 Because H3K27-trimethylation is a
repressive chromatin mark critical for maintaining embryonic stem (ES) cell pluripotency
and plasticity in developing embryos, polycomb-mediated gene silencing, and X
chromosome inactivation,®2 ASCOM has two distinct histone modifiers linked to active
chromatin. Virtually identical complexes have also been purified as MLL4%1 and PTIP90
complexes from K562 and Hela cells, respectively. Notably, in our original purification, we
have failed to determine the identity of UTX, PTIP, PA1, and WDR5 due to technical
problems.® In addition, a similar complex enriched in MLL4 has also been reported as a
coactivator complex of ERa from DU4475 cells.93 This complex has been claimed to be
distinct from ASCOM based on the relatively unaltered amount of RbBP5, ASH2L, and
MLL4 in lysates immunodepleted for ASC-2.93 However, the reported purification includes
ASC-2, although it is less abundant than MLL4.93 Moreover, RbBP5 and ASH2L are
associated with other Set1-like complexes (Table 1)%* and thus are not readily
coimmunodepleted with ASC-2. In addition, currently it is not clear whether MLL4 can also
be found outside of ASCOM, either as a single polypeptide or as a subunit of other distinct
complexes. If MLL4 also exists unassociated with ASC-2, it would not be
coimmunodepleted with ASC-2. Thus, it needs to be further examined whether this MLL4
complex® is indeed distinct from ASCOM. Considering all the relevant studies, we favor a
model in which a shared subcomplex of RbBP5, ASH2L, and WDR5 forms a core complex
with MLL3 or MLL4 that may also form a heterogeneous population of complexes with
ASC-2 and other proteins depending on cell types and/or target genes (Fig. 2B).

B. ASCOMs as Crucial H3K4MT Complexes for a Subset of NRs

Transactivation by RXR, RAR, TR, and PPARy has been shown to be compromised in
ASC-2"~ mouse embryo fibroblast (MEF) cells relative to wild-type cells.24:25.27.95
Moreover, we have found that RAR transactivation is correlated with RA-induced H3K4-
trimethylation, and that this modification is redundantly mediated by ASCOM-MLL3 and
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ASCOM-MLLA4 but not by related menin-containing MLL1/2-complexes (Table I), primarily
due to the ability of ASC-2 to function as a specific linker for RARSs to recruit ASCOM.®

ASC-Z""= MEF cells are refractory to PPARy-mediated adipogenesis and fail to express
adipogenic markers such as aP2,% suggesting that ASC-2 is required for the adipogenic
program by PPARy. In addition, our recent results reveal that MLL3 also plays crucial roles
in adipogenesis.12 First, MLL3M2 mice expressing an H3K4MT inactivated mutant of
MLL3 have significantly less white fat. Second, MLLFV2 MEFs are mildly but consistently
less responsive to inducers of adipogenesis than wild-type MEFs. Third, ASC-2, MLL3, and
MLL4 are recruited to the PPARy-activated aP2 gene during adipogenesis, and PPARYy is
shown to interact directly with the purified ASCOM. Moreover, while H3K4-methylation of
aP2is readily induced in wild-type MEFs, it is not induced in ASC-2'~ MEFs and only
partially induced in MLLINA MEFs.12 These results suggest that ASCOM-MLL3 and
ASCOM-MLLA4 likely function as crucial but redundant H3K4MT complexes for PPARy-
dependent adipogenesis.

ASC-2 similarly functions as a key adaptor for LXR recruitment of MLL3 and MLL4.11
Moreover, H3K4-trimethylation of a subset of metabolic target genes of LXRs, mediated
redundantly by MLL3 and MLLA4, is correlated with their expression.11 We also have found
that ASCOM-MLL3 and ASCOM-MLLA4 play crucial roles in bile acid homeostasis as
specific H3K4MT coactivator complexes for FXR (Mol Endo 2009, in press, and our
unpublished results). Overall, our results expand the roles for H3K4-trimethylation to
transcriptional regulation of metabolic genes and suggest that ASCOM, among Set1-like
complexes, functions as a Setl-like H3K4MT complex specialized for a subset of NRs that
regulate metabolic genes.

Interestingly, MLL4 has been proposed to play crucial roles in ERa transactivation via
direct interactions with ERa.%% Moreover, MLL1/2-complexes have also been shown to
function with ERa via interactions between ERa and menin.9¢ These results highlight the
important caveat that ASC-2 is not a general adaptor for NRs and that other subunits of
ASCOM may also function as adaptors for some NRs (e.g., MLL4 for ERa),% and that
ASCOM is not the only Setl-like H3K4MT complex involved in NR functions.

C. Recruitment of Setl-Like H3KAMT Complexes

In S. cerevisiae, Setl is thought to be recruited to chromatin by the phosphorylated form of
RNA polymerase 1l carboxy-terminal domain (CTD), the histone chaperone FACT, and the
Pafl elongation complex. Moreover, its H3K4-trimethylation activity is dependent on H2B-
monoubiquitination.>4” However, this model fails to explain several observations in higher
eukaryotes. First, H3K4-trimethylation is enriched in promoter regions. Second, interactions
of methylated H3K4 and/or H3K4MTs with chromatin modifiers involved in transcription
initiation, such as NURF®L and p300,%7 occur at the promoter. Third, although direct
interactions among FACT, the PAF complex, and the H2B-ubiquitination machinery are well
documented and although Pafl interacts (directly or indirectly) with Setl in yeast,% direct
interactions of these components with H3K4MTs are not yet established in mammalian
cells. Finally, several reports demonstrate that genetic or siRNA-mediated knockdown of
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components of the H2B ubiquitination machinery does not affect H3K4 mono- and
dimethylation at target genes, suggesting intact recruitment of H3K4MTs.99.100

These results lead to our favored model in which the primary mechanisms of recruitment of
at least some H3K4MTSs to their target genes involve direct or indirect associations with
transcription factors (Fig. 2C). In support of this notion, diverse site-specific transcription
factors have been shown to associate with MLL-family complexes. For example, ERa
associates with MLL2 and MLL4,%39 g-catenin associates with MLL1 and MLL2,101 E2F6
associates with MLL1,102 and SET1a associates with the viral transcription factor \VP16.56
In addition, apart from binding directly to p53 and effecting p53-dependent H3K4
methylation of chromatin templates independently of H2B ubiquitylation, the MLL1
complex stimulates p53-dependent transcription from a chromatin template in a
reconstituted 777 vitro transcription system.192 We have also found that RARs and LXRs
recruit MLL3 and MLL4 to the target genes of RARs and LXRs via interactions of these
NRs with ASC-2, an integral subunit of MLL3/4 complexes.®1 Importantly, associations
with transcription factors likely function to determine the target specificity of Setl-like
H3K4MT complexes. For instance, ASCOM, but not the related Set1-like MLL1/2
complexes, is targeted by RAR since ASCOM is capable of interacting with RAR via ASC-2
while MLL1/2 complexes show no interactions with RAR.®

The mechanisms of recruitment of Setl-like complexes to their target genes may also
involve at least two additional types of interactions. First, interactions with the basal
machinery have been proposed (Fig. 2D). Similar to yeast, Setl, MLL1, and MLL2 associate
with the phosphorylated CTD of Pol 11 and components of the basal machinery,102103 g]heit
not necessarily directly, and colocalize with the Pol 11 binding sites.194 This association with
the basal machinery appears to be also conserved with Drosophila Trx.19° Second,
interactions with modified histones may serve to further stabilize the association of Setl-like
complexes with chromatin, as suggested by the discovery that WDR5 presents the H3K4
side chain for further methylation by MLL171.73 (Fig. 2E). Because H3K4MTs often contain
a series of distinct modified histone binding domains (e.g., PHD fingers in MLL4 in Fig.
1B), future studies may uncover roles for additional interactions with modified histones in
recruiting Set1-like complexes to their targets.

Taken together, we propose that recruitment of mammalian Setl1-like H3K4MT complexes
to their target genes may generally involve a two-step mechanism. In this model, the primary
recruitment event is proposed to be carried out through interactions with specific
transcription factors (Fig. 2C), followed by further stabilization of the complex on chromatin
through interactions with basal transcription machinery and modified histones (Fig. 2D and
E). The secondary stabilization might allow for efficient association of the complex with
chromatin over a larger domain than dictated by the presence of the transcription factor on
its DNA regulatory element. For example, both NURF and ING2 complexes could be
recruited by the site-specific transcription factors and also be stabilized on chromatin by the
specific recognition of H3 trimethylated at K4.82.106
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V. Cross Talk of ASCOMs with Other Coactivators

Although NR transactivation involves multiple coactivators, it is unclear how these factors
are functionally integrated. Interestingly, ASC-2 has been reported to bind both to HATs
CBP and p30020:28:36 gnd, although direct interactions and functions were not established, to
the TRAP/DRIP/ARC Mediator complex that links NRs to the basal transcription
machinery.38 ASC-2 has also been linked to other coregulators that function in
transcriptional initiation and subsequent mRNA processing steps (see below). Our recent
results further indicate that the NR coactivator function of ASCOM requires a novel
interplay with Swi/Snf that is likely mediated through specific interactions of the SET
domain of MLL3/4 with INI1, a core subunit of Swi/Snf.107 These results raise the
interesting possibility that ASCOM may serve as a novel platform for NR transactivation by
integrating the functions of multiple coactivators through mutual interactions. Moreover, the
two histone-modifying activities in ASCOM (i.e., MLL3/4 and UTX) may directly and/or
indirectly affect these integration processes.

A. CBP/p300

ASC-2 has been shown to form a high-affinity complex with CBP.20:28:36 Thys, expression
of ASC-2 in 293 cells followed by extraction, affinity adsorption, and immunoblotting have
indicated that a significant amount of CBP in the cell is associated with ASC-2. This
association is likely an indirect event, as no direct interaction between full length ASC-2 and
full length CBP was detected in yeast.198 Other /n vitro binding studies have demonstrated
that the C-terminal region of p300 (amino acids 1661-2414) can associate with the C-
terminal region of ASC-2.36 Whether association of ASC-2 with CBP/p300 plays essential
roles for ligand-dependent activation by NRs or other transcription factors activated by
ASC-2 has not been directly addressed using CBP~/p3007~ cells. However, ligand-
dependent activation of NRs by ASC-2 is completely blocked by expression of E1A, which
is known to inactivate CBP/p300.20-28 We also have found that not only H3K4-
trimethylation, but also H3/H4-acetylation of the RAR-target gene RAR-B2, is ablated in
ASC-2-null cells.® These results implicate ASC-2 in recruitment of a complex containing
CBP/p300 and associated factors to ligand-bound NRs on gene promoters.2928 However,
because CBP/p300 appears to associate with primary coactivators, such as SRC-1, that
directly interact with NRs, the recruitment of CBP by NRs may not necessarily require
ASCOM. Moreover, recruitment of CBP/p300 and ASCOM to NR-target genes could be
facilitated not only by mutual interactions but also by the possible presence of binding
modules that recognize methylated H3K4 (by MLL3/4), demethylated H3K27 (by UTX), or
acetylated H3/H4 (by CBP/p300). CBP/p300 complexes may also modify components of
ASCOM and vice versa, resulting in enhanced function for these complexes. More studies
are needed to distinguish between these possibilities. Nonetheless, these results are
consistent with a possibility that ASCOM and CBP/p300 are functionally integrated during
NR transactivation through interactions between these two complexes (Fig. 3A).

B. RNA-Binding Proteins

Increasing evidence indicates that transcription and pre-mRNA processing are functionally
coupled to modulate gene expression. Interestingly, three proteins containing RNA
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recognition motifs (RRMs) have been identified as ASC-2-interacting proteins through yeast
two-hybrid screenings; CAPER (for coactivator protein for AP-1 and ER receptor), PIMT
(PRIP-interacting methyltransferase), and CoAA (for coactivator activator). The recent
results demonstrate that CAPER and CoAA are clearly involved with both transcription and
splicing, suggesting that ASCOM may play important roles in functionally linking these two
processes (Fig. 3B).

We have isolated CAPER from a mouse liver cDNA library using the C-terminal region
(amino acids 1172-1729) of ASC-2 as bait.1%9 This protein has been subsequently renamed
CAPERa upon identification of its paralogue CAPERB.110 CAPERa is identical to the
nuclear autoantigens HCC1.3 and HCC1.4 reported in hepatocarcinoma.l1l HCC1.3 and
HCC1.4 are identical except for six additional amino acids in HCC1.4. Mouse CAPERa
(HCC1.3) enhances transactivation by ERa and c-Jun.19° CAPERa contains three RRMs
and associates with c-Jun and the liganded ERa via RRM3, while the C-terminus of
CAPERa binds to ASC-2.199 |nterestingly, CAPERa does not appear to enhance activation
of other NRs such as RARs, RXRs, TR, and GR. The basis for ERa specificity is unclear,
but this specificity implies that CAPERa may not enhance ERa function through
association with ASC-2, which interacts with and enhances activation of many other NRs.
Both CAPERa and CAPERS coactivate the progesterone receptor (PR) in luciferase
transcription reporter assays and alter alternative splicing of a calcitonin/calcitonin gene-
related peptide minigene in a hormone-dependent manner.11% The importance of CAPER
coactivators in the regulation of alternative RNA splicing of an endogenous cellular gene
(VEGF) has been substantiated by siRNA knockdown of CAPERa.110 Mutational analysis
of CAPERg indicates that the transcriptional and splicing functions are located in distinct
and separable domains of the protein.}10 Further implicating CAPERSs as potential splicing
factors, CAPERa has been found in a purified spliceosome complex.112 Overall, these
results indicate that NR-regulated transcription and pre-mRNA splicing can be directly
linked via ASCOM and dual function coactivator molecules such as CAPERa and CAPERS
(Fig. 3B).

CoAA is another RRM-containing factor that was isolated from a GC cell cDNA library in a
yeast two-hybrid screen using the C-terminal region (amino acids 1641-2063) of ASC-2 as
bait.113 The 669 amino acid CoAA contains two RRMs near its N-terminus and the C-
terminal auxiliary domain that interacts with ASC-2. Expression of COAA enhances
activation by a number of transcription factors that include NF-xB, CREB, AP-1, PR, TR,
ER, and GR.113.114 Using transcriptional and splicing reporter genes driven by different
promoters, CoOAA has been shown to mediate transcriptional and splicing effects in a
promoter-preferential manner.114 CoAA also associates with DNA-PK regulatory subunit
Ku86 and poly (ADP-ribose) polymerase (PARP) from GH3 cells, raising the interesting
possibility that it may act to functionally link ASCOM to DNA repair machinery in vivo.113

PIMT has been isolated in a yeast two-hybrid screen from a human liver cDNA library using
a large C-terminal region (amino acids 773-2067) of ASC-2 as bait.11° PIMT is a
ubiquitously expressed putative RNA methyltransferase that contains an invariant
GXXGXXI motif near its N-terminus found in K-homology motifs of many RNA-binding
proteins. Expression of PIMT enhances PPARy and RXR activity, and this activity is further
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enhanced by expression of ASC-2. The putative methyltransferase activity of PIMT does not
appear to be involved in its role as an activator since deletion of the methyltransferase
domain does not affect its activating function.11® Like ASC-2, PIMT homodimerizes /n vitro
and may also form homo-oligomers.11> PIMT does not appear to methylate histones, but
associates with CBP/p300 and PBP/TRAP220/MED1.116 However, whether PIMT is also
involved in splicing remains to be tested.

C. Swi/Snf

Three lines of our recent results suggest the presence of a novel cross talk between ASCOM
and the ATPase-dependent chromatin remodeling complex Swi/Snf during NR-mediated
transactivation.197 First, these two complexes are colocalized in the nuclear matrix.117
Although transcriptionally active DNA has been suggested to be tightly associated with the
nuclear matrix,18 the relevance of the nuclear matrix colocalization of ASCOM and
Swi/Snf to their function remains to be further determined. Second, Swi/Snf promotes
binding of ASC-2 to NR-target genes, and ASCOM assists binding of Swi/Snf to NR-target
genes.197 Finally, we have discovered that the C-terminal SET domains of MLL3 and MLL4
directly interact with INI1, an integral subunit of Swi/Snf, and that these interactions play
important roles in the mutually facilitated recruitment of ASCOM and Swi/Snf to NR-target
genes!®’ (Fig. 3C). The involvement of these interactions in the cross talk between ASCOM
and Swi/Snf is clearly demonstrated by our identification of a specific INI1 point mutant that
affects the MLL3/4-SET interactions, but not the known hBRM and c-Myc interactions, of
IN11.107 Both ASCOM and Swi/Snf are known to be recruited to NR-target genes through
well-defined interaction interfaces; for example, ligand-dependent interactions of NRs and
ASC-2 in recruiting ASCOM to NRs1? and interactions between various subunits of Swi/Snf
and NRs in tethering Swi/Snf to NR-target genes.119 Thus, our results suggest a model in
which the MLL3/4-SET:INI1 interactions provide “additional” interactions that can lead to
mutual facilitation of ASCOM and Swi/Snf in recruitment to NR-target genes. Importantly,
this study provides the molecular basis for a novel integration of two enzymatic complexes
in NR transactivation, H3K4MT in ASCOM and the ATPase-dependent chromatin
remodeler Swi/Snf.

These results, along with the possible interplay of ASCOM with CBP/p30020:28:36 and the
TRAP/DRIP/ARC Mediator complex38 (Fig. 3D), further support the possibility that
ASCOM has a distinct platform function in facilitating the recruitment of multiple
coactivators to NRs. As these include the chromatin regulators Swi/Snf and CBP/p300, and
as ASCOM itself is a H3K4MT complex, ASCOM is expected to play crucial roles in
establishing transcriptionally active chromatin on NR-target genes. In addition, these
chromatin remodelers and modifiers may “indirectly” affect recruitment of other
coactivators. For instance, ASCOM-mediated H3K4-methylation may create a direct
docking site for other chromatin remodeling/modifying complexes that contribute to the
generation of a proper environment for transcription. Interestingly, despite the conserved
nature of the SET domains throughout evolution, the SET-INI1 interactions, which were
originally described in MLL1,120 are not shared with the SET domains of Ash1, E(Z), and
SU(VAR)3-9.121 Given that MLL1 and MLL3/4 belong to the Set1-like family of
complexes, these results raise the interesting possibility that Setla/gand MLL2, the
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remaining members of the Setl-like complexes, may also communicate with Swi/Snf
through INI1 interactions. This possibility is supported by the results that ASH2L and
RbBP5, two common subcomplex subunits of all the Set1-like complexes (Table 1), are also
found associated with the nuclear matrix107 and that SNR1, a Drosophila homologue of IN11
that interacts with the C-terminal SET domain of Trx (a Drosophila orthologue of MLL1),
has been shown to colocalize with approximately one-half of the TRX binding sites on larval
salivary gland polytene chromosomes.120

VI. Physiological Roles of Key Subunits of ASCOM

A. ASC-2

1. DN1 and DN2—We have shown that an 80 amino acid ASC-2 peptide (DN1)
containing NR1 blocks transactivation by NRs when expressed in transgenic mice. DN1
transgenic lines display pathological abnormalities in many different organs that include
heart, pituitary, adrenal glands, brain, spleen, liver, and lung. In particular, we have observed
eyes with microphthalmia and posterior lenticonus with cataract.22 We have also found that
transgenic expression of another ASC-2 region (DN2; amino acids 1431-1511) containing
NR2 blocks the activity of LXRs /7 vivo.2 Livers from DN2 transgenic mice show changes
similar to those seen in livers from LXRa ™'~ mice, suggesting that ASC-2 plays a role in
cholesterol and lipid metabolism in the liver, presumably through regulation of LXRs.21 On
a high fat cholesterol diet, DN2 transgenic lines display rapid accumulation of large amounts
of cholesterol and down-regulation of known lipid metabolizing target genes of LXR.21
Unexpectedly, DN1 and DN2 selectively block the activity of endogenous ASC-2, but not
that of other coactivators such as TRAP220/MED1 or SRC-1.2122 Since DN1 and DN2
would be expected to compete with the binding of other coactivators for liganded NRs, the
mechanism underlying this specificity is unclear and requires further study. Importantly,
recent studies of a conditional knockout of ASC-2 in liver122 suggest that the phenotypes
observed in DN1 transgenic micel23 may not be simply ASC-2-dependent. Thus, while
these transgenic studies have provided the initial clues to the probable biological role of
ASC-2 in vivo, they should be interpreted with caution.

2. ASC-2 Mutant Mice—The ASC-Zgene has been knocked out in mice in a mixed
C57BL/6-129S6 (C57/129) genetic background.?4-27 These studies reveal that the ASC-2-
null mutation is embryonic lethal and that mutant embryos die in utero between E8.5 and
E12.5, while C57/129 ASC-2"'~ mutant mice appear normal and grow similar to wild-type
mice (see below). The cause of lethality in ASC-27~ embryos is attributed to placental
dysfunction and a number of developmental defects involving the heart, liver, and brain.
24,2521 ASC-Z7I- embryos are growth retarded and half the size of wild-type or ASC-2"/~
embryos.26 Consistent with these results, ASC-2~ MEFs derived from E12.5 ASC-27~
embryos exhibit growth retardation in culture compared to wild-type MEFs. ASC-Z7/~
MEFs also undergo apoptosis as they enter into the late log phase of growth,26 while wild-
type MEFs are resistant to apoptosis under the same growth conditions. RNAi-mediated
knockdown of ASC-2 in wild-type MEFs leads to a level of apoptosis similar to that found
with ASC-Z/~ MEFs.26 Apoptosis of the ASC-Z7/~ cells seems caspase-mediated since
ZVAD-fmk, a pan-caspase inhibitor, blocks apoptosis in ASC-2"'~ MEFs.26 Overall, these
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findings suggest that ASC-2 likely regulates antiapoptotic and or prosurvival genes required
for cell growth and development.

Interestingly, older ASC-2"/~ C57/129 mice have been found to exhibit a wound healing
phenotype28 (Table 11). They spontaneously develop skin lesions or ulcers around the neck,
ears, snout, and facial area. These regions correspond to the areas where mice groom and
likely scratch themselves. This occurs in ~25% of both male and female ASC-2'/~ C57/129
mice. These spontaneous lesions develop as early as 4-6 months of age in the
ASC-2-C57/129 mice.26 Histopathology of the affected and normal regions of the skin
show thickening of the epidermis, increased sebaceous glands, and a reduction or total loss
of hair follicles. In addition, there is no leading edge of keratinocyte migration, which is
seen in normal wound healing. This lack of keratinocyte migration has been reproduced
using ex vivo skin explant cultures from 2-day-old C57/129 ASC-2"'~ mice.26 Wild-type
keratinocytes show robust migration when incubated with epidermal growth factor (EGF),
whereas keratinocytes from the ASC-2*/~ explants show no response to EGF. The molecular
mechanism by which a reduction of ASC-2 in the skin of ASC-2"/~ mice leads to chronic
skin wounds remains to be further defined.

In the pancreas, we have found that ASC-2 is expressed in the endocrine cells of islets of
langerhans.23 In addition, our results reveal that overexpressed ASC-2 increases glucose-
elicited insulin secretion, whereas insulin secretion is decreased in islets from ASC-2-
mice. Moreover, primary rat islets ectopically expressing DN1 or DN2 exhibit decreased
insulin secretion. The mass and number of islets also decrease in heterozygous mice, likely
due to increased apoptosis and decreased proliferation of ASC-2*' islets.23

3. 129S6 Isogenic ASC-2*/~ Mice—In contrast to ASC-2"'~ mice in a C57/129 mixed
genetic background, isogenic ASC-2/~ 12956 mice exhibit a neonatal growth phenotype
and newborn pups are ~10-15% smaller than their wild-type littermates.26 However, within
2 months after weaning, ASC-2"/~ 12956 mice become similar in size to their wild-type
littermates. Interestingly, ~3% of the ASC-2'/~ 12956 newborn pups are extremely growth
stunted, weighing 70% less than their wild-type littermates. These mice often die before
weaning. However, a small number of these mice survive and also become equivalent to
wild-type littermates in weight.26 Interestingly, this phenotype seems distinct from AMLLFVA
newborn mice whose uniformly smaller size and weight deficit persist through adulthood.12
The molecular mechanisms underlying impaired growth in MLL 32 and isogenic 12956
ASC-2'I" mice have yet to be determined.

In contrast to the absence of reproductive phenotypes in ASC-2"/~ mice in C57/129 mixed
genetic background, the fertility of both sexes of isogenic ASC-2"/~ mice in 12956
background is compromised.2® Both male and female mice are hypofertile and ~20% of
isogenic ASC-2*/~ females are sterile. These infertile females appear to mate based on the
formation of vaginal plugs and exhibit normal estrus cycles. These results suggest
abnormalities in oogenesis, implantation of fertilized ova, or a defect in placental function,
as no embryos are detected between E8.5 and E12.5. The number of newborn ASC-2*/
pups obtained from crosses between ASC-2"/~ 12956 hypofertile males and females is far
less than expected based on Mendelian distribution.28 This appears to result from a
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significant number of ASC-2"~ embryos dying in utero. Those ASC-27~ 12956 female
mice which are hypofertile exhibit a progressive decline in fertility as they age and their
newborn pups have a high rate of neonatal mortality. The reproductive phenotypes in
isogenic ASC-2'/~ 12956 mice are similar to those found for MLLVA mice.® Future studies
should be directed at elucidating the molecular mechanism underlying male and female
hypofertility in MLL3V2 and isogenic 12956 ASC-2'~ mice.

4. Phenotypes from Conditional Knockouts—To overcome the early embryonic
lethality of ASC-Z7/~ mice and to study the role of ASC-2 in select tissues of adult mice,
conditional knockout mice for ASC-2 have been constructed. In ASC-2-deficient mammary
glands,124 the elongation of ducts during puberty is not affected, but the number of ductal
branches is decreased. Moreover, during pregnancy, the null mammary glands exhibit
decreased alveolar density. Interestingly, the lactating ASC-2-deficient glands contain scant
lobuloalveoli with many adipocytes, while the wild-type glands lack adipocytes. The null
mammary glands fail to produce enough milk to nurse all the pups during lactation. These
results suggest that ASC-2 contributes to efficient ductal branching of mammary glands in
response to estrogen. A slight increase in apoptosis has been observed in the terminal buds
from ASC-2-deficient glands, raising the possibility that abnormal apoptosis contributes to
the impaired ductal branching.124

ASC-2 liver conditional knockout mice have been generated to study the /n vivorole of
ASC-2 as a coactivator for PPARa and CAR.122 We have reported that ASC-2 interacts with
CAR and enhances the transcriptional activation by CAR in transfection assays.123 However,
the /n vivo data obtained from conditional knockout studies show that ASC-2 deficiency in
the liver fails to alter CAR function, as both wild-type and ASC-2liver conditional knockout
mice are susceptible to acetaminophen-induced liver damage mediated by CAR and
upregulate expression of CAR-target genes (e.g., CYP1AZ, CYP2BI10, CYP3A11, and
CYPZ2EI) in response to CAR ligand. CAR mRNA and protein levels between these mice
are similar, suggesting that ASC-2 does not alter hepatic CAR expression.122 Notably, these
in vivo findings are somewhat contradictory to our earlier studies with transgenic mice
expressing DN1, a fragment of ASC-2 containing the NR1, as these mice fail to show
acetaminophen-induced hepatic necrosis.123 Similarly, ASC-2 has been shown to activate
PPARSs /n vitro.2%38 However, in conditional knockout mice, the degree of PPARa ligand-
mediated peroxisome proliferation in liver cells has been found to be essentially similar to
that seen in wild-type liver cells, implying that, in the liver, ASC-2 is not involved for
PPARa-mediated proliferation. Accordingly, the PPARa-specific target genes encoding
fatty acyl-CoA oxidase, enoyl-CoA hydratase/L-3 hydoxyacyl-CoA hydrogenase (L-
bifunctional enzyme; L-PBE), peroxisomal thiolase (PTL), and CYP4A1 increase markedly
in both wild-type and ASC-Z2 liver conditional knockout mice, following treatment with the
PPARa ligand. PPARa mRNA levels remain essentially similar in control and PPARa
ligand-treated mice.122 Based on these results, it has been suggested that ASC-2 is
dispensable in the liver for activating PPARa- and CAR-mediated gene expression.122
However, it needs to be further determined whether MLL3/4 complexes are also dispensable
for the hepatic function of PPARa and CAR, as it is possible that MLL3/4 complexes still
form in the absence of ASC-2 and that another subunit of ASCOM may function to tether
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ASCOM to PPARa and CAR. Alternatively, other Setl-like complex(es) may function
redundantly with ASCOM, and inactivation of ASCOM alone may not be sufficient to alter
PPARa and CAR functions in the liver. Further analyses of ML L 3/4 mutant mice should
clarify these issues.

B. Metabolic Phenotypes of MLL3

H3K4-trimethylation is an evolutionarily conserved mark for transcriptionally active
chromatin.#”48 Interestingly, whereas yeast has a single enzyme responsible for this
modification (H3K4MT), higher eukaryotes carry a number of H3K4MTs.% This suggests
that individual H3K4MTs in higher eukaryotes may have distinct target genes. However, the
physiological roles for higher eukaryotic H3K4MTs and their target genes remain poorly
understood. We have generated ML .32 mutant mice that express an MLL3 with a deletion
of the Set catalytic domain that is involved in H3K4-methylation.® The ML L2 mutation
in a mixed C57/129 genetic background leads to partial embryonic lethality,® while isogenic
C57BL/6 MLLFA2 mice are completely embryonic lethal (our unpublished results).
Interestingly, MLL3M2 mice share some similar phenotypes with isogenic 12956 ASC-2/~
mice, 26 providing genetic evidence for the assembly of MLL3 into ASCOM. Similar to
isogenic 12956 ASC-2*~ mice,26 MLL 32 mice are stunted in their overall growth and
weigh 30-40% less at birth. MLL2 females also exhibit a range of reproductive
phenotypes from infertility to hypofertility, while males are generally hypofertile. In
addition, like ASC-27/~ MEFs, MEFs generated from MLL32 mice divide at
approximately half the rate of wild-type MEFs.928 Our phenotypic analyses of MLLINA
mice reveal that MLL3 has multiple functions /n vivo, likely as a component of ASCOM. In
particular, our results reveal that MLL3, and possibly MLL4, may be specialized for
regulating genes involved in metabolic homeostasis, thus revealing key roles for specific
H3K4MTs in metabolism.

1. WAT Phenotypes of MLL3%2 Mice—ASC-2-null MEFs are refractory to PPARy-
stimulated adipogenesis and fail to express the PPARy-responsive, adipogenic marker gene
aP2.95 However, the specific roles for MLL3 and MLL4 in adipogenesis remain undefined.
We recently have found that MLL3 plays crucial roles in adipogenesis.12 First, MLLA
mice have a significantly decreased amount of WAT with a favorable overall metabolic
profile, including improved insulin sensitivity and increased energy expenditure. Second,
MLL3NA MEFs are mildly but consistently less responsive to inducers of adipogenesis than
wild-type MEFs. Third, ASC-2, MLL3, and MLL4 are recruited to the PPARy-activated aP2
gene during adipogenesis.12 Consistent with earlier demonstrations that ASC-2 binds
directly to PPARy and C/EBPa,1? two factors important for adipogenesis, 12> ASCOM
directly interacts with both free and promoter-bound PPARy-RXRa heterodimers.12 Thus, it
is possible that ASC-2 plays a similar role in facilitating ASCOM function through PPARy
and C/EBPa during adipogenesis. Moreover, while H3K4-methylation of aP2is readily
induced in wild-type MEFs, it is not induced in ASC-Z/~ MEFs and only partially induced
in MLL3NA MEFs.12 These results suggest that ASCOM-MLL3 and ASCOM-MLLA4 likely
function as crucial but redundant H3K4MT complexes for PPARy-dependent adipogenesis,
uncovering an interesting connection between H3K4-trimethylation and adipogenesis.
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Interestingly, we have observed that PPAR~y exhibits both ligand-dependent and ligand-
independent interactions with different components of the ASCOM complex,12 uncovering a
previously unappreciated complexity in recruiting ASCOM to NRs. This could reflect, for
example, the presence of a dynamic equilibrium distribution of ASC-2-containing and
ASC-2 free complexes and an associated ligand-independent recruitment of the core
complex, possibly through interactions with a PPARy domain other than AF2, followed by a
ligand- and AF2-dependent recruitment or stabilization of ASC-2. Another possibility is the
presence in our purified PPARy of an active AF2 conformation, due either to an endogenous
ligand or to a natural equilibrium between active and inactive AF2 states,*> and an AF2-
dependent recruitment of ASCOM through LXXLL motifs in MLL3/411.93 or ASC-2 with
further stabilization of MLL3/4 or ASC-2 by the potent ectopic ligands.

2. Lipid and Bile Acid Phenotypes of MLL3%2 Mice—In further support of the
selective involvement of ASCOM in metabolism, we have discovered two additional lines of
metabolic phenotypes, in MLL3M2 mice that are ascribed to the roles of ASCOM as a
H3K4MT coactivator of LXRs and FXR.

The second NR box of ASC-2 has been shown to specifically recognize LXRs.2044
However, no exact role for either ASC-2 or MLL3/4 in LXR transactivation has been clearly
defined. Our recent results reveal that the key function of ASC-2 in LXR transactivation is to
present MLL3 and MLL4 to LXRs.1! Thus, ASC-2 is required for ligand-induced
recruitment of MLL3 and MLL4 to LXRs, and LXR ligand T1317 induces not only
expression of LXR-target genes but also their H3K4-trimethylation. Strikingly, both of these
ligand effects are ablated in ASC-2-null cells but only partially suppressed in cells
expressing an enzymatically inactivated mutant MLL3.11 Our results also show that LXR
transactivation does not appear to require certain other Set1-like complexes, because, while
ASC-2 is required for LXR transactivation, menin, an integral component of MLL1/2 Set1-
like complexes, is dispensable.1! In comparison, targeted deletion of menin or siRNA-
mediated reduction of MLL4 alone has been shown to significantly impair ERa
transactivation.?3:9 Taken together, these results suggest that ASCOM-MLL3 and ASCOM-
MLL4 play redundant but essential roles in ligand-dependent H3K4-trimethylation and
expression of LXR-target genes and that ASC-2 is likely a key determinant for LXR
function through ASCOM (but not other Set1-like complexes). We have proposed that a
subunit of Setl-like complexes determines the target specificity of each complex via direct
protein—protein interactions with target transcription factors? (Fig. 2C). The current study
supports this model and validates the previously proposed specialized function for ASC-2 as
a key adaptor to present ASCOM to LXRs.11:20.21,44,126

In further support of the role of ASCOM as a coactivator of LXRs, our analysis of hepatic
MRNAs shows that the hepatic lipogenic LXR-target genes FAS and SREBP-1c are
suppressed in MLL3M2 mice. 1! Intriguingly, expression of another direct LXR-target gene
CyprAL, that encodes a key enzyme in the conversion of cholesterol into bile acids is not
downregulated.1! These results suggest that clearance of cholesterol via bile acid synthesis
could be intact in MLL3MA mice, which, along with the impaired expression of lipogenic
genes, might have contributed to our failure to observe accumulation of oil-red-O positive
lipid droplets in the livers of MLL3M2 mice even with a high fat diet.11 Thus, these results
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raise the interesting possibility that MLL3 may have some selectivity toward a subset of
LXR-target genes involved in hepatic de novo lipogenesis. Future studies should be directed
toward elucidation of the molecular basis underlying this interesting selectivity.

Our recent results reveal that expression of two FXR-target genes, BSEPand SHP, is
downregulated in MLL32 mice (Mol Endo 2009, in press, and our unpublished results).
SHPencodes an atypical orphan nuclear receptor that lacks a DBD.127 SHP forms a novel
regulatory loop with FXR, which functions to maintain bile acid homeostasis.12” SHP
expression is induced in response to increased hepatic levels of bile acids that bind and
activate FXR, and SHP in turn suppresses expression of Cyp7A1 by antagonizing the
activity of another NR, “liver receptor homolog 1 (LRH-1),” that functions as an inducer of
Cyp7A1. This leads to a blockage in the further production of bile acids from cholesterol.127
Consistent with the decreased expression of SHP, we have found that Cyp7Al is
significantly upregulated in MLL3M2 mice (Mol Endo 2009, in press, and our unpublished
results). In further support of these results, MLLIFM2 mice exhibit a much higher level of
plasma bile acid when fed a control diet supplemented with 0.5% (w/w) cholic acid (CA, a
ligand for FXR) (Mol Endo 2009, in press, and our unpublished results), similar to FXR-null
mice.128 In further indication for impaired bile acid homeostasis, MLL3V2 mice fed a
control diet supplemented with 0.5% (w/w) CA also have a significantly enlarged
gallbladder filled with bile acids and thus the total pool of bile acids in MLLFV2 mice is
much larger than that in wild-type mice (Mol Endo 2009, in press, and our unpublished
results). These results indicate that bile acid homeostasis is seriously disturbed in MLLINA
mice. Interestingly, expression of BSEP and SHP is still induced and expression of Cyp7Al
is still suppressed in response to a control diet supplemented with 0.5% (w/w) CA in

ML LD mice, suggesting that another H3K4MT, likely MLL4, functions in the livers of
MLL3MA mice. Consistent with these results, both MLL3 and MLL4 are recruited to SHP
via FXR, and suppression of SHP expression and SHP H3K4-trimethylation is much greater
with siRNA-mediated downregulation of both MLL3 and MLL4 than with downregulation
of MLL3 or MLL4 alone (Mol Endo 2009, in press, and our unpublished results). Overall,
these results suggest that ASCOM-MLL3 and ASCOM-MLL4 act as redundant but crucial
coactivators of FXR. Our newly established mice with a mutant MLL4 should help clarify
whether MLL4 indeed functions redundantly with MLL3 in mediating FXR transactivation.

C. ASCOM in Cancers

The ASC-2 gene is amplified and overexpressed in human breast and other cancers,129-131
However, it has been difficult to determine whether ASCOM is involved in tumorigenesis or
antitumorigenesis. This is mainly because ASC-2 and MLL3/4 target a complex array of
transcription factors that include both tumorigenic and tumor suppressive proteins.10
However, as these ASCOM target factors have been identified mostly through cell
transfection and 7 vitro studies, 19 the roles for ASCOM in their transactivation remain to be
validated in more physiological settings. The results discussed below, along with the finding
that MLL3 maps to 7q36, a chromosome region that is frequently deleted in myeloid
disorders,132 are in favor of tumor suppressive roles for ASCOM (see below). Given the
multifunctionality of ASCOM, however, it is possible that ASCOM may also function to
trigger tumorigenesis in different cell types.
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1. Amplification and Overexpression of ASC-2 in Human Cancers—Human
ASC-2 is localized on chromosome 20 (20g11). The ASC-2gene was initially mapped to the
20q11 segment of chromosome 20 during a search for amplified and overexpressed genes
mapping to chromosome 20q in breast cancer.130 Subsequently, we have found, using FISH
analysis, that the ASC-2 copy number is increased to a moderate level (4-6 copies) in 14 out
of 335 (4.2%) cases of breast cancer and to a high level (>6 copies) in 15 out of 335 (4.5%)
cases of breast cancer.131 ASC-2 mRNA is also detected in 11 different breast cancer cell
lines, with the highest expression in BT-474 cells.131 The ASC-2gene is also found to be
amplified in lung and colon cancers.131 Notably, the high level of ASC-2 expression in
breast cancer cell lines does not correlate with the level of ER expression.131

2. Mammary Tumor Suppressive Function of ASC-2—To study the roles of
ASC-2 in mammary tumorigenesis, ASC-2"/~ mice have been crossed with mice carrying
polyoma middle-T antigen (pyMT).133 This study has revealed that mammary tumor
development in ASC-2'/~ pyMT female and male mice is substantially accelerated
compared with that in wild-type pyMT mice. Correspondingly, tumor formation in nude
mice that receive premalignant ASC-2"/~ pyMT mammary tissue is much faster than in nude
mice that receive transplants from premalignant wild-type pyMT mammary tissue.133 This
tumor acceleration is reported to result from increased cell proliferation and ductal
hyperplasia and mammary intraepithelial neoplasia. Although the mechanism of pyMT-
induced tumorigenesis is proposed to reflect a partial impairment of activated PPARy/RXR,
133 jt is important to note that ASC-2 is a multifunctional coactivator and, thus, that the
accelerated tumor phenotypes in ASC-2*~ pyMT mice may also involve ASC-2 coactivator
functions for other tumor suppressive transcription factors such as p53 (see below).

3. ASCOM as a Coactivator of the Tumor Suppressor p53 and Kidney
Phenotypes of MLL3%2 Mice—Further implicating ASCOM in tumor suppression
pathways, we have found that ASCOM-MLL3 and ASCOM-MLL4 function as redundant
but crucial coactivator complexes for the tumor suppressor p53 (PNAS 2009;106:8513-8,
and our unpublished results). Our results reveal, first, that ASC-2 acts as a coactivator of p53
in reporter assays and is required for H3K4-trimethyation and expression of endogenous
p53-target genes in response to the DNA damaging agent doxorubicin and, second, that
ureter epithelial tumors result from targeted inactivation of MLL3 H3K4-methylation
activity in the mouse (PNAS 2009;106:8513-8, and our unpublished results). Interestingly,
this latter phenotype is exacerbated in a p53~ background and the tumorigenic cells are
heavily immunostained for yH2AX (PNAS 2009;106:8513-8, and our unpublished results),
indicating a contribution of MLL3 to the DNA damage response pathway through p53. In
support of redundant functions for MLL3 and MLL4 in this process, sSiRNA-mediated
downregulation of both MLL3 and MLL4 is required to suppress doxorubicin-inducible
expression of p53-target genes (PNAS 2009;106:8513-8, and our unpublished results).
Importantly, this study identifies a physiologically relevant, specific H3K4-
trimethytransferase coactivator complex for p53. Notably, and related, independent siRNA-
based studies have indicated that p53 is regulated by ASC-2.32
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Interestingly, PTIP, which has been proposed to play important roles in cellular responses to
DNA damage, 34136 has recently been identified as an additional component of ASCOM.
90.91 The tumor suppressor p53 plays a key role countering the adverse effects of DNA
damage,137:138 which otherwise can be lethal or lead to oncogenic transformation. DNA
damage induces the transcriptional activity of p53 via damage sensors such as ATM.
Interestingly, PTIP appears to be required for ATM-mediated phosphorylation of p53 at Ser
15 and for DNA damage-induced upregulation of the cyclin-dependent kinase inhibitor
p21.135 Correspondingly, the loss-of-function studies in mice indicate that PTIP is essential
for the maintenance of genomic stability.134 One intriguing future challenge is to test
whether this function of PTIP occurs in the context of ASCOM, particularly because
ASC-2-null cells show increased phosphorylation of p53 at Ser 15 (PNAS 2009;106:8513-8,
and our unpublished results). Regardless, as our results suggest that ASCOM acts as a tumor
suppressive coactivator complex of p53, ASCOM, like PTIP, may also play crucial roles in
the maintenance of genomic stability. Indeed, we show that targeted inactivation of MLL3
H3K4-methylation activity in the mouse results in ureter epithelial tumors accompanied by
an increased level of damaged DNA and that ASC-2 appears to be important for DNA
damage-induced expression of p53-target genes (PNAS 2009;106:8513-8, and our
unpublished results).

ASC-2 appears to play a crucial role in effecting MLL3/4 function on p53-target genes, as
our results reveal that MLL3 and MLL4 are recruited to p53 and carry out H3K4-
trimehtylation of p53-target genes in an ASC-2-dependent manner (PNAS 2009;106:8513—
8, and our unpublished results). The precise roles of ASC-2 in p53 transactivation remain
unclear, as ASC-2 does not directly interact with p53 (PNAS 2009;106:8513-8, and our
unpublished results). Our further search for the mechanistic basis underlying the
associations between p53 and ASCOM reveal that 53BP1, a protein originally identified
based on its interaction with p53,139.140 s recruited to p27-p53REs. Moreover, the timing of
this recruitment precisely overlaps that of ASC-2 (PNAS 2009;106:8513-8, and our
unpublished results), suggesting corecruitment of these two proteins. These results support
the previously proposed role for 53BP1 as a coactivator of p53.140 Our proposal for an
adaptor role for 53BP1 between p53 and ASCOM is further supported by our finding that
53BP1 and ASC-2 are readily coimmunopurified and that 53BP1 appears to directly interact
not only with p53139:140 byt also with ASC-2 (PNAS 2009;106:8513-8, and our unpublished
results). However, because a significant level of ASC-2/MLL3 recruitment to p27-p53REs is
still observed in 53BP1-null cells, additional mechanisms are expected to exist (PNAS
2009;106:8513-8, and our unpublished results). Thus, the detailed molecular basis
underlying the recruitment of ASCOM to p53 remains to be further delineated.

Because the loss of p53 function is generally associated with most tumors, the seeming
propensity of MLL3MA mice to selectively develop urothelial tumors (PNAS
2009;106:8513-8, and our unpublished results) may appear paradoxical. On the one hand,
this may reflect a redundancy between MLL3 and other MLLs in most tissues and, on the
other hand, a more careful examination may yet uncover other types of tumors. In fact,
ASCOM may guard against a broad range of epithelial tumors, and acceleration of pyMT-
induced mammary tumorigenesis by haploid inactivation of ASC-2133 may similarly involve
genomic instability caused by the impaired ability of ASCOM to support p53
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transactivation. Nonetheless, it is possible that, along with a general redundancy between
ASCOM-MLL3 and ASCOM-MLL4, an as-yet-to-be-characterized specific function of
MLL3 in urothelium may selectively lead to urothelial tumors in MLL3MA mice.

Future Challenges

The studies discussed in this review suggest that ASCOM likely serves as an essential
H3K4-methylation complex of multiple NRs and other transcription factors and accordingly
regulates a diverse array of physiological processes. Most striking is the possibility that
ASCOM may have a specialized function for a selective set of NRs involved in metabolism.
However, more surprises for the physiological function of ASCOM are likely to be
encountered as we continue to dissect the phenotypes of ASC-2/MLL3/ML [ 4 mutant mice.
To fully decipher the physiological function of ASCOM, many outstanding questions remain
to be answered, and a few immediate challenges are summarized below.

ASCOM is a unique Setl-like complex, because it also contains UTX, an H3K27-
demethylase. H3K27-methylation is a posttranslational modification that is highly correlated
with genomic silencing. Thus, ASCOM may serve as an excellent model system to study the
potential interplay between H3K4- and H3K27-methylation events. Indeed, during retinoic
acid signaling events, the recruitment of the UTX complex to HOX genes has been shown to
result in H3K27-demethylation and a concomitant methylation of H3K4.16 Our preliminary
results also indicate that these two modifications are inversely coregulated in RAR-target
gene, RAR-A2, through MLL3/4 and UTX (our unpublished results). These results suggest a
concerted mechanism for transcriptional activation in which cycles of H3K4-methylation by
ASCOM are linked with the demethylation of H3K27 through UTX. It will be interesting to
investigate whether these two distinct enzymes residing in the same complex modulate each
other’s activity “directly.” Importantly, further studies of ASCOM may open new
possibilities for pharmacological interventions of various disorders and diseases, because
UTX and MLL3/4 should be chemically modulatable.

In our studies, MLL3 and MLL4 appear to function redundantly in regulating target genes
for RAR, LXRs, FXR, and PPARy%11.12 (our unpublished results), likely due to the central
adaptor role of ASC-2 in recruiting ASCOM-MLL3 and ASCOM-MLL4 to these NRs.
Accordingly, the phenotypes of MLL3N2 mice elicited by these NRs may also be observed
in MLL4 mutant animals. One important future challenge is to determine whether MLL3
and MLL4 also have their own unique sets of target genes. There are at least two related
scenarios which would lead us to observe distinct functions between MLL3 and MLLA4.
First, if any component of ASCOM, which functions as an adaptor for specific NRs and/or
transcription factors, is found only in ASCOM-MLL3 or ASCOM-MLL4, we would observe
differences between MLL3 and MLL4 in regulating genes targeted by these NRs and
transcription factors. Secondly, it is noted that MLL3 and MLL4 are gigantic in size but their
overall homology is merely 30%.8:132 Thus, it is possible that these proteins may contain
distinct interaction surfaces for some NRs and or transcription factors and thereby act as
specific adaptors for selective ASCOM-MLL3 or ASCOM-MLL4 recruitment. Given our
recent success in establishing ML L4 mutant mice (our unpublished results), we should be
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able to investigate these and other possibilities. Also, we should carefully examine whether
any subunit of ASCOM is found selectively associated with MLL3 or MLL4.

Our unpublished results indicate that multiple subunits of ASCOM undergo specific
proteolysis during adipogenesis. We also have found that MEKK1 relieves the cryptic
autonomous activation function of full-length ASC-2 (our unpublished results), suggesting
that ASC-2 is subjected to MAPK regulation through direct or indirect phosphorylation.
Overall, ASC-2 is likely to be subject to diverse posttranslational modifications, which may
serve as a focal point to communicate and integrate regulatory events mediated by NRs or
other transcription factors and the signaling cascades generated by cell surface receptors.

Our finding of a coactivator role for ASCOM in p53 transactivation is consistent with some
recent studies suggesting that ASC-2 could be involved in DNA repair. The ASC-2 C-
terminal region has been shown to interact with components of the DNA-dependent protein
kinase complex, including the catalytic subunit (DNA-PKc), regulatory subunits (Ku70 and
Ku80), PARP, NuMA (p200), and DNA topoisomerase 13 (Fig. 2E). Although the role of
DNA-PK in recombination and DNA repair has been well characterized, 4! the involvement
of DNA-PK in transcription is less clear. However, studies of ASC-2 activity in cells
deficient in DNA-PK reveal a marked reduction in ASC-2-mediated enhancement of GR
transactivation.14? Moreover, DNA-PK phosphorylates an ASC-2 fragment containing
amino acids 714-999 in a DNA-dependent manner and a fragment containing amino acids
1237-2063 in a DNA-independent manner.142 In addition, ASC-2 stimulates the
phosphorylation activity of DNA-PK /n vitro, generating a phosphorylation pattern that
differs from that of its DNA-mediated activation form. Interestingly, PTIP, a component of
ASCOM, %091 and 53BP1, a putative adaptor protein between p53 and ASCOM (PNAS
2009;106:8513-8, and our unpublished results), have also been shown to modulate DNA
repair,134-136.143 3|though it remains to be determined whether PTIP functions through
ASCOM in DNA repair. ASC-2 has also been shown to localize to a pS2 promoter
nucleosome (NUcE) that contains an ER binding site and TopollS-mediated double strand
breaks.144

Finally, with regard to the tumor suppressive function of ASCOM and its interplay with Swi/
Snf, it is noted that at least two subunits of Swi/Snf, BRG1, and INI1, have been linked to
tumor suppression pathways and that mice heterozygous for mutations at SNVF5and BRG1
are cancer-prone.145-147 Thus, one interesting future challenge is to investigate whether the
MLL3/4: INI1 interactions that play crucial roles in the cross talk between ASCOM and
Swi/Snf107 play any roles in integrating the two tumor suppressive pathways directed by
ASCOM and Swi/Snf, respectively.
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Schematic representations of ASC-2 and MLLA4. Various domains that include the AD1-3,
DD (dimerization domain), and ARID (AR-interacting domain) in ASC-2, as well as the
PHD finger, HMG box, and SET domains in MLL4, are as indicated. The SET domain in
MLL3/4 also serves as a docking site for a subcomplex consisting of WDR5 (W)-RbBP5

(R)-ASH2L (A).
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A

T O O

ASCOM-XZ ASCOM-YZ

Fig. 2.
Working models for Setl-like complexes. (A) An independent subcomplex of WDR5-

RbBP5-ASH2L is tethered to each Setl/MLL H3K4MT to form a functional core complex
for H3K4MT activity. (B) ASCOM may represent a heterogeneous pool of similar
complexes containing slightly different noncore subunits. (C) Transcription factor functions
as a primary adaptor to recruit each Set1-like complex to its target genes. Interactions with
the basal machinery (D) and modified histone tails (E) provide further stabilization of the
Setl-like complex on its target genes.
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Fig. 3.
Interplays of ASCOM with different complexes (see text).
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TABLE |
A Family of Setl-Like Complexes
ySet1 C  hSetl C  MLLLC  MLL2C  ASCOM
Setl hSetlalf MLL1 MLL2 MLL3/4
Bre2 ASH2L ASH2L ASH2L ASH2L
Swdl RbBPS RbBP5 RbBP5 RbBP5
Swd3  WDR5 WDR5 WDR5 WDR5
Sdcl  hDPY-30 ~ hDPY-30  hDPY-30  hDPY-30
Swd2 hSwd2
SPPL  CXXCl
HCF1 Menin Menin ASC-2
HCFLHCF2 PTIP
PAL
uTX
a/B-Tubulins

Page 35

The yeast complex (left) is aligned with six human complexes. Three common subunits, which assemble an independent subcomplex, are shaded.
This subcomplex forms a functional core H3K4MT complex, along with each individual H3K4MT enzyme. Unique subunits in each complex are

shown in bold. Notably, additional subunit proteins may remain unidentified in each complex.
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TABLE Il
Physiological Functions for ASC-2 and MLL3

Defectsin Genotype Comments
Wound heeling ASC-2'"~ Defects occur in some old mice?®
Insulin secretion ASC-2*~ Apoptosis and decreased proliferation of islets?3
Growth ASC-2*~ (129S6) Stunted growth?®

MLL3NA Stunted growth?®
Fertility ASC-2'~ (12956) 26

MLLIA 9

Ductal branching of mammary
glands

WAT (PPARy-signaling)

Hepatic lipid synthesis (LXR-
signaling)

Bile acid homeostasis (FXR-
signaling)

Mammary tumor formation
suppression

Urothelia tumor formation
suppression

ASC-27"= in mammary
glands

MLLNA
MLLA
MLLIVD
ASC-2-

MLLD

No milk production during lactation'?*

MEFs show poorer adipogenic potential than wild-type MEFs in vitro,'?
while ASC-2"~ MEFsdo not undergo adipogenesis®

Less fats deposited to hepatocytes even with a high fat diet!!

Enlarged gall bladder (Mol Endo 2009, in press, and our unpublished results)

Polyoma middle-T antigen expressed in ASC-2*/~ mammary glands'3®

At least in part due to defects in p53- signaling (PNAS 2009;106:8513-8, and
our unpublished results)

References and additional remarks are included as comments.
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