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Posttranslational histone modifications define chromatin
structure and function. In recent years, a number of studies
have functionally defined many components required for
monomethylation of histone H3 lysine 4 (H3K4me) and
the expression of specific genes. The challenge now is
to understand how this specific chemical modification is
written and the Set7 methyltransferase has emerged as a
key regulatory enzyme mediating methylation of lysine
residues of histone and non-histone proteins. In this review,
we comprehensively explore the regulatory proteins modified
by Set7 and highlight mechanisms of specific co-recruitment
of the enzyme to activating promoters. With a focus on
signaling and transcriptional control in disease we discuss
recent experimental data emphasizing specific components
of diverse regulatory complexes that mediate chromatin
modification and reinterpretation of Set7-mediated gene
expression.

Introduction

Transcription of genomic sequences is primarily regulated by the
degree of chromatin accessibility to core transcriptional machin-
ery and transcription factors (TFs).! Nucleosomes are fundamen-
tal structural units of chromatin composed of histone proteins.
Combinatory patterns of posttranslational modifications (PTMs)
including acetylation, methylation and phosphorylation on
N-terminal histone tails play a major role in the propagation
of a regulatory code.”* In essence, collaborative histone modi-
fications significantly amplify the information potential of the
genetic code through mechanisms that ultimately culminate in
the modulation of chromatin structure and function.

The major effects on higher order chromatin structure and
transcriptional modulation by histone PTMs have been attrib-
uted to (1) charge disruption of histone tails by acetylation/
deacetylation which alters affinity for adjacent histones and DNA
and, (2) establishment of high-affinity binding sites for recruit-
ment of non-histone effector proteins and complexes responsible
for the local remodeling of chromatin.>® A multitude of histone
PTMs and their general associations to transcriptional states have
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been described; however, the specific consequences for chromatin
function remain largely undetermined for many modifications.
Several features of histone PTMs, such as the intricacies associ-
ated with various degrees of modification (e.g., mono-, di- and
tri-methylation) at single residues, as well as inter- and intra-
nucleosomal PTM cross-talk, increase the complexity surround-
ing precise distillation of the effects on gene expression.

Distinct roles for deregulated PTMs have recently emerged as
mechanistic links between environmental signaling and human
diseases, such as the chronic complications associated with dia-
betes.” Moreover, characterization of these processes has greatly
advanced the overall understanding of the molecular mecha-
nisms that govern gene expression. Enzymes responsible for
the transfer and removal of histone modification marks exhibit
strong specificity toward particular amino acid positions within
histone tails.® Recent advances in high-throughput sequencing
technologies have significantly contributed to the identification
and characterization of individual histone modifications and
associated enzymes in the context of gene expression in health
and disease.”"

Methylation of specific histone residues appears particularly
influential and understanding of the functional significance
of these modifications is the focus of an increasing number of
studies. Across eukaryotic genomes, lysine methylation at posi-
tion 4 of histone H3 (H3K4) is commonly associated with tran-
scriptional activation.'"'? Several HMTs that mediate the highly
methylated states of this residue have been described, and recent
experimental evidence now shows that Set7 methyltransferase is
not alone in writing monomethylation of H3K4.”"* In addition to
this chromatin-modifying role, numerous non-histone substrates
including TFs have recently been described for Set7. Although
the in vivo function of Set7 remains largely undetermined, exper-
imental observations suggest participation in transcriptional
activation across several discrete loci by a number of distinct,
non-exclusive mechanisms. In this review we highlight reported
examples of Set7-mediated transcriptional regulation by modifi-
cation of the chromatin template and address concerns regarding
the physiological validity of H3 histones as methylation sub-
strates. We evaluate the role of Set7 in non-histone methylation,
and focus on how such events contribute to transcriptional regu-
lation. Furthermore, experimental observations that consolidate
TF methylation, Set7 co-recruitment and H3K4 methylation at

Epigenetics 361

. Do not distrubute.

l0Sscience

© 2013 Landes B



discrete loci are explored. Finally, we explore current approaches
to expand the compendium of characterized Set7 substrates.

The Histone Methylation Modification

Nearly 50 years since the first reports of methylation of calf
thymus histones," the importance of posttranslational methyla-
tion of lysine and arginine residues predominantly at H3 and
H4 histone tails is increasingly investigated. Catalyzed by his-
tone methyltransferases (HMTs), these modifications define and
direct distinct chromatin conformations and subsequently tran-
scriptional competency. Histone lysine methylation was tradi-
tionally considered a stable mark involved in the maintenance of
genome expression, consistent with a role in long-term epigenetic
memory.” However, this modification is dynamically regulated
during transcriptional activation.'® To this end, lysine specific
demethylases have been described,””'® highlighting the impor-
tance of methyl-writing and -erasing enzymes to modification of
the chromatin template. Contrasting histone acetylation, meth-
ylated lysine and arginine residues are associated with both gene
activation and repression, depending on the residue modified and
the number of methyl groups covalently assigned.”

H3 lysine methylation modifications are diverse. Distinct
transcriptional outcomes are strongly associated with posttrans-
lational methylation of specific residues of H3 histone tails. For
instance, lysine 9 (H3K9) and 7 methylation by SET-domain
HMTs such as Suv39hl and GY9a correlates with structurally
condensed and transcriptionally incompetent regions of chro-
matin.'® In addition to a role in the recruitment of regulatory
factors associated with chromatin remodeling, this repressive
histone modification co-localizes with methylated CpG resi-
dues predominately through recruitment of H3K9 methyltrans-
ferase activity by the methyl-CpG-binding protein MeCP2.%
Furthermore, the methyltransferase reaction may compete for
lysine substrates with transcriptionally permissive acetylation. In
striking contrast, immunofluorescent analyses of human chro-
mosomes demonstrate specific localization of H3K4 methylation
at transcriptionally active chromatin.?' Analysis of immunopre-
cipitated chromatin similarly revealed specific enrichment of this
modification at euchromatic loci.'"'?

The three methylated states of H3K4 appear to play dis-
tinct roles in transcription as they are differentially distributed
throughout actively transcribed chromatin. Small-scale stud-
ies?? revealed patterns of H3K4 dimethylation (H3K4me2)
and H3K4 trimethylation (H3K4me3) at 5' ends of actively
expressed genes. Comprehensive analysis of non-repetitive
regions on human chromosomes 21 and 22 further clarified
that H3K4me3 is predominantly localized to histones imme-
diately flanking transcription start sites (TSS). Contrasting the
small-scale studies that focused on a restricted subset of genes,
the H3K4me2 modification was predominately observed within
introns of highly expressed genes.”* Indeed, progressive transi-
tion from 5' H3K4me3 enrichment to H3K4me2 and then to
H3K4mel within coding regions of the yeast genome?* holds
true for higher eukaryotes as demonstrated by high-resolution
global methylation analyses.?”*® A bimodal distribution flanking
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the TSS of active human promoters is commonly observed for all
H3K4 methylation states, although this pattern is generally less
pronounced with regard to H3K4mel.?"*

While several studies have demonstrated participation of
H3K4mel promoter enrichment in transcriptional activation,**%
the precise role of this modification remains poorly understood.
Deletion of the yeast serine 2 C-terminal domain kinase for
RNAP II, Ctkl, resulted in near complete genome-wide loss of
H3K4mel, most likely through the regulation of HMT binding,.
Interestingly, a significant increase in H3K4me2 and H3K4me3
enrichment was observed to spread 3" into the coding regions of
genes.? This finding suggests that H3K4mel may act to restrict
intragenic 3' expansion of H3K4me3, and therefore maintain the
normal chromatin signature of transcribed genes. Proximal, inter-
genic, and distal regulatory regions exhibit remarkable enrich-
ment for H3 histones methylated at K4.?® To this end, distinct
H3K4mel signatures were used to accurately predict the location
and activity of multiple functionally validated enhancers, sug-
gesting a role in tissue-specific transcriptional regulation.”

The Set7 Lysine Methyltransferase Catalyzes
H3K4me1

Originally isolated from HeLa nuclear extracts,” Set7 (also Set9*°
or Set7/9%) is a 41 kDa lysine-specific SET-domain methyltrans-
ferase encoded by a gene conserved in vertebrates.> Embryonic
lethality for a significant proportion of Set7 knockout mice®
indicates an important role in development. Transcriptional acti-
vation of the SETD7 promoter mediated through an islet-specific
enhancer element was shown to be PDX1-dependent in 3-cells.®
Similarly, Set7 expression is activated for skeletal muscle differen-
tiation.*® Thus, Set7 may function in development through cel-
lular differentiation and tissue-specific gene activation. Specific
H3K4 methyltransferase activity was demonstrated by preclusion
of the reaction by mutation of this residue from lysine to argi-
nine*** and by Edman degradation of H3 histones labeled with
SH-S-adenosylmethionine *H-SAM) by Set7.’ Recently, devel-
oped specific bisubstrate-type inhibitors of Set7 exhibit potent
antagonism toward the H3K4mel in vitro using recombinant
Set7 and H3 peptides.*

Structural and biochemical studies indicate that Set7 catalyzes
transfer of a single methyl group to H3K4. Monomethylation
of this residue may provide a site for further rounds of modifica-
tion; however, several findings discount involvement of Set7 in
the H3K4me2 or H3K4me3 reactions. Methyltransferase activity
toward previously monomethylated H3 peptide is largely unde-
tectable in vitro.**44¢ Similarly, peptide array analysis revealed
inhibition of Set7 activity toward methylated H3K4.9® This is
further supported by crystal structure analysis that revealed the
methyl group transferred to K4 interferes with the formation
of a water channel to this residue. Absence of this channel pre-
vents further methylation events, excluding subsequent rounds
of methylation by Set7 on its enzymatic product. Furthermore,
molecular simulations report that disruption of the enzymatic
machinery of Set7 upon binding monomethylated lysine is due
to opening of the SAM binding channel.”” A single base mutation
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from a conserved histidine to alanine residue within the SET-
domain impairs the methyltransferase activity of the enzyme.*>%
Interestingly, mutagenesis of conserved tyrosine to phenylala-
nine residues at positions 245 and 305 of the active site alters
the enzymatic product of Set7 to trimethylation® and dimethyl-
ation respectively.” These active site mutants allow formation of
a water channel between the enzyme and monomethylated K4,
permitting the transfer of additional methyl groups.*>°

Despite initial characterization of Set7 as a histone H3-specific
lysine methyltransferase, the physiological validity of histone H3
as a biochemical substrate has been justifiably questioned. The
robust methyltransferase activity toward core histone H3 is mark-
edly weakened when nucleosomal histones are the substrate.?4
Since nucleosomal histones are in direct association with chro-
matin, the role for Set7-mediated H3K4mel in transcriptional
activation was uncertain. These observations may be explained
by the inaccessibility of the H3 histone N-terminal tails in
nucleosomal complexes. However, Suv39h1, which modifies the
same histone tail, displays comparable enzymatic activity toward
core and nucleosomal histones.? In accordance with the in vitro
data, recent observations suggest that RNAi-mediated Set7
knockdown®*! or somatic Set7 knockout does not affect global
nucleosomal H3K4mel.> These experimental observations are in
contrast to reports that show global H3K4mel depletion in rat
mesangial cells following Set7 knockdown by transfection.”

While cell-specific differences cannot be discounted, the dis-
cordance is most likely attributable to the method of histone prep-
aration exemplified by distinguishable H3K4mel patterns across
distinct nucleosomal and non-chromatinized histone fractions
purified from human endothelial cells.”® Importantly these find-
ings are consistent with a role for Set7-mediated transcriptional
regulation by enrichment of H3K4mel at discrete loci identi-
fied by chromatin immunoprecipitation (ChIP) across a range of

human31,32,36,53

and animal cell types.?»*3® Several studies simul-
taneously exclude Set7 as a global regulator of this modification
and raise the possibility of another uncharacterized HMT that
maintains nucleosomal H3K4mel patterns. Indeed, MII3, the
mammalian homolog of Drosophila Trr H3K4-monomethylase
was recently associated with this modification pattern in embry-
onic fibroblasts derived from mice. Knockout of MII3 resulted
in significant global reduction of H3K4mel enrichment at distal
regulatory sites including enhancer elements of the Hoxd gene
cluster.”® While MLL3 exhibits H3K4 methyltransferase activ-
ity, direct H3K4mel enrichment by this enzyme was not defini-
tively demonstrated and secondary effects on Set7 expression and
activity cannot be discounted. Alternatively H3K4mel could
be regulated through reduction of the highly methylated forms
(H3K4me2 and H3K4me3) by specific lysine demethylases.””
Alternative histone substrates. Recent experimental findings
indicate that the histone methyltransferase activity of Set7 is not
restricted to H3. Set7 methylated recombinant full-lengcth H2A
and H2B peptides at comparable levels to H3 peptides in vitro.*
H2A appears to harbor several methylation sites. By contrast,
H2B is methylated exclusively at K15. Transcriptional regulation
by acetylation of H2A and H2B N-terminal domains has been
characterized at several residues in yeast and mammals;’* however,
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little is known of the potential role of lysine methylation on these
histones. More recently, PARP1-mediated ADP-ribosylation of
H3 histones was shown to promote Set7-dependent methylation
of linker histone variant H1.4. Interestingly, ADP-ribosylation
of H3 and H1.4 inhibited Set7-mediated methylation of those
substrates respectively, suggesting that this PTM modulates Set7
histone substrate preference. Methylation by Set7 was observed at
six distinct lysines of H1.4 in vitro.”® Set7-mediated methylation
of these alternative histone substrates is yet to be demonstrated
in vivo; thus, the physiological consequences remain unresolved.

Transcriptional Regulation by Modification of the
Chromatin Template

Early studies that revealed the ability of Set7 to stimulate GAL4-
4 provided

some of the first evidence that this enzyme may potentiate posi-

VP16-activated luciferase expression in cancer cells

tive transcriptional events. Experimental observations indicate
that Set7-mediated H3K4mel can maintain a state of tran-
scriptionally active chromatin by preventing NuRD chromatin
remodeling and deacetylase complex-mediated transcriptional
silencing,’ as well as inhibiting Suv39h1l-mediated H3K9 meth-
ylation and subsequent HPI-dependent repression.” Similar
cross talk facilitates subsequent activation-associated acetylation
of both H3 and H4 by p300.%

Studies in cell culture demonstrating transcriptional regu-
lation by Set7-mediated H3K4 methylation are described in
Table 1. H3K4mel enrichment and transcriptional activation
through co-recruitment of Set7 as a constituent of a co-activa-
tor complex to discrete promoters may necessitate disruption of
chromatinized nucleosomes. Subsequently Set7 could methyl-
ate dissociated core H3 histones prior to re-association of the
nucleosome.” Co-recruitment interactions potentially explain
the mechanisms of promoter-specific Set7 enrichment. Indeed,
co-recruitment of Set7 to activating promoters via interaction
with TFs has been observed for MyoD-dependent skeletal mus-
cle differentiation,*®*® NFkB-p65 binding at inflammatory gene
promoters of TNF-a-stimulated monocytes,?® PDX-1-mediated
insulin expression by pancreatic B-cells’” and androgen-respon-
sive transcriptional activation via the androgen receptor (AR).>*3
Co-activational roles of Set7 may extend beyond interaction with
a single TF, as experiments suggest participation in multi-com-
ponent assemblies such as the pre-initiation complex required for
transcriptional activation of MMP1.%

Metabolic signaling to histone methylation. Epigenetic pro-
cesses at the chromatin template have been recently explored for
their role in sensitizing transcriptional and phenotypic outcomes
to environmental signaling. Epigenetic components of multi-
factorial diseases such as cancer and diabetes are beginning to
emerge. Several well-characterized examples of Set7-dependent
gene expression were revealed under experimental conditions that
mimic the diabetic milieu. Involvement of Set7 in glucose metab-
olism was demonstrated at a subset of glucose responsive pro-
moters in murine B-cells and primary islets in vitro. Curiously,
Set7-depletion by siRNA transfection reduced H3K4me2
enrichment at the INSI, INS2 and SLC2A2 promoters, while
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Table 1. Cell culture studies demonstrating transcriptional regulation by Set7-mediated chromatin modification

Cell type Experimental conditions Target promoter(s) Reference
Human T98G glioblastoma cells Serum stimulation MMP1 29
PSA 36
LNCaP human prostate cancer cells Androgen stimulation
PSA, NKX3-1 34
Human THP-1 monocytes TNF-a stimulation MCP-1, IL8, TNF 30
Human and bovine endothelial cells Transient hyperglycemia RELA 31,32
Human microvascular endothelial cells Hyperglycemia IL8 53
Murine BTC3
Basal growth INS1, INS2, SLC2A2 33,37
B-cells
Murine C2C12 myoblasts Serum-induced differentiation MYOD1, MYOG, MCK, MHC 38
Rat mesangial cells TGF-B stimulation COL1A1, CTGF, PAI-1 35

H3K4mel enrichment remained stable. It was noted that this
observation could reflect differences across cell types or the exis-
tence of a closely linked, uncharacterized HMT that completes
the di-methylation of H3K4.%* Knockdown of PDX-1 diminished
insulin expression by reducing H3K4 methylation enrichment at
both promoter and intragenic regions. Furthermore, co-immu-
noprecipitation and co-transfection experiments confirm that
Set7 is recruited to the activating promoter via specific interac-
tion with PDX-1.%

In studies that directly associate glucose signaling to Set7-
mediated chromatin modification, inhibition of H3K4mel
enrichment and concomitant transcriptional activation of RELA
was detected following Set7 knockdown in cell culture models of
hyperglycemic variability.*** These observations implicate Set7 in
the clinical phenomenon of metabolic memory original employed
to describe the persistent progression of chronic vascular compli-
cations in diabetic patients despite implementation of strict glyce-
mic control regimens.”**® RELA encodes the NFkB-p65 subunit
and its expression is accordingly linked with inflammatory path-
way activation.”’ Transient high glucose induced Set7-mediated
H3K4m1 enrichment paralleling persistent transcriptional acti-
vation of RELA and downstream NFkB-dependent inflamma-
tory genes in human and bovine vascular endothelial cells. This
response was maintained for 6 d in culture despite restoration of
physiological glucose conditions, indicating a metabolic memory
of the original glucose stimulus. Furthermore, sustained reduction
of H3K9 methylation following hyperglycemia was reported to
be dependent on Set7 activity.?» ChIP analysis of aortas isolated
from a rodent model of hyperglycemic variability revealed simi-
larly sustained enrichment for H3K4mel at the CXCL2 promoter
(mouse /L8 homolog), paralleling gene expression that persisted
for 7 d beyond exposure to high glucose.”® In accordance with
these data, recent studies report high glucose-stimulated nuclear
localization of endothelial Set7.”® Thus, Set7 appears to operate as
a sensor of vascular glucose stimulation, and nuclear translocation
may potentiate the H3K4m1 modification at numerous discrete,
activating loci. Recent transcriptome profiling by high-through-
put mRNA sequencing of human cells of vascular origin depleted
of Set7 by shRNA revealed widespread transcriptional deregula-
tion under normal culture conditions (Fig. 1, unpublished data).
Ontology analysis of deregulated gene sets revealed enrichment of
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upregulated genes associated with cell cycle regulation. Apoptotic
and p53 signaling pathways were significantly enriched among
genes repressed by Set7 knockdown (Keating and El-Osta, per-
sonal communication). These observations suggest that Set7 may
regulate the expression of numerous genes expressed by the vascu-
lar endothelium and possibly other cell types.

Set7 knockdown of monocytes compromised TNF-a-
activated transcription of a subset of NFkB p65-dependent
inflammatory genes by a distinct mechanism. Specific enrich-
ment of p65 at MCP-I and TINF promoters was shown to be Set7-
dependent, and facilitated co-recruitment of Set7 and H3K4mel
enrichment.*® The similar level of p65 protein detected by west-
ern blot across control and Set7 deficient cells indicates that the
observed transcriptional effects on downstream targets were not
the result of changes in RELA transcriptional regulation. In fact
Set7 appears to co-activate a subset of p65-regulated TNF-a-
sensitive genes.*” In addition to potential cell type differences,
it is possible that Set7 functions differently in the context of dis-
tinct metabolic stimuli.

TGEF-B is considered a central mediator of the deleterious
effects of the diabetic milieu in the kidney.** This growth fac-
tor was shown to stimulate Set7 and H3K4mel-dependent
transcriptional activation of fibrotic genes in rat mesangial cells
under diabetic conditions.” High glucose-stimulated expression
of COLLIAL, CTGF and PAI-I and concomitant H3K4 meth-
ylation by Set7 was inhibited by pre-treatment with a TGEF-
B-specific antibody and targeted Set7 disruption by siRNA
transfection. Interestingly, Set7 expression was increased upon

TGEF-B exposure.®
The Broader Substrate Specificity of Set7

In addition to chromatin-associated protein substrates, exposed
amino acid residues of non-histone proteins present as potential
sites of modification. Numerous proteins are subject to a variety
of PTMs, including phosphorylation, acetylation, sumoylation
ubiquitination and methylation.®%® These modifications contrib-
ute predominantly to the regulation of protein activity, stability
and protein-protein interactions depending on the substrate and
type of modification.”””! Notably lysine methylation has emerged
as a common modification involved in regulating protein stability
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and activity.”"”*7 Reported examples include modification of
tumor suppressors and TFs.”»”>7¢ SET-domain proteins have been
implicated in such events, and in some instances demonstrate
broad substrate specificity.””’® Recent investigation of Set7 target
specificity revealed numerous non-histone substrates and addi-
tional mechanisms of transcriptional regulation by modification of
specific transcription-associated proteins. Unexpectedly dimeth-
ylation by Set7 is reported in the case of two novel substrates:
Msx2-interacting protein (MINT)% and signal transducer and
activator of transcription 3 (STAT3),” further questioning the
classification of Set7 as exclusively a monomethylase. Moreover,
STAT3 and MINT are both dimethylated by Set7 in vitro recon-
stitution in the absence of other HMTs, confirming that Set7
directly catalyzes the dimethylation of these substrates.**”
Regulation of protein stability. The stability and degradation
of several recently described non-histone substrates are reported
to be regulated by Set7-mediated lysine methylation, and serve
as potential mechanisms of indirect transcriptional regula-
tion. Monomethylation of p53 at K372 was found to be Set7-
dependent and a positive regulator of p53 nuclear retention and

stability in human cancer cell lines>®

and several observations
indicate a critical role for this modification in the p53 response
to DNA damage. Overexpression of Set7 significantly increased
p53-dependent p21WAF/CP expression and exacerbated the tran-
scriptional response of this gene to genotoxic stress.”” Similarly,
Set7 depletion by shRNA inhibited Adriamycin (Adr)-induced
p21"AFCIP cranscriptional activation.®® Interplay of PTMs appears
central to Set7-mediated p53 activation. In accordance with
increased acetylation of methylated p53,#° Tip60 acetyltrans-
ferase binding was enhanced following p53 methylation by Set7
in mouse and human cells.** By contrast, methylation at K372
inhibits the transcriptionally repressive methylation at K370
by SMYD2.8" Interaction between the SIRT1 deacetylase and
Set7 facilitates dissociation of SIRT1 from p53. Consequently,
p53 acetylation and transactivation of p21"“"? are enhanced in
response to DNA damage.®

Paralleling observations from cell lines, embryonic fibroblasts
isolated from mice lacking Set7 expression and consequently p53
methylation exhibited impaired cell cycle arrest and p53 target
gene expression following DNA damage. These cells are more
susceptible to oncogenic transformation, suggesting a role for
Set7 as a tumor suppressor through p353 stabilization and activa-
tion.*® By contrast, fibroblasts from independently generated Set7
knockout mouse models exhibited normal p53 acetylation® and
transactivational response to DNA damage in the absence of Set7.
Furthermore, Adr-induced proliferative arrest and p53-depen-
dent apoptosis were preserved.’>® Reasons for the discordance
across these in vivo studies are currently unclear.

In a study that analyzed p53-deficient cancer cells, the oppos-
ing activities of Set7 and LSDI were found to regulate E2F1
stability and downstream p27 gene expression in response to
DNA-damaging agents.** Specifically, E2F1 was destabilized by
methylation at K185 by Set7. DNA damage induced removal of
this modification by LSDI leading to increased cellular E2F1
protein levels. Similarly, regulation of DNA (cytosine-5)-meth-
yltransferase 1 (DNMT1) stability by methylation at K142 was
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found to be Set7 and LSDI1-dependent. Targeted Set7 disrup-
tion by RNAI stabilized cellular DNMTT1 levels, while overex-
pression of Set7 correlated with a decrease in DNMT1 protein
by facilitating polyubiquitination and subsequent proteasome-
mediated degradation.”* DNMTT1 is a well-characterized mainte-
nance DNA methyltransferase that specifically methylates DNA
at CpG residues. Overexpression of Set7 in Hela cells led to an
approximate 10% reduction of global DNA methylation.”* LSD1
knockdown and subsequent impairment of DNMT1 demeth-
ylation markedly reduced DNMT1 protein levels and global
CpG methylation in mouse ES cells.®> Certainly, it appears that
DNMTT1 protein stability is dynamically regulated by the oppos-
ing activity of these two enzymes, and may represent a subtle
mechanism responsible for the fine-tuning of DNA methylation.

A further example of Set7/-regulated protein stability is estro-
gen receptor o (ERa) methylation at K302. The ERa protein
is stabilized by this modification, with detectable downstream
effects on estrogen-induced gene activation. Breast cancer cells
depleted of Set7 exhibited decreased ERa protein levels and
attenuated transcriptional induction of the 252 and progesterone
receptor (PgR) genes in response to estrogen stimulation.®

Set7 modulates transcription factor activity. Several recently
identified Set7 substrates display modified biological activ-
ity following methylation by Set7, exclusive of effects to cellu-
lar protein levels. Further implicating Set7 in the regulation of
NFkB-dependent pathways, K37 of the NFkB subunit p65 was
also recently identified as a novel substrate for Set7' Like p53,
methylation dependent regulation of p65 may represent an inte-
gral control point with regard to the expression of a wide variety
' apoptotic
signaling and proliferation.®® In unstimulated cells, NF«kB

of pathways including the inflammatory response,®

is sequestered in the cytoplasm through binding IkB proteins.
Upon stimulation by a variety of signaling events, IkB is ulti-
mately degraded and NFkB translocates to the nucleus to regu-
late inducible gene expression.*” Contrasting the unmodified
protein, p65 methylated at K37 is restricted to the nucleus and
enriched at a subset of NFkB-dependent promoters in response
to TNF-a.>! By contrast, Set7-dependent methylation of addi-
tional sites at K315 and K316 of p65 can result in negative regu-
lation of p65 transactivity.”® Kinetic analyses suggests that K37
is the preferential methylation site for Set7;’" however, the precise
role of these modifications is unclear.

Another important example of Set7-mediated transcriptional
repression is methylation of two separate lysine residues at K810
and K873 of the retinoblastoma tumor suppressor protein (pRb).
The pRb protein physically interacts with and regulates the
activity of the cell cycle associated E2F family TFs.”' Set7 knock-
down by transfection weakened the association of pRb and HP1.
ChIP analyses revealed reduced pRb and HP1 enrichment at
E2F-target promoters of cancer cells under conditions of growth
arrest.”%* Analysis of the pRb peptide implicates methylation of
K873 by Set7 as a regulator of this process and therefore fur-
ther associates Set7 with cell cycle regulation.”® Furthermore, the
K810 modification site is located within a CDK phosphorylation
site of pRb, where methylation impedes pRb phosphorylation to
antagonize CDK-dependent cell cycle progression.” Accordingly
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samples. The size of the gene symbol indicates relative p value strength.

Figure 1. Wordcloud depiction of transcriptional changes exhibited by human microvascular endothelial cells depleted of Set7. According to mRNA
sequencing, gene symbols in the upper panel were upregulated and gene symbols in the lower panel were downregulated compared with control

pRb protein mutated at K810 cannot be methylated, and cells
expressing this mutant display deficient cell cycle arrest.”> Both
methylation sites harbor the amino residues proline (P) and leu-
cine (L) immediately preceding the target lysines, suggesting
that they might be bound and methylated by Set7 with similar
efficiency. Given their close proximity, these lysine residues are
perhaps modified by Set7 sequentially.

Methylation-dependent co-recruitment of Set7 to activat-
ing promoters. Further expansion of the catalog of substrates
may in fact reveal the mechanisms behind Set7-mediated H3K4
methylation at specific promoters. Recent experimental evidence
suggests that TF posttranslational methylation by Set7 can reg-
ulate promoter-specific recruitment of the HMT. For instance,
methylation of the TAF10 component of the TFIID complex at
K189 by Set7 increased the affinity for RNAP II and enhanced
transcription of a subset of TAF10-dependent genes, suggest-
ing a role in preinitiation complex formation.”* Retinoic acid
induced expression of ERFI and ERAI genes was attenuated in
cells expressing recombinant TAF10 mutated at K189; however,
expression of HPRT and CCNEI was unaffected. Paralleling these
observations, selective Set7 enrichment at ERFI and ERAI, but
not HPRT and CCNEI promoters was revealed by ChIP.* Such
observations argue for promoter-specific recruitment of Set7 via
this interaction with TAF10, however the subsequent effects on
H3K4 methylation remain unresolved. Similar promoter-specific
TF occupancy was observed following methylation of STAT3 at
K140 by Set7 under IL-6 stimulation. The SOCS3 promoter dis-
plays increased STAT3 enrichment and concomitant transcrip-
tional upregulation following Set7 knockdown in cancer cells.
Interestingly, Set7 recruitment to SOCS3 was found to follow
STAT?3 recruitment, and possibly clears STAT3 from the activat-
ing promoter to potentiate H3K4 methylation.”” While sequen-
tial Set7 recruitment to SOCS3 was observed, the downstream
effects on H3K4 methylation remain uncharacterized.

Similar methylation-dependent interaction between Set7 and
AR is important for AR activation and recruitment to androgen-
regulated promoters. Methylation of the receptor at K632 by
Set7 is required for normal downstream target gene expression
in prostate and kidney cancer cell lines independent of changes
to AR protein stability or cytoplasmic-nuclear translocation.*®
Analysis of the lysine substrate by an independent research group
indicates K630 to be the target of Set7 methylation.* Despite the
discordance, both studies demonstrated that loss of AR methyla-
tion following Set7 knockdown of cancer cells results in signifi-
cant H3K4mel depletion at androgen response element (ARE)
regulatory regions of the PSA*" and NKX3-1 promoters.’*

Expanding the Substrate Compendium of Set7
Further characterization of TF substrates of Set7 will con-

tribute toward a greater understanding of its role in transcrip-
tional regulation with particular regard to mechanisms of Set7
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enrichment at discrete loci. Following early observations of
non-histone Set7 substrates, a consensus recognition motif was
proposed to account for the selective methyltransferase activity.
The amino acid sequence motif [K/R]-[S/T/A] preceding the
modified lysine is in accordance with the sequence targeted on
confirmed Set7 substrates; TAF10,”* DNMT174 H3K4, p53 and
ERa and was successfully used to identify TAF7 as an in vitro
substrate.”” Using an optimized recognition sequence: [G/R/H/
K/P/S/T]-[K > R]-[S > K/Y/A/R/T/P/N]-K-[Q/N]-[A/Q/
G/M/S/PIT/Y/V] recent peptide array methylation experiments
have revealed a multitude of novel Set7 substrates with numer-
ous targets confirmed in vivo,* significantly expanded the list
of characterized Set7 substrates (Table 2). With K representing
the target lysine at position 0, previously identified and novel
substrates follow the formula at positions -1 and -2 and usually
-3. The -1 position favors serine (S), alternatively this position
can be occupied by a number of basic and aromatic residues.
Basic amino acids residues predominate the latter positions of
many Set7 methylation sites. Accordingly, the substrate-binding
pocket of Set7 is flanked by several acidic amino acid residues,
indicating a general preference for positively charged substrates.
While the amino acids at positions +1 and +2 to some extent
appear redundant in the binding of Set7,%¢ several verified sub-
strates display polar residues at this site as predicted by the opti-
mized formula.

Indeed, many Set7 substrates are methylated at a sequence
according to this formula. For example TAF10, p53, DNMT]1
and ERa display this motif particularly at sites -1 and -2. The
structurally similar KSK and RSK sequences predominate the list
of bona fide Set7 substrates and appear most valuable for predict-
ing novel methylation sites. Similarly, the five novel methylation
sites of H1.4 are localized to KAK motifs.”” Evidently this rec-
ognition sequence does not reflect all lysines targeted by Set7 as
the sequence of amino acid motifs of substrates including p65,
AR and pRb are discordant to the proposed formula. However,
the ability to correctly anticipate novel in vivo substrates dem-
onstrates its effectiveness as a predictive tool. This recognition
sequence identified novel substrates by peptide array analysis,
with five confirmed as Set7 methylation targets in vivo.

A recent study identified p300/CBP-associated factor (PCAF)
as a novel substrate that is methylated by Set7 at six distinct lysines
including adjacent residues at K671 and K672.°° The amino acid
sequences surrounding the methylation sites diverge considerably
from the previously proposed consensus sequence. Subsequently,
an alternative recognition motif was proposed that accounts for
five of the six sites: [A/F/I/V]-K-[D/K]. Contrasting the high
frequency of basic amino residues at positions downstream of
the target lysine of many Set7 substrates, neutral non-polar resi-
dues precede the target lysine at five PCAF methylation sites.”®
Comparison of in vitro methylation efficiency between protein
targets demonstrate that binding sites that do not follow the
consensus, such as the six methylation sites of PCAF and the

Epigenetics 367

© 2013 Landes Bioscience. Do not distrubute.



Table 2. Set7 substrates and target motifs characterized in vitro and in vivo

Substrate
H3 K4
H2A
H2B K15
K121
Histones K129
K159
H1.4
K171
K177
K192
MeCP2 K347
Chromatin-associated
PPARBP K1006
p53 K372
E2F1 K185
MINT K2076
IRF1 K126
ERa K302
TAF7 K5
CENPC1 K414
Tat (HIV) K51
Transcription factors
FoxO3 K270, K271
TAF10 K189
K37
p65
K314, K315
AR K630, K632
K810
pRb
K873
STAT3 K140
ZDHC8 K300
TTK K708
DNMT1 K142
K232, K235
SIRT1
K236, K238
Enzymes
K78
K89
PCAF K638
K671, K672
K692
AKAP6 K604
Other
Cullin 1 K73

Methylation site Experiment

ARTKQTARKS in vitro,*® in vivo?*38

unknown in vitro peptide assay*®

APKKGSKKAVTKA in vitro peptide assay*®

EAKPKAKKAGAAK

AGAAKAKKPAGAA

KTPKKAKKPAAAA e

AGAKKAKSPKKAK

KSPKKAKAAKPKK

KSPAKAKAVKPKA

SPGRKSKESSPKG in vivo*®

SNDGKSKDKPPKR in vitro®®

SSHLKSKKGQSTS in vivo®7380

LIAKKSKNHIQWL in vivo®
EKNSKSKRGRSRN in vivo*
RKERKSKSSRDAK in vivo*®
LMIKRSKKNSLAL in vivo®®
MSKSKDDAPHE in vitro
EKPSRSKRTIKQK in vivo*®
ISYGRKKRRQRRR in vivo®’
GRAAKKKAALQTA in vivo®®
GSSRSKKDRKYTL in vivo*
GMRFRYKCEGRSA in vivo®'
TFKSIMKKSPFSG in vivo®
MTLGARKLKKLGNLK in vivo343¢
IYISPLKSPYKIS in vivo®
NPPKPLKKLRFDI in vivo’™®
AAVVTEKQQMLEQ in vivo”®
LGRSKSKGSLDRL in vivo*®
RENGKSKSKISPK in vitro*®
RTPRRSKSDGEAK in vivo’™
SEPPKRKKKRKDINT in vitro®
SARIAVKKAOLRS
RSAPRAKKLEKLG
KYVGYIKDYEGAT in vivo®®
KQKEIIKKLIERKQ
PGLSCFKDGVROI
LSKHKSKKGQASS in vitro®®
VPPSKSKKGQTPG in vitro*

Amino acid triplets that mark methylation motifs are underlined. Methylated lysines are highlighted bold.

three sites harbored by p65, are methylated by Set7 with lower
efficiency than H3K4.% Importantly, several novel substrates
such as MeCP2 and MINT demonstrate stronger methylation
by Set7 relative to H3 histones. Amino sequences surrounding
the target lysines of these substrates differ significantly from that
of the histone H3 tail, further suggesting that Set7 preferentially
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methylates the KSK motif. However, this sequence motif also
mark the site of p53 methylation by Set7 and kinetic studies
revealed Set7 to methylate histone H3 and p53 with comparable
efficiency.”” Further kinetic analysis of Set7 activity on the cur-
rent list of identified substrates will clarify the substrate prefer-
ence of the methyltransferase.
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Future Considerations

A major focus of epigenetic research is the comprehension of
histone modifications and the system of enzymes and complexes
that regulate them. Characterization of the Set7 lysine methyl-
transferase has contributed to a greater understanding of how the
H3K4mel modification contributes to an active chromatin state.
Although evidence indicates Set7 activity on non-nucleosomal

40 but global nucleosomal H3K4 states are
36,5152

histones in vitro
unaffected by Set7 depletion, experimental evidence does
place Set7 and H3K4 methylation at activating promoters of dis-
crete genes. Furthermore, the potential role for Set7 in chromatin
modification at enhancer elements holds intriguing possibilities
for cellular differentiation, organism development and tissue-
specific gene expression.”® Transcriptional regulation by Set7
could be associated with direct modification of histone tails at
regulatory elements, posttranslational methylation of TFs and/
or co-recruitment to activating promoters, or a combination of
these mechanisms. Characterization of these events will greatly
assist distinction of the subset of genes with regulatory associa-
tions to Set7.

Characterization of in vivo substrates is an avenue of investiga-
tion that deserves further attention as such studies have revealed
numerous novel Set7 and target promoter associations. To date,
at least 27 distinct lysines demonstrate in vivo methylation by
Set7. Indeed these substrates are predominantly associated with
chromatin and transcription (Table 2) indicating a potential
for widespread transcriptional control. Intriguingly, this modi-
fication extends to components of transcriptional regulation
associated with CpG methylation; DNMT1 and MeCP2.”’ As
CpG methylation is a central mediator of epigenetic transcrip-
tional repression,'’”!”! it is tempting to speculate a role for Set7
in transcriptional enhancement through DNMT1 degradation.
However, this mechanistic link remains to be established experi-
mentally. Similarly, the in vivo consequences of MeCP2 methyla-
tion by Set7 have not been reported. The use of in vitro peptide
arrays‘® is an effective approach to initial substrate identification;
however, it lacks in vivo context. Advances in high-throughput
sequencing technologies and bioinformatics tools allow min-
ing for TF connectivity to global gene expression changes.'*?
Application of this method to Set7 compromised cells or extracel-
lular stimulation could be utilized to identify potential substrates
with direct links to transcriptional changes that harbor motif
substrates similar to those previously described for Set7. Several
variants of the amino sequence consensus formula; KSK, RSK
and KAK appear to be favored by Set7. However, other sequences
are also methylated and kinetic data for substrate preference are
currently incomplete.

Reports of Set7-mediated H3K4me2 enrichment of genes
important for glucose metabolism in pancreatic B-cells extends
to recent observations of STAT3 and MINT di-methylation by
the enzyme. Although the crystal structure of Set7 in complex
with H3K4 indicates that water occupies the channel necessary
to accommodate the transfer of additional methyl group,® the
product specificity of Set7 can be altered by mutation of con-
served residues within the active site.*®* Thus, it is possible that

www.landesbioscience.com

interaction with other proteins could structurally alter the active
site of the Set7 to allow additional methyl groups to be trans-
ferred to the target lysine of histones and non-histone proteins.
Identification of the proteins that interact with Set7 could there-
fore reveal mechanisms of substrate specificity modulation.

Specific targeting of the enzymes implicated in chromatin
structure and gene function provides potential for future epigen-
etic therapy for human disease. Studies suggest Set7 as a potential
target for therapeutic inhibition, most notably in the context of
diabetic vascular therapy and associations to glucose signaling.
The therapeutic potential of Set7 inhibition may extend to other
disease states, such as the important role in p53 stabilization and
subsequent p2I"FCI* induction following DNA damage.”>%
While these observations from cancer cells point toward a role
for Set7 in tumor suppression, studies of Set7 knockout mouse
models report conflicting results and further characterization
of Set7 function in vivo is required. Set/-mediated regulation
of pRb and E2F1 is also associated with proliferation, further
highlighting a potential role in cell cycle regulation. Set7 was
also recently found to enhance Tat-dependent viral transcription
through modification and modulation of the HIV Tat protein,”
suggesting potential therapy for HIV. Several challenges to this
approach are apparent in the multiplicity of pathways potentially
regulated through mechanisms that encompass gene activation
through H3K4mel enrichment and regulatory TF methylation.
Thus, it is important to characterize these transcriptional events
in both basal and pathological contexts before Set7 inhibition
can be considered for therapy.
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