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H3K36 methyltransferases as cancer drug
targets: rationale and perspectives for
inhibitor development

Methylation at histone 3, lysine 36 (H3K36) is a conserved epigenetic mark regulating
gene transcription, alternative splicing and DNA repair. Genes encoding H3K36
methyltransferases (KMTases) are commonly overexpressed, mutated or involved in
chromosomal translocations in cancer. Molecular biology studies have demonstrated
that H3K36 KMTases regulate oncogenic transcriptional programs. Structural studies
of the catalytic SET domain of H3K36 KMTases have revealed intriguing opportunities
for design of small molecule inhibitors. Nevertheless, potent inhibitors for most H3K36
KMTases have not yet been developed, underlining the challenges associated with
this target class. As we now have strong evidence linking H3K36 KMTases to cancer,
drug development efforts are predicted to yield novel compounds in the near future.
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Cellular development and differentiation
are controlled by post-translational modi-
fications on DNA and histone proteins,
forming an epigenetic (above the genes)
regulatory network. Disruption of epigen-
etic pathways is a nearly universal feature of
cancer, causing aberrations in gene expres-
sion and genome integrity (reviewed in [1]).
A key group of epigenetic enzymes disrupted
in cancer is the lysine methyltransferases
(KMTases), which install methyl groups on
histone proteins. In cancer cells, methylation
performed by KMTases drives proliferation
and halts differentiation by modifying gene
transcription and other DNA-templated pro-
cesses [2-4]. Over the past decade, KMTases
have emerged as important drug targets
for both industrial and academic research
groups. Some progress has been made, most
notably by selective inhibitors for the EZH2
and DOTIL KMTases that have reached

clinical trials for the treatment of non-

Hodgkin lymphoma and acute leukemia,
respectively [5.6]. Nevertheless, selective and
cell permeable inhibitors for many KM Tases
remain unavailable.

Methylation at H3K36 represents a partic-
ularly important chromatin mark implicated
in diverse forms of cancer. KMTases with
specificity toward H3K36 are overexpressed
in cancer cells and have been characterized
as regulators of cell growth, differentiation,
stemness and DNA repair pathways [7-9].
However, very few selective and cell-active
small molecule inhibitors of H3K36-specfic
KMTases have been reported to date. In this
article, we provide an overview of cellular
pathways involving H3K36 methylation and
discuss the diverse functions carried out by
the eight different human H3K36-specific
KMTases. Then we analyze structural char-
acteristics of the catalytic SET domain of
H3K36 KMTases and evaluate prospects
for their inhibition by small molecules.
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We conclude with a discussion of the challenges and
opportunities for targeting these proteins.

H3K36 methylation regulates diverse
processes implicated in cancer

H3K36 methylation participates in a wide variety of
nuclear pathways. Many of these processes, includ-
ing transcriptional regulation, alternative splicing and
DNA repair, are dysregulated in cancer.

Transcriptional regulation

On a genome scale, H3K36 methylation is enriched
within the transcribed region of active genes rather
than regulatory sites [10,11], with the highest lev-
els at the 3" end of genes [12]. H3K36 methylation
plays a key role within gene bodies by preventing
cryptic intragenic transcription, which may gener-
ate toxic proteins or waste cell resources [13]. In this
way, H3K36 methylation is associated with active
genes but actually has a repressive effect on chroma-
tin structure within these genes. In yeast, the sole
H3K36 methyltransferase is Set2, which is recruited
to actively transcribed genes by binding to the hyper-
phosphorylated C-terminal domain (CTD) of RNA
polymerase II [14]. Methylation of H3K36 by Set2
recruits the Rpd3S histone deacetylase (Figure 1A),
which produces chromatin compaction and pre-
vents aberrant transcription from cryptic intragenic
promoters in the wake of polymerase II [15]. H3K36
methylation further suppresses cryptic transcription
by preventing the incorporation of new, acetylated
histones over open reading frames. This role depends
on methylated H3K36 recruiting chromatin remod-
elers Iswlb and Chd1 and preventing H3 binding to
the histone chaperone Asf1 [16,17].

H3K36 methylation similarly prevents cryptic
intragenic transcription in mammals. The human
H3K36 trimethyltransferase and Set2 homolog
SETD?2 is required for preventing intragenic transcrip-
tion initiation in 11% of genes [19]. This function does
not depend on histone deacetylases as in yeast, but on
recruitment of histone demethylases and chaperones.
In embryonic stem cells, the H3K36me3 reader pro-
tein MRGI5 recruits the JARID1B histone demethyl-
ase to intragenic regions, where it removes H3K4me3
to prevent cryptic intragenic transcription and facili-
tate transcriptional elongation of functional full-
length mRNAs [20] (Figure 1A). Interestingly, human
LSD2, a second H3K4 demethylase that maintains a
repressive chromatin environment in gene bodies to
facilitate optimal transcriptional elongation, forms a
complex with the H3K36 KMTase NSD3 [21]. Addi-
tionally, H3K36me3-modified chromatin recruits the
FAcilitates Chromatin Transcription histone chaper-

one complex, which helps restore chromatin structure
following transcriptional elongation [19].

Alternative splicing

Splicing pathways are deregulated in cancer, result-
ing in expression of gene isoforms that contribute
to oncogenic processes [22]. H3K36me3-modified
nucleosomes are enriched within exons [23], and accu-
mulating evidence indicates that H3K36 methyla-
tion signals to the splicing machinery. As an example,
the human FGF receptor 2 (FGFR2) gene undergoes
tissue-specific alternative splicing that is controlled by
pyrimidine tract binding protein (PTB). Knockdown
or overexpression of the H3K36 trimethyltransferase
SETD2 causes inclusion or exclusion, respectively, of
the PTB-regulated exon in FGFR2. Further experi-
ments showed that PTB is specifically recruited to
exons labeled with H3K36me3 by interacting with the
MRGI5 H3K36 methyl-reader protein [24] (Figure 1B).
In addition to the H3K36me3/MRGI15/PTB alter-
native splicing pathway, multiple PWWP domain-
containing proteins that recognize H3K36me3 have
been implicated in alternative splicing [2s5.26]. For
example, the PWWP domain-containing protein
ZMYNDI1 localizes primarily to gene bodies due
to specific recognition of K36me3 on histone variant
H3.3. ZMYNDII promotes intron retention at hun-
dreds of sites by interacting with and antagonizing the
function of the splicing regulator EFTUD2 [26]. On
the other hand, alternative splicing has been shown
to regulate H3K36 methylation. Deletion of splicing
sites or pharmacological inhibition of splicing leads to
redistribution of H3K36 trimethylation, reduces over-
all levels of H3K36 trimethylation and blocks SETD2
recruitment to chromatin [2728]. These findings sug-
gest regulatory cross-talk between H3K36 methylation
and alternative splicing pathways.

DNA repair

Genome instability is a key characteristic of cancer,
and H3K36 methylation has a conserved role in
DNA repair. In yeast, H3K36 methylation mediated
by Set2 promotes the nonhomologous end joining
(NHE]) pathway of DNA repair during the G1 phase
of the cell cycle, whereas H3K36 acetylation medi-
ated by Gen5 promotes homologous recombination
(HR) repair during the S and G2 phases [2930]. The
mammalian Set2 homolog SETD2 also regulates
DNA repair, but in the opposite direction from Set2,
as SETD2 promotes HR rather than NHE]. Histones
trimethylated at H3K36 by SET2D provide a consti-
tutive-binding site for the LEDGF PWWP domain.
Once a DNA double-strand break occurs, LEDGF

recruits CtIP, which performs 5 end resection to
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Figure 1. The functions of H3K36 methylation in biology. (A) H3K36 methylation plays a conserved role in suppressing intragenic
transcription. Methylated H3K36 recruits histone deacetylases (yeast) or histone demethylases (humans) to maintain a suppressive
transcriptional environment within gene bodies. (B) Splicing regulators including pyrimidine tract binding protein are recruited to
loci by H3K36 methylation. (C) Methyl marks installed by the SETMAR and SETD2 KMTases are important for recruiting mediators

of the DNA damage response including Ku70/Ku80, MRE11-RAD50-NBS1 (MRN) and CtIP. (D) Methylated H3K36 antagonizes

polycomb-repressive complex 2 mediated H3K27 methylation and gene silencing. In NSD2-low cells, active genes are marked by H3K36
methylation, whereas lower expressed genes are marked by H3K27 methylation. In NSD2-high cells (as in t(4;14) multiple myeloma),
overexpression of NSD2 increases genome-wide levels of H3K36 methylation, forcing accumulation of H3K27 methylation at a subset

of silenced loci.
Adapted with permission from [18].

produce a single-stranded 3’ overhang (Figure 10).
Recruitment of major HR repair factors downstream
of CtIP, such as RPA and RAD5]1, also depends on
SETD2-mediated H3K36 trimethylation [31. In
cells with depleted SETD2, double-strand break
repair proceeds via the error-prone microhomology-
mediated end-joining pathway, leading to deletions
between sequences of microhomology [31]. SETD?2 is
also responsible for regulating DNA mismatch repair
through its interaction with MutSa (32]. These stud-
ies provide mechanistic basis for the genome insta-
bility observed in SETD2-deficient cancers (see the
‘SETD2: an important tumor suppressor’ section).
Another H3K36 KMTase involved in DNA repair
is SETMAR, a protein that evolved from gene fusion
of a SET domain with a transposase domain. Upon
radiation damage, H3K36me2 levels are increased
SETMAR-dependent Depleting

in a manner.

SETMAR or expression of H3 with mutated K36
decreases Ku70 and NBSI recruitment, thereby
decreasing efficiency of the NHE] repair pathway [33]
(Figure 1C). The SET domain of SETMAR is also
required for the DNA damage response at stalled
replication forks and efficient restarting of stalled
replication forks [34]. Interestingly, SETMAR does
not methylate recombinant nucleosomes iz vitro [3s],
suggesting that SETMAR may indirectly produce
H3K36me2 after DNA damage.

The reciprocal relationship between H3K36

& H3K27 methylation

How different epigenetic marks interact with each other
to produce signaling outputs has important implications
for epigenetic inhibitor development. H3K36 methyla-
tion interacts in an antagonistic fashion with H3K27
trimethylation, a repressive mark mediated by polycomb
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repressive complex 2 (PRC2). For example, in Drosophila
the H3K36-specific KMTase Ashl activates Hox genes
during development by functioning as an antirepres-
sor and antagonizing repressive H3K27 methylation
installed by PRC2 [3¢]. In human HeLa cells, H3K36
methylation and H3K27 methylation are rarely found
together on the same histone peptide. In fact, H3K36
premethylation inhibits PRC2 H3K27-KMTase activ-
ity in in vitro assays [37]. Conversely, H3K36 KMTases
are inhibited by ubiquitinated H2A, a mark made by
polycomb repressive complex 1 [38]. As development pro-
ceeds, however, the PRC2 complex must invade active,
H3K36-methylated chromatin to silence certain genes.
In this case, PRC2 targeting and spreading is mediated
by Polycomb-like proteins with Tudor domains that spe-
cifically recognize H3K36me3 (39]. Disruption of the
balance between the H3K36 and H3K27 methylation
pattern is observed in multiple cancers (see the NSD2
(MMSET/WHSCI): an oncogenic driver in MM’ sec-
tion) (Figure 1D). In particular, cancers with chromo-
somal fusions involving H3K36 KMTases have disrup-
tions in H3K27 methylation that drive oncogenesis, in
addition to aberrant H3K36 methylation [s,18].

H3K36 KMTases play important & varying
roles in carcinogenesis

Given the importance of H3K36 methylation in
diverse cellular processes, it is not surprising that
H3K36 KMTases have been implicated both as onco-
genes and tumor suppressors in cancer. The human
genome encodes at least eight H3K36 KMTases
(Figure 2), each of which contains a SET domain
responsible for transferring a methyl group from the
S-adenosyl methionine (SAM) cofactor to the sub-
strate lysine. Although these proteins have all been
reported to methylate H3K36, they vary in the num-
ber of methyl groups transferred as well as whether
they methylate additional substrates. NSDI1-3,
ASHIL and SETD2 have closely related catalytic
SET domains and show H3K36 methylation speci-
ficity in vitro and in vivo, while SMYD2, SETMAR
and SETD3 have more distantly related SET domains
with less well-characterized activities toward H3K36
(Figure 2). Of these KMTases, the NSD proteins are
perhaps the best characterized oncoproteins, as they
play important roles in multiple cancer types and are
found in fusion proteins due to chromosomal trans-
locations in acute myeloid leukemia (AML) and mul-
tiple myeloma (MM) [3.8]. The ASHIL KMTase is
also overexpressed in cancer and regulates stem cell
potential [77. SMYD2 has oncogenic activity in multi-
ple cancers [40-44], but whether this function depends
on KMTase activity toward H3K36 or another of its
many substrates is uncertain.

NSD1: activator of HOX genes in leukemia
NSD1 is a mono- and di- H3K36 KMTase with
functions in development and cancer. Mutations in
NSDI cause Sotos syndrome, a condition of child-
hood overgrowth and intellectual disability, with a
2.4% increased risk of childhood malignancy [45.46]. A
chromosomal translocation resulting in the NUP98-
NSDI fusion protein is found in 16% of cytogeneti-
cally normal pediatric AML and in a smaller portion
of adult AML [47]. More than 90% of NUP98-NSD1-
positive leukemias are also positive for internal tandem
duplication mutation of the FLT3 tyrosine kinase,
and the two genetic lesions exhibit potent coopera-
tivity resulting in a 3-year-survival rate of 31% [48].
NUP98-NSD1 induces AML in vivo, sustains self-
renewal of myeloid stem cells 7z vitro and enforces
expression of the HOXA7, HOXA9, HOXAI0 and
MEISI proto-oncogenes [s]. Expression of the HOXA
and MEISI oncogenes appears to be responsible for the
transforming activity of NUP98-NSDI, as inhibition
of the DOT1L-AF10 complex in NUP98-NSD1 leu-
kemia decreases HOXA gene expression and triggers
differentiation and apoptosis [49].

NSDI has also been reported to methylate nonhis-
tone proteins, including the p65 subunit of NF-kB
at Lys218 and Lys221. In response to cytokines such
as IL-1B and TNF-a, NSDIl-mediated methylation
enhances NF-kB’s transcriptional activation and
DNA-binding activities [50], which are active in most
cancer cells and regulate genes that control prolif-
eration, resistance to apoptosis, angiogenesis, invasion
and metastasis [51]. Conversely, these activating marks
on NF-«B are removed by the FBXL11 demethylase,
and increasing methylation at Lys218 and Lys221 by
depleting FBXL11 enhances cell proliferation and col-
ony formation of colon cancer cells (50]. In addition,
mutation of Lys218 and Lys221 on NF-kB showed that
lysine methylation is required for activating the major-
ity of NF-kB target genes in mouse embryonic fibro-
blasts, including cancer-relevant genes such as /GFI
and engulfment and cell motility 1 (ELMOI) [s0].

In other contexts, however, NSDI has been reported
to function as a tumor suppressor. In bladder can-
cer cells, for example, inhibition of NF-kB by small
molecule causes NSD1-dependent activation of pro-
apoptotic BIM and the cell cycle regulator p21 [s2].
Although it is not known if NSD1 KM Tase activity is
involved here, NF-kB inhibition does increase global
levels of H3K36 trimethylation in addition to NSD1
expression [s2]. Moreover, NSD1 frequently undergoes
inactivating mutations causing premature termina-
tion of the protein in head and neck squamous cell
carcinoma (s3], and NSDI is epigenetically silenced
in neuroblastoma and glioma [s4]. Finally, missense
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mutations in NSD1 are found in AML outside of the
context of the NUP98-NSDI1 fusion [ss]. Although the
functional consequences of these mutations are not
known, these observations suggest variable roles for
NSDI in different cancer types.

NSD2 (MMSET/WHSC1): an oncogenic driver
in MM
NSD2 (also known as MMSET and WHSCI) is an
important developmental regulator and oncogene.
Germline deletion of NSD2 causes Wolf~Hirschhorn
syndrome, a developmental disorder characterized by
craniofacial defects, growth retardation and micro-
cephaly [s6]. NSD2 has 77 vivo mono- and di-meth-
yltransferase activity toward H3K36 [3]. Interestingly,
NSD2 has also been reported to dimethylate H4K20,
which was proposed to signal the recruitment of the
DNA damage response regulator 53BP1 to sites of
DNA damage [9.57], but other groups have not found
evidence supporting this model [58,59].

NSD2 is a potentially attractive target for drug
development due to its well characterized role in MM.
In 15% of MM, the t(4;14)(p16.3;932.3) transloca-

tion places the NSD2 gene under control of the immu-

S
Q

noglobulin heavy-chain promoter/enhancer, leading
to overexpression of NSD2, which is believed to be the
key transforming factor [60]. In human myeloma cells
harboring the t(4;14) translocation, overexpressed
NSD2 leads to aberrant patterns of H3K36 methyla-
tion, causing a shift away from normal plasma cell
gene expression programs and increased expression
of cancer-associated genes [3]. Expression of NSD2 is
sufficient to rescue tumor growth of myeloma cells
in which the t(4:14) translocation has been inac-
tivated [3], and knockdown of NSD2 in a t(4;14)
mouse xenograft model causes dramatic reduction in
tumor growth [18]. Importantly, the KMTase activity
of the NSD2 SET domain is required for the epigen-
etic changes and oncogenic effects caused by NSD2
overexpression [3,18].

Beyond MM, expression of NSD2 is sufficient to
transform mouse embryonic fibroblast cells lacking
the pl9**F tumor suppressor, suggestive of it having
a role as a general oncoprotein [3]. Indeed, NSD2 is
overexpressed in neuroblastoma, lung, colon and blad-
der cancer [61,62], and is required for proliferation of
neuroblastoma cells and brain-derived neural stem
cells [62]. An E1099K mutation in the SET domain of
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NSD2 was identified in a range of human cancer cell
lines and tumor samples, including acute lymphoblas-
tic leukemia, chronic lymphocytic leukemia, lung can-
cer and stomach cancer [63.64]. The mutation appears
to result in a hyperactive enzyme, as H3K36me2
levels are increased in cell lines harboring E1099K
NSD2 (63,64]. Thus, the t(4;14) translocation in MM
and the E1099K mutation in other cancers both result
in increased H3K36me?2 levels that drive oncogenesis.

NSD2’s oncogenic role may partially reflect an
imbalance between H3K36 and H3K27 methylation
pathways. For example, in t(4;14) MM cells, a global
loss of H3K27me3 is observed concurrently with a
global increase in H3K36me2 (18], as one might pre-
dict due to the antagonistic relationship between these
two marks. However, the excess H3K36me2 forces
local accumulation of H3K27me3 at a subset of genes,
including tumor suppressors. MM cells with t(4;14)
translocation are sensitive to EZH2 inhibitors, indicat-
ing that the accumulation of EZH2 and H3K27me3 at
tumor suppressor loci enhances myeloma cell prolifera-
tion [18.65]. Interestingly, in other cancers besides MM,
EZH2 and NSD2 are coregulated in an EZH2/NSD2
oncogenicaxis [66]. EZH2 represses expression of a set of
miRNAs that repress NSD2, leading to EZH2/NSD2
coregulation. In prostate cancer for example, the
EZH2/NSD2 axis confers increased cell prolifera-
tion, migration, invasion, stem cell-like properties and
tumor growth in a mouse xenograft model (66]. Fur-
ther studies in prostate cancer have shown that NSD2
acts as a co-activator with NF-kB and androgen recep-
tor [67,68], and regulates the epithelial to mesenchymal
transition by dimethylating H3K36 at the TWIST1
locus and activating TWIST1 expression [69].

NSD3: frequently overexpressed in diverse
tumor types

NSD3, also known as WHSCILI, is overexpressed
in cancer [70] and catalyzes mono- and di-methyla-
tion at H3K36 in vitro [71]. In cells NSD3 functions
as a transcriptional activator, but NSD3’s KMTase
activity may contribute only partially to its gene-
activating role. For example, NSD3 regulates neural
crest specification and migration and is required for
activation of neural crest transcription factors Sox10,
Snail2, Sox9 and FoxD3, but the only locus at which
NSD3 is responsible for H3K36 dimethylation is
Sox10 [72]. Similar to NSD1, NUP98-NSD3 fusion
proteins have been reported in AML and myelodys-
plastic syndrome [73,74]. NSD3 undergoes copy num-
ber amplification in 21% of lung squamous cell car-
cinomas and 15% of breast invasive carcinomas, with
a high correlation between copy number and mRNA
expression, suggesting that NSD3 may function as an

oncogenic driver [70]. Indeed, RNAi knockdown of
NSD3 in non-small-cell lung cancer, colorectal can-
cer, bladder cancer and breast cancer cell lines with
NSD3 overexpression causes reduced cell prolifera-
tion due to increased apoptosis or cell cycle arrest in
the various cancer cell lines [70.75.76]. The breast epi-
thelial cell line MCF10A is normally highly depen-
dent on growth factors and forms small acinar-like
structures in 3D Matrigel culture, but these cells
can be transformed by expression of NSD3, which
confers growth factor-independent proliferation, col-
ony-forming ability in soft agar and expanded and
disorganized growth in 3D culture [76]. In the trans-
formed cells, NSD3 overexpression causes activa-
tion of JRX3, a homeobox gene family member, and
downregulation of TGFBI, a putative tumor suppres-
sor [76]. These findings, combined with frequent over-
expression of NSD3 in breast cancer, make NSD3 an
enticing therapeutic target.

ASH1L: HOX gene activator with emerging role
in cancer

Multiple studies have found that ASHIL is an impor-
tant transcriptional regulator during development, and
the protein’s role in cancer is beginning to be charac-
terized. ASHIL is homologous to Drosophila Ashl, a
trithorax group protein that activates genes involved
in development and differentiation [77]. In mammals,
ASHIL deficiency causes a major reduction in long-
term hematopoietic stem cells (HSCs) in bone marrow,
but surprisingly has very modest effects on peripheral
blood counts due to increased proliferation of progeni-
tors downstream of HSCs [7]. ASH1L-deficient HSCs
are also unable to reconstitute bone marrow output
when transplanted into lethally irradiated mice (7).
These findings indicate that ASHIL maintains quies-
cence and self-renewal potential of long-term HSCs,
providing a foundation for a recent study suggesting
that ASHIL may also regulate the stemness properties
of leukemic stem cells [78].

ASHIL has been linked to liver fibrosis, facioscapu-
lohumeral muscular dystrophy and cancer through its
role in gene activation [79.80]. ASHIL activates HOXA
genes and MEISI in mouse HSCs [7] and activates
HOXB and HOXC genes in human erythroleukemic
K562 cells (81]. These findings are highly relevant
because HOX genes are oncogenic drivers in many
different blood and solid tumors (s2]. For example,
overexpression of HOXAY is highly associated with
a poor prognosis in AML (83], and HOXA9 and its
collaborator MEISI are required for survival of MLL-
rearranged leukemia cells [84.85]. Indeed, a recent
study showed that ASHIL is required for HOXA9 and
MEISI expression in MLL-rearranged leukemia, and
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knockdown of ASHIL induces differentiation and
prolongs survival in a mouse model of the disease [73].
The authors propose that H3K36 dimethylation
catalyzed by ASHIL is bound by the H3K36me2
reader protein LEDGF, which recruits MLL to main-
tain target gene expression (78]. Additional evidence
that ASHIL KMTase activity is important for its
gene activating function comes from a mouse model
with a targeted in-frame deletion of the ASHIL SET
domain [86]. Differentiating mouse embryonic stem
cells lacking the ASHIL SET domain show a loss of
expression of 152 genes, including members of the Hox
and Wt families [86]. Together, these studies suggest
that targeted inhibition of ASHIL KMTase activity
could be a potential therapeutic approach in cancers
driven by high HOX expression.

In addition to its role in leukemia, ASHI1L is overex-
pressed in a variety of solid tumors, including thyroid
and breast cancer [87.88]. In thyroid cancer, ASHIL is
overexpressed in tumor-specific truncated forms,
although what parts of the protein are truncated or
what processing events produce them has not been
explored. Expression of the miRNA miR-142-3p sup-
presses ASHIL protein expression by binding to the
ASHIL 3’UTR, an effect correlated with inhibition
of colony formation and slowing of thyroid cancer cell
growth [87]. Interestingly, in mouse embryonic stem
cells ASHIL is regulated by a different miRNA, miR-
290, which downregulates ASH1L expression and pre-
vents aberrant overexpression of Hoxa, Hoxb, Hoxc and
Hoxd genes [89].

SETD2: an important tumor suppressor

SETD2 stands out among the human H3K36
KMTases as the sole mediator of H3K36 trimeth-
ylation [90] and as a tumor suppressor in most con-
texts. In human development, germline mutations in
SETD2 cause an overgrowth condition with features
similar to Sotos syndrome [91]. Underexpression and
mutation of SETD?2 are associated with poor progno-
sis in breast and renal cancer, GI stromal tumors and
acute leukemia [92-96]. SETD2 mutations are more
common in leukemias with AMLL rearrangements
(22%) than leukemias without such rearrangements
(5%), and SETD2 loss cooperates with MLL fusions
such as MLL-AF9 and MLL-NRIP to create a more
aggressive leukemia with increased self-renewal of
leukemia stem cells [97].

Numerous studies have examined the tumor sup-
pressor function of SETD2 in kidney tumors, in
which SETD2 is mutated in 3—12% of clear cell renal
cell carcinoma (ccRCC) [94,98] and a similar propor-
tion of papillary renal cell carcinoma [99). Multiple
different loss-of-function mutations in SETD2 occur

within spatially distinct regions of a single renal tumor,
suggesting strong selective pressure for SETD2 inac-
tivation [100]. Furthermore, miRNA-mediated repres-
sion of SETD2 expression occurs broadly in ccRCC
tumor samples and cell lines, causing reductions in
SETD2 function where overt mutations may not be
present [101]. The molecular mechanisms underlying
SETD2’s suppression of renal cancer reflect the physi-
ological functions of H3K36 methylation in transcript
processing and genome integrity, as outlined above.
Briefly, loss of function of SETD2 in ¢cRCC results
in defects in DNA repair, nucleosome dynamics, RNA
processing and DNA methylation [102-105].

Other H3K36 methyltransferases: SMYD2,
SETMAR & SETD3

As a member of the SMYD family of proteins, SMYD2
contains a bipartite SET domain split by a zinc-finger
MYND domain. SMYD2 promotes cancer cell pro-
liferation in head and neck squamous cell carcinoma
and esophageal squamous-cell carcinoma [41,42], and
overexpression of SMYD2 is a poor prognostic factor
in pediatric acute lymphoblastic leukemia, gastric can-
cer and bladder cancer [4043.44]. SMYD2 methylates
H3K4 and H3K36 in vitro [106], and SMYD2-medi-
ated H3K36me2 was reported to repress transcription
of pro-inflammatory cytokines IL-6 and TNF-a in
macrophages [107]. However, inhibition or knockdown
of SMYD2 does not change global H3K36 or H3K4
mono-, di- or tri-methylation, and most of SMYD?2 is
found in the cytoplasm, suggesting SMYD2’s activity
on chromatin may be minimal [108]. Indeed, SMYD2
methylates many nonhistone substrates including p53,
RB, HSP90, estrogen receptor o. and PARP1 [109-113],
conveying wide-ranging effects on transcriptional reg-
ulation, protein homeostasis, apoptosis and the DNA
damage response.

The SETMAR gene evolved from fusion of a SET
domain to a transposase domain [114]. As described
in the ‘DNA repair’ section above, the SETMAR
protein has been linked to cancer via its role in
DNA repair, which requires SETMAR’s KMTase
activity [33]. In colon cancer SETMAR was further
found to activate genes involved in repair, synthesis
and methylation of DNA, as well as stemness mark-
ers [115], but the contribution of KMTase activity
to this function was not determined. Interestingly,
purified SETMAR protein is not active on nucleo-
somes in vitro, raising the possibility that SETMAR
may function by methylating nonhistone substrates
in vivo 35]. In addition, SETMAR undergoes auto-
methylation near the active site of the transposase
domain [116], but how automethylation regulates its
DNA repair function is unknown.
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SETD3 is a poorly characterized putative tumor
suppressor that methylates H3K4 and H3K36 in vitro
and in SETD3-transfected cells [117]. SETD3 expres-
sion is lower in renal cell tumors than normal renal tis-
sues, and low expression of SETD3 is associated with
shorter survival in renal cell carcinoma patients [118].
SETD3 has been implicated in DNA replication and
repair due to its interaction with proliferating cell
nuclear antigen, a conserved factor involved in DNA
synthesis [119].

H3K36-specific SET domains: structural
considerations for inhibitor development
Structural details of target proteins are extremely valu-
able in the development of potent and specific inhibi-
tors. For the H3K36-specific KMTases, structural
studies of the catalytic SET domain have revealed
valuable information to jumpstart inhibitor develop-
ment. An important feature shared among the NSD,
ASHIL and SETD2 SET domains is an autoinhibitory
loop blocking access of histone substrate to the active
site [120-122]. This loop must undergo a conformational
change to accommodate substrate binding. In con-
trast, structural studies of the more distantly related
SMYD2 SET domain showed that substrate peptides
bind this SET domain with minimal conformational
changes [123,124].

Structural studies of NSD, ASH1L & SETD2 SET
domains demonstrate feasibility of inhibitor
design

The SET domains of NSD1-3, ASHI1L and SETD2
consist of four subdomains: associated with SET, core
SET, SET-insertion (SET-I) and post-SET (Figure 3A).
Associated with SET is a less-structured region at the
N-terminus that does not participate directly in cataly-
sis, but the latter three subdomains contribute to the
active site. The B-sheet-rich core SET region is split
by SET-I, a sequence-variable subdomain that has been
proposed to play a role in substrate specificity [125].
Post-SET is a cysteine-rich subdomain that contains
the autoinhibitory loop (Figure 3A). The methyl donor
SAM binds in a pocket at the junction of core SET,
SET-I and post-SET, which make extensive contacts
to SAM including hydrogen bonds and van der Waals
contacts. Other important interactions involve tyro-
sine and carbonyl oxygens that form CH-.-O hydrogen
bonds with the SAM methyl group [126].

The autoinhibitory loop must undergo a signifi-
cant conformational change to accommodate nucleo-
some substrate, and interestingly this loop undergoes
dynamics even without nucleosome present. Molecu-
lar dynamics simulations, crystallographic and NMR
studies have shown that the NSD1 and ASHIL auto-

inhibitory loops experience conformational heteroge-
neity in the absence of nucleosome substrate [127.128].
In none of the observed conformations does the auto-
inhibitory loop completely open to allow nucleosome
binding, suggesting that interaction with nucleosome
is required to induce loop opening. Nevertheless, con-
formational dynamics of the loop may be important for
facilitating the larger conformational change that must
occur upon nucleosome binding [127,128]. Interestingly,
the autoinhibitory loop in the crystal structure of the
related NSD3 SET domain is disordered [129], further
suggesting that autoinhibitory loop dynamics are char-
acteristic of the NSD and related SET domains. In the
case of SETD2, both auto-inhibited and open confor-
mations of the SET domain were observed by crystal-
lography [122] (Figure 3B). When bound to S-adenosyl
homocysteine (SAH), SETD2 adopts an autoinhib-
ited conformation similar to NSD1 and ASHI1L, with
the sidechain of Argl670 in the autoinhibitory loop
extending into the putative substrate lysine-binding
channel (Figure 3B). In contrast, N-propyl sinefun-
gin (Pr-SNF) was identified as a structural probe that
replaces SAH and stabilizes an open conformation of
SETD?2 (Figure 3B & C). Pr-SNF partially occupies the
lysine-binding channel and causes a dramatic confor-
mational change in the autoinhibitory loop, as this
loop moves away from core SET and Argl670 flips 15
A away from the lysine-binding channel 122].

The autoinhibitory loop region of the NSD and
related KMTases provides an intriguing opportunity
for H3K36 KMTase inhibitor development. The con-
formational heterogeneity observed in this region may
create transient pockets not directly observed in crys-
tal structures into which small molecules could bind.
These ligands could function as allosteric inhibitors
by preferentially interacting with and stabilizing
the autoinhibited conformation of the SET domain.
Importantly, the autoinhibitory loop is poorly con-
served in primary sequence and in structure among
NSDI1, ASHIL and SETD2 (Figure 3A & Figure 4),
suggesting that targeting this region could result
in specific inhibitors for the different KMTases.
In NSD1, the autoinhibitory loop is stabilized by a
B-turn within the loop as well as hydrophobic con-
tacts with SET-I [121]. In contrast, no B-turn exists in
the ASHIL autoinhibitory loop, and there are longer
range contacts to SET-I 120,127]. In the SETD2 auto-
inhibitory loop, there is also no B-turn to stabilize
the loop, but the interaction of Argl670 at the begin-
ning of the loop with the substrate lysine-binding
channel pulls the loop into contact with SET-I [122)
(Figure 3B). Thus, the autoinhibitory loop region
could be exploited for designing specific inhibitors of
H3K36 KMTases.
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Figure 3. Structures of H3K36-specific SET domains and S-adenosyl methionine-competitive inhibitors. (A) Overlay of the core SET
(pale cyan), SET-1 (sky blue) and post-SET (pale yellow) subdomains of NSD1 (PDB code 300I), NSD3 (4YZ8), ASH1L (4YNM) and SETD2
(4H12). The structurally variable autoinhibitory loop region is colored in red. (B) Binding of the N-propyl sinefungin (Pr-SNF) inhibitor
to SETD2 causes opening of the autoinhibitory loop. Autoinhibitory loop conformation is shown with S-adenosyl homocysteine
bound (pale yellow, 4H12) and with Pr-SNF bound (magenta, 4FMU). Steric clash between the propyl moiety of Pr-SNF (cyan) and

the Arg1670 sidechain (orange) causes Arg1670 to flip out a distance of 15 A. Residues stabilizing Arg1670 in the putative substrate
lysine-binding channel in the S-adenosyl homocysteine bound form of SETD2 are shown in pale yellow sticks. (C) Chemical structures
of SETD2 inhibitors sinefungin and Pr-SNF. In vitro IC_ values for SETD2 are listed.

SMYD2 structures: U-shaped substrate binding
Crystal structures of full-length SMYD2 show an over-
all structure of two lobes or domains separated by a deep
groove (Figure 5A). The N-terminal lobe contains the
core SET region surrounded by an MYND zinc finger,
the SET-I subdomain and the cysteine-rich post-SET
subdomain. The CTD is made up of seven antiparal-
lel a-helices in a structure reminiscent of the tetratri-
copeptide repeat, a motif involved in protein—protein
interactions. The CTD regulates KMTase activity of
the SET domain, possibly via interactions the CTD
forms with the substrate protein [123]. The CTD also
controls activity and substrate specificity via an inter-
action with the SMYD2 cofactor Hsp90 [106,130]. The
SAM cofactor binds in the crevasse between the N-
and C-terminal lobes and makes direct contacts with
core SET, SET-I and post-SET (Figure 5A). Regulatory
cross-talk between the CTD and SET domain active
site was suggested by the observation that binding
of the SAM analog sinefungin induces a long range
conformational change in the first two o-helices of
the CTD, resulting in a more open conformation of
SMYD2 [130,131].

Ternary complexes of SMYD2 have been solved
with SAM and p53 peptide, SAH and methylated
p53 peptide and SAM and ER-a. peptide (Figure 5A).
The p53 and ER-a peptides bind in a U-shaped con-
formation at the hinge region between the N- and
C-terminal lobes, with the target lysine at the base
of the ‘U’ [123,124,132]. The target lysine projects deep
into a hydrophobic cavity, with the lysine €-amino
group oriented by the hydroxyl groups of two con-
served tyrosine residues and several main chain car-
bonyl groups. Although the CTD does not directly
interact with SAM cofactor, residues from the
CTD are involved in binding to substrate peptides.
Remarkably, given the narrow groove between the N-
and C-terminal lobes and the previously described
flexibility in the CTD, only minor structural
changes in SMYD2 occur upon binding to substrate
peptides [123,124].

Inhibitors of H3K36 methyltransferases

Inhibitors for two members of the H3K36 meth-
yltransferases, SETD2 and SMYD2, have been
reported. Zheng et al. developed Pr-SNF and
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N-benzyl sinefungin, analogs of the broad-spectrum
KMTase inhibitor sinefungin, as specific inhibitors
of SETD2. Pr-SNF and N-benzyl sinefungin inhibit
SETD2 KMTase activity in vitro with 1C, values
of 0.8 and 0.5 uM, respectively (Figure 3C). These
values represent activities more than tenfold better
than unmodified sinefungin, and with at least two-
fold selectivity over a panel of related KMTases. A
cocrystal structure of SETD2 in complex with Pr-
SNF revealed that the N-propyl moiety partially
occupies the lysine-binding channel and causes a dra-
matic conformational change in the autoinhibitory
loop [122]. No activity for Pr-SNF has been reported
in cells, and sinefungin analogs in general have poor
cell membrane permeability. Nevertheless, combined
occupancy of the SAM and substrate lysine-binding
pockets by small molecules is an intriguing strategy
that warrants further study in other KMTases.

The first specific SMYD2 inhibitor, AZ505,
was discovered using an AlphalISA-based high-
throughput screen of 1.23 million compounds from
the AstraZeneca library [124] (Figure 5B). The com-
pound binds with K, of 0.5 uM to the peptide-bind-
ing groove of SMYD2 and is greater than 100-fold
selective over related KMTases including SMYD3.
The AZ505-binding site partially overlaps with that
of p53 peptide (Figure 5C). Interestingly, the benzo-
oxazinone moiety of AZ505 occupies the substrate
lysine-binding channel, indicating that this chan-
nel may accommodate much larger and more rigid
groups than a lysine sidechain. The cyclohexyl group

—
NSD1 1944
NSD2 1065
NSD3 1147
ASH1L 2142

SETD2 1552
I
NSD1 1991
NSD2 1112
NSD3 1194
ASH1L 2189
SETD2 1599

NSD1
NSD2
NSD3
ASH1L
SETD2

of AZ505 is positioned in a hydrophobic pocket
occupied by Leu369 of the p53 peptide. However,
the dichlorophenethyl group of AZ505 extends into
a second hydrophobic pocket that is not occupied by
the p53 substrate peptide.

AZ505 was optimized to improve potency while
retaining cellular permeability. Nguyen ez al. devel-
oped the SMYD?2 inhibitor LLY-507 by making sub-
stantial changes to AZ505, using a pyrrolidine group
rather than benzooxazinone to occupy the substrate
lysine-binding channel (Figure 5B & C). LLY-507
inhibits SMYD2 methyltransferase activity in an
in vitro assay with IC, <15 nM but maintains an excel-
lent selectivity profile over other KMTase and non-
KMTase enzymes. LLY-507 inhibits p53 methylation
in HEK293 and U20S cells overexpressing SMYD2
and/or p53, and the compound inhibits proliferation
of esophageal squamous cell carcinoma, hepatocellular
carcinoma and breast cancer cell lines [108].

A second SMYD2 inhibitor, A-893, was also
inspired by the AstraZeneca high-throughput screen-
ing hit but makes fewer changes to the AZ505 scaf-
fold (Figure 5B & C). A-893 inhibits SMYD2 KMTase
activity in vitro with an IC, of 2.8 nM and blocks
p53 methylation in the A549 lung carcinoma cell
line. This large increase in activity over AZ505 was
achieved by moving a hydroxyl group from the ben-
zooxazinone to the diethylamine linker. The increase
in potency is likely mediated by a hydrogen bond

that the relocated hydroxyl group forms with the
backbone carbonyl of Tyr240 [133].
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Figure 4. Sequence alignment of core SET and post-SET regions of the related NSD, ASH1L and SETD2 KMTases.
Blue lines indicate conserved contacts to S-adenosyl methionine cofactor. Black box indicates the autoinhibitory

loop, black line indicates post-SET subdomain.
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Figure 5. Peptide substrate-competitive inhibitors of the SMYD2 KMTase. (A) Crystal structure of SMYD2 bound to p53 peptide
(PDB code 3TG5). (B) Chemical structures of SMYD2 inhibitors. (C) Overlay of binding modes of SMYD2 inhibitors LLY-507 (4WUY)
and A-893 (4YND) and p53 peptide. The weaker compound AZ505 binds to the same site but has been omitted for clarity. S-adenosyl

methionine position included for reference.
SAM: S-adenosyl methionine.

Challenges & opportunities in developing
specific inhibitors of H3K36 KMTases
Targeting the catalytic SET domain

The H3K36 KMTases are highly relevant to biology
and medicine, and development of potent and specific
inhibitors for this class of proteins is urgently needed.
However, very few specific inhibitors of H3K36
KMTases have been reported, highlighting difficul-
ties associated with this target class. First, developing
in vitro methylation assays for H3K36 KMTases can be
challenging because the SET domain may require chro-
matin-interacting domains and/or cofactor proteins for
optimal activity on nucleosome substrate. For example,
the isolated ASHIL SET domain has weak KMTase
activity on nucleosomes, but constructs including the
PHD, Bromo and BAH domains have increased activ-
ity [127]. An additional obstacle is that inhibitors of
KMTases appear to be rare in current high-throughput
screening libraries, as three different pharmaceutical
companies published SAM-competitive inhibitors of
the EZH2 KMTase with similar pyridone-containing

scaffolds [4]. KMTase-privileged screening libraries,
which could be based on known KMTase inhibitors
such as sinefungin and chaetocin [122,134], may help
increase the number of screening hits.

In contrast to screening through large compound
libraries, a more focused approach to developing
KMTase inhibitors could proceed by modifying the
SAM cofactor. Structural chemical analysis of ten
different human KMTase SET domains suggested
that the SAM-binding pocket represents a druggable
region because a low proportion of the SAM molecu-
lar surface is accessible to solvent when bound to the
SET domain. Moreover, although the conformation
of bound SAM cofactor is very similar across differ-
ent SET domains due to a precise hydrogen bond
network, SAM-binding pockets contain enough
structural diversity surrounding this network to
allow development of specific inhibitors for differ-
ent KMTases [135]. Indeed, chemical modification
of SAM or closely related compounds such as sine-
fungin has led to potent and specific inhibitors for
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several KMTases [122,136,137]. An additional consid-
eration for designing SAM-derivative inhibitors is
that the SAM-binding pocket is immediately adja-
cent to the narrow substrate lysine-binding chan-
nel. Therefore, weak or nonspecific SAM deriva-
tives may be improved to target a specific KM Tase
by adding hydrophobic groups that interact with
the lysine-binding channel. Proof of principle for
this hypothesis was demonstrated by sinefungin
analogs that specifically inhibit SETD2 [122]. The
potency of SAM-derivative inhibitors could be fur-
ther enhanced by including moieties that mimic the
transition state for the methyl transfer reaction, as
enzyme theory predicts that KMTases should bind
the transition state more tightly than the individual
SAM and histone substrates [138]. Kinetic isotope
effects were recently used to generate a model of the
NSD2 transition state, providing an opportunity for
development of transition state mimics [139]. Thus
far, poor membrane permeability of the available
SAM-derivative inhibitors has proven a challenge in
applying these compounds to cellular systems [140].

Alternative druggable regions of H3K36
KMTase proteins

Most H3K36-specific KMTases are large epigen-
etic regulators that contain multiple protein—protein
interacting (PPI) domains in addition to the catalytic
SET domain. In a growing number of cases, PPI
domains of KMTase proteins have been found essen-
tial for recruiting the SET domain to its methylation
targets. PP domains may also have SET domain-
independent oncogenic roles. Structural studies have
revealed that PPI domains could be highly druggable
targets [141,142]. Therefore, to overcome challenges
associated with inhibitor development for H3K36
SET domains, an alternative approach is to target the
PPI domains.

For example, PPI domains of NSD2 are essential
for the protein’s oncogenic activity. The N-termi-
nal PWWP domain of NSD2 preferentially binds
H3K36me2 and is important for recruiting NSD2 to
its target genes [143]. Point mutations in the PWWP
domain that prevent recognition of methyllysine
inhibit NSD2’s ability to increase H3K36 methylation
and cancer cell proliferation. The fact that the NSD2
PWWP domain recognizes the same mark produced by
the NSD2 SET domain suggests a role for the PWWP
domain in spreading H3K36 dimethylation to neigh-
boring genomic regions and to daughter cells during
DNA replication [143]. NSD2 also contains four PHD
domains, a family of epigenetic reader modules that
bind methylated lysines on H3 [144]. The NSD2 PHD
domains are required for epigenetic changes and onco-

genic activity mediated by NSD2 due to their role in
recruiting NSD2 to chromatin [18,145]. Structural stud-
ies have shown that PWWP and PHD domains inter-
act with histone via an aromatic cage that surrounds
methyllysine, as well as a hydrogen bonding network
with nearby histone residues (Figure 6A & B) [141,142].
Although no well-validated inhibitors of PWWP or
PHD domains have yet been reported, the histone-
binding surface of these domains provides opportuni-
ties for development of small molecules that compete
with histone [144,146].

In some cases, KMTase proteins may engage in
PPIs that drive oncogenesis independently of the SET
domain. For example, recent studies have shown that
NSD3 engages in a rich repertoire of PPIs with other
chromatin readers and remodelers. In a subset of NUT
midline carcinoma (NMC) cases, an NSD3-NUT
fusion protein, which lacks the NSD3 SET domain,
blocks differentiation [148]. The NSD3 N-terminus in
the fusion protein interacts with the bromodomain-
containing protein BRD4 to drive oncogenesis, and
NSD3-NUT NMC cells are sensitive to the bromo-
domain inhibitor JQI. In addition, wild-type NSD3
is required for proliferation of NMC cells harboring a
BRD4-NUT fusion protein, demonstrating that the
NSD3/BRD4 interaction is key to the pathogenesis of
NMC in general [148]. The interaction between NSD3
and BRD4 was further characterized in AML, in which
a short isoform of NSD3 lacking the SET domain drives
leukemogenesis by serving as a bridge between BRD4
and the chromatin remodeler CHDS8. An N-terminal
transactivation domain and PW WP domain are also
necessary for NSD3 to activate transcription and main-
tain leukemia (Figure 6C) [147]. Thus, in some contexts
PPIs rather than KMTase activity are key to NSD3’s
oncogenic role.

These studies reveal that H3K36 KMTases harbor
a variety of potentially druggable domains and regions
in addition to the SET domain. Precise targeting of
individual domains with small molecule inhibitors
will ideally leave other protein functions unaffected
and may reveal highly specific cancer dependencies.
On the other hand, in some cases the entire KMTase
protein may need to be eliminated to achieve antican-
cer activity. To overcome this challenge, one could use
small molecule ligands capable of targeting proteins
for proteolytic degradation [149.150]. For example, Win-
ter et al. have recently found that coupling a ligand of
a target protein to thalidomide results in engagement
of the cellular ubiquitin ligase machinery and degrada-
tion of the target protein [149]. This method could be
applied to KMTases, such that thalidomide conjugates
of KMTase ligands could be used to degrade an entire
KMTase protein.
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Figure 6. Targeting protein-protein interacting domains of H3K36 KMTases as an alternative to the SET domain.
Examples of PHD and PWWP domains: (A) Third PHD domain of MLL1 (cyan) bound to H3K4me3 peptide (green)
(PDB code 3LQJ) and (B) PWWP domain of ZMYND11 (cyan) bound to H3.3K36me3 peptide (green) (4N4l).
Residues on the protein—protein interacting domain that form the aromatic cage are colored magenta.

(C) Protein—protein interacting regions in the N-terminus of NSD3 that are required for leukemogenesis.

Adapted with permission from [147].

Conclusion & future perspective

The H3K36-specific KMTases are prominent drug
targets due to numerous studies linking them to
oncogenesis. However, large knowledge gaps remain
surrounding the mechanisms by which H3K36-
specific KMTases drive cancer growth, whether it is
by controlling transcription, splicing, DNA repair
or other cellular processes. Small molecule inhibi-
tors for H3K36-specific KMTases will be invaluable
chemical tools to better understand the role of these
proteins in cancer. Developing potent and specific
inhibitors for this challenging target class will require
creative and nontraditional approaches. Derivatives
of SAM and sinefungin have shown promise as spe-
cific inhibitors of KMTases and this compound class
could be further expanded to cover H3K36-specific
KMTases. In addition, the autoinhibitory loop is a
unique feature of H3K36-specific SET domains that
could be exploited for inhibitor development. Fur-
thermore, some PPI domains of KMTase proteins are
required for oncogenic functions and provide excel-
lent opportunities for targeting by small molecules.
Major progress on the structure and function of
H3K36 KMTases in recent years leads us to predict
that the KMTase inhibitor field lies on the precipice

of many innovative and exciting discoveries.
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Executive summary

Functions of H3K36 methylation

e H3K36 methylation plays important roles in preventing cryptic intragenic transcription, alternative splicing
pathways and regulation of DNA repair.

e H3K36 methylation antagonizes H3K27 methylation, such that overexpressed NSD2 and high H3K36me2 levels
cause aberrant H3K27 methylation patterns that drive oncogenesis.

H3K36 KMTases are implicated in cancer

e NSD1 is fused to NUP98 in AML, leading to activation of HOXA and MEIST oncogenes.

e NSD2 is the key oncogenic driver in t(4;14) MM and has hyperactive KMTase activity or is overexpressed in
other solid tumors.

e NSD3 is overexpressed in breast cancer and can transform breast epithelial cells in culture.

e ASH1L maintains quiescence of hematopoietic stem cells and activates oncogenic HOX genes.

e SETD2 is the sole human H3K36 trimethyltransferase and functions as a tumor suppressor.

e SMYD2, SETMAR and SETD3 are more distantly related KMTases with uncertain specificity toward H3K36.
SYMD?2 regulates cancer-associated pathways by methylating nonhistone substrates.

Structural features of H3K36-specific SET domains

e NSD, ASH1L and SETD2 SET domains contain an autoinhibitory loop that may be exploited in the design of
novel allosteric inhibitors.

e Ternary structures of SMYD2 with methyl donor and substrate peptides reveal a U-shaped substrate peptide-
binding mode.

Inhibitors for H3K36 KMTases

e Specific inhibitors have been reported for SETD2 and SMYD2 SET domains.

e Additional inhibitors could be developed by making derivatives of SAM or sinefungin that extend into the
substrate lysine-binding channel or mimic the catalytic transition state.

e Protein—protein interacting domains of H3K36 KMTase proteins may represent alternative druggable regions.
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