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Abstract

The KMT2 (lysine methyltransferase) family of histone modifying proteins play essential roles in
regulating developmental pathways, and mutations in the genes encoding these proteins have been
strongly linked to many blood and solid tumor cancers. The KMT2A-D proteins are histone 3
lysine 4 (H3K4) methyltransferases embedded in large COMPASS-like complexes important for
RNA Polymerase l1-dependent transcription. KM T2 mutations were initially associated with
pediatric Mixed Lineage Leukemias (MLL) and found to be the result of rearrangements of the
MLL1/KMTZ2A gene at 11g23. Over the past several years, large-scale tumor DNA sequencing
studies have revealed the potential involvement of other KMT2 family genes, including
heterozygous somatic mutations in the paralogous MLL3/KMT2C and MLL2(4)/KMTZD genes
that are now among the most frequently associated with human cancer. Recent studies have
provided a better understanding of the potential roles of disrupted KMT2C and KMT2D family
proteins in cell growth aberrancy. These findings, together with an examination of cancer
genomics databases provide new insights into the contribution of KMT2C/D proteins in epigenetic
gene regulation and links to carcinogenesis.
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1. Introduction

Post-translational histone modifications provide a vast epigenetic regulatory language that
can be written and decoded by a large number of proteins and are important for controlling
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the timing and level of gene expression among all eucaryotes [1]. The methylation of lysine
residues on N-terminal histone tails can provide both gene activation and repression signals
and is one of the best-studied epigenetic modifications [2]. Methylation of histone 3 lysine 4
(H3K4) is frequently associated with active transcription, with di- and trimethylated H3K4
associated with active gene promoters and monomethylation found at gene enhancers [3].
The enzymes that place methyl modifications or marks on H3K4 are known as the KMT2
(lysine methyltransferase) family and are found embedded within enormous protein
complexes, named COMPASS (COMplex of Proteins ASsociated with SET1) [4]. The
discovery almost 30 years ago of recurrent translocation-associated leukemias involving
MLL1/KMT2A, a homolog of the Drosophila Trithorax (Trx) protein important in Hox gene
regulation, provided a critical platform for investigations into the roles of the KMT2 proteins
in animal development and cancer [5-7]. More recently, genes encoding other KMT2 family
proteins have been implicated in cancer [8]. Tumor genome and exome sequencing studies
combined with cancer cell and model system genetic analyses over the past decade have
revealed an unanticipated vital role for the KMT2 family enzymes in a diverse set of
cancers, both as drivers of oncogenesis and as critical cooperating mutations in both cancer
progression and post-therapy relapse.

2. KMT2 COMPASS-like complexes

KMT2 family proteins (SET1A, SET1B, MLL1/KMT2A, MLL4(2)/KMT2B, MLL3/
KMT2C and MLL2(4)/KMT2D) provide the histone lysine methyltransferase activity of
mammalian COMPASS complexes. Designated MLL1-5 based on relatedness to the MLL1
gene (Mixed Lineage Leukemia), KMT2 proteins comprise three subgroups, called
COMPASS and COMPASS-like based homology with Drosophila Trx, Trr and dSetl [4, 8].
Genome duplication during mammalian evolution resulted in two paralogs in each KMT2
subgroup. KMT2A/MLL1 and KMT2B/MLLA4(2) are paralogous proteins within the Trx
related subgroup and we refer to this group as the MLX family (MLL-TRX). KMT2C and
KMT2D are paralogous proteins within the Trr related subgroup that we refer to as the MLR
family (MLL-TRR). KMT2F and KMT2G are paralogous proteins within the dSET1
subgroup (KMT2F and KMT2G will not be covered in this discussion) [5]. The COMPASS
complexes are large, multi-subunit assemblies [4, 9] that carry out mono-, di- and
trimethylation of histone 3 lysine 4 (H3K4). These modifications are placed on H3 N-
terminal tails within nucleosomes at gene promoter and enhancer regions and are universally
associated with transcription activation. The SET1A/B complexes perform the majority of
di- and tri-methylation of H3K4 throughout the genome [9]; whereas, the KMT2A/B (MLX)
complexes are more limited in the targets of their enzymatic activities, primarily catalyzing
di- and tri-methylation of H3K4 at gene promoters and nearby cis-regulatory sites where
they maintain active transcription (Fig. 1). The KMT2C and KMT2D COMPASS-like
(MLR) complexes monomethylate H3K4 (H3K4me1l) at transcription enhancers throughout
the human genome [10, 11], with estimates ranging from approximately 12,000 to over
20,000 sites depending on cell type and developmental stage [12, 13].

The MLR COMPASS complexes are recruited to enhancers through interactions with
sequence specific transcription factors, including ligand-associated nuclear receptors and
pioneer factors that activate enhancers de novo. Although nucleosomal H3K4mel marking is
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important for establishing enhancer identity, full activation appears to require acetylation of
H3K27 by the histone acetyltransferase p300/CBP, recruited to enhancers through direct
interactions with the COMPASS-like complexes [12, 14-16]. The presence of multiple
methyl groups on H3K27, catalyzed by the Polycomb repressor PRC2 complex, can block
the addition of the activating acetyl mark. In this case, the UTX/KDMBG6A lysine
demethylase, a component of the MLR complexes, removes the methyl mark to allow for the
addition of the acetyl group and subsequent enhancer activation. Through their epigenetic
marking and commissioning of transcription enhancers, the MLR complexes contribute
essential functions in developmental signaling [8, 17, 18].

KMT2A-D proteins are large (2715-5537aa) with multiple functional domains (see Fig.
2A). All contain plant homeodomain zinc finger structures (PHDf) that provide histone
recognition and binding functions and interaction sites for other proteins. While the
KMT2A/B proteins contain a single three PHD finger cluster within the N-terminal region
and a single PHD finger near the C-terminus, the KMT2C/D proteins contain two closely
related PHD finger clusters in the N-terminal regions (6—7 zinc-fingers) and a single PHD
finger near the C-terminus. Each KMT2C/D cluster contains three to four zinc-coordinating
PHD fingers in tandem. The first PHD cluster in KMT2C was recently shown to be involved
in protein associations involving the BAP1 histone deubiquitinating repressor complex to
control the expression of Polycomb-mediated transcriptional repression [13], while the
highly conserved second cluster is thought to mediate direct chromatin interactions. A large
number of cancer-associated missense mutations affecting the PHD finger clusters suggest
these domains provide critical functions in controlling cellular growth and differentiation
pathways through regulated binding to both modified histones and chromatin modifying
complexes [13, 19].

The histone modifying enzyme activity of the KMT2 family resides in the SET histone
methyltransferase domain (KMTase; reviewed in [20]). The SET domain of the KMT2
family catalyzes the addition of methyl groups onto H3K4 residues that subsequently serve
as markers for additional regulatory control. While the precise functional roles of methylated
H3K4 in nucleosomes is uncertain, three key findings suggest that the H3K4me1 histone
mark catalyzed by the MLR complexes is not essential for transcriptional regulation during
development but is potentially important to control precise transcription levels or timing of
gene transcription /n vivo, perhaps critically in cancer. First, the histone methylation activity
of the Drosophila Trr and murine Kmt2c/d proteins do not appear to be required for
maintaining transcription activity after genes have been initially activated [21, 22]. Second,
both Kmt2c and Kmt2d are required for murine embryonic stem cell (mESC) differentiation,
though not critical for self-renewal or maintenance of stem cell identity [12]. Third, while
the SET methyltransferase activity of MLR complexes may be primarily important in the
marking of enhancers, the SET domains are frequently mutated in cancers suggesting that
they are responsible for chromatin modifications that broadly impact gene regulation. In
support of this idea, there have been reported examples of SET domain cancer mutations in
KMT2A and KMT2C that alter their enzymatic activity, in some cases increasing
methylation activity while in other cases decreasing histone methylation [23, 24], and
truncations that specifically remove the SET domain in various tumors suggest that the
methyltransferase activity may be important for cellular homeostasis. The discovery of both
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gain and loss of SET domain activity in cancer implies that there is considerable complexity
in the potential mechanisms of oncogenesis associated with altered methyltransferase
function. Additional protein domains of functional biological importance in the KMT2A/B
family include AT-hooks, CXXC and bromodomains that are involved in DNA binding or
protein-protein interactions. The AT-hooks bind to minor groove DNA and likely help to
direct the KMT?2 proteins to specific genomic regions [25] and deletion of the AT hooks can
impair leukemic fusion protein functions [26]. The CXXC domain can distinguish
epigenetically modified DNA (CpG methylation), as it only binds to unmethylated DNA,
frequently found in active gene promoters. The CXXC domain is also involved in subnuclear
localization and target gene selection of the KMT2A COMPASS complexes [27] and is
reported to help recruit repressive factors, such as histone deacetylases (HDAC) and
Polycomb group (PcG) complexes [27, 28]. The AT hooks and CXXC domain are included
in all KMT2A fusion associated leukemias and are thought to contribute to oncogenesis [26,
27]. The KMT2C/D proteins contain an HMG domain that may provide similar DNA
binding as the AT-hooks, and multiple nuclear receptor (NR) interaction motifs (LLXXL/
LXXLL) that are important for recruitment of the complexes to NR-regulated enhancer
targets [29, 30]. However, it is unknown whether these domains in KMT2C/D play any
direct role in cancer.

The establishment of several disease-associated mutation databases (e.g., TCGA, OMIM,
COSMIC) has revealed that cancer-associated truncating/inactivating mutations are widely
dispersed along the KMT2A-D proteins, confirming their importance as tumor suppressors
(Fig. 2A). These databases also provide opportunities to gain insight into the potential
biological significance of these domains in cancer. Missense mutation *hotspots’ are
associated with known functional domains, including the PHD fingers, SET
methyltransferase and regions associated with protein interactions [13, 31]. As was recently
shown for the KMT2C protein using MutClustSW, a recursive Smith-Waterman based
algorithm [19], mutational hotspots are not randomly distributed, but strongly associated
with the first PHD finger cluster and with a second nearby region that has no identifiable
domain. The first PHD finger cluster of KMT2C is involved in protein interactions with the
BAP1 histone deubiquitinating complex and cancer associated mutations in this PHD
domain disrupted recruitment of KMT2C to enhancers [13]. Alignment of the KMT2
proteins with mutation counts reveals additional ‘hotspots’ for missense mutations,
supporting the existence of undiscovered functionally important domains that may be crucial
for proper gene regulation.

3. Emerging roles for KMT2C and KMT2D in cancer

The epigenetic functions of the COMPASS complexes are vital for normal animal
development and frequent mutations affecting these proteins or other components of the
COMPASS complexes are associated with a large number of cancers [32]. Mutations
involving KMT72family genes are among the most commonly seen in many diverse cancer
types and there is a statistically significant co-occurrence, raising the possibility that the
simultaneous disabling of several KMT2 genes might be a critical step in some cancer types.
However, expression of KMT2A fusion oncoproteins can produce leukemias in the absence
of additional KMT2 mutations [33-35]. Similarly, murine knockout studies have shown that
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loss of Kmt2d can promote lymphomagenesis independent of additional mutations affecting
other KMT2 family genes [18, 36]. Finally, a majority of cancers associated with KM72
family genes are the result of somatic heterozygous loss-of-function mutations, suggesting
that haploinsufficiency may underlie disease for these epigenetic regulators [8].

As mentioned earlier, the majority of KMTZ2A associated cancers are the result of gene
fusions producing leukemic oncoproteins, linking the N-terminal portion of KMT2A to over
135 different partner proteins, including 35 that are frequently recurring and nine partners
that account for over 90% of KMT2A-based leukemias [37]. While the involvement of
KMT2A/MLL1 translocation fusions in cancer have been extensively reviewed [5, 23, 33,
35, 38], recent cancer exome sequencing studies have revealed a large number of missense
(78%) and nonsense (22%) mutations in the gene with an overall somatic mutation
frequency of 2.9%, suggesting possible loss and gain of function alterations of KM72A in
oncogenesis [23]. KMTZBis also found mutated in a variety of cancer types, with the
majority (71%) being missense mutations and an overall somatic mutation frequency in
cancer of 1.6%. Overexpression of KMT72B has also been observed in colorectal and breast
cancer cell lines [39]. Although direct involvement in cancer is uncertain, KMT2B is
important for maintaining promoter bivalency in embryonic stem cells [40] and it has been
implicated in pediatric dystonia [41].

KMT2C and KMTZ2D were first linked to cancer through tumor sequencing studies showing
frequent loss in pediatric and adult medulloblastoma [42, 43], with KM T2D among the most
highly mutated genes in Non-Hodgkin lymphoma [44, 45]. More recently, the National
Cancer Institute Genomic Data Commons (GDC) summary of over 33,000 cases revealed
that KMT2D and KMT2C were the third and seventh most commonly mutated cancer genes
(Fig. 2B). In addition, the cBio Portal database compendium [46, 47] of almost 47,000
cancer samples representing 175 studies reveals that KM72D and KMT2C are mutated in
approximately 14-16% of all cases, with the highest percentages in both melanoma (27%)
and non-melanoma (~48%) skin cancers, urothelial carcinoma (40%), bladder cancer (33%),
lung cancer (18-26%), head and neck and esophagogastric cancers (19%), as well as
colorectal and small bowel cancers (13.5%). Surprisingly, only in prostate cancer are both
genes frequently amplified (13-19%), while KMT72C is amplified in approximately 5% of
ovarian cancers. However, there is no obvious strong correlation between changes in the
RNA levels of these genes and cancer phenotype, suggesting that loss-of-function mutations
rather than expression level changes are generally associated with oncogenesis.

Haploinsufficiency of the human 7g chromosome region in acute myeloid leukemia
implicated KMT2C as a likely tumor suppressor [48], and recent tumor sequencing data
(TCGA-BRCA study) has revealed a strong enrichment for KM T2C mutations in breast
cancer, with approximately 8% across breast cancer types and over 10% within invasive
breast cancers according to the cBio Portal database, with substantially greater frequency
than any other H3K4 methyltransferase. Importantly, KMT2C was recently shown to be
important for driving hormone-stimulated cell proliferation in estrogen receptor alpha
positive (ERa+) HER2- breast cancer cell lines but not ERa+ HER2+ cells, while
knockdown of KMT2D more broadly suppressed proliferation in breast cancer cells [49]. In
this context, it appears that KMT2C is a critical co-factor in promoting ERa function and it
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appears to also have an important role in suppressing hormone-independent tumor
expansion. This dual role of KMT2C in breast cancer cell lines is consistent with patient
data, in that KMT2C loss was more frequent (30%) in patients with metastatic hormone-
refractory disease and they had a shorter progression-free survival following aromatase
therapy [49]. In addition, Zhang et al. [50] developed a somatic mammary stem cell based
mouse organoid model to identify functionally important genes involved in tumorigenesis.
They found that murine AmitZc inactivation in cells overexpressing Pik3ca blocked mammary
gland differentiation and simultaneously increased cell stem cell self renewal activity
through activation of the HIF pathway. These studies suggest that KMT72C loss may be an
important oncogenic driver that promotes increased stem cell-like properties, especially in
ERa+ breast cancers that also overexpress PIK3CA.

KMTZ2D is one of the most commonly mutated genes in both follicular lymphomas and
diffuse large B cell lymphomas that arise from germinal center B cells with a mutation rate
ranging from 35% to 85% [36, 44, 45]. The loss of KMT2D function appears to be an early
cooperating event with overexpression of the BCL 2 oncogene to drive lymphomagenesis.
Genetic ablation of murine Kmit2d'in B cells promotes lymphoma development and impedes
B cell differentiation, supporting its role as a tumor suppressor in germinal center B cells
[18, 36]. Conditional deletion of Kmt2d led to expansion of germinal center B-cells (GCB),
while shRNA knockdown of KMT72D in human lymphoma cells was associated with
increased proliferation /n vitro, as well as decreased expression of tumor suppressor genes
(e.g., SOCS3) that regulate B cell signaling pathways including JAK-STAT [18]. The loss of
KMTZ2D results in reduced monomethylation marks at enhancers of multiple tumor
suppressors which are known target genes of KMT2D [18, 51-54]. Thus, KMT2D appears
to function as a tumor suppressor in non-Hodgkin lymphoma by regulating genes required
for B-cell development, as well as other cancer types through its function in enhancer
activation.

4. Lessons from KMT2C/D mutations in Lung Cancer

Lung cancers, both non small cell (NSCLC, 85%) and small cell (SCLC, 15%), are a leading
cause of cancer-associated deaths worldwide with few treatment options and a high
recurrence rate. SCLC is a highly aggressive neuroendocrine tumor with a very poor
prognosis in which 7P53and RB1 are frequently mutated. Several whole genome or exome
sequencing studies have also revealed a high frequency of KM 72D (8-24%) but not
KMT2C mutations [55-61]. These studies revealed that KMT72D is not only among the most
frequently mutated genes in SCLC, but there is a strong bias for the loss of KM 72D via
truncating mutations in the pathogenesis of SCLC with potentially significant prognostic
impact [58].

Three subtypes of NSCLC include adenocarcinoma (LUAD), squamous cell carcinoma
(LUSC) and large cell carcinoma (LCC). Meta analysis of 3065 samples covering 9 studies
[62-67] shows KM T2C/D alterations in over 40% of squamous cell cancers of the lung, and
up to 30% of adenocarcinoma of the lung. In both LUAD and LUSC, there is a trend
towards significant co-occurrence of KM72C and KMT2D mutations, with a log odds ratios
of 0.861 and 0.837, respectively. While mutations account for the vast majority of
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alterations, amplifications are also observed. However, many of these cancers also have
reduced KMT2D or KMTZ2C expression independent of mutation status and reduced
expression was correlated with worse overall survival. A study from Yin et al. [68] identified
deleterious KMT2D mutations in 12/105 NCSLC patients as well as reduced expression of
KMTZ2D in tumors relative to paired adjacent non tumor tissues. This study also included
whole exome sequencing of nine non small cell lung cancers and found that KM 72D was
the second most significantly mutated gene after 7P53, showing three missense mutations
and two nonsense mutations in three out of nine samples. While all tumor samples showed
reduced expression of KMT2D independent of mutation status, only KMT2D mutations
were significantly associated with lower recurrence free survival. Interestingly, many of the
mutations in KMT2D resulted in silenced or significantly reduced expression in all of the
sequenced tumor tissues compared with adjacent non-tumorous lung tissue. This study did
not address the functional status of KM72C in these mutated tissues, making it difficult to
assess possible redundancy. A more recent analysis of 108 early stage (I-111) lung squamous
cell carcinoma patients with matched normal tissue revealed KM 72D was mutated in 10.2%
of lung tumors [69], consistent with TCGA data (178 patients) with a mutation frequency of
17.4%. In additon, it was found that patients with KM 72D mutations had a worse recurrence
free survival, regardless of 7P53status. Based on univariate analysis, KM 72D mutation
status was the factor most strongly associated with poor prognosis [69]. Together, these
findings indicate that KM 72D mutations also have a strong association with NCSLC
pathogenesis. Again, functional status of KMT2C was not assessed in this study. As might
be expected, many of the identified mutations in NSCLC affected genes involved with DNA
damage checkpoint and cell cycle regulation. Choi et al. [69] found that among LUSC
patients with 7P53 mutations, co-occurrence of KMT2D mutations was strongly correlated
with poor recurrence free survival. An examination of the TCGA dataset for all NSCLC
subtypes shows a significant co-occurrence between mutations in 7P53and both KM 72D
(odds ratio 0.763) and KMT2C (odds ratio 0.908) with adjusted p-values <0.001 for both. A
strong tendency of co-occurrence in lung squamous cell carcinomas and adenocarcinomas
suggest that these three genes should be assessed in NSCLC tumors.

Expression levels of KMT2C/D genes have significant prognostic implications in some
cancer types [70-73]. Significantly better survival rates are seen in adenocarcinoma of the
lung with high expression levels of either KMT2C or KMT2D (Fig. 3A). However, this
association is not seen in squamous cell carcinomas of the lung, with similar survival rates
regardless of KMT2C/D expression levels (data not shown). Regardless of this difference,
survival rates in all lung cancers are 20% higher at 10 years with high expression of KMT72C
and KMT2D compared to low expression of both. The high rate of KM72D mutations in
these samples is suggestive that these alterations function as driver mutations, or mutations
that are responsible for the development and progression of cancers. Data from the same
meta analysis reveals that truncating mutations of KM72C and KMT2D are present
throughout all stages of the analyzed cancers, suggesting these mutations are present from
early stages of cancer providing additional support for these alterations as driver mutations
(Fig. 3B).
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5. Functional distinctions between KMT2C and KMT2D in cancer

Possible oncogenic mechanisms associated with KMT2C/D loss involve the dysregulation of
transcriptional enhancers and transcription factor-dependent programs that drive cellular
pathways required for tumor suppression and anti-tumor immune evasion [12, 21]. For
example, several studies have demonstrated important direct interactions between
KMT2C/D and the tumor suppressor TP53 [74-78]. The activation of TP53 target genes
following doxorubicin (DNA damaging agent) treatment requires the coactivation functions
of both KMT2C and KMT2D [77], and KMT2D enrichment sites overlap significantly with
TP53 genomic sites [79]. These studies reveal several potential mechanisms through which
KMT2C and KMT2D cooperate with TP53 in both transcription activation dependent and
independent pathways to promote tumorigenesis. In human colon cancer cells harboring
specific 7P53 mutations, there is aberrant gene activation that is dependent on KMT2D
deposition of H3K4mel marks on enhancers [74, 78] providing a mechanistic explanation
by which specific 7P53 gain of function mutations contribute to tumor formation.
Intriguingly, KMT2C also appears to play an important role in cellular damage responses
that rely on TP53 function in maintaining genomic stability through DNA double strand
break repair, a role that is independent of transcription activation [77].

Within early stage cancer cells, the KMT2C/D proteins help to maintain epithelial cell
states, such that loss may contribute to a more stem-cell like state and progression to
metastasis. In gastric epithelial cells, the depletion of KMT2C is associated with a transition
to a more mesenchymal phenotype, which can be reversed by adding back KMT2C [73].
Further, tumor-derived organoids depleted of KMT2C were more highly invasive in mouse
xenografts. One possible mechanism may involve KMT2C/D interactions with cell-type
specific transcription factors that drive mesenchymal-epithelial transition, such as GRHL2,
that function to activate epithelial cell phenotypes and sensitize tumor cells to Natural Killer
(NK) cell activity [80]. Simultaneous removal of both KMT72C (-/-)and KMT2D (+/-)in
MCF10a cells converted them from an epithelial to a more mesenchymal morphology with
reduced sensitivity to NK killing, suggesting an important role for these epigenetic modifiers
in anti-tumor immunity [80].

The finding of KMT2C and KMT2D in essentially identical COMPASS complexes that
catalyze mono-methylation of H3K4 at gene enhancers has raised the possibility that their
functions were largely overlapping, such that loss of both might be important for
oncogenesis [12, 81]. Support for this theory can be seen through meta analysis of >58,000
samples from the cBio Portal dataset that demonstrates significant tendency towards co-
occurrence of KMT2C and KMT2D mutations with a log odds ratio of 1.65 (p-value
<0.001), perhaps indicating that loss of both proteins’ tumor suppressor functions are
important to confer malignant characteristics. However, the preponderance of mutations
affecting only one of the two genes in specific cancer types suggests that each may have a
critical role in cell-type or tissue-specific cancer development. The high frequency of
KMT2C and KMTZ2D mutations, together with significant co-occurrence (p < 0.001) with
various driver mutations (e.g., 7P53, PIK3CA, PTEN, APC) and the SWI/SNF complex
component AR/DIA (log odds ratio 1.73, p=<0.001) across multiple cancer types suggests
that disruption of either KMT2C or KMT2D individually might serve as founder or
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gatekeeper mutations in early tumor cells, resulting in changes in the epigenomic landscape
that are permissive for additional oncogenic changes.

Although mouse knockout studies reveal that Kmit2c can partially compensate for the
absence of Kmt2d[81], both are essential genes which implies that each may have distinct
functions in gene regulation. The mechanism(s) that distinguish KMT2C and KMT2D
functions are not well understood as they share nearly identical domains and organization
and presumably form identical MLR complexes [82]. One possible distinguishing difference
is that KMT2D contains fewer zinc fingers within the first PHD domain cluster, possibly
allowing for functional differences. Analysis of cancer-associated mutations reveals that
there is a large clustering of lung and breast cancer missense mutations in the first KMT2C
domain that are not found similarly in KMT2D [13]. This domain in KMT2C is involved in
direct contacts with the BAP1 histone deubiquitinating complex that is linked to Polycomb-
dependent gene silencing, suggesting that KMT2C may play a more critical role in cancers
associated with Polycomb silenced gene enhancers [13]. Since KMT2D is lacking one of the
conserved PHD finger domains and does not interact with the BAP1 protein, this difference
may reflect how each protein is capable of distinct protein interactions that may account for
differences in target gene regulation. Another difference is that KMT2D can be inactivated
through phosphorylation by SGK1, a PI3K effector closely related to AKT1, and attenuate
estrogen receptor (ER) activation in breast cancer cells [83, 84]. Treatment of ER+ breast
cancers with a PI3K inhibitor is effective clinically, but also results in increased ER-
dependent transcription that can result in therapeutic resistance [85]. ER activates its targets
through interaction with KMT2D at enhancers. One of those targets is the estrogen inducible
kinase SGK1, whose expression is induced upon inhibition of PI3K. Subsequently, SGK1
can inactivate KMT2D through phosphorylation at S1331 near the second PHD finger
cluster implicated in chromatin binding and result in downregulation of global H3K4mel
levels at ER-regulated loci, as part of a negative feedback loop [83]. Although the
mechanism is unknown, targeted phosphorylation and inactivation of KMT2D by both
SGK1 and/or AKT1 can lead to downregulation of enhancers controlled by KMT2D-
associated transcription factors. Notably, KMT2C does not contain the AGC kinase
consensus sequence (RXRXXS/T) in a similar position relative to the PHD finger cluster.
The distinctions between the KMT2C and KMT2D proteins are unlikely to be limited to
these differences, but probably include varied protein interactions and differential chromatin
targeting.

6. Germline roles of KMT2-family genes in cancer predisposition

The KMTZA-D genes are each essential for organismal viability, with strong depletion,
homozygous loss of function mutations or deletions resulting in embryonic or perinatal
lethality (KMT2A/MLL1: [86] [87]; KMT2B/MLL4(2): [88]; KMT2C/MLL3 and KMT2D/
MLL2(4): [81, 89]. Somatic mutations in the KMT2A-D genes have been strongly linked to
cancer development; however, it is less clear the impacts of de novo germline mutations in
cancer predisposition. The KMT2A-D genes have each been associated with developmental
disorders, with common phenotypic features that include intellectual disability and often
skeletal abnormalities. Germline heterozygous mutations in KMTZ2A are associated with
WeidemannSteiner syndrome [90, 91] and rarely, pediatric eosinophilia [92]. Inactivating
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mutations of KMT2B that include microdeletions and pathogenic variants have been linked
to pediatric dystonia, a hyperkinetic movement disorder [41, 93, 94]. Heterozygous germline
loss of KMTZ2Cis associated with autism spectrum disorder and Kleefstra syndrome, a
developmental disorder associated with skeletal and intellectual defects [95, 96].
Heterozygous mutations in human KMTZ2D are also frequently associated with
developmental anomalies and malignancy. Inactivating germline mutations in KMT72D are
strongly correlated (55-80%) with Kabuki Syndrome, a developmental disorder
characterized by distinct facial features, mild to severe developmental delay and intellectual
disability, skeletal defects and cardiac abnormalities [97].

Cancer predisposition is not a significant feature of KMT2A/B/C germline mutations.
Although translocation fusions of KMT2A with a variety of partner proteins are directly
linked to pediatric leukemias [33, 35], there is no clear link between germline loss of
KMT2A function and oncogenesis. In contrast, heterozygous germline inactivating
mutations in KMTZ2D have been linked to several cancers. The de novo mutations are
inherited in an autosomal dominant pattern and Kabuki syndrome patients have a modest
predisposition to cancer, including lymphoma, Wilms tumor (kidney), hepatoblastoma
(liver), synovial sarcoma (lung) and neuroblastoma [98]. Brain-specific knockout of Kmt2d
in mice is associated with spontaneous medulloblastoma, perhaps through hyperactivation of
the Ras and Notch pathways and down-regulation of tumor suppressor genes [99]. In light of
the significant role of somatic loss of KMT2C/D in multiple cancer types, the relative lack
of pediatric cancers associated with KMT2A/B/C suggest that heterozygous inactivation of
these genes is insufficient to drive epigenetic changes associated with tumor formation and
likely require additional cooperating mutations for cancer development. However, reduced
KMTZ2D germline function is associated with several pediatric cancers, perhaps allowing for
epigenetic changes that in combination with other driver mutations, leads to aberrant growth
[100, 101] through the misregulation of critical signaling pathways controlled by KMT2D.

During embryonic development, KMT2D and KMT2C have important roles in enhancer
priming and de novo enhancer activation; thus, loss of these activities in early animal
development may lead to an inability to appropriately activate critical developmental
signaling pathways important for controlling growth and differentiation [79]. These
functions appear to be dispensable for maintaining cell identity and self-renewal in both
murine embryonic stem cells (ESCs) and somatic cells, but essential for reprogramming
ESCs during differentiation and for generating induced pluripotent stem cells (iPSCs) [12].
Murine ESCs expressing KMT2D were able to form cystic embryoid bodies consisting of all
three germ layers, while those with KMT2D deleted only formed poorly differentiated
primitive stem cells. Somatic cells manipulated to induce the formation of pluripotent stem
cells (iPSC) were able to form embryonic stem cell like colonies when KM 72D was present;
whereas, cells with KMT2D deleted showed a dramatic decrease in reprogramming
efficiency and showed a decreased expression of pluripotency markers. These results reveal
a critical role of KMT2C/D COMPASS complexes in establishing pluripotent cell identity
during somatic reprogramming, thus suggesting a role for loss of KMT2C/D function in
aberrant growth and differentiation.
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7. Conclusions and perspectives

Cancer exome databases reveal that the KMT2C/MLL3and KMT2D/MLL2(4) histone
lysine methyltransferases are among the most frequently mutated genes across a variety of
cancer types. Most of these cancers are associated with mutations that alter the proteins
through missense changes or truncations resulting in reduced functions, supporting their
roles as tumor suppressors. Genetic removal of these genes in cancer cells, embryonic stem
cells, as well as both vertebrate and invertebrate animal models has confirmed their
requirement as transcription enhancer regulators.

While it is difficult to therapeutically target loss-of-function tumor suppressors directly,
recent work has shown there is promise for targeting repressor enzymes, such as EZH2 that
places a trimethyl mark on histone 3 lysine 27 (H3K27) which serves to block some
enhancer activities [13]. Inhibitors that block the activities of EZH2, such as GSK126, result
in the restoration of gene expression in KMT2C mutant cells. A recently discovered role for
KMT2C in homology-driven DNA repair and genomic instability in bladder cancer cells has
opened the possibility that some KMT2C-associated cancers may be targeted by PARPY,
inhibitors [102]. Another potential target of inhibition is the COMPASS-like complex
subunit WDRS, found in all COMPASS complexes. A report by Senisterra et al [103]
identified a compound that would inhibit WDRY5 interaction with MLL1/KMT2A and
histone H3, reducing histone methyltransferase activity and H3 binding in vitro. Whether
this compound would disrupt WDRS interactions with KMT2C/D remains to be determined.
The loss of kmt2din a zebrafish model of Kabuki syndrome results in hyperactivation of
MEK within the RAS/MAPK pathway and treatment with the BRAF inhibitor desmethyl
dabrafenib (dmDf) can rescue the Kabuki-like phenotypes [104]. Dabrafenib has shown
clinical efficacy in treating tumors (especially melanoma) with BRAF hyperactivation
mutations; thus, tumors with KM 72D mutations may be candidates for treatment with
MAPK pathway inhibitors.
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Highlights
KMT2C/D methyltransferases are frequently mutated in cancer
KMT2C/D mutations frequently co-occur in lung cancer
Somatic loss of KMT2C/D function as drivers of oncogenesis
KMT2C/D function to maintain epithelial states

MLR COMPASS complexes control gene transcriptional enhancer functions
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Figure 1. Human COMPASS-like complexes and their histone targets.
Two COMPASS-like families of complexes exist in higher eukaryotes, we indicate as MLX

(MLL-TRX) and MLR (MLL-TRR) with distinct, though potentially limited overlapping
target specificity. The MLX and MLR family complexes all contain catalytic subunits that
methylate nucleosomes on histone 3 lysine 4 (H3K4) to produce di/trimethylation
(H3K4me2/3; MLX family) or monomethylation (H3K4mel; MLR family). These histone
modifications are associated with gene promoters and enhancers, respectively, and are linked
to the activation of gene transcription. The MLX and MLR complexes both contain a set of
core components (WDR5, RBBP5, ASH2 and hDPY 30), as well as unique subunits. The
MLX complexes contain Menin and HCF1 subunits, while the MLR complexes contain the
histone lysine demethylase UTX, PTIP, PA1 and NCOAG®.
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Figure 2. Organization and mutation clustering of the KMT2A-D family proteins.
A) The KMT2A-D proteins are enormous (2715-5265aa), and each contains multiple

domains, including Plant Homeodomain (PHD), SET/Post-SET methyltransferase, FY-rich
(FYR) regions, as well as domains that are specific for each member or family. The
KMT2A/B proteins are cleaved post-translationally by the taspase protease; although, there
is no known cleavage of the mature KMT2C/D proteins. The PHD domain cluster in
KMT2A/B is highly related to the PHD ‘b’ domain cluster in KMT2C/D. The black
diamonds represent putative nuclear receptor (NR) binding motifs (LLXXL, LXXLL). Data
obtained from The Cancer Genome Atlas (TCGA) was used to map cancer associated
mutations in each protein and to identify mutational hotspots by binning based on mutation
type (missense/nonsense), suggesting important functional protein domains [13, 31]. B)
KMT2C and KMT2D are among the most frequently mutated cancer associated genes.
Cancer mutation data was obtained from the NCI Genomic Data Commons Portal (GDC)
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that represents a summary of over 33,000 cases, including The Cancer Genome Atlas
(TCGA) data. The top 20 most frequently mutated genes are shown together with the
percent of cases affected across multiple cancer types.
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Figure 3. KMT2C/D involvement in lung cancer development and survival.
A) K-M plotter analysis of the correlation between KM72C and KMT2D transcript

expression and survival probability among lung adenocarcinoma patients. Low expression of
both genes is correlated with shorter overall survival time. B) Association of KM72C and
KMT2D mutations with lung cancer type, stage of first detection and overall patient
survival. Data was obtained from the cBio Portal, analyzing 1144 patients with lung
adenocarcinoma or squamous cell carcinoma. Staging is according to the American Joint
Committee on Cancer (AGCC). Truncating mutations of KMT2D are commonly observed in
early stage lung squamous cell carcinomas, suggesting driver function; whereas, missense
mutations in KMT2C are common in early stage lung adenocarcinomas.
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