
MLL3/MLL4/COMPASS Family on Epigenetic
Regulation of Enhancer Function and Cancer

Christie C. Sze and Ali Shilatifard

Department of Biochemistry and Molecular Genetics and Robert H. Lurie NCI Comprehensive Cancer
Center, Northwestern University Feinberg School of Medicine, Chicago, Illinois 60611

Correspondence: ash@northwestern.edu

During development, precise spatiotemporal patterns of gene expression are coordinately
controlled by cis-regulatory modules known as enhancers. Their crucial role in development
helped spur numerous studies aiming to elucidate the functional properties of enhancers
within their physiological and disease contexts. In recent years, the role of enhancer mal-
function in tissue-specific tumorigenesis is increasingly investigated. Here, we direct our
focus to two primary players in enhancer regulation and their role in cancer pathogenesis:
MLL3 and MLL4, members of the COMPASS family of histone H3 lysine 4 (H3K4) methyl-
transferases, and their complex-specific subunit UTX, a histone H3 lysine 27 (H3K27) de-
methylase. We review the most recent evidence on the underlying roles of MLL3/MLL4 and
UTX in cancer and highlight key outstanding questions to help drive future research and
contribute to our fundamental understanding of cancer and facilitate identification of ther-
apeutic opportunities.

Enhancers are noncoding DNA regulatory se-
quences that govern the complex spatiotem-

poral patterns of gene expression throughout
development by heightening the rate of tran-
scription of target genes (Banerji et al. 1981;
Smith and Shilatifard 2014). These DNA ele-
ments can span several hundred base pairs
(bp) to a few kilobases (kb) and contain arrays
of short DNA modules that serve as binding
sites for sequence-specific transcription factors,
which recruit a combination of factors that to-
gether dictate the function of the enhancer (Ma-
niatis et al. 1987). A key attribute of enhancers is
that they act independently of orientation and
distance to their target promoter(s), and are
littered throughout the genome within intra-
genic and intergenic regions (Smith and Shila-

tifard 2014). Despite several decades of exten-
sive research, the precise mechanism of action
of enhancers is still poorly understood. Studies
have shown that enhancers can exert their activ-
ity over long distances, bypassing neighboring
genes, and communicate with a specific distal
promoter (Blackwood and Kadonaga 1998;
Bulger and Groudine 2011; Levine et al. 2014).
Such enhancer–promoter communication is
established via a looping mechanism mediated
by the cohesin and mediator complexes and
other associated proteins (Dorsett 1999; Kagey
et al. 2010; Dorsett and Merkenschlager 2013).

The identification and functional annota-
tion of enhancers in the metazoan genome
have been challenging; however, the develop-
ment of high-throughput sequencing in recent
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years has facilitated the discovery of tissue-spe-
cific enhancers. Genome-wide chromatin im-
munoprecipitation (ChIP) analyses of histone
modifications led to the identification of chro-
matin signatures for enhancers. The epigenetic
mark histone H3 lysine 4 (H3K4) monomethy-
lation is particularly enriched on these regula-
tory elements, both active and inactive/poised
(Heintzman et al. 2007, 2009; Smith and Shila-
tifard 2014). Additionally, the presence of acet-
ylated histone H3 lysine 27 (H3K27ac) and tri-
methylated histone H3 lysine 27 (H3K27me)
can further distinguish active from inactive en-
hancers, respectively (Creyghton et al. 2010;
Rada-Iglesias et al. 2011; Zentner et al. 2011;
Smith and Shilatifard 2014).

Given their essential role in transcriptional
regulation and gene expression, it is not surpris-
ing that disruption of enhancers can lead to
disease. In recent years, the role of enhancer
malfunction in tumorigenesis is increasingly
studied (Akhtar-Zaidi et al. 2012; Kurdistani
2012; Sur et al. 2012; Aran et al. 2013; Loven
et al. 2013; Herz et al. 2014; Morgan and Shila-
tifard 2015). In this review, we focus our atten-
tion on the proteins and factors that mediate
changes in enhancer chromatin states and their
role in cancer pathogenesis.

THE COMPASS FAMILY OF HISTONE
H3K4 METHYLASES

The mixed lineage leukemia (MLL) gene was
first discovered as an oncogenic fusion resulting
from seemingly random translocations in pa-
tients with hematological malignancies (Zie-
min-van der Poel et al. 1991; Djabali et al.
1992; Gu et al. 1992; Tkachuk et al. 1992; Shi-
latifard 2012). To investigate the role of MLL
in leukemia, initial efforts were focused on iso-
lating MLL-containing complexes to under-
stand the fundamental biochemical properties,
functions, and regulation of MLL under normal
conditions. An ancestral homolog of MLL, Set1,
was identified in the budding yeast Saccharomy-
ces cerevisiae and was found to exist within
a macromolecular complex named COMPASS
(complex of proteins associated with Set1)
(Miller et al. 2001; Roguev et al. 2001; Krogan

et al. 2002). Set1, together with other subunits
within COMPASS, is capable of catalyzing
mono-, di-, and trimethylation on histone
H3K4 in yeast (Schneider et al. 2005). Subse-
quent studies revealed a diverse family of COM-
PASS in metazoans. Although yeast only has a
single Set1/COMPASS that can mediate all
three H3K4 methylation patterns, Drosophila
melanogaster has three H3K4 methyltransfer-
ases, named dSet1, trithorax (Trx), and tri-
thorax-related (Trr) (Eissenberg and Shilatifard
2010; Mohan et al. 2011). For mammals, there
are two paralogs corresponding to each of the
three Drosophila members: Set1a (also known as
KMT2F) and Set1b (or KMT2G), orthologous
to dSet1; MLL1 (or KMT2A; GeneID 4297) and
MLL2 (or KMT2B; GeneID 9757), orthologous
to Trx; and MLL3 (or KMT2C; GeneID 58508)
and MLL4 (or KMT2D; GeneID 8085), orthol-
ogous to Trr (Allis et al. 2007; Shilatifard 2012).
The Drosophila and mammalian methylases
also reside in COMPASS-like complexes, which
were shown through ensuing studies to con-
tain (1) core subunits critical for the enzymatic
activity (Fig. 1, highlighted in dark blue), and
(2) specific components that may confer func-
tional uniqueness to each complex (Fig. 1, high-
lighted in green) (Mohan et al. 2011; Shilatifard
2012).

The methylase subunits of the COMPASS
family all possess a catalytic 130-amino-acid-
long carboxy-terminal motif called the SET
domain, named after the Drosophila proteins
Su(var)3-9, enhancer of zeste [E(z)], and tri-
thorax (Trx) (Tschiersch et al. 1994; Stassen
et al. 1995). In contrast, regions amino-terminal
to the SET domain differ across the family
members. In brief, mammalian Set1a and
Set1b each have an amino-terminal RNA recog-
nition motif (RRM) and an N-SET domain ad-
jacent to the SET domain, whereas mammalian
MLL1-4 methylases contain varying numbers
of plant homeodomain (PHD) fingers, FY-
rich (FYR) domains, and DNA-binding motifs
such as AT-hooks, high mobility group (HMG)
boxes, and CXXC domains (Fig. 2) (Herz et al.
2013). The domain architectural variability
across the methylases denotes the binding and
functional diversity of the COMPASS family.
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THE MLL3 AND MLL4/COMPASS FAMILY
AS ENHANCER MONOMETHYLASES

A growing body of evidence points to a model in
which the responsibilities of H3K4 methylation
are divided among the COMPASS family mem-
bers to ensure proper transcriptional modula-
tion. Several studies have shown that dSet1 and
mammalian Set1a/b are responsible for bulk
H3K4 di- and trimethylation across the genome
(Wu et al. 2008; Ardehali et al. 2011; Mohan
et al. 2011; Hallson et al. 2012), whereas Trx
and MLL1/MLL2 are necessary for gene-specif-
ic H3K4 trimethylation, including Hox gene

promoters (Wang et al. 2009) and bivalent pro-
moters (promoters marked by concurrent tri-
methylation of H3K4 and H3K27 and poised to
express developmental genes) in mouse embry-
onic stem (mES) cells (Hu et al. 2013b). Trx was
initially discovered as a regulator of the devel-
opmental expression of Hox genes in Dro-
sophila, specifically being required for main-
taining Hox gene activation (Breen and Harte
1991; Pirrotta 1998; Mahmoudi and Verrijzer
2001; Poux et al. 2002; Klymenko and Muller
2004; Shilatifard 2012). It is through shared
protein homology with Trx that Trr was cloned
(Sedkov et al. 1999).
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Figure 1. The COMPASS family of histone H3 lysine 4 (H3K4) methyltransferases in yeast, flies, and humans. In
yeast, there is only one Set1 methyltransferase capable of methylating histone H3K4. Flies have three COMPASS
family members: dSet1, trithorax (Trx), and trithorax-related (Trr). Mammals have two paralogs for each of the
three fly members for a total of six COMPASS members. Core subunits found in all COMPASS complexes are
highlighted in dark blue, whereas subunits specific to the complex are marked in green. Hcf1 (light blue) is
reportedly specific to be in Set1 and Trx branches but not in the Trr complex (van Nuland et al. 2013). Mixed
lineage leukemia (MLL)3 and MLL4, the focus of this review, are outlined in orange. Key functions known to
date for each branch of COMPASS are noted.
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Trr and its mammalian homologs MLL3/
MLL4 have been accredited as key H3K4 mo-
nomethyltransferases at enhancers, primarily
implementing H3K4 monomethylation at in-
tergenic and intragenic regions (Herz et al.
2012; Hu et al. 2013a; Lee et al. 2013). In Dro-
sophila, Trr, which contains the SET domain,
corresponds to the carboxy-terminal portion
of MLL3/MLL4, whereas another protein LPT
(lost plant homeodomains of Trr), which con-
tains several PHD domains and an HMG box,
is homologous to the amino-terminal region

of MLL3/MLL4 (Mohan et al. 2011; Herz
et al. 2012). Together, Trr and LPT serve an
analogous role to mammalian MLL3/MLL4.
ChIP-seq studies revealed that Trr and MLL3/
MLL4 bind to enhancer regions as well as tran-
scription start sites (Herz et al. 2012; Hu et al.
2013a). Depletion of Trr and MLL3/MLL4
resulted in a striking genome-wide reduction
of H3K4 monomethylation, primarily occur-
ring at enhancer regions (Herz et al. 2012; Hu
et al. 2013a). As histone H3K27ac decreases, the
H3K27me3 levels increase at putative enhancers
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Figure 2. Known domain organization of COMPASS family members in humans. Annotation of each domain
structure follows SMART (see smart.embl-heidelberg.de) (Schultz et al. 1998; Letunic et al. 2015) using protein
sequences obtained from the National Center for Biotechnology Information (NCBI) as accessed on January 8,
2016. Names for illustrated domains are specified in the box labeled “Domains.” All COMPASS family members
possess the highly conserved SET and post-SET domains at the carboxyl terminus. Meanwhile, the amino
terminus vastly varies across the subfamilies. Mammalian Set1a and Set1b have amino-terminal RNA recogni-
tion motifs (RRM) and an N-SET domain juxtaposing the SET domain. Mammalian MLL-related proteins have
several plant homeodomain (PHD) fingers and other domains associated with chromatin binding (e.g., AT-
hooks, high-mobility group [HMG] boxes, and CXXC domains). MLL1-4 methylases also have FY-rich (FYR)
motifs, in which MLL1 and MLL2 have FYRN and FYRC regions distant from each other, whereas MLL3 and
MLL4 have such regions adjacent to each other. The diversity in domains contributes to the binding and
functional properties of the COMPASS complexes.
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upon loss of Trr in Drosophila S2 cells or loss of
MLL3/MLL4 in mouse embryonic fibroblasts
(MEFs) (Herz et al. 2012; Hu et al. 2013a). Be-
cause H3K27ac and H3K27me marks are part
of different enhancer chromatin signatures,
these findings further implicated Trr/MLL3/
MLL4 in enhancer regulation (Herz et al.
2014). The role of Trr/MLL3/MLL4 as enhanc-
er monomethylases regulating enhancer/pro-
moter communication has also been confirmed
by other studies of mammalian myogenesis and
adipogenesis, macrophage activation, cardiac
development, and B-cell lymphomagenesis
(Kaikkonen et al. 2013; Lee et al. 2013; Orte-
ga-Molina et al. 2015; Ang et al. 2016).

MLL3 AND MLL4/COMPASS IN CANCER

The Mutational Landscape

Advancement of high-throughput genome se-
quencing in recent years resulted in the identi-
fication of a myriad of somatic mutations of
MLL3 and MLL4 across different malignancies,
which include but are not limited to non-Hodg-
kin’s lymphoma (NHL), bladder cancer, breast
cancer, medulloblastoma, prostate cancer, colo-
rectal cancer, esophageal squamous cell carci-
noma, acute myeloid leukemia (AML), and cu-
taneous T-cell lymphoma (Ruault et al. 2002;
Ashktorab et al. 2010; Gui et al. 2011; Morin
et al. 2011; Parsons et al. 2011; Pasqualucci
et al. 2011; Akhtar-Zaidi et al. 2012; Ellis et al.
2012; Grasso et al. 2012; Jones et al. 2012; Pugh
et al. 2012; Gao et al. 2014; Lin et al. 2014; da
Silva Almeida et al. 2015; Tan et al. 2015). In
fact, extensive genomic analyses of these se-
quencing data revealed that MLL3 and MLL4/
COMPASS family mutations to be among the
most frequent in human cancer (Kandoth et al.
2013; Lawrence et al. 2014). Missense and non-
sense mutations of MLL3 and MLL4 are distrib-
uted along the whole length of the protein, ren-
dering the enzyme inactive or truncated (Fig. 3)
(Forbes et al. 2015). However, closer observa-
tion of the “Catalogue of Somatic Mutations in
Cancer” (COSMIC) data reveals a higher den-
sity of mutations in the amino-terminal region
of MLL3 containing clusters of PHD fingers,

whereas mutations of MLL4, although abun-
dant, are relatively more dispersed throughout
the protein (Fig. 3) (see cancer.sanger.ac.uk/
cosmic; Forbes et al. 2015). The enrichment of
mutations over the highly conserved amino-ter-
minal region of MLL3 indicates the potential
importance of these domains in cancer and jus-
tifying the need for further molecular under-
standing of these functional motifs (Fig. 3)
(see cancer.sanger.ac.uk/cosmic; Forbes et al.
2015).

TUMOR SUPPRESSOR AND ONCOGENIC
ACTIVITIES

Accumulating evidence suggests that MLL3 and
MLL4/COMPASS family are tumor suppres-
sors, such that their mutations result in abroga-
tion of their tumor suppressing activity and
promote cancer in a tissue-specific manner.
Trr, the Drosophila homolog of MLL3/MLL4,
was reported to negatively regulate cell prolifer-
ation, for Trr mutant clones resulted in tissue
overgrowth compared with their wild-type
(WT) counterparts during Drosophila eye de-
velopment (Kanda et al. 2013). Another in
vivo study linked MLL3/MLL4 to cancer by
serving as a coactivator for p53 to induce ex-
pression of p53 target genes involved in DNA
damage response (Lee et al. 2009). The same
team reported that mice with deleted SET do-
main of MLL3 developed ureter epithelial tu-
mors, which was exacerbated in a p53þ/2 back-
ground, hinting that the enzymatic activity may
be required in inhibiting tumorigenesis (Lee
et al. 2009). Newly published evidence has im-
plicated MLL4 in genomic instability (Kantida-
kis et al. 2016), one of the essential enabling
characteristics underlying oncogenesis as de-
scribed by Hanahan and Weinberg in 2011 (Ha-
nahan and Weinberg 2011). By targeting both
alleles of MLL4 in immortalized MEFs and us-
ing human MLL4-KO HCT116 cells, Kantidakis
et al. (2016) reported that such MLL4 deficiency
results in significant perturbation of genomic
integrity, including increase sister chromatid
exchange and/or chromosomal abnormalities,
and induced transcription stress, that is, slow
elongation. A recent study has provided a dif-
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ferent angle of MLL4 involvement in cancer:
gain-of-function p53, an oncogenic p53 mutant
resulting from a missense mutation in its DNA-
binding domain, interacts with and up-regu-
lates a set of chromatin regulators that include
MLL1 and MLL4, resulting in altered genome-
wide methylation patterns, whereas the WT p53
did not bind these genes or affect their expres-
sion (Zhu et al. 2015). The same study showed
that knockdown of MLL1 or MLL4 in gain-of-

function p53 breast cancer cells severely reduced
cell growth, phenocopying knockdown of gain-
of-function p53 (Zhu et al. 2015). Together,
these studies clearly indicate that role of MLL4
in cancer is context dependent.

Several studies point to a role for MLL3 and
MLL4/COMPASS as tumor suppressors against
a wide variety of neoplasms. MLL3 was identi-
fied as a novel haploinsufficient tumor suppres-
sor in 7q-deficient myelodysplastic syndrome
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Figure 3. Mutations of MLL3/MLL4 identified in cancer patient samples. Missense and nonsense mutations,
frameshift (FS) deletions and insertions, and in-frame (IF) deletions and insertions of MLL3 and MLL4 were
obtained from the Catalogue of Somatic Mutations in Cancer (COSMIC) database (see cancer.sanger.ac.uk/
cosmic; Forbes et al. 2015). Note that COSMIC reports sites of MLL4 mutations aligned to an alternatively
spliced transcript encoding a shorter MLL4 protein (5268 amino acids). In the present schematic, the positions
of these mutations were adjusted to match the 5537-amino-acid protein most commonly reported in the
literature. To generate the bar plot, binning of 100 residues across each protein was performed, and mutations
were categorized by mutation type. The plot shows the number of unique mutated patient samples for a specific
mutation (“mutation count”), as documented by COSMIC. Domain schematic of MLL3 and MLL4 to serve as
reference, and names for illustrated domains are specified in the box labeled “Domains.”
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(MDS) and AML (Chen et al. 2014). Chromo-
somal deletions of 7q occur frequently in MDS
and AML and correlate with poor patient prog-
nosis. It turns out that 7q deletion results in
MLL3 loss, which frequently co-occurs with
neurofibromin-1 (NF1) suppression and p53
inactivation (Chen et al. 2014). The investi-
gators found that transplantation of p53-defi-
cient hematopoietic stem and progenitor cells
(HSPCs), with simultaneous knockdown of
MLL3 and NF1, resulted in overt myeloid leu-
kemia in mice. In contrast, suppression of
MLL3 and NF1 in WT HSPCs did not induce
leukemogenesis, and MLL3-only knockdown
in p53-deficient HSPCs did not accelerate
p532/2-induced thymic lymphoma (Chen
et al. 2014). To support these findings, the
team executed the CRISPR-Cas9 strategy to dis-
rupt MLL3 in p53-deficient HSPCs with NF1-
knockdown, which similarly led to AML path-
ogenesis. Sequencing of resulting AML clones
confirmed that the clones contained heterozy-
gous WT MLL3, a compelling finding signifying
that MLL3 haploinsufficiency in coordination
with NF1 and p53 suppression promotes AML
(Chen et al. 2014).

MLL3 was also shown to exert tumor sup-
pressive function in an aggressive form of AML
with FLT3-ITD mutation (Garg et al. 2015). In
this form of AML, internal tandem duplication
(ITD) of Fms-like tyrosine kinase 3 (FLT3) ren-
ders the kinase constitutively active, and FLT3-
ITD AML patients eventually face tumor relapse
or drug resistance. In this study, whole exome
sequencing followed by targeted deep sequenc-
ing in FLT3-ITD AML patients led to the iden-
tification of missense and nonsense mutations
of MLL3 (Garg et al. 2015). Prognostic analyses
revealed that patients with MLL3 mutations had
worse overall survival and relapse-free survival
than those without MLL3 mutations (Garg et al.
2015). RNAi-knockdown of MLL3 in FLT3-ITD
AML cell lines promoted cell proliferation and
clonogenic growth and induced tumorigenicity
in xenograft models (Garg et al. 2015). The in-
vestigators’ additional analyses of The Cancer
Genome Atlas (TCGA) data further supported
that MLL3 is inactivated in AML (including
FLT3-ITD AML) (Garg et al. 2015).

Two independent studies delved into under-
standing the mechanism by which mutated
MLL4 contributes to diffuse large B-cell lym-
phoma (DLBCL) and follicular lymphoma
(FL), the two most common types of NHL de-
rived from germinal center B cells. In one study,
MLL4 knockdown in hematopoietic progenitor
cells (HPCs) with overexpression of the Bcl2
oncogene markedly accelerated lymphomagen-
esis in mice, which also developed splenome-
galy (Ortega-Molina et al. 2015). Closer exam-
ination revealed a delayed germinal center
involution and greater expansion of undifferen-
tiated B cells, which were also unable to undergo
proper class switch recombination and had re-
duced antibody production (Ortega-Molina
et al. 2015). Gene expression analysis identified
similar changes in transcription in mouse and
human FL tumors, with the set of genes in-
volved in early antigen immune signaling and
B-cell differentiation being perturbed on MLL4
deficiency (Ortega-Molina et al. 2015). ChIP-
seq analysis showed significant loss of H3K4
mono- and dimethylation at putative enhanc-
ers of lymphoid tumor suppressor genes that
regulate B-cell signaling and that were down-
regulated in MLL4-deficient cells (Ortega-Mo-
lina et al. 2015). In a separate study, Pasqua-
lucci and colleagues established conditional
knockout mouse models mimicking two key
stages of B-cell development, and found that
conditional deletion of MLL4 early in B-cell
development before germinal center initiation
resulted in germinal center expansion with
high B-cell proliferation, whereas MLL4 defi-
ciency after germinal center initiation did not
perturb B-cell development (Zhang et al.
2015). Loss of MLL4 before germinal center
induction resulted in significant transcription-
al changes, specifically up-regulation of anti-
apoptotic genes and down-regulation of genes
promoting B-cell differentiation, indicating
that MLL4 depletion confers a survival and
proliferative advantage for undifferentiated B
cells (Zhang et al. 2015). Taken together, the
two parallel studies illustrate specific mecha-
nisms by which MLL4 mutation subverts
B-cell identity to that of driving lymphoid ma-
lignancies.
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MODELS FOR MALFUNCTION OF MLL3/
MLL4/COMPASS FAMILY ON ENHANCERS
IN CANCER

Because mutations of the enhancer-associated
H3K4 monomethylases MLL3/MLL4 occur in
cancer, combined with recent findings illustrat-
ing their tumor suppressor roles, disruption of
MLL3/MLL4-regulated enhancer activity could
contribute to cancer by a variety of mechanisms
(Herz et al. 2014). A nonsense or missense
mutation could render MLL3/MLL4 truncated
or catalytically inactive, resulting in loss of func-
tion of the monomethylase. A truncating mu-
tation could promote destabilization of this
COMPASS family or decrease the affinity of
MLL3/MLL4 with transcription factors and
other cofactors, attenuating their binding at
specific enhancers of key tumor suppressor
genes that consequently diminishes activation
of gene expression (Herz et al. 2014). In ad-
dition, these loss-of-function mutations of
MLL3/MLL4 could have broader effects by re-
ducing enhancer activity across the genome. In
an alternative scenario, MLL3/MLL4 may drive
tumorigenesis via a potential gain-of-function
role, in which such gain-of-function mutations
may stabilize the MLL3/MLL4 COMPASS fam-
ily, heighten the catalytic activity, or strengthen
the interaction of MLL3/MLL4 with other
transcription factors, and subsequently increase
their binding to enhancers at specific loci or
across the genome (Herz et al. 2014). This
gain-of-function role has been implicated in
the recent study that discovered the up-regula-
tion of the MLL3/MLL4 chromatin regulators
in the context of oncogenic gain-of-function
p53 and their potential contribution to gain-
of-function p53-promoting cancer (Zhu et al.
2015). Although Zhu et al. (2015) did not report
specific gain-of-function mutations in MLL4,
we cannot exclude the possibility of MLL3/
MLL4 gain-of-function mutations existing in
breast cancer and other tumor types. With the
two opposing model scenarios in mind, we
still have key outstanding questions that should
help further advance our understanding of
the role of MLL3/MLL4 in cancer pathogene-
sis. For instance, how exactly do MLL3/MLL4

mutations aberrantly elicit gene expression to
ultimately subvert cellular identity and promote
tumorigenesis, and how do these underlying
mechanisms differ across tumor types? Could
mutations at particular domains have distinct
molecular ramifications? Mutations within the
PHD finger might disrupt recognition of the
appropriate marks necessary for recruitment
to chromatin, whereas mutations in the SET
domain could alter the enzyme’s catalytic activ-
ity. To date, specific downstream molecular ef-
fects of different regulatory domain interactions
are still unclear (Henikoff and Shilatifard 2011).
Furthermore, finding the key players involved in
mobilizing MLL3/MLL4 to enhancer regions,
and determining if these factors are themselves
mutated to dysregulate MLL3/MLL4 recruit-
ment and consequently their function will be
important to understand the full spectrum of
MLL3/4 contributions to cancer and help pro-
vide key therapeutic strategies for targeting
MLL3/MLL4-mediated cancers.

UTX SUBUNIT OF MLL3/MLL4/COMPASS
FAMILY AND CANCER

As shown in Figure 1, MLL3 and MLL4 each
exist in a multimeric composition within
COMPASS with additional components exclu-
sive to the two methyltransferases. Interestingly,
one such subunit, ubiquitously transcribed
tetratricopeptide repeat on chromosome X
(UTX), has also been documented to be fre-
quently mutated in cancer (Kandoth et al.
2013; Lawrence et al. 2014). UTX (also known
as KDM6A) is a histone lysine demethylase
that specifically removes methyl groups from
di- and trimethylated H3K27, the latter a his-
tone mark typically associated with gene repres-
sion and chromatin compaction (Agger et al.
2007; Margueron et al. 2008; Smith et al. 2008;
Herz et al. 2010). Methylation of H3K27 is
deposited by Polycomb repressive complex 2
(PRC2) at both enhancers and promoters and
subsequently recognized by PRC1 to silence
transcription (Margueron and Reinberg 2011;
Piunti and Shilatifard 2016). Thus, the WTen-
zymatic activity of UTX could serve to antago-
nize Polycomb-mediated repression. In Dro-
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sophila, ChIP-seq studies found that UTX colo-
calized with Trr at transcriptional start sites and
putative enhancers, with Trr-RNAi-induced
loss of UTX resulting in increased trimethylated
H3K27 and decreased H3K27ac at enhancer re-
gions (Herz et al. 2012). Therefore, the presence
of UTX in the Trr/MLL3/MLL4 branch of the
COMPASS family suggests that UTX may act
as an enhancer-specific H3K27 demethylase to
facilitate the transition from inactive to active
enhancers (Herz et al. 2012).

Somatic mutations of UTX are found in
various tumor types, including bladder cancer,
pancreatic cancer, renal carcinoma, and T-cell
acute lymphoblastic leukemia (T-ALL) (van
Haaften et al. 2009; Dalgliesh et al. 2010; Gui
et al. 2011; Mar et al. 2012; Ntziachristos et al.
2014; Van der Meulen et al. 2015; Waddell et al.
2015). Thus far, the highest frequency of muta-
tions documented to date is in bladder carcino-
ma (as high as 40%), in which UTX alterations
have been found to occur more frequently in
early stages and grades of bladder cancer (see
cancer.sanger.ac.uk/cosmic; Gui et al. 2011;
Gao et al. 2013; Kandoth et al. 2013; Kim
et al. 2015). Although mutations are distributed

throughout the UTX protein, there appears to
be a higher density of mutations localized
around the Jumonji C (JmjC) demethylase do-
main (Fig. 4) (see cancer.sanger.ac.uk/cosmic).
Accordingly, loss of UTX expression has been
correlated with poor patient prognosis (Wang
et al. 2010). UTX is expressed from the X chro-
mosome and escapes X inactivation in females,
while males have a paralog on the Y chromo-
some named UTY (Greenfield et al. 1998). In
several female cancer cell lines, UTX mutations
have been reported to be homozygous, while in
males there is a tendency for mutation of the
single UTX gene to be associated with genomic
loss of UTY (van Haaften et al. 2009). This sug-
gests that there is an allelic function of UTY for
UTX, although studies have shown the lack of
H3K27 demethylase activity of purified UTY
(Hong et al. 2007; Lan et al. 2007). Nonetheless,
the tendency for biallelic UTX inactivation in
females and the two-hit UTX-UTY loss in males
contributing to oncogenesis further indicates
the potential tumor suppressor function of
UTX (van Haaften et al. 2009).

The role of UTX as a cell growth regulator
and tumor suppressor is being increasingly ex-
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Figure 4. Identified mutations of UTX in cancer. Mutations were also obtained from the COSMIC database
(refer to Fig. 3 legend for additional details). The plot was generated similarly as in Figure 3, with domain
schematic of UTX to serve as reference. Domain annotation of UTX follows SMART using protein sequence
obtained from NCBI (accessed January 8, 2016). TPR, Tetratricopeptide repeat; JmjC, Jumonji C.
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plored. We and others showed in Drosophila that
mutant clones of UTX show increased H3K27
trimethylation and are associated with a major
growth advantage compared with the sur-
rounding cells (Herz et al. 2010; Kanda et al.
2013). UTX was also found to control cell cycle
and growth by antagonizing Notch signaling
and modulating the activity of the known tu-
mor suppressor retinoblastoma (Rb) protein,
such that UTX mutations led to Notch overac-
tivation and consequently to tumor-like growth
in an Rb-dependent manner (Herz et al. 2010).
A separate study using human fibroblasts found
that UTX demethylated H3K27 trimethylation
at key Rb-binding proteins, thereby maintain-
ing their expression to facilitate cell-cycle ar-
rest (Wang et al. 2010). To test the functional
consequence of missense mutations identified
in adenoid cystic carcinomas, WT or mutant
UTX was overexpressed in HEK293T cells.
Overexpression of mutant UTX led to increased
cell growth and increased H3K27 trimeth-
ylation (Ho et al. 2013). Together, these studies
support a tumor suppressor role for UTX from
flies to mammals underlying the frequent mu-
tation of UTX in cancer. Importantly, in Dro-
sophila, loss of UTX also resulted in a significant
reduction of global H3K4 monomethylation in-
dicating that UTX could function at enhancer
regions to mediate its tumor suppressor activity
(Herz et al. 2010). This is further supported
by the co-occurrence in bladder cancer of mu-
tations of UTX and EP300 (p300) or CREBBP
(CBP), histone acetyltransferases responsible
for H3K27ac at active enhancers (Pasini et al.
2010; Gui et al. 2011).

Two independent teams recently showed
that UTX is a tumor suppressor in T-ALL using
a NOTCH1-induced T-ALL in vivo model. In
one study, knockout UTX mice succumbed to
the disease more quickly than those with WT
UTX (Ntziachristos et al. 2014). The second
study found that UTX knockdown significantly
accelerated leukemic onset (Van der Meulen
et al. 2015). T-ALL is an aggressive form of leu-
kemia that is diagnosed more often in males
than females, which may at least be partly at-
tributed to the fact that UTX is expressed from
the X chromosome. Indeed, sequencing of pa-

tient samples identified inactivating/truncating
UTX mutations primarily in samples of male
origin (Ntziachristos et al. 2014; Van der Meu-
len et al. 2015). Furthermore, gene expression
profiling of UTX-deficient T-ALL mouse tu-
mors showed that these tumors have down-
regulated expression of key tumor suppressor
genes, strongly pinpointing UTX as a critical
tumor suppressor in T-ALL (Ntziachristos et
al. 2014; Van der Meulen et al. 2015). In fact,
UTX overexpression via a doxycycline-induc-
ible lentiviral system in a T-ALL cell line signifi-
cantly promoted apoptosis (Ntziachristos et al.
2014).

The recent findings discussed above provide
an initial understanding of the tumor suppres-
sive role of UTX in human cancers; however,
emerging evidence indicates that this role is
cancer subtype- and tissue-specific. In a specific
subtype of T-ALL driven by oncogenic tran-
scription factor TAL1, UTX was identified as a
coactivator of TAL1 that gets recruited to TAL1-
targets to remove H3K27 trimethylation, there-
by facilitating the expression of proproliferative
and antiapoptotic genes (Benyoucef et al. 2016).
Through depletion and overexpression experi-
ments, the investigators indicated a selective on-
cogenic role of UTX in TAL1-positive T-ALL,
but a tumor suppressive role in TAL1-negative
T-ALL (Benyoucef et al. 2016). This functional
distinction of UTX between molecular subtypes
of T-ALL was further supported in patient-
derived xenografts, in which treatment with
H3K27 demethylase inhibitor GSK-J4 dramat-
ically reduced percentage of human leukemic
blasts and splenomegaly in TAL1-positive mod-
els, with no effect on TAL1-negative models
(Benyoucef et al. 2016). In a separate study
using breast cancer cells, aberrant UTX over-
expression contributed to cell proliferation,
anchorage-independent growth, and invasive-
ness, and UTX and MLL4 were intriguingly
found to coregulate a set of genes linked with
proliferation and invasiveness (Kim et al. 2014).
Through knockdown and quantitative ChIP ex-
periments, the investigators connected UTX de-
methylation of H3K27 trimethylation with in-
creased MLL4-dependent H3K4 trimethylation
at the promoters of cotarget genes, suggesting
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that UTX and MLL4 cooccupy the same loci to
coordinately activate expression of oncogenes in
breast cancer (Kim et al. 2014). Given findings
from other studies, it is also possible that UTX
and MLL4 may cooperatively control tumori-
genic transcriptional programs in breast cancer
by regulating enhancers of oncogenes, which
in turn activates their associated promoters.
Nevertheless, the ability of MLL3/MLL4 and
UTX with the COMPASS family to act as tumor
suppressors or oncogenes depends on the mo-
lecular and cellular circumstances, and reveals a
critical need to define the precise mechanism
through which MLL3/MLL4 and UTX act in
each specific context and how their abnormal
changes impact individual tumors.

CONCLUDING REMARKS

MLL3/MLL4 and UTX of the COMPASS family
play a key tumor suppressor role across the
breadth of cancers, although there are cases in
which these chromatin modifiers may have an
alternative tumorigenic role that is dependent
on the cellular context. At this time, the mech-
anistic relationship between MLL3/MLL4 and
UTX and their regulation of enhancer activity,
whether global or local, in development and
disease is still unclear. Given the complexity
underlying the biological role of these chroma-
tin proteins in cancer pathogenesis, additional
research in various developmental processes
is necessary to understand the fundamental
mechanism and precise functional impact of
MLL3/MLL4 and UTX alterations. With the
rapid development and advancement of next-
generation sequencing methods, determining
novel mutations, and distinguishing those that
are cooccurring and mutually exclusive in can-
cer will also be important to elucidate the
signaling pathways likely deregulated by alter-
ations of these chromatin-modifying enzymes.
These technologies will also enable genome-
wide identification of MLL3/MLL4/UTX-
dependent enhancers in normal and cancerous
conditions, with the potential to characterize
enhancers of tumor suppressors and/or onco-
genes. Use of groundbreaking tools such as
CRISPR-Cas9 will permit further investigation

of these MLL3/MLL4/UTX-dependent en-
hancers, giving us the precision to genetically
edit endogenous loci to examine enhancer
function. Together, these studies will ultimately
provide critical insights to facilitate the identi-
fication of therapeutic opportunities for cancer.
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