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The mixed-lineage leukemia family of histone methyltransferases (MLL1e4, or KMT2AeD) were

previously linked to cancer through the founding member, MLL1/KMT2A, which is often involved

in translocation-associated gene fusion events in childhood leukemias. However, in recent years,

a multitude of tumor exome sequencing studies have revealed that orthologues MLL3/KMT2C

and MLL2/KMT2D are mutated in a significant percentage of a large variety of malignancies,

particularly solid tumors. These unexpected findings necessitate a deeper inspection into the ac-

tivities and functional differences between the MLL/KMT2 family members. This review provides

an overview of this protein family and its relation to cancers, focusing on the recent links between

MLL3/KMT2C and MLL2/4/KMT2D and their potential roles as tumor suppressors in an assort-

ment of cell types.
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Chromatin and epigenetic modifiers in cancer

During the processes of organismal development and
cellular differentiation, somatic cells receive both internal and
external cues that lead to the reprogramming of the genome
with consequent coordinated changes in gene expression.
When these signals are imposed on stem cells, the cells
respond through a series of developmental steps to become
progenitor cells that will continue on a path of lineage
commitment and become fully differentiated. Disruptions of
these pathways can lead to a block in differentiation and a
concomitant loss of regulatory controls that normally impose
constraints on growth. Over the past two decades, many
oncogenes and tumor suppressor genes have been impli-
cated in growth and differentiation control. Among these
genes are regulators that control transcription initiation and
elongation as well as DNA repair processes, mainly through
effects on chromatin structure, either by enzymatically add-
ing or removing covalent modifications on histones, through
displacement of histones within chromatin or by facilitating
interactions between transcription regulatory elements.
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Chromatin is the main repository of genetic information in
the eukaryotic nucleus, comprising DNA compacted into
structures called nucleosomes by a set of small basic his-
tones and nonhistone chromosomal proteins. As the basic
building block of chromatin and the primary scaffold for
chromosome protection and compaction, each nucleosome
is made up of 147 bp of DNA wrapped around a core set of
eight histones, including two each of histones H2A, H2B, H3,
and H4. Nucleosomes also act as barriers to restrict access
to DNA and impede translocation of replication and tran-
scription complexes. Controlling access to genetic informa-
tion embedded in the genome is essential for proper
development and homeostasis; thus, it is of great importance
to understand the cellular processes that guide proper gene
regulation in vivo. Chromatin remodeling, in a broad sense,
refers to any modification of the nucleosome that allows for
changes in gene expression through effects on the structure
of the chromatin by posttranslational covalent modifications
of the histone proteins, disruptions in the DNAehistone
contacts, or removal or replacement of histones with variant
forms. Simple addition or removal of specific histone “marks”
was elegantly described in 2000 by Strahl and Allis as the
“histone code hypothesis,” where specific covalent modifi-
cations of several histone N-terminal tails were associated
with transcriptional outcome (1). Our current view of chro-
matin regulation has expanded greatly to include variant
histones, the influence of larger chromatin domains,
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intermediate states of chromatin control of gene expression
(“poised” enhancers and promoters), alternative transcripts,
trans-tail regulation of histones, sequential chromatin
remodeling, and histone modifications.

The unstructured N-terminal tail of histone 3 (H3) is the
site of many posttranslational covalent modifications that
influence the expression of genes and is perhaps the best
studied (2). The methylation of H3 at the lysine 4 position
(H3K4) is generally recognized as a mark of transcriptional
activity at enhancers, at promoters, and throughout the
lengths of coding genes. Lysine methylation does not appear
to alter chromatin structure directly or alter residue charge.
However, the addition of methyl residues to the terminal ni-
trogen atom of H3K4 serves to recruit the binding of tran-
scription factors and coactivators, while blocking
associations with proteins that repress transcription. Lysine
residues can be mono-, di-, or trimethylated, and although all
forms are broadly associated with gene expression, each
type tends to localize to specific genomic regions. H3K4me3
is enriched at the promoter and transcription start sites (TSS)
of active genes, with lower levels throughout the gene body.
Less is known about the distinct localization of H3K4me2
modifications; although, they are commonly observed
throughout many regions of active genes where they are
enriched in the gene body downstream of the TSS, particu-
larly at the 50 end of the transcribed regions, and within re-
gions near transcription factor binding sites (3). The
significance of H3K4me2 is uncertain and it has been sug-
gested some lysine di-methylation sites may represent
incomplete trimethylation. Mono-methylation of H3K4
(H3K4me1) was initially found to be enriched within chro-
matin near the 30 region of genes. However, whole genome
analyses have revealed distinct H3K4me1 enrichment within
intergenic regions. The sites of H3K4me1 enrichment are
known as enhancers, comprising short stretches of
200e500 bp of DNA that harbor recognition sites for tran-
scription factors and their associated coactivators that drive
transcription from the promoters of nearby gene(s). The
enrichment of H3K4me1 in the absence of H3K4me3 is now
considered a principal mark of active enhancers (4).

Recent high-throughput sequencing of genomes, epi-
genomes, and transcriptomes and various other mass data
screenings have provided a vast new reservoir of data linking
cancers to dysregulated functions of genes that encode for
epigenetic modifiers. These studies have not only confirmed
the presence and central importance of well-described
oncogenic and tumor-suppressor mutations in cancer
development, but they have also revealed startling and often
unanticipated correlations between mutations in genes
encoding chromatin regulators and numerous cancers.
Frequent among the more recently identified genes
harboring cancer-associated mutations are those involved in
epigenetic gene regulation, including DNA methylation and
histone covalent modification (e.g., methylation, acetylation,
phosphorylation) that provide epigenetic memory. Modifica-
tions of histone residues, particularly those found in nucleo-
somes within enhancer and promoter regulatory regions of
genes, are believed to regulate gene expression, by being
both stable enough to retain transcription status information
through multiple cell divisions and dynamic enough to
respond to developmental and hormonal signals to ultimately
affect cell fate or activity (4).
MLL/KMT2 family of histone lysine
methyltransferases

One class of histone-modifier genes implicated in an
increasingly large number and variety of cancers is the MLL/
Set1 class of lysine methyltransferases (KMTs) (5,6). The
Set1 family of KMTs are embedded in large multimeric
complexes referred to as Set1/COMPASS-like complexes
(7), which often serve as coactivators of nuclear receptor
transcription factors. The COMPASS (COMplex of Proteins
ASsociated with Set1) family of KMTs carries out the
methylation of histone H3 lysine 4 (H3K4) (8). Whereas there
is a single yeast COMPASS complex, in Drosophila there are
three and in vertebrates six closely related complexes, often
referred to as COMPASS or COMPASS-like complexes (9).
The related and conserved COMPASS complexes share a
common set of four core subunits and a unique set of
complex-specific subunits with important regulatory func-
tions, for a total of 7e10 distinct proteins within the com-
plexes (Figure 1) (10). The Set1/COMPASS complex or
complexes carry out the bulk of H3K4 di- and trimethylation
(11), whereas the COMPASS-like complexes are associated
with development-specific genes and principally contribute to
mono- and dimethylation of H3K4 (12e14). In mammals, the
COMPASS-like complex KMTs are members of the mixed-
lineage leukemia (MLL) family of proteins that contain the
KMTase (also known as SET) domain, clustered chromatin-
binding PHD zinc fingers, FY-rich regions, and domains
involved in DNA recognition (HMG, AT-hooks, CXXC)
(Figure 2). These MLL proteins are large (2700e5800 amino
acids) and are collectively referred to as the KMT2 family.
The MLL1/KMT2A and MLL4/KMT2B subfamily proteins
include several conserved domains (bromodomain, CXXC,
AT-hook) and they are cleaved by specific proteases to
produce separate N- and C-terminal portions. The MLL2/
KMT2D and MLL3/KMT2C proteins contain a second PHD
finger cluster and interact directly with nuclear receptors
through multiple conserved LXXLL motifs.

The KMT2A/B subfamily comprises human paralogues
MLL1/KMT2A and MLL4/KMT2B and their Drosophila
orthologue, Trithorax (Trx). The mammalian KMT2A/B family
is required for homeotic (HOX ) gene transcription (15e17),
possibly through regulation of bivalent promoters containing
both active (H3K4me3) and inactive (H3K27me3) histone
marks often associated with lineage-specific gene expres-
sion programs (13,18,19). Members of the KMT2C/D sub-
family are orthologues of Drosophila trr (Trithorax-related),
including the homologous and perhaps functionally redun-
dant MLL2/ALR/KMT2D (HGNC-7133) and MLL3/HALR/
KMT2C (HGNC-13726). The KMT2C/D subfamily catalyzes
the monomethylation of H3K4 in collaboration with hormone
receptors and transcription factors involved in developmental
signaling (20,21), and are generally thought to be respon-
sible for most H3K4 monomethylation at transcription
enhancer regions (12,13,21,22). To circumvent the confusion
regarding the nomenclature of the MLL2/ALR protein (var-
iably referred to as ALR, MLL2, or MLL4 in publications), for
simplicity we will refer to the mammalian protein as MLL2/
KMT2D. In humans, the Set1A and Set1B COMPASS
complexes (Figure 1) are responsible for the vast majority of
H3K4 di- and trimethylation. They appear to work in a
nonredundant manner, localizing to distinct regions within



Figure 1 The orthology of COMPASS and COMPASS-like complexes in yeast and humans and their functions. Vertebrates contain

six related complexes consisting of one Set1-paralogue methyltransferase unique to each complex, a common set of four core

subunits, and complex-specific proteins for additional activity and/or targeting. Each complex harbors 7e10 distinct subunits.

Figure 2 KMT2AeD identification and domains. (A) Gene and peptide details are listed to distinguish KMT2AeD. HGNC-

designated MLL nomenclature is indicated in bold. (B) Crucial known domains in KMT2AeD family methyltransferases are illus-

trated, including the catalytic SET domain, sites of proteolytic cleavage in KMT2A/B, and common gene fusion sites in KMT2A

resulting in chimeric proteins in leukemia. Peptides and domains depicted using Domain Graph (DOG) software (177).

Function of MLL complexes 3
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euchromatin (23). MLL1/KMT2A and MLL4/KMT2B may
regulate these same forms of lysine methylation in a more
reduced and specific capacity. MLL1/KMT2A genome local-
ization studies using chromatin immunoprecipitation (ChIP)
have demonstrated significantly fewer enriched sites
compared with those in Set1A/B and only approximately 5%
of global H3K4me3 is MLL1/KMT2A-dependent, including
the HOX genes that are known targets of MLL1/KMT2A ac-
tivity (17). Mll1/Kmt2A and Mll4/Kmt2B mutation and knock-
out studies in mice suggest that these KMTase activities
are essential for viability in the early embryo, and they have
important functions in normal hematopoiesis and neuronal
differentiation in adult tissues (24e28).

The MLL2/KMT2D and MLL3/KMT2C proteins were first
found to be in nuclear receptor coactivator complexes initially
termed ASCOM, required for the activation of estrogen re-
ceptor targets (29,30). Studies in both Drosophila and
mammals have demonstrated that MLL2/KMT2D and MLL3/
KMT2C are encoded by essential genes. These proteins are
the principal monomethyltransferases of H3K4, and they
generally appear to act in a nonredundant manner, although
there may be significant overlap on enhancers in various
cells and tissues. The COMPASS-like complexes are
recruited to enhancer regions through the binding of nuclear
receptors (ER, PPARg, GR, RAR, LXR, etc.) and other DNA-
binding transcription factors, including p53 (31,32). Through
this mechanism, cells can dynamically regulate their
expression based on transcription factor availability,
responding to developmental, hormonal, and other signals.
Active enhancers will come in contact with a related promoter
or promoters through a mediator complex and cohesin pro-
teins. This interaction activates RNApolII activity and facili-
tates transcription. Enhancer regions are enriched with
modifications on H3K4 and H3K27. Active enhancers contain
both H3K4me1 and H3K27ac (acetylation) marks, whereas
inactive enhancers are enriched with H3K4me1 and
H3K27me3, where the presence of both methylation marks
denote bivalent or “primed” enhancers, common in undiffer-
entiated cells and thought to prepare the enhancer for rapid
activation (reviewed in Calo et al. (4)).
MLL1 (KMT2A) involvement in leukemias

Mixed-lineage leukemia (MLL or MLL1, now known as
KMT2A) is the founding member of the MLL family and was
initially discovered more than 20 years ago (33) as being
frequently associated with a subpopulation of aggressive
lymphoid and myeloid leukemias (reviewed recently in Bella-
bio et al. (34) and Somervaille et al. (35)). Thesemalignancies
are known to beacute,with poor prognosis, andmore common
in young children than adults. Chromosome translocations
that breakwithin theMLL1geneand fuse theN-terminal region
of MLL1 with a variety of different partner proteins to create
fusion proteins account for all of the MLL1-associated leuke-
mias and 5e10% of human acute leukemias. These fusion
proteins are responsible for initiating leukemogenesis in
mouse and xenograft studies and serve as an importantmodel
for the role of epigenetic modifiers in human disease. In all of
theMLL1/KMT2A leukemogenic translocations theC-terminal
SET domain containing the H3K4methyltransferase activity is
lost, yet theDNA-bindingN-terminal domains remain as part of
the fusion protein. There are over 50 known in-frame chimeric
partners of MLL1 involved in these oncogenic fusions, yet the
most common (AF4, AF9, and ENL) belong to a family of nu-
clear proteins shown to recruit theDOT1Lcomplex to histones.
DOT1L catalyzes H3K79 methylation, a covalent histone
modificationoften associatedwith active transcription.Several
theories have been put forth regarding the function of MLL1
fusions and DOT1L activity in leukemias. First, the abnormal
juxtaposition of MLL1 gene-targeting function with DOT1L
histonemethylation activity could be the driving mechanism of
transformation in a subset of fusion proteins. It has also been
well established that MLL1 regulates self-renewal genes,
including HOXA9 and MEIS1, in hematopoietic stem cells
(HSC), possibly in concert with DOT1L activity (36). In cells
harboring an MLL1 fusion protein, these genes remain
constitutively expressed, contributing to driving leukemogen-
esis. Another theory is that oligomerization of the MLL1 fusion
partners and/or recruitment of transcription activating proteins
(including RNApolII) drive the oncogenic transformation. It
seems likely that a combination of these mechanisms may be
at work in recombinant MLL1/KMT2A-driven mixed-lineage
leukemias (37).

In addition to the relationship between MLL1/KMT2A fu-
sions and DOT1L, there are other proteineprotein interactions
shown to be important for the leukemia phenotype. One such
interaction isbetween theMLL1 fusionproteinand thewild-type
MLL1 protein encoded on the homologous chromosome. Cells
require thewild-typeMLL1gene for viability in thepresenceof a
heterozygous MLL1 fusion gene, as complete knock-down of
wild-typeMLL1 reduces tumor growth andangiogenesis in vivo
(38). The mechanism is uncertain, but it may involve physical
associations between the normal MLL1 and the MLL1 fusion
proteins or possibly another functional interaction. This expla-
nation suggests that cells harboring the MLL1 translocations
become malignant due to the MLL1 fusion protein driving
aberrant gene transcription and the wild-type MLL1 function
maintaining viability. Many of these studies have been covered
in recent reviews (37,39,40).

MLL4(2)/KMT2B role in carcinoma

The involvement of MLL1/KMT2A translocations in acute
leukemias is well established; however, its close paralogue
MLL4/KMT2B was only recently directly implicated in can-
cer. The MLL4/KMT2B gene at chromosomal position
19q13 was found to be inactivated by Hepatitis B virus in-
sertions in seven out of 25 cases of hepatocellular carci-
noma (HCC) (41,42). Intriguingly, some of these insertions
resulted in HBV-MLL4 fusions that were involved in gene
repression in HepG2 cells. The MLL4/KMT2B gene has also
been found to be associated with translocations to chro-
mosome 17p11.2 in 22 out of 32 HCC patients (41). More
recently, MLL4/KMT2B translocations to the GPS2 gene on
chromosome 17 were found to be involved in undifferenti-
ated spindle cell sarcomas (43).

MLL3/KMT2C and MLL2/KMT2D mutations in
cancer

The genomic regions harboring the MLL3/KMT2C and MLL2/
KMT2D genes were first associated with cancer through
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chromosome aberration mapping studies. These early ex-
periments identified amplifications of the MLL2/KMT2D-con-
taining region in certain pancreatic cancer cell lines and as a
common site of translocations in glioblastomas (44). Deletion
of the region harboring the MLL3/KMT2C gene was noted to
be the most frequently recurrent chromosomal abnormality in
acute myeloid leukemias (45). Early attention to this family of
methyltransferases was focused mainly on their roles in he-
matological malignancies. However, advances in sequencing
technologies over the past decade have made it possible to
analyze the entire exome of many primary tumors and
comprehensive sequencing of cancer cell lines to enable the
identification of frequently mutated genes (Table 1). These
studies revealed a significant and unexpected role of MLL3/
KMT2C- and MLL2/KMT2D-inactivating mutations in solid
tumors. MLL3/KMT2C haploinsufficiency in acute myeloid
leukemia has been corroborated by these “next-gen” tech-
niques (46e48). Similar exome sequencing studies have also
revealed MLL3/KMT2C (without MLL2/KMT2D)einactivating
mutations in pancreatic ductal carcinoma and bile duct car-
cinoma, aggressive cutaneous squamous cell carcinoma,
hepatocellular carcinoma, and gastric adenocarcinoma
(49e56). MLL2/KMT2D (without MLL3/KMT2C ) mutations
have been statistically linked with renal carcinoma and non-
Hodgkin lymphoma that includes both diffuse large B-cell
(DLBCL) and follicular lymphoma, whereas mutations in
MLL2/KMT2D were found to be early drivers of oncogenesis
in mantle cell lymphoma, as well as squamous cell carci-
nomas of the head and neck (57e64). MLL2/KMT2D is
among the most frequently mutated genes in a variety of
pediatric tumors (65). A recent study of Chinese patients with
nonesmall cell lung cancers revealed that as many as 11.4%
of cases were associated with mutations in MLL2/KMT2D
(66), whereas another study found nearly 17% of small cell
lung cancers associated with mutations inMLL2/KMT2D (67).

Several cancer exome studies have identified frequent
mutations in both MLL3/KMT2C and MLL2/KMT2D in the
same cancer type. For example, both genes are found to be
inactivated to similar extents in breast cancers, where it is
thought that they cooperate with the tumor suppressor p53 or
estrogen receptor (ER) (68e73). However, there are
numerous reports indicating mutations in only one of the two
paralogues being associated with certain cancer types,
raising the possibility that despite their overall extended
protein similarities, the two lysine methyltransferases are not
completely redundant and that each COMPASS-like complex
may have distinct functions in different cell types or devel-
opmental and metabolic pathways. Exceptions include some
studies of medulloblastoma, urothelial carcinomas, endo-
metrial carcinomas, esophageal carcinomas, thymic carci-
nomas, head and neck squamous cell carcinoma, and lung
squamous cell and adeno cancers that identified both
paralogues as frequently inactivated to different extents
(74e80). Whereas many reports identify one or the other
gene mutation in various cancers, it is difficult and likely
premature to draw conclusions based on these differences.
For example, one prostate cancer sequencing study deter-
mined MLL3/KMT2C to be a significant mutation target (81),
whereas a second focusing on castration-resistant prostate
tumors identified MLL2/KMT2D as significant and MLL3/
KMT2C as a background mutation (82). Similarly, although
MLL3/KMT2C has been identified as significantly
downregulated in radiation-resistant esophageal squamous
cell cancer cell lines and in primary tumors (83), a separate
study of primary tumors found both MLL3/KMT2C and MLL2/
KMT2D as mutation targets (76). It cannot be concluded on
this information alone that the loss of MLL3/KMT2C corre-
sponds to radiation resistance in tumors. In another example,
germline truncating mutations in MLL3/KMT2C were identi-
fied in a large study of ovarian cancers, but MLL2/KMT2D
mutations were not identified (84). Sequenced glioblastomas
were found to harbor a significant number of mutations in
MLL3/KMT2C but not in MLL2/KMT2D (49). One study found
both MLL3/KMT2C and MLL2/KMT2D to be inactivated in
hypermutated (MSI-H) colorectal tumors, whereas two other
studies identified MLL3/KMT2C alone, at the highest fre-
quency in MSI-H and among the highest in general colorectal
cancer (85e87). These examples serve to emphasize that
whereas high-throughput cancer sequencing is able to
identify an abundance of statistically significant new targets
of mutation in cancers, without any mechanistic evidence
these targets must be verified for their importance in the
cancer phenotype through other means.

It becomes clear across the many high-throughput cancer
studies that MLL3/KMT2C and MLL2/KMT2D can be cate-
gorized as haploinsufficient tumor suppressors in a wide
variety of malignancies. A substantial number of mutations in
these two genes are heterozygous and inactivating in so-
matic tissues. These include frame-shifting mutations, in-
sertions/deletions, and truncations removing the C-terminal
SET methyltransferase domain. Also, epigenetic aberrations,
including restrictive heterochromatin and silencing associ-
ated with promoter DNA hypermethylation, in these genes
have been linked with cancer (58,88). The dearth of homo-
zygous inactivating mutations in MLL3/KMT2C and MLL2/
KMT2D in the sequenced malignancies suggests that the
cancerous cells still require a heterozygous wild-type ho-
mologue to sustain viability and drive cell proliferation. This
suggestion is interesting considering that homozygous
inactivation of these proteins in adult tissues led to largely
deleterious effects in only certain cell types.
Components of the human KMT2C/KMT2D
COMPASS-like complexes

As previously mentioned, KMT2AeD as well as Set1AeB are
the SET-domain lysine methyltransferases in the COMPASS
complexes that globally regulate H3K4 methylation. The
other subunits function to enhance methyltransferase func-
tions, remove repressive marks, and aid in signal response
and localization. Subunits ASH2, DPY30, RBBP5, and
WDR5 are the most highly conserved across all of the
COMPASS-related complexes in humans and within orthol-
ogous complexes in the vast majority of the animal kingdom
(7). The fundamental SET domainecontaining proteins are
able to catalyze the monomethylation of lysine alone, but
these other four crucial subunits allow for di- and trimethy-
lation activity. Together, these five proteins compose the
minimal core subunits necessary for targeted and accurate
H3K4 methylation.

Conserved only within the KMT2C/D COMPASS-like
complexes and their orthologues, are the subunits UTX,
NCOA6, PA1, and PTIP (Figure 2). UTX (ubiquitously



Table 1 Mutation frequencies of KMT2C/D in compiled tumor exome sequencinga

Cancer type

Cases

with mutated

KMT2Cb, %

Cases

with mutated

KMT2Db, % Reference(s)

Follicular lymphoma 0 50e89 (59,62)

Colorectal adenocarcinoma 0e80 0e15 (77,86,87,145,146)

TCGAeProvc

Large Becell lymphoma 0 7e32 (59,61) TCGAeProvc

Bladder urothelial carcinoma 1e24 1e27 (61,77,147e149) TCGAeProvc

Gynaecologic carcinosarcoma 27 4 (150)

Skin cutaneous melanoma 9e25 0e24 (142,151) TCGAeProvc

Cervical or endocervical

adenocarcinoma

22 17 TCGAeProvc

Lung adenocarcinoma 15e21 4e9 (61,77,152,153)

Lung squamous cell carcinoma 15e17 20 (61,77,153,154)

Esophageal squamous cell

carcinoma

6 19 (80)

Stomach adenocarcinoma 13e17 0e18 (53) TCGAeProvc

Head and neck squamous cell

carcinoma

3e9 0e18 (60,61,77,155) TCGAeProvc

Kidney renal clear cell

carcinoma

0e5 2e17 (57,77,156,157)

Bile duct cancer (liver

flukeeeassociated)

15 0 (51)

Kidney renal papillary cell

carcinoma

11 14 TCGAeProvc

Uterine corpus endometrial

carcinoma

5e11 8e14 (77,158)

Kidney chromophobic cancer 14 6 TCGAeProvc

Medulloblastoma 0e4 3e14 (74,75,159e161)

Ovarian serous

cystadenocarcinoma

2e12 0e2 (77,162) TCGAeProvc

Adrenocortical carcinoma 10 11 TCGAeProvc

Liver hepatocellular carcinoma 2e11 0e5 (52,163) TCGAeProvc

Breast invasive carcinoma 6e11 0e3 (61,70,73,77,141,164,165)

TCGAeProvc

Thymic carcinoma 10 10 (78)

Prostate adenocarcinoma 1e9 0e10 (81,82,166e168) TCGAeProvc

Small cell lung cancer 0e10 0e7 (143,169)

Glioblastoma 0e8 1e4 (77,170,171) TCGAeProvc

a Partial list is presented. Additional unlisted cancer types with a mutation rate in KMT2C/D � 6% include pancreatic adenocarcinoma (50),

transitional cell carcinoma (98), esophageal adenocarcinoma (144), acute myeloid leukemia (46,172), multiple myeloma (173), and adenoid

cystic carcinoma (174).
b Ranges represent the minimum and maximum values of the aggregated results of the cited studies.
c “TCGA Prov” refers to unfinalized data made available through The Cancer Genome Atlas cBioPortal database of sequencing studies

(175,176).
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transcribed tetratricopeptide repeat on chromosome X, also
known as KDM6A) is a histone lysine demethylase (KDM)
specifically targeting H3K27me3 and responsible for main-
taining the steady-state level of this important modification.
H3K27me3 is a repressive mark common in both inactive
promoters and inactive or poised enhancers. In mammals,
the H3K27me3 mark is deposited by the Polycomb repres-
sive complex 2 (PRC2), which works in conjunction with
PRC1 to compact silenced chromatin regions and retain that
silent state over multiple cell generations. When a poised
enhancer becomes activated, UTX/KDM6A removes the
inhibitory H3K27me3 methyl marks at gene enhancers and
promoters catalyzed by the repressive EZH2 component of
the Polycomb/PRC2 complex (89,90). The histone acetyl-
transferase p300/CBP coactivators are then recruited to
enhancer chromatin to acetylate H3K27 that together with
H3K4me1 mark the region as an active enhancer. Mamma-
lian UTX/KDM6A is essential for normal development (89).
Drosophila UTX has been shown to be a critical regulator of
Hox gene expression (91) and JAK-STAT signaling (92) and
is important for functions of COMPASS-like complexes (93).
Inactivating mutations in human UTX have been shown to be
prevalent in a number of cancers, as well as in certain
developmental disorders. Loss of UTX/KDM6A is linked to
leukemias (94e97), bladder cancer (98,99), breast cancer
(71,100), and renal carcinoma (101). In tumors, the loss of
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UTX demethylase activity leads to aberrant H3K27 methyl-
ation and the silencing of genes that function as tumor
suppressors (89). Significantly, EZH2 is overexpressed in
non-Hodgkin lymphoma (102) and a variety of other cancers
(103e106), where expression levels are often correlated with
tumor grade and poor prognosis, suggesting it is a driver of
oncogenesis. Inactivation of EZH2 in these tumors restores
normal growth, suggesting an important balance normally
exists between H3K27 methylation and demethylation in
cellular homeostasis.

NCOA6 is an essential component of the KMT2C/D
COMPASS-like complexes, required for hormone-dependent
coactivation of enhancers. NCOA6 is a common coactivator
(107) and has been demonstrated to be essential for embryo
development and survival through knock-out studies in mice
(108e110). The Drosophila NcoA6 gene has also been
shown to be important for viability and proper tissue devel-
opment through interaction with the Yorkie/YAP transcrip-
tional activator involved in the Hippo signaling pathway
(111,112). NCOA6 has been shown to associate with a
large variety of nuclear hormone receptors, including pros-
tanoid, retinoid, vitamin D3, thyroid hormone, and steroid
receptors in humans, enhancing the activating ability of these
transcription factors. NCOA6 may also be linked with basal
transcription as it can interact with core RNAPolII-associated
transcription factors as well. NCOA6 is commonly amplified
and overexpressed in a variety of cancers, including gastric
(113), breast, colon, and lung cancers (107).

The PTIP and PA1 proteins are implicated in cellular
response to DNAdamage and repair, although this function has
been shown to be independent of KMT2C/D. It has been
demonstrated that PTIP is necessary to interact with transcrip-
tion factor PAX2 and form COMPASS-like complexes at PAX2
targets (114). The tandemBRCTdomains within PTIP that bind
phosphopeptides are hypothesized to function by facilitating
other proteineprotein interactions (115). There is no currently
known function of PA1 within the COMPASS complexes, be-
sides the fact that it interacts with and possibly stabilizes PTIP.
KMT2C/D mutation and developmental disorders

Heterozygous germline inactivating mutations of both MLL2/
KMT2D and MLL3/KMT2C have been associated with spe-
cific developmental disorders. Kleefstra syndrome is an
inherited intellectual disorder presenting with distinct facial
features and hypotonia (116). The majority of Kleefstra pa-
tients harbor inactivating mutations in EHMT1 that encodes a
histone methyltransferase responsible for H3K9 dimethyla-
tion, a repressive histone modification. However, de novo
mutations in chromatin modifiers, including MLL3/KMT2C
and SMARCB1, may cause a Kleefstra phenotype even in
the presence of wild-type EHMT1. Genetic interaction tests
using a Drosophila model involving RNA interference (RNAi)
depletion of trr (a homologue of MLL3/KMT2C ) and over-
expression of EHMT1 confirmed a functional cooperation
between the genes (116). Interestingly, SMARCB1 encodes
a component of the SWI/SNF chromatin remodeling
complex, and it interacts directly with MLL3/KMT2C in
regulating nuclear receptoreresponsive enhancers (117).

Kabuki syndrome is a rare developmental disorder
affecting approximately one in 32,000 individuals, involving
distinct craniofacial malformations and susceptibility to infec-
tion (reviewed in Bokinni (118)). The vast majority of Kabuki
Syndrome patients harbor de novomutations inMLL2/KMT2D
(reviewed in Bogershausen et al. (119)). Many of these
mutations aremissense and are found to occur throughout the
gene, with some bias toward the 30 end. Many mutations
are located within or truncating the catalytic SET domain;
however, a distinct subset ofmutations localize to a conserved
nonenzymatic region of the SET domain (120). Approximately
5% of Kabuki patients lack an MLL2/KMT2D mutation
but harbor inactivating mutations in UTX/KDM6A, further
suggesting essential roles for the COMPASS-like complex in
normal development and control of cell proliferation.
Pathway analysis of MLL3/KMT2C and MLL2/
KMT2D deficiency

There are relatively few MLL3/KMT2C and MLL2/KMT2D
knock-out or RNAi depletion studies in genetic model sys-
tems that examine broad genetic and phenotypic implications
of the deficiencies. Those that have been undertaken provide
a complex but promising look into the regulatory roles of
these factors, including specific targeted developmental and
oncogenic pathways. The murine Mll2/Kmt2D and Mll3/
Kmt2C genes are essential for embryonic development (22).
Mice harboring homozygous deletions of the Mll3/Kmt2C
SET domain (Mll3/Kmt2CDSET/DSET) exhibit partial embryonic
lethality, stunted growth, and decreased white adipose tissue
(121,122). Ubiquitous knockout of murine Mll3/Kmt2C
resulted in lethality around the time of birth, whereas Mll2/
Kmt2D knock-out mice showed early embryonic lethality
around E9.5 (22). Conditional deletion of Mll2/Kmt2D in
adipocyte and myocyte progenitor cells results in impairment
of adipogenesis and myogenesis, leaving the viability and
proliferative ability of the progenitors themselves intact.
These defects included reduction in key cellular regulators
and markers of differentiation. Although impaired adipo-
genesis was observed in Mll2/Kmt2D but not in Mll3/Kmt2C
deleted cells, a double knock-out of both resulted in near-
complete penetrance of the defects, virtually preventing all
differentiation. Indeed, in cells, Mll2/Kmt2D loss led to tem-
porary upregulation of Mll3/Kmt2C during differentiation,
likely as a compensatory mechanism. ChIP-sequencing
studies of these cells demonstrated stage- and cell-typee
specific Mll2/Kmt2D binding in differentiating preadipocytes
and premyocytes, mainly colocalizing with lineage-specific
transcription factors at active enhancer regions (22). A po-
tential complication in single-gene deletion studies is the
possibility of partial functional redundancy between Mll2/
Kmt2D and Mll3/Kmt2C (22,121,122). Conditional knock-
outs of Mll2/Kmt2D with or without simultaneous knock-out
of Mll3/Kmt2C revealed that Mll3/Kmt2C could partially
compensate for loss of Mll2/Kmt2D in adipogenesis. A partial
genetic redundancy between Mll3/Kmt2C and Mll2/Kmt2D
was confirmed in a recent study comparing both single and
compound Mll3/Kmt2Cþ/- and Mll2/Kmt2Dþ/- heterozygous
deletion mice (123). Gene expression profiling in these mice
revealed that both Mll3/Kmt2C and Mll2/Kmt2D were
important for circadian-clock control and similar metabolic
pathways in hepatic cells, including bile acid and lipid syn-
thesis. Knock-outs of either Mll3/Kmt2C or Mll2/Kmt2D
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resulted in a strong reduction of global enhancer H3K4
monomethylation and H3K27 acetylation that are hallmarks
of active enhancers (4); however, some H3K4me1,2
remained, suggesting that other methyltransferases (MLL1,
Set7) were capable of those methylation reactions on some
enhancers (22). These data suggest that transcription fac-
toredependent recruitment of the COMPASS-like coactivator
complexes to gene enhancers is likely to be necessary for
the targeted activation of these regulatory elements.

Broad-scale metabolic and gene set pathway analyses
associated with RNAi depletion of MLL2/KMT2D have been
undertaken using HeLa cells and human embryonic kidney
and human colon carcinoma cell lines (31,121,124). Pheno-
typically, HeLa cells lacking MLL2/KMT2D demonstrated
aberrant cytoskeletal organization, reduced proliferation
(possibly because of increased apoptosis), and considerably
reduced tumorigenicity after subcutaneous injection (124).
Significantly downregulated gene ontology groups in these
cells included cell adhesion, polarization, and motility, as
would be expected with a disorganized cytoskeletal pheno-
type. MLL2/KMT2D knockdown resulted in decreased
expression of genes related to signaling responses, such as
those related to the cytoskeleton, as well as those involved in
metabolism and matrix formation and propagators in signal
transduction. Interestingly, those genes that were down-
regulated were significantly enriched for muscle cellespecific
genes (124). In a human embryonic kidney cell line, both
MLL3/KMT2C and MLL4(2)/KMT2D were demonstrated to
be coactivators for a retinoic acid receptor (RAR) isoform, yet
transcription in response to signaling was reduced only with a
double deficiency in both methyltransferases, again under-
scoring a likely redundancy between the two (121). The as-
sociation between MLL2/KMT2D deficiency and signaling
pathway defects continued in the colon carcinoma study,
where factors integral to cAMP-, HER2-, and RXR-mediated
signaling were downregulated, as were many genes involved
in differentiation and lineage development (31). Additionally,
the p53 pathway was found to be significantly downregulated
in the carcinoma cells deficient in MLL2/KMT2D.

Although RNAi depletion or knock-out studies in vivo and
in vitro are excellent tools for distinguishing MLL3/KMT2C and
MLL2/KMT2D targets and functions, they do not accurately
represent the stateofmalignant cells harboringmutations found
in human cancers. This limitation is perhaps because nearly all
analyzed cases of inactivating mutations are heterozygous,
truncating or inactivating the SETmethyltransferase activity on
one allele. In one study, inactivation of the methyltransferase
activity ofMll3/Kmt2C in mice (accomplished with in-frame de-
letions in the SET domain, Mll3/Kmt2CDSET/DSET) retained the
structure of the protein and presumably its ability to form a
COMPASS-like complex (121). These mice presented sub-
stantially different phenotypes compared with those of Mll3/
Kmt2C knock-out animals (22). Foremost, Mll3/Kmt2CDSET/

DSETmice showed incompleteembryonic lethality, but escapers
lived to adulthood and exhibited retarded development and
hypofertility and were largely depleted of white fat, while har-
vested embryonic fibroblasts proliferated at a strongly reduced
rate. Around 4 months of age, approximately 50% of the Mll3/
Kmt2C-deleted mice exhibited cellular hyperproliferation and
urothelial tumors (32). Thesephenotypeswere100%penetrant
in the presence of a heterozygous loss of p53. These pheno-
types closely correlated with NcoA6 deficiencies studied in
parallel (121), suggesting that the loss of methyltransferase
activity in Mll3/Kmt2C mice and the loss of transcription factor
targeting by NcoA6 lead to similar outcomes.

Other genetic model systems have provided important
insight into the normal functions of the COMPASS-like
complex during development and have elucidated critical
signaling pathways that were disrupted because of the loss
of the complex. In Caenorhabditis elegans, the Set16 protein
is the only homologue of both MLL3/KMT2C and MLL2/
KMT2D and is required in the germline for normal develop-
ment and H3K4 methylation in early embryos (125). In
Drosophila, there is a single set of orthologous proteins
related to both MLL3/KMT2C and MLL2/KMT2D, represent-
ing a likely genetic split in a common ancestor of some in-
sects and mammals (93,126). The trr protein is homologous
to the C-terminal halves of its mammalian orthologues,
containing the SET methyltransferase domain, whereas Cmi/
Lpt corresponds to the N-termini of MLL3/KMT2C and MLL2/
KMT2D, harboring the PHD finger domains that provide
chromatin recognition and binding functions (Figure 2).
Together, these separate proteins form into a COMPASS-
like complex with highly conserved structure and function
to KMT2C/D COMPASS-like complexes (7,9). The partition
of these central elements on separate genes while retaining
the same function makes Drosophila a useful and insightful
model for studying activities of the complex. Genetic studies
using RNAi knockdown and null mutants have determined
that both trr and Cmi are essential genes, with critical roles in
hormone-dependent gene activation (93,127). Genetically,
somatic mosaic loss of trr in the developing Drosophila eye
leads to a growth advantage over neighboring wild-type cells,
which is similar to a situation that might exist in some cancers
(21). However, widespread loss of trr was found to result in
reduced cell proliferation and tissue growth, possibly related
to aberrant regulation of the highly conserved Notch
signaling pathway. Two recent studies determined that the
COMPASS-like complex subunits trr and NcoA6 are required
for the activation of Hippo pathway target genes, another
important signaling pathway in cell growth and apoptosis
(111,112). Tissue-specific Cmi depletion using RNAi or
overexpression of the wild-type Cmi protein produced strong
patterning-defect phenotypes consistent with altered Tgf-b/
Dpp signaling, and Cmi protein localization experiments
suggested possible direct regulation of dpp transcription
enhancer regions (20). Thus, genetic studies of the normal
functions of the COMPASS-like complexes using model or-
ganisms have revealed that the complex is important for the
proper elaboration of critical developmental signaling path-
ways (including Notch, Hippo, and Tgf-b/Dpp), and they
provide evidence for direct control of growth and apotosis
pathways. These pathways have direct counterparts in
mammals, where they are known to be crucial for develop-
ment and are dysregulated in human cancer (128e130).
Mechanisms of cellular dysfunction associated
with loss of MLL2/KMT2D and MLL3/KMT2C

Despite the rapidly growing correlations between loss of the
COMPASS-like complex components and cancers, there is
actually little understanding of the epigenetic mechanism
of oncogenesis. The KMT2C/D-associated COMPASS-like



Function of MLL complexes 9
complexes are thought to be the primary coactivator en-
zymes recruited to enhancers via a number of nuclear re-
ceptor and other transcription factors, where the complex
then enzymatically modifies histone lysine residues, both
adding (methyltransferase) and removing (demethylase)
methyl groups to regulate enhancer activities. Since global
reductions in mono- and dimethylation of H3K4 and acety-
lated H3K27 are observed upon loss of COMPASS-like-
ecomplex functions and many of these marks are found
within transcriptional enhancers, the diminished ability of
enhancers to promote gene expression can lead to dramatic
changes in both the execution of developmental programs
and disruptions of critical metabolic pathways. Therefore,
loss (or reduction) of the COMPASS-like complex functions
in cells would likely lead to dysregulation of enhancers and to
abnormal gene regulation, as has been suggested (131).

Based on our current knowledge of KMT2C/D
COMPASS-like complex functions, there are several
possible and likely overlapping mechanisms of cancer
development associated with loss of the COMPASS-like
complexes, all based on enhancer malfunctions in specific
cell populations. First, decreased activation (or repression) of
nuclear receptoredependent gene transcription and devel-
opmental programs would result in an inability for cells or
tissues to appropriately differentiate, because of a loss of
genome reprogramming. An extension of this scenario would
be that certain stem cell states might be maintained, thereby
preventing or blocking progenitor cell gene expression
programs. As an example, Mll2/Kmt2D and Mll3/Kmt2C
deficiency studies in mice support a role for these methyl-
transferases in adipogenesis or myogenesis and demon-
strate their necessity for the differentiation of certain
lineages, through the signal-mediated activation of lineage-
specific factors (22,122). Genetic studies in worms and
Drosophila confirm that developmental pathways are blocked
or misregulated when components of the COMPASS-like
complexes are mutated or missing. The identification of
MLL2/KMT2D target genes through genome-wide chromatin
immunoprecipitation studies revealed an enrichment of
genes important in signaling pathways and signal-response
genes (31,124). In this fashion, complexes containing
NCOA6 or other signal-directed coactivators may lack H3K4
methyltransferase activity or may simply not form, preventing
the activation of regulatory elements (most likely enhancers)
intended by the signaling pathways. This suggests that in
cancers, some inactivating mutations may block terminal
differentiation of cells, promoting a malignant fate. Recent
biochemical analyses of Mll3/Kmt2C-deficient mice have
also demonstrated the need for the methyltransferase in
common daily signal-mediated activities, including circadian
rhythm and liver metabolism (123,132). It is likely that an
inability to respond to ligand-dependent activation signals
(e.g., hormones or other secreted molecules) may underlie
some cancer therapy failures.

Second, as both MLL2/KMT2D and MLL3/KMT2C were
found to be coactivators of p53 (31,32), a reduced function of
p53 could lead to an accumulation of additional DNA damage
as a result of reduced apoptosis or failure of cell cycle
checkpoints. Inhibited tumor suppressor genes or overly
activated oncogenes may then be a root cause of the
transformative ability of MLL2/KMT2D and MLL3/KMT2C
mutations.
A third possible mechanism is that reduced formation or
functions of COMPASS-like complexes may indirectly lead
to reduced acetylation of H3K27 as the result of accu-
mulation of repressive H3K27me3 histone marks cata-
lyzed by EZH2. Since known tumor suppressor genes,
such as p16Ink4a, are known to be controlled by EZH2
activity and stem cell programs are maintained by Poly-
comb complexes (133), an inability to remove H3K27me3
repressive marks might lead to hyperactivated stem cell
programs and reduced activation of differentiation path-
ways (134e136).

These scenarios, all involving loss of COMPASS-like
complex functions, may seem to contradict data from
whole-animal genetic and cultured cell studies demonstrating
that MLL2/KMT2D and MLL3/KMT2C deficiencies or RNA
depletion are detrimental to the proliferation and motility of
cancerous cells (31,124,137). However, the associated ma-
lignancies are most often the result of heterozygous inacti-
vating or truncating mutations, reducing but not eliminating
functional COMPASS-like complexes. The remaining com-
plexes (or limited redundancy of other Set1-related com-
plexes) might allow for cell viability and proliferation in the
absence of properly activated differentiation pathways,
thereby promoting the malignant state.
MLL-family mutations in cancer therapy

The compound EPZ-5676, which was developed to specif-
ically inhibit DOT1L activity in MLL1/KMT2A-fusion leuke-
mias, has already demonstrated significant promise as a
selective cancer drug (138) and is currently in phase 1
clinical trials. Successful clinical outcomes of trials of this
compound would provide solid proof of principle for future
investment in the development of drugs targeting the activity
of the MLL family of lysine methyltransferases. From a
cancer therapeutics standpoint, it is crucial to target the
driving mutations in a tumor. Although the significant muta-
tion frequencies of MLL3/KMT2C and MLL2/KMT2D in a
plethora of malignancies suggest important roles for these
genes in the early stages of oncogenesis, there is still
dispute regarding whether these mutations represent driving
events or passenger mutations in certain cancer types. The
identification of a type of mutation as a driver of malignant
transformation typically involves detecting those that occur
early and remain in the rapidly mutating tumor population as
well as selecting for nonsilent mutations that cluster in spe-
cific domains. Several recent exome sequencing studies
have used these criteria to identify MLL3/KMT2C and MLL2/
KMT2D mutations as probable drivers in multiple cancer
types (139), including pediatric acute lymphoblastic leukemia
(140) and breast cancer (141). However, many other groups
have determined that mutations in these chromatin modifiers
fail to significantly meet the criteria for a driving event
(142e144). In fact, two separate studies disagree on the role
of MLL2/KMT2D in the hierarchy of follicular lymphoma
transformation, one identifying its mutation as a significant
and potent driving event (63) and the other defining it as a
later accelerating mutation (62). As methods for identifying
critical transformative events in oncogenesis continue to
improve, so will the therapeutic focus in developing anti-
cancer drugs.
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Conclusions and perspectives

Since the discovery of MLL1/KMT2A translocations in acute
leukemia in 1991, we have acquired valuable insights into the
important roles that histone modifications play in controlling
the expression of genes found to be dysregulated in cancer,
and into epigenetics in general. Within the past several
years, the availability of fully sequenced genomes, exomes,
epigenomes, and transcriptomes has allowed us a greatly
expanded view of the range of gene mutations associated
with many cancers. The emergence of highly conserved
epigenetic regulators among the most frequently mutated
genes in cancer has elevated our understanding of how
chromatin remodeling factors, such as those associated with
the conserved COMPASS-related complexes, affect normal
developmental signaling pathways and cell proliferation. A
rapidly growing list of sequenced cancer exomes will
continue to provide even greater insights and opportunities to
delve deeper into the mechanisms of epigenetic gene regu-
lation in oncogenesis. Further identification of global targets
of MLL3/KMT2C and MLL2/KMT2D, and those of their
orthologues in genetic model organisms, will clarify how
mutational loss of these conserved complexes can lead to
malignant transformation in human cells and provide new
avenues of investigation into novel therapies.

References

1. Strahl BD, Allis CD. The language of covalent histone modifi-

cations. Nature 2000;403:41e45.

2. Gardner KE, Allis CD, Strahl BD. Operating on chromatin, a

colorful language where context matters. J Mol Biol 2011;409:

36e46.

3. Wang Y, Li X, Hu H. H3K4me2 reliably defines transcripti

Caenorhabditis elegans on factor binding regions in different

cells. Genomics 2014;103:222e228.

4. Calo E, Wysocka J. Modification of enhancer chromatin: what,

how, and why? Mol Cell 2013;49:825e837.

5. Allis CD, Berger SL, Cote J, et al. New nomenclature for

chromatin-modifying enzymes. Cell 2007;131:633e636.

6. B€ogershausen N, Bruford E, Wollnik B. Skirting the pitfalls: a

clear-cut nomenclature for H3K4 methyltransferases. Clin

Genet 2013;83:212e214.

7. Shilatifard A. The COMPASS family of histone H3K4 methyl-

ases: mechanisms of regulation in development and disease

pathogenesis. Annu Rev Biochem 2012;81:65e95.
8. Kusch T. Histone H3 lysine 4 methylation revisited. Transcrip-

tion 2012;3:310e314.

9. Herz HM, Garruss A, Shilatifard A. SET for life: biochemical

activities and biological functions of SET domain-containing

proteins. Trends Biochem Sci 2013;38:621e639.

10. van Nuland R, Smits AH, Pallaki P, et al. Quantitative dissec-

tion and stoichiometry determination of the human SET1/MLL

histone methyltransferase complexes. Mol Cell Biol 2013;33:

2067e2077.

11. Ardehali MB, Mei A, Zobeck KL, et al. Drosophila Set1 is the

major histone H3 lysine 4 trimethyltransferase with role in

transcription. EMBO J 2011;30:2817e2828.

12. Herz HM, Mohan M, Garruss AS, et al. Enhancer-associated

H3K4 monomethylation by Trithorax-related, the Drosophila

homolog of mammalian Mll3/Mll4. Genes Dev 2012;26:

2604e2620.

13. Hu D, Gao X, Morgan MA, et al. The MLL3/MLL4 Branches of

the COMPASS family function as major histone H3K4 mono-

methylases at enhancers. Mol Cell Biol 2013;33:4745e4754.
14. Hu D, Garruss AS, Gao X, et al. The Mll2 branch of the

COMPASS family regulates bivalent promoters in mouse em-

bryonic stem cells. Nat Struct Mol Biol 2013;20:1093e1097.

15. Simon JA, Tamkun JW. Programming off and on states in

chromatin: mechanisms of Polycomb and Trithorax group

complexes. Curr Opin Genet Dev 2002;12:210e218.

16. Schuettengruber B, Chourrout D, Vervoort M, et al. Genome

regulation by polycomb and Trithorax proteins. Cell 2007;128:

735e745.

17. Wang P, Lin C, Smith ER, et al. Global analysis of H3K4

methylation defines MLL family member targets and points to a

role for MLL1-mediated H3K4 methylation in the regulation of

transcriptional initiation by RNA polymerase II. Mol Cell Biol

2009;29:6074e6085.

18. Bernstein BE, Mikkelsen TS, Xie X, et al. A bivalent chromatin

structure marks key developmental genes in embryonic stem

cells. Cell 2006;125:315e326.

19. Voigt P, Tee WW, Reinberg D. A double take on bivalent pro-

moters. Genes Dev 2013;27:1318e1338.
20. Chauhan C, Zraly CB, Dingwall AK. The Drosophila

COMPASS-like Cmi-Trr coactivator complex regulates

dpp/BMP signaling in pattern formation. Dev Biol 2013;380:

185e198.
21. Kanda H, Nguyen A, Chen L, et al. The Drosophila ortholog of

MLL3 and MLL4, Trithorax related, functions as a negative

regulator of tissue growth. Mol Cell Biol 2013;33:1702e1710.

22. Lee JE, Wang C, Xu S, et al. H3K4 mono- and di-

methyltransferase MLL4 is required for enhancer activation

during cell differentiation. eLife 2013;2:e01503.

23. Lee JH, Tate CM, You JS, et al. Identification and character-

ization of the human Set1B histone H3-Lys4 methyltransferase

complex. J Biol Chem 2007;282:13419e13428.

24. Yu BD, Hess JL, Horning SE, et al. Altered Hox expression and

segmental identity in Mll-mutant mice. Nature 1995;378:

505e508.

25. Glaser S, Schaft J, Lubitz S, et al. Multiple epigenetic mainte-

nance factors implicated by the loss of Mll2 in mouse devel-

opment. Development 2006;133:1423e1432.
26. Lubitz S, Glaser S, Schaft J, et al. Increased apoptosis and

skewed differentiation in mouse embryonic stem cells lacking

the histone methyltransferase Mll2. Mol Biol Cell 2007;18:

2356e2366.
27. Yagi H, Deguchi K, Aono A, et al. Growth disturbance in fetal

liver hematopoiesis of Mll-mutant mice. Blood 1998;92:

108e117.
28. Ernst P, Fisher JK, Avery W, et al. Definitive hematopoiesis

requires the mixed-lineage leukemia gene. Dev Cell 2004;6:

437e443.

29. Goo YH, Sohn YC, KimDH, et al. Activating signal cointegrator 2

belongs to anovel steady-state complex that containsa subset of

Trithorax group proteins. Mol Cell Biol 2003;23:140e149.

30. Mo R, Rao SM, Zhu YJ. Identification of the MLL2 complex as a

coactivator for estrogen receptor alpha. J Biol Chem 2006;281:

15714e15720.

31. Guo C, Chang CC, Wortham M, et al. Global identification

of MLL2-targeted loci reveals MLL2’s role in diverse

signaling pathways. Proc Natl Acad Sci U S A 2012;109:

17603e17608.

32. Lee J, Kim DH, Lee S, et al. A tumor suppressive coactivator

complex of p53 containing ASC-2 and histone H3-lysine-4

methyltransferase MLL3 or its paralogue MLL4. Proc Natl Acad

Sci U S A 2009;106:8513e8518.

33. Ziemin-van der Poel S, McCabe NR, Gill HJ, et al. Identification

of a gene, MLL, that spans the breakpoint in 11q23 trans-

locations associated with human leukemias. Proc Natl Acad Sci

U S A 1991;88:10735e10739.

34. BallabioE,Milne TA.Molecular and epigeneticmechanisms ofMLL

in human leukemogenesis. Cancers (Basel) 2012;4:904e944.

http://refhub.elsevier.com/S2210-7762(15)00006-X/sref1
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref1
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref1
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref2
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref2
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref2
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref2
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref3
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref3
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref3
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref3
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref4
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref4
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref4
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref5
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref5
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref5
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref6
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref6
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref6
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref6
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref6
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref7
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref7
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref7
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref7
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref8
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref8
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref8
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref9
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref9
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref9
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref9
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref10
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref10
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref10
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref10
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref10
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref11
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref11
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref11
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref11
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref12
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref12
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref12
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref12
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref12
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref13
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref13
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref13
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref13
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref14
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref14
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref14
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref14
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref15
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref15
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref15
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref15
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref16
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref16
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref16
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref16
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref17
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref17
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref17
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref17
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref17
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref17
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref18
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref18
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref18
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref18
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref19
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref19
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref19
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref20
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref20
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref20
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref20
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref20
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref21
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref21
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref21
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref21
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref22
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref22
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref22
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref23
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref23
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref23
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref23
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref24
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref24
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref24
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref24
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref25
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref25
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref25
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref25
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref26
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref26
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref26
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref26
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref26
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref27
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref27
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref27
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref27
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref28
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref28
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref28
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref28
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref29
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref29
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref29
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref29
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref30
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref30
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref30
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref30
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref31
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref31
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref31
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref31
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref31
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref32
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref32
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref32
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref32
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref32
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref33
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref33
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref33
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref33
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref33
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref34
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref34
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref34


Function of MLL complexes 11
35. Somervaille TC, Cleary ML. Grist for the MLL: how do MLL

oncogenic fusion proteins generate leukemia stem cells? Int J

Hematol 2010;91:735e741.

36. Chang PY, Hom RA, Musselman CA, et al. Binding of the MLL

PHD3 finger to histone H3K4me3 is required for MLL-

dependent gene transcription. J Mol Biol 2010;400:137e144.

37. Chung YR, Schatoff E, Abdel-Wahab O. Epigenetic alterations

in hematopoietic malignancies. Int J Hematol 2012;96:

413e427.

38. Ansari KI, Kasiri S, Mandal SS. Histone methylase MLL1 has

critical roles in tumor growth and angiogenesis and its knockdown

suppresses tumor growth in vivo.Oncogene 2013;32:3359e3370.
39. Wu M, Shu HB. MLL1/WDR5 complex in leukemogenesis and

epigenetic regulation. Chin J Cancer 2011;30:240e246.

40. Li BE, Ernst P. Two decades of leukemia oncoprotein epistasis:

the Mixed Lineage Leukemia paradigm for epigenetic deregu-

lation in leukemia. Exp Hematol 2014;42:995e1012.

41. Saigo K, Yoshida K, Ikeda R, et al. Integration of hepatitis B

virus DNA into the myeloid/lymphoid or mixed-lineage leukemia

(MLL4) gene and rearrangements of MLL4 in human hepato-

cellular carcinoma. Hum Mutat 2008;29:703e708.

42. Tamori A, Nishiguchi S, Shiomi S, et al. Hepatitis B virus DNA

integration in hepatocellular carcinoma after interferon-induced

disappearance of hepatitis C virus. Am J Gastroenterol 2005;

100:1748e1753.

43. O’Meara E, Stack D, Phelan S, et al. Identification of an MLL4-

GPS2 fusion as an oncogenic driver of undifferentiated spindle

cell sarcoma in a child. Genes Chromosomes Cancer 2014;53:

991e998.

44. Huntsman DG, Chin SF, Muleris M, et al. MLL2, the second

human homolog of the Drosophila Trithorax gene, maps to

19q13.1 and is amplified in solid tumor cell lines. Oncogene

1999;18:7975e7984.

45. Ruault M, Brun ME, Ventura M, et al. MLL3, a new human

member of the TRX/MLL gene family, maps to 7q36, a

chromosome region frequently deleted in myeloid leukaemia.

Gene 2002;284:73e81.

46. Dolnik A, Engelmann JC, Scharfenberger-Schmeer M, et al.

Commonly altered genomic regions in acute myeloid leukemia

are enriched for somatic mutations involved in chromatin

remodeling and splicing. Blood 2012;120:e83ee92.

47. Chen C, Liu Y, Rappaport AR, et al. MLL3 is a haploinsufficient

7q tumor suppressor in acute myeloid leukemia. Cancer Cell

2014;25:652e665.

48. Li WD, Li QR, Xu SN, et al. Exome sequencing identifies an

MLL3 gene germ line mutation in a pedigree of colorectal

cancer and acute myeloid leukemia. Blood 2013;121:

1478e1479.

49. Balakrishnan A, Bleeker FE, Lamba S, et al. Novel somatic and

germline mutations in cancer candidate genes in glioblastoma,

melanoma, and pancreatic carcinoma. Cancer Res 2007;67:

3545e3550.

50. Biankin AV, Waddell N, Kassahn KS, et al. Pancreatic cancer

genomes reveal aberrations in axon guidance pathway genes.

Nature 2012;491:399e405.

51. Ong CK, Subimerb C, Pairojkul C, et al. Exome sequencing of liver

fluke-associatedcholangiocarcinoma.NatGenet2012;44:690e693.

52. Fujimoto A, Totoki Y, Abe T, et al. Whole-genome sequencing

of liver cancers identifies etiological influences on mutation

patterns and recurrent mutations in chromatin regulators. Nat

Genet 2012;44:760e764.

53. Zang ZJ, Cutcutache I, Poon SL, et al. Exome sequencing of

gastric adenocarcinoma identifies recurrent somatic mutations

in cell adhesion and chromatin remodeling genes. Nat Genet

2012;44:570e574.

54. Li B, Liu HY, Guo SH, et al. Mll3 genetic variants affect risk of

gastric cancer in the Chinese Han population. Asian Pac J

Cancer Prev 2013;14:4239e4242.
55. Pickering CR, Zhou JH, Lee JJ, et al. Mutational landscape of

aggressive cutaneous squamous cell carcinoma. Clin Cancer

Res 2014;20:6582e6592.

56. Li B, Liu HY, Guo SH, et al. Association of MLL3 expression

with prognosis in gastric cancer. Genet Mol Res 2014;13:

7513e7518.

57. Dalgliesh GL, Furge K, Greenman C, et al. Systematic

sequencing of renal carcinoma reveals inactivation of histone

modifying genes. Nature 2010;463:360e363.

58. Buck MJ, Raaijmakers LM, Ramakrishnan S, et al. Alterations

in chromatin accessibility and DNA methylation in clear cell

renal cell carcinoma. Oncogene 2013;33:4961e4965.
59. Morin RD, Mendez-Lago M, Mungall AJ, et al. Frequent mu-

tation of histone-modifying genes in non-Hodgkin lymphoma.

Nature 2011;476:298e303.

60. Stransky N, Egloff AM, Tward AD, et al. The mutational land-

scape of head and neck squamous cell carcinoma. Science

2011;333:1157e1160.

61. Lawrence MS, Stojanov P, Mermel CH, et al. Discovery and

saturation analysis of cancer genes across 21 tumour types.

Nature 2014;505:495e501.

62. Green MR, Gentles AJ, Nair RV, et al. Hierarchy in somatic

mutations arising during genomic evolution and progression of

follicular lymphoma. Blood 2013;121:1604e1611.

63. Okosun J, B€od€or C, Wang J, et al. Integrated genomic analysis

identifies recurrent mutations and evolution patterns driving the

initiation and progression of follicular lymphoma. Nat Genet

2014;46:176e181.

64. Be�a S, Vald�es-Mas R, Navarro A, et al. Landscape of somatic

mutations and clonal evolution in mantle cell lymphoma. Proc

Natl Acad Sci U S A 2013;110:18250e18255.

65. Huether R, Dong L, Chen X, et al. The landscape of somatic

mutations in epigenetic regulators across 1,000 paediatric

cancer genomes. Nat Commun 2014;5:3630.

66. Yin S, Yang J, Lin B, et al. Exome sequencing identifies

frequent mutation of MLL2 in non-small cell lung carcinoma

from Chinese patients. Sci Rep 2014;4:6036.

67. Ross JS, Wang K, Elkadi OR, et al. Next-generation

sequencing reveals frequent consistent genomic alterations in

small cell undifferentiated lung cancer. J Clin Pathol 2014;67:

772e776.

68. Ansari KI, Hussain I, Kasiri S, et al. HOXC10 is overexpressed

in breast cancer and transcriptionally regulated by estrogen via

involvement of histone methylases MLL3 and MLL4. J Mol

Endocrinol 2012;48:61e75.
69. Bhan A, Hussain I, Ansari KI, et al. Histone methyltransferase

EZH2 is transcriptionally induced by estradiol as well as

estrogenic endocrine disruptors bisphenol-A and

diethylstilbestrol. J Mol Biol 2014;426:3426e3441.

70. Ellis MJ, Ding L, Shen D, et al. Whole-genome analysis informs

breast cancer response to aromatase inhibition. Nature 2012;

486:353e360.

71. Kim JH, Sharma A, Dhar SS, et al. UTX and MLL4 coordinately

regulate transcriptional programs for cell proliferation and

invasiveness in breast cancer cells. Cancer Res 2014;74:

1705e1717.
72. Rabello Ddo A, de Moura CA, de Andrade RV, et al. Altered

expression of MLL methyltransferase family genes in breast

cancer. Int J Oncol 2013;43:653e660.

73. Wang XX, Fu L, Li X, et al. Somatic mutations of the mixed-

lineage leukemia 3 (MLL3) gene in primary breast cancers.

Pathol Oncol Res 2011;17:429e433.

74. Parsons DW, Li M, Zhang X, et al. The genetic landscape of the

childhood cancer medulloblastoma. Science 2011;331:

435e439.

75. Pugh TJ, Weeraratne SD, Archer TC, et al. Medulloblastoma

exome sequencing uncovers subtype-specific somatic muta-

tions. Nature 2012;488:106e110.

http://refhub.elsevier.com/S2210-7762(15)00006-X/sref35
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref35
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref35
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref35
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref36
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref36
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref36
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref36
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref37
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref37
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref37
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref37
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref38
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref38
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref38
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref38
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref39
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref39
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref39
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref40
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref40
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref40
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref40
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref41
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref41
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref41
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref41
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref41
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref42
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref42
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref42
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref42
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref42
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref43
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref43
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref43
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref43
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref43
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref44
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref44
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref44
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref44
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref44
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref45
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref45
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref45
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref45
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref45
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref46
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref46
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref46
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref46
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref46
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref47
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref47
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref47
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref47
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref48
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref48
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref48
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref48
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref48
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref49
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref49
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref49
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref49
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref49
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref50
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref50
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref50
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref50
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref51
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref51
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref51
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref52
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref52
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref52
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref52
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref52
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref53
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref53
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref53
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref53
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref53
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref54
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref54
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref54
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref54
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref55
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref55
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref55
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref55
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref56
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref56
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref56
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref56
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref57
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref57
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref57
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref57
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref58
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref58
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref58
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref58
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref59
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref59
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref59
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref59
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref60
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref60
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref60
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref60
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref61
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref61
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref61
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref61
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref62
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref62
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref62
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref62
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref63
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref63
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref63
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref63
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref63
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref63
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref63
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref64
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref64
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref64
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref64
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref64
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref64
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref65
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref65
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref65
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref66
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref66
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref66
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref67
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref67
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref67
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref67
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref67
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref68
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref68
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref68
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref68
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref68
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref69
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref69
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref69
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref69
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref69
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref70
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref70
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref70
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref70
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref71
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref71
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref71
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref71
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref71
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref72
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref72
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref72
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref72
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref73
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref73
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref73
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref73
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref74
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref74
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref74
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref74
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref75
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref75
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref75
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref75


12 D.J. Ford, A.K. Dingwall
76. Song Y, Li L, Ou Y, et al. Identification of genomic alterations in

oesophageal squamous cell cancer. Nature 2014;509:91e95.

77. Kandoth C, McLellan MD, Vandin F, et al. Mutational landscape

and significance across 12 major cancer types. Nature 2013;

502:333e339.
78. Moreira AL, Won HH, McMillan R, et al. Massively parallel

sequencing identifies recurrent mutations in TP53 in thymic

carcinoma associated with poor prognosis. J Thorac Oncol

2015;10:373e380.

79. Martin D, Abba MC, Molinolo AA, et al. The head and neck

cancer cell oncogenome: a platform for the development of

precision molecular therapies. Oncotarget 2014;5:8906e8923.
80. Gao YB, Chen ZL, Li JG, et al. Genetic landscape of esopha-

geal squamous cell carcinoma. Nat Genet 2014;46:

1097e1102.

81. Lindberg J, Mills IG, Klevebring D, et al. The mitochondrial and

autosomal mutation landscapes of prostate cancer. Eur Urol

2013;63:702e708.

82. Grasso CS, Wu YM, Robinson DR, et al. The mutational

landscape of lethal castration-resistant prostate cancer. Nature

2012;487:239e243.

83. Fukuda K, Sakakura C, Miyagawa K, et al. Differential gene

expression profiles of radioresistant oesophageal cancer cell

lines established by continuous fractionated irradiation. Br J

Cancer 2004;91:1543e1550.

84. Kanchi KL, Johnson KJ, Lu C, et al. Integrated analysis of

germline and somatic variants in ovarian cancer. Nat Commun

2014;5:3156.

85. Mouradov D, Sloggett C, Jorissen RN, et al. Colorectal cancer

cell lines are representative models of the main molecular

subtypes of primary cancer. Cancer Res 2014;74:3238e3247.

86. Shin N, You KT, Lee H, et al. Identification of frequently

mutated genes with relevance to nonsense mediated mRNA

decay in the high microsatellite instability cancers. Int J Cancer

2011;128:2872e2880.

87. Ashktorab H, Sch€affer AA, Daremipouran M, et al. Distinct

genetic alterations in colorectal cancer. PLoS One 2010;5:

e8879.

88. Ibragimova I, Dulaimi E, Slifker MJ, et al. A global profile of

gene promoter methylation in treatment-naive urothelial cancer.

Epigenetics 2014;9:760e773.

89. Van der Meulen J, Speleman F, Van Vlierberghe P. The

H3K27me3 demethylase UTX in normal development and

disease. Epigenetics 2014;9:658e668.

90. Miyake N, Koshimizu E, Okamoto N, et al. MLL2 and KDM6A

mutations in patients with Kabuki syndrome. Am J Med Genet

A 2013;161A:2234e2243.

91. Copur O, Muller J. The histone H3-K27 demethylase Utx reg-

ulates HOX gene expression in Drosophila in a temporally

restricted manner. Development 2013;140:3478e3485.

92. Tarayrah L, Herz HM, Shilatifard A, et al. Histone demethylase

dUTX antagonizes JAK-STAT signaling to maintain proper

gene expression and architecture of the Drosophila testis

niche. Development 2013;140:1014e1023.

93. Chauhan C, Zraly CB, Parilla M, et al. Histone recognition and

nuclear receptor co-activator functions of Drosophila cara

mitad, a homolog of the N-terminal portion of mammalian MLL2

and MLL3. Development 2012;139:1997e2008.

94. Liu J, Mercher T, Scholl C, et al. A functional role for the histone

demethylase UTX in normal and malignant hematopoietic cells.

Exp Hematol 2012;40:487e498.e3.

95. Mar BG, Bullinger L, Basu E, et al. Sequencing histone-

modifying enzymes identifies UTX mutations in acute lympho-

blastic leukemia. Leukemia 2012;26:1881e1883.
96. Rocha-Viegas L, Villa R, Gutierrez A, et al. Role of UTX in

retinoic acid receptor-mediated gene regulation in leukemia.

Mol Cell Biol 2014;34:3765e3775.
97. Ntziachristos P, Tsirigos A, Welstead GG, et al. Contrasting

roles of histone 3 lysine 27 demethylases in acute lympho-

blastic leukaemia. Nature 2014;514:513e517.

98. Gui Y, Guo G, Huang Y, et al. Frequent mutations of chromatin

remodeling genes in transitional cell carcinoma of the bladder.

Nat Genet 2011;43:875e878.

99. Nickerson ML, Dancik GM, Im KM, et al. Concurrent alterations

in TERT, KDM6A, and the BRCA pathway in bladder cancer.

Clin Cancer Res 2014;20:4935e4948.

100. Paolicchi E, Crea F, Farrar WL, et al. Histone lysine deme-

thylases in breast cancer. Crit Rev Oncol Hematol 2013;86:

97e103.
101. Shen Y, Guo X, Wang Y, et al. Expression and significance of

histone H3K27 demethylases in renal cell carcinoma. BMC

Cancer 2012;12:470.

102. Morin RD, Johnson NA, Severson TM, et al. Somatic mutations

altering EZH2 (Tyr641) in follicular and diffuse large B-cell

lymphomas of germinal-center origin. Nat Genet 2010;42:

181e185.
103. Wagener N, Macher-Goeppinger S, Pritsch M, et al. Enhancer

of zeste homolog 2 (EZH2) expression is an independent

prognostic factor in renal cell carcinoma. BMC Cancer 2010;10:

524.

104. Kleer CG, Cao Q, Varambally S, et al. EZH2 is a marker of

aggressive breast cancer and promotes neoplastic trans-

formation of breast epithelial cells. Proc Natl Acad Sci U S A

2003;100:11606e11611.

105. Varambally S, Dhanasekaran SM, Zhou M, et al. The polycomb

group protein EZH2 is involved in progression of prostate

cancer. Nature 2002;419:624e629.
106. Simon JA, Lange CA. Roles of the EZH2 histone methyl-

transferase in cancer epigenetics. Mutat Res 2008;647:21e29.

107. Mahajan MA, Samuels HH. Nuclear receptor coactivator/cor-

egulator NCoA6(NRC) is a pleiotropic coregulator involved in

transcription, cell survival, growth and development. Nucl

Recept Signal 2008;6:e002.

108. Antonson P, Schuster GU, Wang L, et al. Inactivation of the

nuclear receptor coactivator RAP250 in mice results in

placental vascular dysfunction. Mol Cell Biol 2003;23:

1260e1268.

109. Mahajan MA, Das S, Zhu H, et al. The nuclear hormone re-

ceptor coactivator NRC is a pleiotropic modulator affecting

growth, development, apoptosis, reproduction, and wound

repair. Mol Cell Biol 2004;24:4994e5004.

110. Kuang SQ, Liao L, Zhang H, et al. Deletion of the cancer-

amplified coactivator AIB3 results in defective placenta-

tion and embryonic lethality. J Biol Chem 2002;277:

45356e45360.

111. Oh H, Slattery M, Ma L, et al. Yorkie promotes transcription by

recruiting a histone methyltransferase complex. Cell Rep 2014;

8:449e459.

112. Qing Y, Yin F, Wang W, et al. The Hippo effector Yorkie

activates transcription by interacting with a histone methyl-

transferase complex through Ncoa6. eLife 2014;3:e02564.

113. Wang Z, Yan Z, Zhang B, et al. Identification of a 5-gene

signature for clinical and prognostic prediction in gastric

cancer patients upon microarray data. Med Oncol 2013;30:

678.

114. Patel SR, Kim D, Levitan I, et al. The BRCT-domain containing

protein PTIP links PAX2 to a histone H3, lysine 4 methyl-

transferase complex. Dev Cell 2007;13:580e592.

115. Cho YW, Hong T, Hong S, et al. PTIP associates with MLL3-

and MLL4-containing histone H3 lysine 4 methyltransferase

complex. J Biol Chem 2007;282:20395e20406.
116. Kleefstra T, Kramer JM, Neveling K, et al. Disruption of an

EHMT1-associated chromatin-modification module causes in-

tellectual disability. Am J Hum Genet 2012;91:73e82.

http://refhub.elsevier.com/S2210-7762(15)00006-X/sref76
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref76
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref76
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref77
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref77
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref77
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref77
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref78
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref78
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref78
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref78
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref78
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref79
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref79
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref79
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref79
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref80
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref80
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref80
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref80
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref81
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref81
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref81
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref81
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref82
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref82
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref82
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref82
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref83
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref83
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref83
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref83
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref83
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref84
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref84
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref84
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref85
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref85
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref85
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref85
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref86
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref86
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref86
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref86
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref86
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref87
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref87
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref87
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref87
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref88
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref88
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref88
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref88
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref89
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref89
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref89
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref89
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref90
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref90
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref90
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref90
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref91
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref91
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref91
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref91
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref92
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref92
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref92
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref92
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref92
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref93
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref93
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref93
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref93
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref93
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref94
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref94
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref94
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref94
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref95
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref95
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref95
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref95
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref96
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref96
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref96
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref96
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref97
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref97
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref97
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref97
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref98
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref98
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref98
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref98
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref99
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref99
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref99
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref99
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref100
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref100
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref100
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref100
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref101
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref101
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref101
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref102
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref102
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref102
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref102
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref102
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref103
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref103
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref103
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref103
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref104
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref104
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref104
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref104
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref104
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref105
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref105
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref105
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref105
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref106
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref106
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref106
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref107
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref107
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref107
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref107
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref108
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref108
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref108
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref108
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref108
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref109
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref109
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref109
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref109
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref109
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref110
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref110
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref110
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref110
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref110
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref111
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref111
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref111
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref111
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref112
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref112
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref112
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref113
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref113
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref113
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref113
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref114
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref114
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref114
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref114
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref115
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref115
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref115
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref115
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref116
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref116
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref116
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref116


Function of MLL complexes 13
117. Lee S, Kim DH, Goo YH, et al. Crucial roles for interactions

between MLL3/4 and INI1 in nuclear receptor transactivation.

Mol Endocrinol 2009;23:610e619.

118. Bokinni Y. Kabuki syndrome revisited. J Hum Genet 2012;57:

223e227.
119. Bogershausen N, Wollnik B. Unmasking kabuki syndrome. Clin

Genet 2013;83:201e211.

120. Shinsky SA, Hu M, Vought VE, et al. A non-active-site SET

domain surface crucial for the interaction of MLL1 and the

RbBP5/Ash2L heterodimer within MLL family core complexes.

J Mol Biol 2014;426:2283e2299.

121. Lee S, Lee DK, Dou Y, et al. Coactivator as a target gene

specificity determinant for histone H3 lysine 4 methyl-

transferases. ProcNatl AcadSci USA2006;103:15392e15397.

122. Lee J, Saha PK, Yang QH, et al. Targeted inactivation of MLL3

histone H3-Lys-4 methyltransferase activity in the mouse re-

veals vital roles for MLL3 in adipogenesis. Proc Natl Acad Sci U

S A 2008;105:19229e19234.

123. Kim DH, Rhee JC, Yeo S, et al. Crucial roles of MLL3 and

MLL4 as epigenetic switches of the hepatic circadian clock

controlling bile acid homeostasis. Hepatology 2014;61:

1012e1023.

124. Issaeva I, Zonis Y, Rozovskaia T, et al. Knockdown of ALR

(MLL2) reveals ALR target genes and leads to alterations in cell

adhesion and growth. Mol Cell Biol 2006;27:1889e1903.

125. Li T, Kelly WG. A role for Set1/MLL-related components in

epigenetic regulation of the Caenorhabditis elegans germ line.

PLoS Genet 2011;7:e1001349.

126. Mohan M, Herz HM, Smith ER, et al. The COMPASS family of

H3K4 methylases in Drosophila. Mol Cell Biol 2011;31:

4310e4318.

127. Sedkov Y, Cho E, Petruk S, et al. Methylation at lysine 4 of

histone H3 in ecdysone-dependent development of Drosophila.

Nature 2003;426:78e83.
128. Barron DA, Kagey JD. The role of the Hippo pathway in human

disease and tumorigenesis. Clin Transl Med 2014;3:25.

129. Massague J. TGFbeta in cancer. Cell 2008;134:215e230.

130. Ntziachristos P, Lim JS, Sage J, et al. From fly wings to tar-

geted cancer therapies: a centennial for notch signaling. Can-

cer Cell 2014;25:318e334.

131. Herz HM, Hu D, Shilatifard A. Enhancer malfunction in cancer.

Mol Cell 2014;53:859e866.
132. Valekunja UK, Edgar RS, Oklejewicz M, et al. Histone meth-

yltransferase MLL3 contributes to genome-scale circadian

transcription. Proc Natl Acad Sci U S A 2013;110:1554e1559.

133. Sparmann A, van Lohuizen M. Polycomb silencers control cell

fate, development and cancer. Nat Rev Cancer 2006;6:

846e856.

134. Wilson BG, Wang X, Shen X, et al. Epigenetic antagonism

between polycomb and SWI/SNF complexes during oncogenic

transformation. Cancer Cell 2010;18:316e328.

135. Dawson MA, Kouzarides T. Cancer epigenetics: from mecha-

nism to therapy. Cell 2012;150:12e27.
136. Margueron R, Reinberg D. The Polycomb complex PRC2 and

its mark in life. Nature 2011;469:343e349.

137. Guo C, Chen LH, Huang Y, et al. KMT2D maintains neoplastic

cell proliferation and global histone H3 lysine 4 mono-

methylation. Oncotarget 2013;4:2144e2153.

138. Daigle SR, Olhava EJ, Therkelsen CA, et al. Potent inhibition of

DOT1L as treatment of MLL-fusion leukemia. Blood 2013;122:

1017e1025.

139. Gonzalez-Perez A, Jene-Sanz A, Lopez-Bigas N. The muta-

tional landscape of chromatin regulatory factors across 4,623

tumor samples. Genome Biol 2013;14:r106.

140. Lindqvist CM, Nordlund J, Ekman D, et al. The mutational

landscape in pediatric acute lymphoblastic leukemia deci-

phered by whole genome sequencing. Hum Mutat 2015;36:

118e128.
141. Stephens PJ, Tarpey PS, Davies H, et al. The landscape of

cancer genes and mutational processes in breast cancer. Na-

ture 2012;486:400e404.

142. Hodis E, Watson IR, Kryukov GV, et al. A landscape of driver

mutations in melanoma. Cell 2012;150:251e263.
143. Peifer M, Fern�andez-Cuesta L, Sos ML, et al. Integrative

genome analyses identify key somatic driver mutations of

small-cell lung cancer. Nat Genet 2012;44:1104e1110.
144. Dulak AM, Stojanov P, Peng S, et al. Exome and whole-

genome sequencing of esophageal adenocarcinoma identifies

recurrent driver events and mutational complexity. Nat Genet

2013;45:478e486.
145. Seshagiri S, Stawiski EW, Durinck S, et al. Recurrent R-

spondin fusions in colon cancer. Nature 2012;488:660e664.

146. Cancer Genome Atlas Network. Comprehensive molecular

characterization of human colon and rectal cancer. Nature

2012;487:330e337.

147. Guo G, Sun X, Chen C, et al. Whole-genome and whole-exome

sequencing of bladder cancer identifies frequent alterations in

genes involved in sister chromatid cohesion and segregation.

Nat Genet 2013;45:1459e1463.

148. Iyer G, Al-Ahmadie H, Schultz N, et al. Prevalence and

co-occurrence of actionable genomic alterations in high-grade

bladder cancer. J Clin Oncol 2013;31:3133e3140.

149. Cancer Genome Atlas Research Network. Comprehensive

molecular characterization of urothelial bladder carcinoma.

Nature 2014;507:315e322.

150. Jones S, Stransky N, McCord CL, et al. Genomic analyses

of gynaecologic carcinosarcomas reveal frequent mutations

in chromatin remodelling genes. Nat Commun 2014;5:

5006.

151. Krauthammer M, Kong Y, Ha BH, et al. Exome sequencing

identifies recurrent somatic RAC1 mutations in melanoma. Nat

Genet 2012;44:1006e1014.

152. Imielinski M, Berger AH, Hammerman PS, et al. Mapping the

hallmarks of lung adenocarcinoma with massively parallel

sequencing. Cell 2012;150:1107e1120.

153. Hao C, Wang L, Peng S, et al. Gene mutations in primary tu-

mors and corresponding patient-derived xenografts derived

from non-small cell lung cancer. Cancer Lett 2015;357:

179e185.

154. Cancer Genome Atlas Research Network. Comprehensive

genomic characterization of squamous cell lung cancers. Na-

ture 2012;489:519e525.

155. Agrawal N, Frederick MJ, Pickering CR, et al. Exome

sequencing of head and neck squamous cell carcinoma reveals

inactivating mutations in NOTCH1. Science 2011;333:

1154e1157.

156. Guo G, Gui Y, Gao S, et al. Frequent mutations of genes

encoding ubiquitin-mediated proteolysis pathway compo-

nents in clear cell renal cell carcinoma. Nat Genet 2012;

44:17e19.

157. Cancer Genome Atlas Research Network. Comprehensive

molecular characterization of clear cell renal cell carcinoma.

Nature 2013;499:43e49.

158. Cancer Genome Atlas Research Network, Kandoth C,

Schultz N, et al. Integrated genomic characterization of endo-

metrial carcinoma. Nature 2013;497:67e73.

159. Jones DT, Stransky N, McCord CL, et al. Dissecting the

genomic complexity underlying medulloblastoma. Nature 2012;

488:100e105.

160. Robinson G, Parker M, Kranenburg TA, et al. Novel mutations

target distinct subgroups of medulloblastoma. Nature 2012;

488:43e48.
161. Dubuc AM, Remke M, Korshunov A, et al. Aberrant patterns of

H3K4 and H3K27 histone lysine methylation occur across

subgroups in medulloblastoma. Acta Neuropathol 2013;125:

373e384.

http://refhub.elsevier.com/S2210-7762(15)00006-X/sref117
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref117
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref117
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref117
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref118
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref118
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref118
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref119
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref119
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref119
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref120
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref120
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref120
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref120
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref120
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref121
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref121
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref121
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref121
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref122
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref122
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref122
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref122
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref122
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref123
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref123
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref123
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref123
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref123
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref124
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref124
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref124
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref124
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref125
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref125
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref125
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref126
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref126
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref126
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref126
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref127
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref127
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref127
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref127
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref128
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref128
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref129
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref129
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref130
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref130
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref130
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref130
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref131
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref131
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref131
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref132
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref132
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref132
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref132
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref133
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref133
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref133
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref133
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref134
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref134
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref134
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref134
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref135
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref135
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref135
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref136
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref136
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref136
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref137
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref137
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref137
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref137
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref138
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref138
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref138
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref138
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref139
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref139
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref139
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref140
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref140
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref140
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref140
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref140
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref141
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref141
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref141
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref141
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref142
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref142
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref142
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref143
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref143
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref143
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref143
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref143
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref144
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref144
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref144
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref144
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref144
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref145
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref145
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref145
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref146
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref146
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref146
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref146
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref147
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref147
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref147
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref147
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref147
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref148
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref148
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref148
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref148
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref149
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref149
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref149
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref149
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref150
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref150
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref150
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref150
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref151
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref151
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref151
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref151
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref152
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref152
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref152
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref152
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref153
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref153
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref153
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref153
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref153
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref154
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref154
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref154
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref154
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref155
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref155
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref155
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref155
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref155
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref156
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref156
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref156
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref156
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref156
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref157
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref157
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref157
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref157
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref158
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref158
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref158
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref158
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref159
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref159
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref159
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref159
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref160
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref160
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref160
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref160
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref161
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref161
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref161
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref161
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref161


14 D.J. Ford, A.K. Dingwall
162. Cancer Genome Atlas Research Network. Integrated genomic

analyses of ovarian carcinoma. Nature 2011;474:609e615.

163. Ahn SM, Jang SJ, Shim JH, et al. Genomic portrait of resect-

able hepatocellular carcinomas: Implications of RB1 and

FGF19 aberrations for patient stratification. Hepatology 2014;

60:1972e1982.

164. Banerji S, Cibulskis K, Rangel-Escareno C, et al. Sequence

analysis of mutations and translocations across breast cancer

subtypes. Nature 2012;486:405e409.

165. Cancer Genome Atlas Network. Comprehensive molecular

portraits of human breast tumours. Nature 2012;490:61e70.

166. Taylor BS, Schultz N, Hieronymus H, et al. Integrative genomic

profiling of human prostate cancer. Cancer Cell 2010;18:

11e22.

167. Barbieri CE, Taubert H, Gaisa NT, et al. Exome sequencing

identifies recurrent SPOP, FOXA1 and MED12 mutations in

prostate cancer. Nat Genet 2012;44:685e689.

168. Baca SC, Prandi D, Lawrence MS, et al. Punctuated evolution

of prostate cancer genomes. Cell 2013;153:666e677.
169. Rudin CM, Durinck S, Stawiski EW, et al. Comprehensive

genomic analysis identifies SOX2 as a frequently amplified

gene in small-cell lung cancer. Nat Genet 2012;44:1111e1116.
170. Cancer Genome Atlas Research Network. Comprehensive

genomic characterization defines human glioblastoma genes

and core pathways. Nature 2008;455:1061e1068. Erratum in:

Nature 2013 Feb 28;494:506.

171. Brennan CW, Verhaak RG, McKenna A, et al. The somatic

genomic landscape of glioblastoma. Cell 2013;155:462e477.

172. Cancer Genome Atlas Research Network. Genomic and epi-

genomic landscapes of adult de novo acute myeloid leukemia.

N Engl J Med 2013;368:2059e2074.

173. Lohr JG, Stojanov P, Carter SL, et al. Widespread genetic

heterogeneity in multiple myeloma: implications for targeted

therapy. Cancer Cell 2014;25:91e101.
174. Ho AS, Kannan K, Roy DM, et al. The mutational landscape of

adenoid cystic carcinoma. Nat Genet 2013;45:791e798.

175. Cerami E, Gao J, Dogrusoz U, et al. The cBio cancer genomics

portal: an open platform for exploring multidimensional cancer

genomics data. Cancer Discov 2012;2:401e404.

176. Gao J, Aksoy BA, Dogrusoz U, et al. Integrative analysis of

complex cancer genomics and clinical profiles using the cBio-

Portal. Sci Signal 2013;6:pl1.

177. Ren J, Wen L, Gao X, et al. DOG 1.0: illustrator of protein

domain structures. Cell Res 2009;19:271e273.

http://refhub.elsevier.com/S2210-7762(15)00006-X/sref162
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref162
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref162
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref163
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref163
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref163
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref163
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref163
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref164
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref164
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref164
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref164
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref165
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref165
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref165
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref166
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref166
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref166
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref166
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref167
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref167
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref167
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref167
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref168
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref168
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref168
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref169
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref169
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref169
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref169
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref170
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref170
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref170
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref170
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref170
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref171
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref171
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref171
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref172
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref172
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref172
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref172
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref173
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref173
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref173
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref173
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref174
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref174
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref174
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref175
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref175
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref175
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref175
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref176
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref176
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref176
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref177
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref177
http://refhub.elsevier.com/S2210-7762(15)00006-X/sref177

	The cancer COMPASS: navigating the functions of MLL complexes in cancer
	Chromatin and epigenetic modifiers in cancer
	MLL/KMT2 family of histone lysine methyltransferases
	MLL1 (KMT2A) involvement in leukemias
	MLL4(2)/KMT2B role in carcinoma
	MLL3/KMT2C and MLL2/KMT2D mutations in cancer
	Components of the human KMT2C/KMT2D COMPASS-like complexes
	KMT2C/D mutation and developmental disorders
	Pathway analysis of MLL3/KMT2C and MLL2/KMT2D deficiency
	Mechanisms of cellular dysfunction associated with loss of MLL2/KMT2D and MLL3/KMT2C
	MLL-family mutations in cancer therapy

	Conclusions and perspectives
	References


