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ABSTRACT

The SET1 family of enzymes are well known for their involvement in the histone 3 lysine 4 (H3K4)
methylation, a conserved trait of euchromatin associated with transcriptional activation. These
methyltransferases are distinct, and involved in various biological functions in the cell. Impairment
in the function of SET1 family members leads to a number of abnormalities such as skeletal and
neurological defects, leukaemogenesis and even lethality. Tremendous progress has been made in
understanding the unique biological roles and the mechanism of SET1 enzymes in context with
H3K4 methylation/canonical functions. However, in recent years, several studies have indicated
the novel role of SET1 family proteins, other than H3K4 methylation, which are equally important
for cellular functions. In this review, we focus on these non-canonical function of SET1 family

members.

Introduction

Transcription is majorly regulated by two epige-
netic modifications, namely DNA methylation and
histone modifications [1-3]. Acetylation, phos-
phorylation, methylation and ubiquitylation are
some of the important post-translational modifica-
tions in histones which regulate the chromatin
functions [1,2]. Histone methylation majorly
occurs on the side chains of lysines (Ks) and
arginines (Rs) [1]. In general, methylation of his-
tones is associated with both transcriptional
repression and activation [4-6]. Till now, over
100 specific histone lysine methyltransferases
(HKMTs) have been discovered and they bring
about methylation of six lysines in histone H3
tail (K4, K9, K23, K27, K36 and K79) and one
lysine in histone H4 tail (K20) [3,7,8]. SET1/MLL
(mixed lineage leukemia) family of methyltrans-
ferases is conserved from vyeast to mammals.
They catalyse the mono-, di-, or tri-methylation
of histone 3 at lysine 4 (H3K4) on the chromatin
using their Suppressor of variegation 3-9,
Enhancer of Zeste, Trithorax (SET) domain [9-
11]. In humans, six H3K4 methyltransferses
(HMT) - MLLI (MLL/KMT24A), MLL2
(KMT2B), MLL3 (KMT2C), MLL4 (KMT2D),
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SETD1A (KMT2F) and SETD1B (KMT2G) - are
required, while in yeast, only one HMT - Setl/
complex  proteins  associated  with  Setl
(COMPASS) - is capable of catalysing all the
three states of methylation [10,12,13].

SET1 family members

The six SET1 family members characterized in
mammalian cells, have distinct functions with
unique biological roles [13,14]. Based on phyloge-
netic analysis, human SET1 family can be divided
into three pairs, with each pair related to a single
Drosophila protein. MLL and MLL2 are closely
associated with trithorax(trx) itself, while MLL3
and MLL4 are highly similar to trithorax-related
(trr) protein. SETD1A and SETDIB are closest to
Drosophila dSetl protein, which in turn is related
to Setl of S. cerevisiae [15,16].

MIl1, located in the chromosome 11q23.3
encodes for MLL protein. It was first discovered
for its involvement in chromosomal translocation
observed in children and adults suffering from
haematological malignancies including acute lym-
phoid leukaemia and acute myeloid leukaemia
[17-19]. MLL regulates the homeobox (Hox)
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gene expression, which has been implicated in
haematopoiesis and embryonic development [20-
22]. The genomic architecture (exon/intron struc-
ture) of proteins encoded by MIl1 and MII2 genes
is comparable and most of the tissues in adult
human ubiquitously express both these proteins.
MII2 gene, located on human chromosome
19q13.12, is amplified in some solid tumours
[23,24]. The cytogenetic location of MII3 gene is
on human chromosome 7q36.1, a region usually
deleted in myeloid leukaemia cases whereas MIl4
lies on chromosome 12q13.12 [25,26]. Further,
loss-of-function mutations of MLL3 and MLL4
are associated with a wide spectrum of cancers
implicating these SET1 family members as tumour
suppressors [27-29]. SETD1A and SETDI1B pro-
teins are encoded by genes located on human
chromosome 16p11.2 and 12q24.31 respectively.
Despite being highly homologous proteins,
SETD1A and SETD1B exhibit distinct subnuclear
distributions, suggesting that each of these pro-
teins is targeted to unique set of genomic sites,
performing specific functions [30-32].

The commonality between these SET1 family
members is an evolutionarily conserved SET
domain, which catalyzes the transfer of methyl
moiety from S-adenosylmethionine to the e-
amine on the lysine 4 of histone H3 [9,33].
Members of SET1 family exhibit moderate to
weak enzymatic activity. However, their interac-
tion with WDR5, RbBP5, Ash2L and Dpy30
(WRAD) subunits markedly enhances the methyl-
transferase activity of the SET domain [34-37]. In
vitro studies show that in the presence of WRAD,
MLL1/2 display mono- and di-methylation activ-
ity, MLL3/4 predominantly show mono-
methylation activity while SETD1A/B can catalyse
all the three states of methylation [37]. Further
studies show that not only the interaction between
SET domain and HKMT substrates is stabilized by
RbBP5-Ash2L heterodimer, but it also enhances
the H3K4 methyltransferase activity of SETI
family proteins [38,39]. However, MLL shows
a weak interaction with RbBP5-Ash2L heterodi-
mer, and it requires WDR5 as a bridging molecule
which interacts with WDR5-interacting (Win)
motif in MLL and VDV motif in RbBP5, further
stimulating the methyltransferase activity of MLL
[38,40,41]. In contrast, WDR5 is dispensable for

the regulation of catalytic activity of other SET1
family proteins [38]. Recently, the cryo-electron
microscopy (EM) structures of SET1 family pro-
tein complex revealed that the variation in the
efficiency of methyltransferase activity of these
family members is due to their distinct structural
organizations of interfaces between WDR5, SET
domain and  RbBP5 subunits [42,43].
Furthermore, studies showed that the H2B ubiqui-
tination mark on nucleosome, stimulates the cata-
Iytic efficiency of all SET1 family members except
MLL3 [43,44].

Beyond the shared SET domain and core complex
partners, members of this family display unique pro-
tein interactions. MLL interacts with tumour sup-
pressors (Menin), cell cycle regulators (E2Fs and
HCEF), nuclear cyclophilin 33 (Cyp 33), histone dea-
cetylase (HDAC1), histone acetylase (CBP/P300)
and chromatin remodelling factors (INI1/SNF5)
[45-51]. Menin upregulates the expression of MLL
target genes such as Hox genes and its co-regulator
(Hoxa9, Meisl), and CDK inhibitors (p27 and p18),
which are necessary for MLL-mediated leukaemo-
genesis [52-55]. Further, MLL and MLL2 interact
with Menin/LEDGF sub-complex, which in turn
binds H3K36me2 modified chromatin and promote
transcriptional activation [56,57]. MLL3 and MLL4
interact with multiple proteins including H3K27me3
demethylase UTX, PTIP, PA1 and regulate tran-
scription of target genes [58-60]. NCOA6/ASC-2 is
a unique subunit of both MLL3 and MLL4 in
a complex named ASCOM, that acts as a p53 co-
activator and thus implicated in tumour suppressor
pathway [61,62]. SETD1A and SETD1B interact with
unique proteins such as WDR82 and CXXC finger
protein 1 (CFP1). WDRS82 not only contributes to
the stability of the SETD1A/B complexes but also
binds to RNA polymerase II (Pol II) through serine 5
phosphorylated C terminal domain, essential for
transcription initiation whereas CFP1 binds to
unmethylated CpGs and guides deposition of
H3K4me3 mark on chromatin, required for the
expression of CpG island-associated genes [63-65].

Structure and function

SET1 family members are large (approximately
1707-5537 amino acid) proteins with a 130-
amino-acid long C-terminal SET domain (Figure



1). This is followed by a post-SET domain which
also participates in the HMT activity [9,33,66].
However, beyond the SET and post-SET domains,
different SET1 family members display substantial
differences in their protein domain structures.
MLL1-4 methyltransferases contain varying num-
bers of plant homeodomain (PHD) fingers, that
mediate interactions with methylated histones and
several other proteins [67]. They also have FYRN/
FYRC  (phenylalanine  and  tyrosine-rich
N-terminal/C-terminal) domain, which is found
in many chromatin-associated transcription fac-
tors [68]. In addition, MLL and MLL2 proteins
possess a series of AT hook motifs that mediate
their binding to minor groove of AT-rich DNA
region, a CXXC (Cysteine-rich region) domain
that binds to unmethylated CG-rich DNA (CpG
islands) and an atypical bromodomain, that recog-
nizes the acetylated lysine residues in histone tail
(Figure 1) [63,69,70]. The MLL3 and MLL4 pro-
teins contain a unique DNA-binding motif, a high
mobility group (HMG) box, associated with DNA-
dependent functions [71,72]. MLL and MLL2 are
different from the MLL3 and MLL4, as they pos-
sess specific recognition sequence, where these
proteins are cleaved by threonine aspartase -
Taspase 1. After cleavage, the N-terminal and
C-terminal fragments self-associate by non-
covalent intra molecular interaction and form
a complex which confers protein stability and
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subnuclear localization [73-75]. SETDIA and
SETD1B proteins of SET1 family have a RNA
recognition motif (RRM) at the N-terminal and
an N-SET domain adjacent to the SET domain,
required for high levels of H3K4 trimethylation
[76-78]. The variation in the domain architecture
across the methyltransferases indicate the binding
and functional diversity of the SET1 family.
Members of SET1 family have been implicated
as critical epigenetic regulators of development.
The complex subunit of this family members,
WDR5 interacts with long non-coding RNA
(IncRNA) such as HOTTIP and NeST, and main-
tains H3K4 methylation mark on chromatin for
active gene transcription [79-81]. Further, each of
these proteins exhibit specialized function in
mammalian development. Knockout studies in
mouse revealed that SET1 family members display
distinct phenotypes, even between highly related
gene pairs, suggesting that functions of SET1 pro-
teins are non-redundant [22,30,82-84]. The SET1
family members, MLL and MLL2 are vital for
maintaining the pattern of Hox gene expression
during embryonic development [22,82]. MIlI
knockout results in embryonic lethality in homo-
zygous null mice, while heterozygous mice display
retarded growth, abnormal haematopoiesis and
anterio-posterior skeletal defects [22]. Further,
deletion of the MLL SET domain in mice exhibit
defects in body patterning, suggesting a role for
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Figure 1. Mammalian SET1 family of methyltransferases. The figure depicts the structure of each family member with variable
number of DNA binding motifs and protein-protein interaction domains. All the six methyltransferases contain a SET and post-SET
domain at the C-terminal. The number of amino acids (aa) shown, represents the length of each protein. AT hook: AT-rich region,
CXXC: Cysteine-rich region, PHD: Plant homeodomain, Bromo: Bromodomain, HMG: High mobility group box, FYRN/C: Phenylalanine
and tyrosine-rich region N-terminal/C-terminal, RRM: RNA recognition motif, SET: Suppressor of variegation 3-9, enhancer of zeste
and trithorax, N-SET: N-terminal of SET, Post-SET: C-terminal of SET.



472 (& J. SUGEEDHA ET AL.

H3K4 methylation in the epigenetic regulation
during mammalian developmental process.
However, the effects on embryogenesis and hae-
matopoiesis was observed to a lesser extent, sug-
gesting methylation-independent functions of
MLL [85,86]. In addition to the Hox genes, MLL
also regulates intracellular and extracellular regu-
lators of Wnt signalling [87]. Even though, MLL
and MLL2 are closely related proteins, MII2 gene
knockout display early embryonic lethality with
widespread evidence of apoptosis [82]. Also, loss
of MLL2 affects members of HoxB gene clusters,
distinct from those regulated by MLL which pri-
marily affects HoxA and HoxC [52,82,88]. Further,
MLL2 knockout in mouse embryonic stem cells
(mESCs) leads to rapid methylation of the CpG
islands at Magoh2 gene promoter, implying that
the MLL2 occupancy protects this promoter
region from aberrant methylation and thus, main-
tains transcriptionally active promoter [89,90].

Regardless of the similarities between MLL3 and
MLL4, the null phenotypes in mouse development
are dramatically different. MLL3 null mice die at
birth with no evident phenotype, while MLL4
knockout embryos die at E10.5 [83,84,91]. MLL3
and MLL4 play crucial role in normal differentia-
tion of haematopoietic stem and progenitor cell
during development [92,93]. Further, MLL4 show
partial functional redundancy with MLL3 in adi-
pogenesis and myogenesis [83,84]. Studies have
shown that MLL3 and MLL4 are the major regu-
lators of mono-methyltransferase activity at
enhancers [38,66,84,94,95]. In addition, MLL3
and MLL4 acts as transcriptional coactivator and
loss of MLL3/4 leads to disruption of the epige-
netic landscape at enhancers, including loss of
H3K4mel, H3K27 acetylation and RNA Pol II
loading, resulting in reduced enhancer RNA
(eRNA) synthesis [84,96,97]. Recently, in mESCs,
it has been shown that the H3K4 methyltransferase
activities of MLL3 and MLL4 are inessential for
transcription of genes in the vicinity of enhancers.
Thus, at enhancers, the main function of MLL3
and MLL4 is likely to be independent of H3K4
methylation [96,98].

Though SETD1A and SETD1B are highly similar
proteins, they are discretely essential for mouse
embryogenesis. Knockout of SETDIA in mouse
embryo resulted in gastrulation failure, while

SETD1B knockout embryos display severe growth
retardation and die at E11.5 [30]. Further, SETD1A
is crucial for embryonic stem cell proliferation [30].
Conditional knockout studies in mice revealed that
ablation of SETD1A resulted in aberrant B cell and
erythroid lineage differentiation while ablation of
SETDI1B disturbed the homoeostasis of haemato-
poietic stem and progenitor cells, suggesting that
both SETD1A and SETD1B regulate adult haemato-
poiesis [99-101]. SETD1A maintains the bulk of
genomic H3K4me3 in the cell while the in vivo
methyltransferase activities of SETDI1B are yet to be
determined [30]. Recently it has been shown that the
catalytic activity of SETDI1A is dispensable for
embryonic cell proliferation and self-renewal.
However, embryonic stem cells are unable to
undergo normal differentiation upon loss of SET
domain of SETDIA, indicating the importance of
H3K4 methylation in this process [102].

Non-canonical roles of SET1 family members

Despite conserved functions of SET1 in the methy-
lation of histones, emerging studies have reported
crucial methylation independent role of SETI
tamily. In vivo studies revealed that MLL can
work through non-canonical pathways, evident
by the fact that mice bearing homozygous SET-
domain deletion survive embryogenesis with mild
abnormalities, while MLL-null mice fail to survive
past E10.5 [22,86]. Similarly, loss of MLL3 and
MLL4, but not H3K4mel, led to significant deple-
tion of enhancer Pol II occupancy with subsequent
downregulation of transcription of target genes in
mESC knockouts of these proteins [96]. Thus,
SET1 family members are likely to have methyl-
transferase-independent functions. However, most
studies concentrate on the functions regulated via
H3K4 methylation activities and not much has
been explored about the non-canonical functions
of these members. Here, in this review we will
discuss in detail about the non-histone methyl-
transferase functions of SET1 family members in
various cellular processes (see Table 1).

SET1 family in cell cycle regulation

The general network topology of eukaryotic cell
cycle from yeast to mammals remains conserved,



Table 1. Non-canonical functions of SET1 family members.

SET1
family
member  Non-canonical roles Loss of function References
MLL Spindle organization Elongated spindles [130]
with dense or low
microtubule
formation/multipolar
spindle formation.
Chromosomal Delayed chromosomal  [111,130]
alignment and alignment at
segregation metaphase plate.
Formation of
micronuclei.
Cytokinesis Formation of [111,135]
binucleated cells.
Cell proliferation Growth arrest at G1 [111]
Phase/defects in
S-Phase progression.
Ubiquitination Delayed degradation [184]
process (as E3 ligase) and increased stability
of MLL.
MLL2 Cell proliferation Defects in S-Phase [111]
progression.
Ubiquitination Delayed degradation [184]
process, as E3 ligase and increased stability
of MLL2.
MLL3 Cell proliferation Defects in S-Phase [111]
progression.
Transcriptional Reduces Pol Il density [96]
coactivator, Pol |l in adjacent gene-
loading and eRNA  bodies.
synthesis at
enhancers
MLL4 Cell proliferation Defects in S-Phase [111]
progression
Transcriptional Reduces Pol Il density [96]
coactivator, Pol |l in adjacent gene-
loading and eRNA bodies.
synthesis at
enhancers
SETD1A DNA damage Supresses DDR genes  [120,123]
response and induces p53-
dependent apoptosis/
impaired DDR
Chromosomal Delayed chromosomal  [111,130]
alignment and alignment at
segregation metaphase plate.
Formation of
micronuclei.
Cytokinesis Formation of [111]
binucleated cells.
Non-histone protein  Reduced cellular [168,173]
methylation proliferation in cancer
cells.
Cell proliferation/ Induced growth arrest [120]
viability
SETD1B  Metabolic processes Reduction in HADHA, [32]
a mitochondrial
trifunction protein and
thus leads to
accumulation of lipids.
Cell proliferation/ Altered cancer cell [32]

viability

survival and growth.

though evolutionary processes have given rise to
differences in the regulatory proteins and their
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functions involved in cell cycle control [103,104].
In yeast, Setl/COMPASS regulates the cell cycle
progression and proper mitotic assembly by
methylation of H3K4 [105]. Similarly, numerous
studies have investigated MLL’s role in cell cycle
control (see Box 1) [51,55,106,107].

Most of the activities of MLL or other SET1
family members are histone methylation depen-
dent. However, recent researches have shown non-
canonical/histone-methylation independent role in
cell cycle regulation of this family.

Role in S-phase DNA damage response (DDR)
SET1 family members play an important role in
S phase of cell cycle progression. RNAi-mediated
knock down of many SET1 family members or
WRAD complex components shows growth arrest,
which suggests their essential participation in
S phase transition [111]. MLL’s transcriptional
activity but not methyltransferase activity, is
required for the progression of cells into S phase
[111]. During S phase, any mishaps with DNA
replication triggers a checkpoint signalling cascade
to resolve the error. A broad range of cellular
functions such as cell-cycle progression, gene
expression in S phase, stress response, DNA-
replication and repair are controlled by S-phase
DDR [112,113]. Under S-phase progression, SET1
family members are actively involved key elements
in DDR regulation through conventional pathways
(see Box 2).

Interestingly, SETD1A is involved in DDR inde-
pendent of its histone methylation activity as well
(Figure 2)[120]. A novel highly conserved region
‘FLOS1’ (functional location on SETDI1A:F1)
domain on SETDIA is required for the DDR
[120]. RNA seq. analysis from the SETD1A wild-
type and SETD1A mutant MLL-AF9 leukaemic
cells, show that the absence of SETDIA signifi-
cantly decreases the DNA repair and Fanconi
pathway-associated genes such as Fancd2, MihlI
and increases p53 target genes. Authors show
that FLOS1 domain acts as a cyclin-K-binding
site and disruption of this domain suppresses
DDR genes while inducing p53-dependent apop-
tosis. In addition, it was shown that Cyclin K/
CDK12 complex is an obligation for SETD1A
function, required for leukaemic cell growth.
Using the non-invasive cell cycle indicator,
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Box 1.

Expression of MLL peaks at boundary of G1/S and G2/M phases, necessary to enter the S phase and progression into mitosis, respectively. Two
major E3 complexes SCF**P? and APC®?° ensure MLL’s degradation through the cell cycle, requlating its expression at specific stages as
required [107]. Taspase 1-mediated cleavage is another post-translational modification required for the MLL/MLL2 to control cell cycle. MLL is
proteolytically cleaved by Taspase 1 to generate a fully functional mature MLLys20/c180 heterodimer [74]. Following cleavage by Taspase 1, MLL/
MLL2 target to cyclin promoters to methylate histone H3K4, leading to the activation of genes involved in cell cycle regulation [74]. However, in
contrast to this observation, another in vivo study on mouse indicates that MLL-dependent gene activation is independent of Taspase
1-mediated proteolytic cleavage, and rather depends on the intramolecular interaction between the MLL: and MLLy subunits [108]. Upon loss
of intra-molecular interaction, FYRN domain is exposed which engenders MLL degradation resulting in loss of its function [108]. MLL and H3K4
methylation, both regulate the cell cycle in a distinct and dynamic manner, and play significant roles in the differential expression of Hox genes
(HoxA5, HoxA7 and HoxA10) associated with cell cycle regulation [109]. MLL, normally associates with euchromatin at G1 phase, detaches from
condensed mitotic chromatin followed by re-association towards the late telophase. Distinct to this observation, H3K4 trimethylation mark
remains associated with chromatin throughout the cell cycle [109]. Contrary to this study, Blobel et.al. reported that MLL occupies chromatin
throughout mitosis [110]. They also demonstrated that MLL recruits Menin, Ash2L, RbBP5 to mitotic chromatin and thus, ensures rapid onset of
transcriptional activities following completion of mitosis [110].

Box 2.

The SET1 family has been shown to play critical role in the process of DDR through histone modifications as well as nucleosome mobility and are
essential in the process of DNA proof-reading. MLL is identified as a crucial factor involved in the mammalian S-phase check-point. Dysfunction
of MLL at this check-point is a key underlying mechanism of MLL leukaemias [114,187]. Normally, MLL expression peaks at G1/S phase and is
subsequently degraded by SCF**P proteasomes [107]. However, upon DNA damage, interaction between MLL and SCF?P2 is disrupted and MLL
gets accumulated on the chromatin in response to ATR kinases [187]. The recruitment of CDC45 to the pre-replication complex is an essential
step in initiation of DNA replication. To delay the DNA replication, stabilized MLL protein methylates H3K4 at late replication origins and
prevents this recruitment of CDC45, and thus regulates S-phase checkpoint [187]. In addition, several members of MLL family regulate G1-to
S-phase progression by initiating the transcriptional activation of E2F-target genes by directly or indirectly interacting with core transcription
factors of the cell cycle - the E2F proteins [51,74]. Akin to MLL, another SET1 family member — MLL3 - is involved in DDR. Loss of MLL3 leads to
decreased expression of genes involved in DDR and homologous recombination (HR)-mediated DNA repair [115]. Suppressed expression of
these genes is linked with reduced H3K4me3 levels [115]. Knock down of MLL3 in bladder cancer cells results in low expression of HR repair
proteins such as RAD51 which results in genetic instability with increased frequency of micronuclei and chromosomal aberrations. Moreover, in
the absence of MLL3, cells heavily rely on the another DNA damage repair responder PARP1/2 [115]. Furthermore, in yeast cells, Set1 and
H3K4me3 mark controls the DNA damage process through double strand break (DSB) repair. Set1 recruitment to the site of DSB is based on the
presence of chromatin structure remodelling (RSC) complex. Upon loss of Set1 and RSC, the cells display defects in the DSB repair process [116].
In mammals, PTIP associates with MLL3/4 to recruit DSB repair protein MRE11 to stalled replication forks. The recruitment of MRE11 correlates
with MLL3/4-mediated H3K4 mono and trimethylation. Authors used Mil4™" null cells which were deficient in BRCA1, to show that catalytic
activity of SET domain helps in the stalled forks degradation [117]. In contrast, SETD1A catalyses the methylation of H3K4 residues and escalates
the FANCD2-dependent histone chaperoning/nucleosome mobility, helps in the recruitment and stabilization of RAD51 at the stalled
replication forks which in turn protects the forks from degradation [118,119].

Fluorescent Ubiquitination-based Cell Cycle  extracts of HEK293T cells, it was found that

Indicator (FUCCI) [121], they show that Cyclin
K is highly expressed in the S phase and knock
down of either SETD1A or Cyclin K suppresses
cell cycle-dependent expression of FANCD2 [120],
required for the repair of DNA inter-strand cross-
links [122].

Another recent study also implicates SETD1A
in DDR [123]. This report discloses the association
of SETD1A methyltransferases to DNA Damage
repair protein RAD18. RADI18 is an E3 ubiquitin
ligase protein implicated in the repair of UV
damaged DNA post-replication [124].
Interestingly, in humans, it is involved specifically
in single-strand break repair during S phase [125].
Loss of either SETD1A or RADI8 results in
impaired DNA damage repair in HEK293T cells.
From the mass spectrometry analysis of nuclear

RAD18 specifically interacts with SETDI1A, but
not with the SETD1A core complex (RBBP5 and
ASH2L). Knockdown of SETD1A or RAD18 using
siRNA, revealed their mutual regulation, as they
downregulated each other’s expression at mRNA
and protein levels, without affecting the global
histone H3K4me3 levels. These findings suggest
SETD1A together with RADI8 congregate to
form a complex which is distinct from the con-
ventional COMPASS complex [123].

Role in M phase

Following S phase, replicated chromosomes separate
during mitosis. SET1 family proteins exhibit multi-
ple essential functions in the mitotic control which
do not involve histone methyltransferase activity.
SET1 family members, such as MLL, are seen to be
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cycle progression. S-phase DNA damage response (DDR): in one pathway SETD1A FLOS1 domain interact with Cyclin K to regulate
the expression of DDR associated genes and in other pathway SETD1A interact with RAD18 to repair DNA damage. Chromosomal
alignment and segregation/Spindle assembly: MLL complex helps in proper chromosomal alignment and segregation, and also in
the spindle organization by interacting with kinesin family members, Kinesin 13 (Kif2A, Kif2B, Kif2C), Kinesin1 (Kif5A, Kif5B) and
Dynein. Cytokinesis: MLL and WDR5 both localize on the midbody. PRC1 and CYK4/MLKP1 proteins associates with WDR5 and help in
its localization to the mid body. FLOS1: functional location on SETD1A: F1, Kif: Kinesin like protein, PRC1: Protein required for
cytokinesis, CYK4: a Rho family GTPase activating protein (GAP), MKLP1: Mitotic kinesin-like protein 1.

involved in mitotic entry, spindle assembly organi-
zation, spindle assembly check point, chromosomal
segregation and cytokinesis (Figure 2).

Knockdown of MLL or SETD1A through siRNA
results in high number of binucleated cells and
micronuclei in human cell lines [111]. The reconsti-
tution of the full-length MLL expression rescues the
cells from mitotic defects signifying MLL’s specific
role in cell division [111]. Interestingly, like in other
MLL functions, the MLL subunit is the effector in
mitosis also, although the exact role of MLLy sub-
unit has not been worked out as vyet.
Complementation studies using domain-deletion
mutations of TAD or SET domain of MLL revealed
that the mitotic defects observed after MLL knock
down were independent of the transcriptional and/
or the methyltransferase activity [111]. Curiously,
MLL-WRAD interaction, even in the absence of
SET domain, is necessary for the proper mitotic
progression indicating that in addition to enhancing
catalytic activity/stability, WRAD has other func-
tions with MLL [111,126)].

Chromosome alignment and segregation. During
cell division, any errors in chromosomal alignment

or segregation may lead to aneuploidy, yielding non-
viable cells or cells susceptible to oncogenic transfor-
mation [127,128]. Proper chromosomal alignment is
necessary for the error free chromosomal segrega-
tion [129]. Depletion of MLL or WDRS5 leads to
delayed chromosomal alignment at the metaphase
plate with extended prophase/metaphase which in
turn delays the onset of anaphase [130].
Interestingly, the functional capabilities for chromo-
somal alignment resides in MLL subunit, but not
via its enzymatic HMT activity. Point mutation in
conserved Win motif in MLL could not re-establish
proper chromosome alignments [130]. Only MLL-
and SETD1A- but not MLL3-depleted cells displayed
misaligned chromosomes in metaphase [130]. This
was consistent with our previous observations where
RNAi of MLL2 or MLL3 did not result in any aber-
rant mitosis [111]. Remarkably, MLL and SETD1A
depletion also leads to formation of micronuclei,
implying that in addition to chromosomal align-
ment, both proteins are critical for proper chromo-
somal segregation as well [111].

In yeast, Setl suppresses the abnormal chromo-
some segregation during mitosis, which is com-
monly seen in cells carrying a temperature
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sensitive IplI mutation [131]. The mutation in
lysine 4 of histone H3 imitates this abnormal
chromosome segregation to some extent, implying
that the observed phenotype cannot be attributed
solely to H3K4 methylation. Instead, Setl complex
methylates a non-histone substrate - Dam 1 -
a kinetochore protein [131]. Equilibrium between
methylation of Daml by Setl complex and Ipll
Aurora kinase-mediated phosphorylation is critical
for normal chromosome segregation as well as cell
viability [131].

Spindle organization. Mitosis or meiosis both
require proper spindle assembly for nuclear divi-
sion. Bipolar microtubule (MT)-based spindle
assembly is pivotal for the accurate and well
timed segregation of the chromosomes during
mitosis [132]. Spindle, microtubule associated pro-
teins (MAPs) are the key molecules which outline
spindle MT length, dynamics, orientation and
location, as well as where and when MTs are
generated [127,132]. Many reports suggest H3K4
methyltransferases coordinates cell-cycle progres-
sion and appropriate spindle-assembly during
mitosis and meiosis using their HMT activity (see
Box 3) [105,131,133,134]; however non-canonical
pathways remain to be explored.

Recent study from our lab has found that MLL
complex localizes to spindle apparatus during
mitosis. Enrichment of MLL to the centrosome
and spindle compartments suggests important
role in spindle assembly [130,135]. Even though
only C subunit seems to have a defined role on
spindle apparatus, both the subunits of MLL
(MLLy and MLL() are capable of localizing on
the spindles and spindle poles (centrosome)

Box 3.

independently throughout mitosis [135]. Similar
to MLL, SETD1A also exhibited staining on spin-
dle apparatus [130]. Remarkably, many members
of the MLL complex including MLL, WDR5 and
Menin have been reported as MAPs previously
[55,136-138]. Consistent with a possible func-
tional role, RNAi of MLL or WDRS5 led to multiple
spindle defects with either elongated spindles with
long and dense MT formation, or low MTs, or
multipolar spindles, suggesting their crucial roles
in spindle assembly [130].

The question then arises: how MLL’s localiza-
tion on spindles helps in their assembly? Mass
spectrometric  experiments identified Kif2A,
Kif5A and dynein heavy chain (DYNCIHI), as
putative binding partners of WDR5 [130]. Kif2A
is a member of kinesin 13 family proteins, which
act as microtubule depolymerizing enzymes [139]
while Kif5A, a member of kinesinl protein family,
is highly processive motor protein, essential for
vesicle transport in neuronal cells [140].
DYNCIH], on the other hand, is an important
protein in higher eukaryotes that carries out dif-
ferent functions like maintaining the orientation of
MTs and chromosomes at the kinetochores,
proper nuclear positioning, endosomal movement
specificities and Golgi maintenance [141]. All
three motor proteins identified either have closely
related family members or occur as large protein
complex. In order to test specificity of interaction
of MLL complex with these proteins, we tested
other proteins from kinesin 13 family, kinesin 1
family and dynein motor complex using HeLa cells
lines expressing localization and affinity purifica-
tion (LAP)-tagged bacterial artificial chromosome
transgenes expressed from their indigenous

The CFP1 protein, a conserved member of the SETD1A complex, binds to the chromatin at non-methylated CpG islands [63]. In mouse oocytes,
deletion of the CFP1, leads to failure in bivalent metaphase Il spindle assembly, which suggests that CFP1 may regulate a-tubulin
polymerization in oocytes [134]. H3K4 trimethylation regulation via CFP1 makes the chromatin accessible to transcriptional machinery ensuring
timely transcription during oocyte formation [134]. In yeast, Mad2, a spindle assembly check point (SAC) component, binds to the methylated
H3K4 and regulates deactivation of the spindle assembly checkpoint [133]. Loss of Set1 or the G951S mutation, which abrogates the ability of
Set1 to methylate histone H3K4, shows benomyl resistance phenotype [133]. Benomyl resistance phenotype is characterized by enhanced
microtubule stability or enhanced spindle formation as cells continue to grow in the presence of benomyl (which interfere with the mitotic
spindle assembly by depolymerizing microtubules and negatively affects the mitotic progression) [105]. Abrogation of H3K4 methylation also
gives rise to benomyl resistance and thick mitotic spindle phenotype. Mad2 HORMA domain was revealed as conformation specific reader of
H3K4me [133]. Concurring with this study, another group also implicates loss of Set1, and in turn defective methylation of H3K4 in benomyl
resistance phenotype in yeast. ASet1 mutants show abnormal gene expression during G1/S, accompanied with deferred S-phase entry and
mimic benomyl resistance. They suggest that Set1 and H3K4 methylation work in conjunction to regulate the cell-cycle progression and

chromosome segregation during mitosis [105]




promoters [130,142,143]. We found that Kif2A,
Kif2B, Kif2C, Kif5A, Kif5B, Dynein intermediate
chain (DYNCI1I2) and dynactin subunit p150
(DCTN1), all interacted with MLL complex mem-
bers, WDR5 and RbBP5, while unrelated motor
Kifl1 did not show an interaction [130].
Interestingly, few kinesins have been identified as
WDRG5-interacting protein before but these inter-
actions has not been explored extensively
[138,144].

During spindle assembly, both kinesins and
dynein are required for spindle pole formation,
and chromosomal positioning while kinesins
alone take care of establishing spindle bipolarity
[145]. Inhibition of kinesin or dynein leads to
spindle defects such as monopolar spindles or
long spindles, kinetochore misalignments and mis-
orientation or misaligned chromosomal arms
[145]. In our study, we specifically focused on
Kif2A, as it was highly enriched protein in the
WDR5 pull down assays [130]. Knock down of
Kif2A leads to monopolar spindle formation and
misaligned chromosomes in mammalian cells
[146], and defective spindles, misaligned chromo-
somes, reduced microtubule depolymerization in
mouse oocytes [147]. We demonstrated that
knockdown of MLL and WDR5 showed elongated
spindles and misaligned chromosomes similar to
Kif2A knockdown, and reduced Kif2A levels at the
spindle poles [130]. All of these findings suggested
that MLL complex helps in the localization of
Kif2A to the spindles. However, how MLL may
get recruited to the spindles is not known. It is
possible that dynein or other kinesins helps in the
transportation/recruitment of MLL complex to
spindles and other tubulin rich structures during
the cell division processes.

Interestingly, we found the evolutionarily con-
served Win motif, so far identified in histone H3
and SET1 family members [148-152], in the
N terminus of Kif2A [130]. Even though Kif2B and
Kif2C also interacted with WDR5, this motif was
unique to Kif2A and majorly responsible for Kif2A-
WDRS5 interaction. Curiously, MLL was able to
interact with Kif2A independently of WDRS.
Nonetheless, a mutation in the Win motif of Kif2A
abolishes its spindle localization [130]. The MLL-
WDR5-Kif2A is reminiscent of the MLL-WDR5-
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H3 complex where use of Win motif by multiple
partners may ensure stepwise regulation of
a temporal recruitment process. While the mechan-
ism of how the Win motif based interactions bring
about spindle organization will have to wait for
a detailed structural investigation, there is a strong
likelihood that such interactions are a crucial com-
ponent of MLL/WDR5 modus operandi.

Cytokinesis. SET1 family member, MLL, may play
an important role in cytokinesis. A previous study,
showed that WDR5 resides at the midbody [138].
Knockdown of WDR5 hinders the process of
abscission (separation of daughter cells) and there-
fore increases the prevalence of multi-nucleated
cells, which is a hallmark for cytokinesis failure
[138]. Similarly, MLL can be detected at the mid-
body in mammalian cells, and depletion of MLL
leads to binucleated cells, most likely due to failed
cytokinesis [111,135]. However, how exactly MLL
is targeted to the midbody and controls the cyto-
kinesis process is yet to be elucidated. It is possible
that MLL associates with midbody regulatory pro-
teins, as it is shown that WDRS5 interacts with
a number of midbody proteins, including -
Protein Regulator of Cytokinesis-1 (PRC1) and
centralspindlin complex proteins CYK4 (a Rho
family GTPase activating protein (GAP)/MKLP1
(Mitotic kinesin-like protein 1) — known midbody-
localized microtubule regulators [138,153-156].
PRC1, a conserved non-motor microtubule asso-
ciated protein, is known to associate with kinesin
family member Kif4 [157], which helps in orga-
nelle transport and chromosome movement [158].
It has been shown that Kif4 translocates PRC1 to
the spindle and helps in the midzone formation
and cytokinesis as well as regulates the midzone
length  during mitosis [136,159]. MKLPI,
a member of Kinesin 6 family is required for
cytokinesis and spindle polarity [158]. However,
WDRS5 directly interacts with kinesin family mem-
ber MKLP1, but not with Kif4 [138]. The muta-
tional analysis showed that the central arginine
binding cavity of WDR5 (that interacts with Win
motif) appears to be required for this targeting it
to the midbody dark zone [138]. It is likely that
similar to its interaction with Kif2A, WDR5
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utilizes the central arginine binding cavity to inter-
act with proteins involved in cytokinesis.

SET1 family in metabolic processes

H3K4me3 has been associated with modifying
the lifespan of various species including yeast,
worms and flies [160]. Recent studies have
explored the impact of methyltransferases in
metabolism [161,162]. Lack of H3K4me3
methyltransferase complex affects the monoun-
saturated fatty acids (MUFA) metabolism [161].
It is speculated that they might regulate lipid
metabolism by methylating non-histone proteins
or by affecting the methyl pool utilized by other
enzymes [161]. In support of this hypothesis of
a non-catalytic role, recent study indicates the
involvement of SETD1B/COMPASS in regulat-
ing the fat metabolism [32]. Remarkably, mass
spectrometric study of purified COMPASS com-
plex revealed majority of SETD1B components
in the cytoplasmic fractions of MCF-7 cells [32].
Immunofluorescence re-confirmed the localiza-
tion of SETD1B mainly in the cytoplasm while
SETDIA in the nucleus. Depletion of BODI,
which is a cytoplasmic-specific subunit of
SETDI1B, dramatically accelerated the degrada-
tion of the SETD1B protein, and the loss of
SETDI1B also destabilizes BODI1, indicating that
these proteins need to occur as a complex to
maintain their stability even in the cytoplasm.
Surprisingly, unlike its correspondent homolog,
SETD1A, knock down of SETD1B did not affect
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the bulk of H3K4 methylation in multiple cell
lines [32]. RNA seq. analysis from the MDA-MB
-231 cells infected with a lentivirus expressing
BODI or SETD1B shRNAs shows that depletion
of either BOD1 or SETD1B exhibits a 50% over-
lap in genes regulated by both proteins [32].
SETD1B loss significantly increased the expres-
sion of genes involved in cell metabolism such as
ADIPORI, PRKAR2A, COX7C, SDC4 and COQ7
and consequently lead to the accumulation of
lipids in human breast cancer cells [32].
Nonetheless, a mitochondrial trifunctional pro-
tein (HADHA/B) was copurified with BOD1 in
the cytoplasm, which also interacts with
SETD1B/COMPASS  [32]. Knockdown of
SETDI1B remarkably reduces the HADHA pro-
tein levels, suggesting cytoplasmic SETD1B com-
plex stabilizes the mitochondrial trifunction
protein, and thus regulates the metabolic pro-
cesses in catalytic-domain independent manner.
Further mechanistic approach suggested that
adiponectin receptor 1 (AdipoR1) signalling
may be relevant to SETDIB function, as many
SETD1B downstream genes are involved in the
AdipoR1 signalling [32].

SET1 family in methylation of non-histone
proteins

As described above, SET1 family of proteins spe-
cially methylate histone 3 on lysine 4 and critically
regulate chromatin packing and gene transcrip-
tion. However, recent studies have reported the

Cancer cell proliferation

Figure 3. Non-histone protein methylation by SETD1A. The figure illustrates the pathway by which SETD1A regulates cancer cell
proliferation by protein methylation. (a) SETDTA mono-methylates YAP (at K342) which interacts with transcriptional factor, TEAD
and promotes the expression of target genes. (b) Di-methylation of HSP70 at K561 by SETD1A regulates the cell cycle progression.
The di-methylated HSP70 binds to AURKB, which in turn interacts with INCENP, resulting in kinase activation of AURKB and
formation of CPC, essential for mitotic progression. YAP: Yes associated protein; K: Lysine; TEAD: TEA domain; TSS: Transcription start
site; HSP70: Heat shock protein 70; AURKB: Aurora kinase B; INCENP: Inner centromere protein; CPC: Chromosomal passenger

complex.



novel role of SET1 family members in catalysing
the methylation of proteins other than histones in
mammalian cells (Figure 3).

Methylation of non-histone proteins on lysine
and arginine residues has emerged as an important
post translational modification with wide range of
cellular functions. In particular, methylation of
lysine residues of non-histone proteins has been
demonstrated to play a pivotal role in the regulation
of various cellular signalling pathways including
WNT, HIPPO, MAPK, JAK-STAT and BMP [163].
However, similar to lysine methylation on histone,
the primary function of non-histone lysine methyla-
tion is to regulate protein-protein interaction by
which it controls various downstream processes
including protein stability, subcellular localization
and DNA binding. Furthermore, lysine methylation
cross talk with other post-translational modifica-
tions, adding another level of regulation [164,165].

In yeast, methylation of non-histone protein by
SET1 protein complex has already been reported
[131]. The yeast ortholog of SETD1A responsible
for H3K4 methylation, also di-methylates lysine
residue (K233) of kinetochore protein Daml,
a member of DASH complex. Further, Daml is
also regulated by Aurora kinase Ipll, which phos-
phorylates this protein at adjacent serine residues
(5232, S234, S235) within ‘SKSS’ motif. This phos-
phorylation by Aurora kinase Ipll is essential for
kinetochore formation [166,167]. Interestingly, di-
methylation of Dam1 K233 opposes the phosphor-
ylation of flanking serines in ‘SKSS’ motif, thus
regulating kinetochore functions of Daml, and
subsequent chromosome segregation during cell
division [131]

In humans, SET1 family member, SETD1A has
been found to di-methylate HSP70, a ubiquitous
molecular chaperone, at lysine 561 (K561) and reg-
ulates Aurora kinase B activity in cancer cells. Post-
translational modifications of HSP70 such as K561
methylation and C-terminal phosphorylation are
known to increase the rate of cancer cell proliferation
[168,169]. SETDI1A di-methylates HSP70 and regu-
lates its subcellular localization. The di-methylated
HSP70 interacts with Aurora kinase B and promotes
various types of cancer cell proliferation [168].
Aurora kinase B, as a member of chromosomal
passenger complex, utilizes its kinase activity to reg-
ulate mitosis [170-172]. Even though, a direct role of
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Setl/SETD1A in Aurora kinase activity has not been
discovered so far, the cross talk between Setl/
SETD1A with Aurora kinase, is observed in yeast
(Ipl1) and in relation to HSP70 regulation in mam-
mals. These two interactions along with SETD1A’s
role in chromosome segregation, a process inti-
mately linked to Aurora kinase B, point towards
a more intricate role between the two proteins.

Recently, another study reported the role of
SETDI1A in the regulation of Yes associated pro-
tein (YAP), a key downstream regulator of tumour
suppressor pathway (Hippo signalling pathway)
[173,174]. YAP is a nucleocytoplasmic shuttling
protein, which regulates cell proliferation and cri-
tically functions in organ size and development,
tissue regeneration and self-renewal of stem cells
[175]. Earlier studies have shown that SET7
methylates YAP at K494, retains YAP in the cyto-
plasm and inhibits its function [176]. However, it
has been shown that SETD1A acts as a positive
regulator of YAP activity. SETD1A as a multi-
subunit protein complex (with WRAD), mediate
the mono-methylation of YAP at lysine residue
K342. SETD1A-mediated K342 methylation regu-
lates YAP activity by blocking its interaction with
CRM1, a nuclear export protein which conse-
quently blocks YAP nuclear export and thus pro-
motes cell proliferation which is required for
tumorigenesis [173].

These studies indicate that not only non-histone
substrates exist for SET1 family members in mam-
mals but lysine methylation of these non-histone
proteins play crucial roles in the regulation of cellular
functions, sometimes even independent of transcrip-
tion. SET1 family member, SETD1A tightly regulates
the subcellular localization of proteins associated
with proliferation of many types of cancer cells and
thus tumorigenesis. Hence, this SET1 family methyl-
transferase may be used as a potential target for
cancer therapy.

SET1 family as E3 Ubiquitin ligase

MLL 1-4 can be distinguished based on the number
of PHD fingers. They contain around 23 PHD fin-
gers (MLL 1 and 2 each contain four, MLL 3 contains
eight and MLL 4 has seven PHD fingers) possessing
a signature C4HC2C/H sequence which is stabilized
by two zinc ions (Figure 1)[67]. Though MLL
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contains 4 PHD fingers, MLL fusion proteins lack all
of them [177]. PHD fingers as epigenome readers
serve multiple functions such as controlling gene
expression via recruitment of multi-protein com-
plexes and DNA binding [178]. Several reports sug-
gest that PHD fingers are involved in ubiquitination
process and have E3 ligase activity [179-181], how-
ever few studies report contrary [182,183]. Hess
group discovered that second PHD (plant home-
odomain) finger of SET1 family member, MLL has
intrinsic E3 ubiquitin ligase activity [184]. This E3
ligase activity is also conserved in the closest analo-
gue, MLL2 [184]. Endogenous MLL in 293 cells co-
precipitates with CDC34, which is known as ubiqui-
tin conjugating enzyme (E2) and regulates cell cycle
[185,186]. CDC34, thus, interacts with MLL and by
binding to PHD2, expedites the E3 ligase activity
[184]. PHD2 finger of MLL also helps in regulating
its transcriptional activity. As stated earlier, MLL
undergoes a bimodal degradation during cell cycle
with cell-cycle specific SCF*P? and APC“4“°E3
ligases [107,187]. It is possible that PHD2 finger
also helps in degradation of MLL with its E3 ligase
activity, as mutant PHD2 MLL displays prolonged
degradation and increased stability [184]. Even
though, different PHD fingers of MLL can read
various states of H3K4 methylation [188], the E3
ligase function may be independent of its histone
methylation catalytic activity.

Conclusions

Dynamic role of classical histone lysine methyla-
tion in transcriptional gene regulation, mainte-
nance of chromosomal structure and stability is
well known. Recent advances in the non-
canonical functions of SET1 family of H3K4
methyltransferases have provided new concepts
in epigenetic cellular regulations. Here, we have
reviewed the roles of SET1 family members in
regulating functions related to cell cycle, metabolic
processes and non-histone protein methylations.
In future, detailed mechanistic studies may fully
uncover their functional significances. Although,
SET1 family members possess various functional
domains such as enzymatic, DNA-binding and
protein-interacting domains, majority of research
has been limited to SET domain. It is imperative to

explore the role of other domains in order to
better appreciate the function of these family
members in a broader context. Presently all SET1
family proteins are known to be associated with
various pathological conditions including skeletal
and neurodevelopmental disorders, syndrome like
Wiedemann-Steiner and Kabuki, and rearrange-
ments and mutations in many types of cancer.
These studies indicate that it is requisite to under-
stand the roles of all SET1 family members beyond
H3K4 methylation for improved understanding of
their disease pathogenesis.
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