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The enzymes performing protein post-translational modifications (PTMs) form a critical post-translational regulatory
circuitry that orchestrates literally all cellular processes in the organism. In particular, the balance between cellular
stemness and differentiation is crucial for the development of multicellular organisms. Importantly, the fine-tuning
of this balance on the genetic level is largely mediated by specific PTMs of histones including lysine methylation.
Lysine methylation is carried out by special enzymes (lysine methyltransferases) that transfer the methyl group

from S-adenosyl-L-methionine to the lysine residues of protein substrates. Set7/9 is one of the exemplary protein
methyltransferases that however, has not been fully studied yet. It was originally discovered as histone H3 lysine
4-specific methyltransferase, which later was shown to methylate a number of non-histone proteins that are crucial
regulators of stemness and differentiation, including p53, pRb, YAP, DNMT1, SOX2, FOXO3, and others. In this review
we summarize the information available to date on the role of Set7/9 in cellular differentiation and tissue develop-
ment during embryogenesis and in adult organisms. Finally, we highlight and discuss the role of Set7/9 in pathologi-
cal processes associated with aberrant cellular differentiation and self-renewal, including the formation of cancer stem
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Background

Post-translation modification (PTM) of proteins is one
of the key mechanisms regulating vital cellular functions.
Along with acetylation, phosphorylation, ubiquitina-
tion, and SUMOylation, methylation is one of the major
classes of PTMs. Methylation of lysine and arginine
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residues is performed by lysine- and arginine-specific
methyltransferases (KMTs and PRMTs), respectively.
Both groups of enzymes use S-adenosyl-L-methionine
(SAM) as a donor of the methyl group. Mono- and di-
methylation variants exist for both lysines and arginines,
while only lysines can be in a trimethylated state [1, 2].
The main families of KMTs are SET (Su(var)
3-9,E(z),Trithorax)- and DOTL-1 (DOT1-like)- domain
containing KMTs. All organisms, including procaryotes,
fungi, and plants, were shown to have SET domain-con-
taining proteins. This evolutionary conservative domain
is responsible for the methylation of protein substrates,
providing the binding of methyl group donor SAM with
targeted lysine residue. Importantly, SET domain-con-
taining proteins perform histone methylation function in
all groups of organisms throughout the evolution [3-5].
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SET domain-containing methyltransferase Set7/9
(alternatively named Setd7, Set7, Set9, and KMTS5) is
coded by the SETD7 gene. Set7/9 expressed in the human
cervical cancer cell line HeLa was purified biochemically
and characterized in Zhang’s and Reinberg’s labs almost
simultaneously in 2001 [5, 6]. The structure of the human
Set7/9 protein includes 366 amino acids comprising three
MORN (Membrane Occupation and Recognition Nexus)
motifs responsible for protein—protein interactions in the
N-terminal part and the SET domain in its C-terminus
(Fig. 1).

Evolutionarily, Set7/9 first appeared in fish and was
characterized by a high degree of conservation among
different species [7]. Indeed, analysis of the latest ver-
sions of genome assemblies allowed us to reveal the
Set7/9-coding gene in Agnatha (Jawless fish). The align-
ment of amino acid sequences of Set7/9 proteins [5, 6]
from Homo sapiens (Mammalia, Primates), Mus mus-
culus (Mammalia, Rodents), Gallus gallus (Birds), Alli-
gator mississippiensis (Reptilia, Crocodiles), Chrysemys
picta (Reptilia, Turtles), Xenopus tropicalis (Amphibia),
Danio rerio (Bony fish), and Petromyzon marinus (Jaw-
less fish) revealed a high level of homology at the protein
level between these evolutionary distant groups (Fig. 1).
The fact that this homology extends beyond its catalytic
SET domain strongly supports the idea that Set7/9 likely
exerts the same function(s) in these species. It is worth

A 225

1 10 20 30 40 50 60 70

228

\/

Page 2 of 16

noting that such a high homology distinguishes Set7/9
from other SET domain-containing KMTs, for example,
EZH2.

Set7/9 was first described as H3K4-specific histone
methyltransferase. However, further studies revealed
many additional targets of Set7/9—both histones and
non-histone proteins—are participating literally in all
major cellular processes [8—12]. This review is focused on
the role of Set7/9 in cell differentiation and the develop-
ment of organs and tissues in different organisms during
embryogenesis. The importance of Set7/9 in the determi-
nation of stem cells (CSs) fate as well as in cancer stem
cells (CSCs) formation is also discussed.

The role of Set7/9 in the histone modifications
landscape

One of the most distinguishing characteristics of SCs is
their bi-valent state of histone modifications that pro-
vide SCs a remarkable transcriptional plasticity, which
allow SCs to respond swiftly to various signaling cues.
Chromatin PTMs endure substantial changes throughout
differentiation and development. Histone methylation
is essential for all developmental stages and the mainte-
nance of pluripotency. Methyl groups attached to lysines
or arginines of canonical histones and their variants sig-
nificantly affect the chromatin structure and, therefore,
gene expression.
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Fig. 1 A The domain organization of Set7/9 protein. B The alignment of Set7/9 amino acid sequences of selected species. Amino acid numbering

is according to Homo sapiens
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Originally, Set7/9 protein was described as performing
monomethylation of lysine 4 of histone H3 (H3-K4Mel),
thus activating transcription [5, 13] (Fig. 2). Addition-
ally, Set7/9-induced methylation of H3 at K4 prevents
the repressive methylation of H3 at the near lysine
residue K9, which is mediated by Suv39hland other
H3-K9-specific HMTases [14]. Since H3K9 methylation
is considered to be a repressive mark, Set7/9-mediated
suppression of this methylation event apparently contrib-
utes to activation of gene expression [5].

Indeed, the methylated form of histone H3 at lysine 4 is
one of the key marks of the actively-transcribed chroma-
tin, since H3K4 methylation promotes subsequent acety-
lation of H3 leading to transcription activation [15, 16].
For example, in human embryonic stem cells (hESC) the
level of methylated H3K4 is enriched with the H3K4Me3
mark at promoters of many genes whose products signify
the pluripotent state of hESCs [17, 18]. On the contrary,
global levels of H3K4Me3 decrease in differentiation
conditions (for example, upon retinoic acid-induced dif-
ferentiation of murine ESC (mESC) [19] indicating the
key role of this modification in the induction and mainte-
nance of stem cell identity.

The histone profile of SC is also characterized by the
presence of bivalent chromatin domains around tran-
scription initiation sites of the key differentiation genes
(such as Polycomb, Trithorax and HOX genes) [20].
These bivalent domains combine both transcriptionally
“active” H3K4Me3 and “silent” H3K27Me3 (or H3K9Me

Fig. 2 The participation of Set7/9 in histone methylation
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in mesenchymal stem cells (MSCs)) marks, providing the
plasticity to SCs by keeping them in the undifferentiated
state, yet poised to differentiation [21, 22]. Upon differ-
entiation, the promoters of these genes lose H3K27Me3
enrichment against maintaining high levels of H3K4Me3
which is the stimulus to initiate the expression [23].

That lysine methylation is a processive modification
(monomethylation can be converted into di- and tri-
methylation) hints that Set7/9-mediated methylation
may be a priming event for subsequent di- and trimethyl-
ation mediated by the COMPASS complex [24—28]. This
assumption is also supported by the data on the associa-
tion of Set7/9 expression with elevated dimethylation of
the promoter region of the insulin gene (INS) in pancre-
atic f3 cells [29].

Furthermore, the distribution of the H3K4 monometh-
ylation mark in the regulatory regions of genes differs
from that mapped for di-and trimethylated lysine vari-
ants [30, 31]. Monomethylation was found to cover wider
areas around transcription start sites in comparison to
H3K4Me2 and H3K4Me3, and, importantly, it localizes
mainly in the area of enhancers of actively expressing
genes [13, 32]. Taken together, H3K4 methylation seems
to be one of the critical mechanisms by which Set7/9 reg-
ulates the process of gene expression during the SCs dif-
ferentiation process.

In vitro studies also demonstrated the ability of Set7/9
to methylate histone H2A at K5, K13, K15 and H2B
at K15 sites [33] (Fig. 2). However, the role of these

Methylation site Effect Reference

K12, K14, K17, Recruitment to
K20, K21, K27, chromatin, [39]
K111 transcription repression
K34, K127, K129, Conformational 39]
changes,
K130 - ;
transcription repression
Histone H3 K4 Transcription activation [5,13]
K5
K13 Not established [33]
K15

No data on Set7/9-mediated H4 methylation

Not established [33]
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Set7/9-driven modifications of H2A and H2B remains
unclear. It was repeatedly shown that H2A histone
undergoes DNA damage-induced ubiquitination at K13
and K15 by E3 ligase RNF168 [34, 35]. Possibly, Set7/9-
and RNF168-derived modifications may counteract each
other, but this assumption and the role of H2A and H2B
methylation in differentiation and development warrants
further investigation.

The fact that methylation of H2A and H2B was not
detected in the histone octamer [33] and that Set7/9 has
no methyltransferase activity toward the nucleosome-
incorporated histone H3 [11, 36, 37] indicate that Set7/9
may act during DNA replication only on free histones
H2A, H2B, and H3 before their incorporation into the
nucleosome [33, 38].

Linker histone H1 is another bona fide target of Set7/9-
mediated methylation. It was found that Set7/9 meth-
ylates H1.0 at lysine residues K12, K14, K17, K20, K21,
K27, K111, and H1.4 at K34, K127, K129, and K130 sites
in human-derived induced pluripotent stem cells (iPSCs)
and these modifications change the conformation of H1
[39] (Fig. 2). Additionally, knockdown of Set7/9 cor-
related with a decreased recruitment of H1 to the pro-
moters of Nanog and OCT4 genes in iPSC subjected to
in vitro differentiation [39]. Indeed, the elevated expres-
sion of H1 and its inclusion in chromatin have a suppres-
sive effect on transcription. The suppressive function of
H1 variants depends significantly on PTMs and is largely
manifested in the differentiation process: SCs employ this
mechanism to inhibit the expression of genes responsible
for pluripotency [40].

Collectively, the data presented so far point to the fact
that Set7/9 is an active participant of the “histone code”
writing process and in doing so, Set7/9 controls the bal-
ance between the pluripotent and differentiated states of
cells.

Stemness-associated non-histone targets of Set7/9
Set7/9-mediated regulation of Suv39h1

The possible interaction of Set7/9 and Suv39hl that
was discussed above in the context of interplay between
H3K4 methylation and H3K9 methylation can be fur-
ther extended to their physical interaction on the protein
level. Set7/9 has been shown to methylate directly lysines
105 and 123 of Suv39hl, resulting in downregulation of
its methyltransferase activity and consequently in hetero-
chromatin relaxation [41] (Fig. 3).

Suv39hl is the protein methyltransferase (PKMT)
which exerts trimethylation of histone H3 at lysine 9
and plays an important role in forming bivalent chro-
matin domains in stem cells [42] (Fig. 3). For example,
Suv39hl performs H3K9Me3 methylation that ignites the
HP1a deposition at the Oct4-coding gene hence causing
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OCT4 suppression. Mechanistically, it was demonstrated
that pseudogene-coded Oc4P4 IncRNA is upregulated
upon differentiation of murine ESC (mESC) and recruits
Suv39hl to the Oct4 promoter [43].

Another study reports that expression of Suv39H1
(and its homolog Suv39h2) as well as di- and trimeth-
ylation of H3K9 was the highest at early stages of neu-
rogenesis and decreased during differentiation in mouse
adult hippocampal progenitors (AHP) [44]. Additionally,
the suppression of Suv39h1 via specific shRNA-mediated
knockdown or using a chaetocin inhibitor resulted in
impaired neuronal differentiation of progenitor cells [44].
This fact suggests that, acting as Suv39hl antagonist,
Set7/9 may promote stem cell properties in both mouse
and mESC models as described in these studies. This
observation additionally highlights the ability of Set7/9
to promote gene expression through direct or indirect
H3K4 methylation.

Finally, Suv39hl affect the terminal differentiation of
CD8" T lymphocytes, at least in mice. Thus, Suv39hl
silences stem/memory genes in short-living effector T
cells, while T cells with Suv39h1 knockout demonstrate
high expression of lymphoid stem cell markers, pro-
longed survival and increased long-term memory and
reprogramming capacity [45]. Following the same con-
cept of Set7/9 being a suppressor of Suv39h1, one might
hypothesize that Set7/9 via Suv39h1 also contributes to
the maintenance of the population of long-lasting mem-
ory T lymphocytes. However, this possibility needs fur-
ther experimental validation.

DNMT1 as a target of Set7/9

DNA-methyltransferase 1 (DNMT1) is the key genome
methyltransferase in mammals that performs DNA meth-
ylation and maintains the patterns of CpG methylation in
proliferating cells. DNMT]1 plays an important role in the
maintenance of adult SCs. Accordingly, the normal func-
tioning of DNMT1 is essential for self-renewal of mesen-
chymal [46] and hematopoietic SCs [47], maintenance of
undifferentiated state of neuronal SCs and appropriate
hippocampus development [48, 49]. This enzyme is also
required for retention of the proliferative potential and
suppression of differentiation of epidermal progenitor
cells [50].

Given the critical role of DNMT1 in genome stabil-
ity, cell fate determination, and mammalian develop-
ment it was expected that the homozygous inactivating
mutation in the Dumtl gene would cause embryonic
lethality in mice [51]. Contrary to these expectations,
it was demonstrated that knockout of the Dumtl gene
in mESC did not interfere with the ability to self-renew
but instead impaired the differentiation process [51].
Another study demonstrated that downregulation of this
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Fig. 3 The scheme illustrating the participation of Set7/9 in regulation stemness/differentiation-related factors and pathways

methyltransferase facilitated murine cells reprogram-
ming to a pluripotent state [18] (Fig. 3).

In 2009, two research groups independently demon-
strated the ability of Set7/9 to downregulate DNMT1
(Fig. 3). First, Wang et al. showed that Set7/9 methyl-
ates DNMT1 at K1096 in vitro, which in turn, negatively
regulates the protein level of DNMT1. On the contrary,
demethylase LSD1 removes this methyl mark in vitro and
stabilizes DNMT1 in murine ES cells [52]. A few months
later, the Sriharsa Pradhan research group confirmed
the direct Set7/9-DNMT1 interaction and their intra-
nuclear colocalization in COS-7 fibroblast-like monkey
cells. Furthermore, Set7/9 was shown to monomethylate
DNMTT1 at K142 resulting in the proteasome-dependent
degradation of DNMT1 in human HeLa cells [53]. This
mechanism is reminiscent of Set7/9-mediated regulation
of HIF1la stability [54]: methylation of HIFla by Set7/9

caused ubiquitination of the former and its subsequent
proteasomal degradation [9, 54, 55]. Thus, Set7/9 meth-
ylates DNMT1 at least at two sites (K142 and K1096)
and acts as a negative DNMT1 regulator in different cell
types, including SCs.

SOX2 as substrate of Set7/9

SOX2 is one of the key stemness factors that, in line with
OCT3/4 and Nanog provides SC pluripotency main-
tenance and self-renewal [56—60]. The study by Jiemin
Wong demonstrated the ability of Set7/9 to methylate
SOX2 at K119 site in murine ESC [61]. Set7/9-mediated
methylation led to subsequent ubiquitination of SOX2
by WWP2 E3 ligase and proteasomal degradation of
SOX2 [61]. Interestingly, AKT-mediated phosphoryla-
tion of SOX2 at T118 counteracts Set7/9-mediated meth-
ylation and stabilizes SOX2 in ESC. Here, the negative
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effect of Set7/9 on SOX2 transcriptional activity and the
importance of Set7/9 in appropriate cellular differen-
tiation during embryogenesis was shown. A more recent
study confirms the ability of Set7/9 to methylate SOX2
in human ovarian teratocarcinoma cells PA-1 at K117
(analogous to K119 in murine SOX2) [62]. The K42 site
of SOX2 was also shown to be targeted by Set7/9-medi-
ated methylation in this study. Importantly, similar to
DNMT1, methylation at both K42 and K119 lysins pro-
motes SOX2 proteasomal degradation [62]. LSD1 in turn
was shown to demethylate and promote SOX2 stabiliza-
tion both in PA-1 and mESCs, counteracting the Set7/9
pro-differentiation function [62].

The role of Set7/9 in Wnt/B-catenin and Hippo/YAP
signaling pathways

Wnt/B-catenin signaling is considered to be one of
the important pathways supporting stemness, SC self-
renewal, and pluripotency, as well as participating in
iPCS reprogramming (reviewed in [63-67]) (Fig. 3).
The Hippo signaling pathway participates both in stem
state maintenance and cell lineage fate determination
[68]. Under Hippo signaling activation through MST1/2
phosphorylation, YAP and TAZ proteins, being the main
effectors of this cascade, are retained in the cytoplasm in
the complex with 14-3-3 and targeted for proteasomal
degradation. Oppositely, when Hippo is attenuated, YAP/
TAZ translocate to the nucleus and activate the expres-
sion of such pluripotency promoting genes as OCT4,
SOX2, Nanog, and c-Myc [69-72] (Fig. 3).

Set7/9 acts as a methyltransferase for both B-catenin
and YAP (Fig. 3). In 2015, Shen et al. demonstrated that
Set7/9 interacts with and methylates p-catenin at K180
in vitro and in vivo, and this modification results in an
increase in GSK3p-mediated P-catenin degradation and
suppression of WNT target genes. This process was
shown to be facilitated in human cancer cells in response
to oxidative stress [9, 73]. The recent study confirmed
the significant role of Set7/9-mediated methylation of
[B-catenin at K180 in the generation of hematopoietic
progenitor cells (HPCs) from hESC. That Set7/9 ablation
results in stabilization of P-catenin and, consequently,
WNT signaling activation, promotes paraxial meso-
derm formation and the generation of hematopoietic and
endothelial progenitor cells [74]. Therefore, this study
highlighted Set7/9 participation in the determination
of hESC differentiation towards the lateral plate or par-
axial mesoderm and, accordingly, the formation of cor-
responding derivatives.

Numerous studies demonstrated the role of Set7/9 in
YAP downregulation. In 2013, Oudhoff et al. revealed
that mice lacking Set7/9 were characterized by a larger
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population of intestine progenitor cells, elevated nuclear
accumulation of YAP, and upregulated YAP target genes,
Ctgf and Gli20 that participate in the differentiation pro-
cess [75]. In this study, Set7/9-mediated YAP K494 mon-
omethylation was shown to promote YAP cytoplasmic
retention and downregulation of YAP transcription tar-
gets [75]. Later, the same research group supported these
findings by using a small molecule inhibitor of Set7/9
methyltransferase activity, (R)-PFI-2. Accordingly, (R)-
PFI-2 treatment of mouse embryonic fibroblasts (MEFs)
and human BC MCF7 cell lines enhanced the stability
and nuclear localization of YAP, as well as augmented the
expression of YAP1 transcriptional targets [76]. Another
study demonstrated that Set7/9 may additionally inhibit
YAP indirectly by promoting the activity of the YAP
negative regulator, Hippo pathway transducer protein,
LATS1 [77].

The study of Francesco Paneni group has suggested that
Set7/9-mediated suppression of YAP through its methyl-
ation played role in myocardial ischemia and myocardial
infarction caused by glucose deprivation in vivo. Thus,
Set7/9 knock out mice demonstrated decreased infarct
area and preserved the cardiac contractile function in the
myocardial ischemia and myocardial I/R injury mouse
model [78, 79]. Apparently, these effects were associ-
ated with the loss of Set7/9-mediated YAP methylation
which otherwise traps the transcriptional co-activator
YAP1 in the cytoplasm and prevents transcription of its
antioxidative target genes, catalase (Cat) and superoxide
dismutase (Sod) [78, 79]. Accordingly, ablation of Set7/9
re-activates the anti-oxidative functions of YAPI1 in the
myocardium.

Additionally, a recent study revealed the significance
of YAP downregulation by Set7/9 in liver cancer pro-
gression. Knockout of the autophagy factor SPTBNI1 in
hepatic stem cells (HSCs) caused Set7/9 decrease, fol-
lowed by subsequent YAP stabilization and nuclear trans-
location. Since YAP1 plays a pro-proliferative function
in epithelial cells, the latter event promoted the onset of
hepatocellular carcinoma (HCC) [80].

Another interesting study demonstrating the exist-
ence of the Set7/9-B-catenin-YAP signaling circuit in
intestines was performed by Oudhoff and colleagues
in 2016 (Fig. 3). Thus, it was shown that mice with tar-
geted depletion of Set7/9 in intestinal epithelial cells
exhibited a reduced level of carcinogenesis in the large
intestine caused by dextran sodium sulfate [81]. Set7/9
was shown to be a component of the protein regulatory
complex containing B-catenin, YAP, and Axinl. Mecha-
nistically, Set7/9-mediated YAP1 methylation augmented
the Wnt-induced nuclear accumulation of -catenin and
activation of several stemness and tumorigenesis factors
including Lgr5, Olfm4, and Axin2 [81].
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Taken together, the data on Set7/9 participation in
regulation of both Wnt/p-catenin and Hippo/YAP sign-
aling pathways strongly indicate the crucial role of this
methyltransferase in the orchestration of stemness and
self-renewal.

The FOXO3/SIRT1 axis and Set7/9

Both Forkhead box O3a (FOXO3) longevity-associated
TF and a member of the NAD-dependent family of sir-
tuin deacetylases SIRT1 are known to play instrumental
roles in stem cells homeostasis, self-renewal, and differ-
entiation [82-90]. Importantly, these factors are tightly
connected in the context of stem state regulation (Fig. 3).

In line with this notion, the role of SIRT1/FOXO3
crosstalk in osteogenesis was demonstrated by the Deng-
shun Miao research group. According to the results dem-
onstrated by this group, an overexpression of SIRT1 in
murine MSCs lead to stimulation of the bone marrow
MSCs differentiation into osteoblasts [91]. Mechanisti-
cally, the SIRT1-mediated deacetylation of FOXO3 led to
an elevation of FOXO3 itself and its transcriptional tar-
get, anti-oxidative gene, Sod2. The latter event resulted
in ROS neutralization, oxidative stress reduction, stimu-
lation of osteoblasts formation, and prevention of MSCs
senescence [91].

The role of Set7/9 in regulation of FOXO3 was also
studied in the context of the oxidative stress response.
For example, Xie et al. demonstrated that Set7/9-medi-
ated FOXO3 methylation at K270 suppressed the trans-
activation activity of FOXO3 towards the pro-apoptotic
Bim gene [92]. As a consequence, decreased levels of
apoptosis in rat cerebellar granule neurons were detected
in response to hydrogen peroxide treatment [92] (Fig. 3).

Another study demonstrated that Set7/9 methyl-
ates FOXO3 at lysine 271. Interestingly, the same lysine
undergoes deacetylation mediated by SIRT1. Impor-
tantly, unlike acetylation, Set7/9-methylation of FOXO3
at K271 was shown to modestly activate its transcrip-
tional activity in human HEK293T cells [93] (Fig. 3).

Strikingly, Set7/9 also methylates SIRT1 at four sites:
K233, K235, K236, and K238 [94]. Set7/9-mediated meth-
ylation of SIRT1 caused a significant reduction of SIRT1
deacetylase activity towards p53 in HCT116 human
colon cancer cells under genotoxic conditions. In turn,
this event promoted p53 stabilization and activation of
p53 target genes [94]. Thus, the participation of Set7/9 in
regulation of SIRT1 and FOXO3 activities strongly hints
towards the existence of such regulatory loop in stem
cells. Again, this hypothesis requires additional experi-
mental validation.
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c-Myc-p53-Set7/9 crosstalk

The proto-oncogene transcription factor c-Myc plays a
paramount role in the biology of stem cells. Along with
OCT3/4, SOX2, and Klf4, c-Myc is a component of the
“Yamanaka cocktail” of transcription factors used for
generation of iPSC [95]. Importantly, c-Myc itself partici-
pates in both SC pluripotency maintenance, self-renewal,
and differentiation towards certain lineages [96—100]
(Fig. 3).

The major molecular actor that counteracts the c-Myc
functioning in SCs is the p53 human tumor suppres-
sor. It was shown that murine MSCs obtained from the
partially p53-inactivated mice are characterized by the
upregulation of c-Myc. This phenotype is associated with
increased proliferation, genomic instability, and a lack of
senescence features [101] (Fig. 3). Negative regulation of
c-Myc by p53 was also demonstrated in neuronal stem
cells (NSCs) obtained from p53 knockout mice. Deple-
tion of p53 increased the level of c-Myc expression as
well as the proliferation rate of NSCs, and inhibited the
differentiation potential [102].

p53-mediated suppression of c-Myc also affected its
ability to drive hepatic CSCs renewal [103]. In this study,
c-Myc-dependent activation of NANOG, OCT4, and
EpCAM in hepatic cancer cells was also observed [103].
Interestingly, the dose-dependent switching of c-Myc
functions was shown: from stemness-promoting while
c-Myc is expressing at moderate levels to pro-apoptotic
when c-Myc exceeds a threshold expression level [103].

Set7/9 is known to regulate p53 directly through
methylation of p53 at the 372 lysine residue, and this
modification was shown to contribute to p53 stabiliza-
tion, its nuclear translocation, and consequently aug-
mented transactivation of p53 target genes [8] (Fig. 3).
It is fair to assume that the same modification also aids
to p53-dependent repression of c-Myc. However, along
with p53 positive regulation, Set7/9 was shown to inter-
act with and stabilize the main p53 negative regulator,
Mdm?2, under genotoxic conditions [104]. Moreover, our
research group recently demonstrated that Set7/9 acts
as a suppressor of metabolic functions of c-Myc thereby
participating in the regulation of glycolysis in lung cancer
cells [105]. Given that glycolysis is critical for the main-
tenance of stem cells [106] and Set7/9 attenuates the
expression of c-Myc, the key glycolytic transcription fac-
tor, makes it plausible that Set7/9 regulates stem cells via
controlling the p53-c-Myc crosstalk (Fig. 3).

In addition to the protein targets described above,
Set7/9 was shown to methylate such proteins as HIFla,
p65/RelA, E2F1, PARPI1, and others (reviewed in [10,
107, 108]), each of which participates in different aspects
of CSs vitality and functioning [109-113]. Indeed, Set7/9
is an important player in stemness and differentiation



Daks et al. Biology Direct (2024) 19:41

regulation, and its role in these processes will be dis-
cussed below.

Set7/9 as a regulator of stemness, differentiation
and development

The role of Set7/9 in ESCs and iPSC differentiation

As it was discussed above, Set7/9-mediated methyla-
tion of SOX2 attenuated its level in mESC [61]. More-
over, Set7/9 knockdown led to attenuated retinoic
acid-induced differentiation of ESCs, promoting the
population of SOX2-positive undifferentiated cells [61]
(Fig. 4). In concordance with the differentiation-pro-
moting role of Set7/9 is the finding that in hESC Set7/9
is expressed at the low level but its expression increases
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during the transit from pluripotent to multipotent state
(114] (Fig. 4).

In contrast to previously described studies, Kim et al.
reported a stemness-promoting role of Set7/9 in hESCs
[115]. The authors showed that Set7/9 to methylates and
stabilizes the LIN28A protein. The latter event results in
the nuclear translocation and sequestration of pri-let-7
microRNA in hESCs [115] thereby preventing its matu-
ration. Since one of the targets of -let-7 is c-Myc, the
Set7/9-mediated attenuation of let-7 miR maturation
would result in stabilization of c-Myc expression and
promotion of pluripotency [115]. Undoubtedly, partici-
pation of Set7/9 in microRNA regulation in SCs [116—
118] needs to be further investigated.

Brown adipose tissue formation

Mammary glands
epithelium differentiation

Bone and cartilage
formation

Fig. 4 The role of Set7/9 in cell differentiation, organogenesis and different tissue types formation. The gray symbols indicate the model object

or cell line source (human, rhesus macague, mouse, rat, Xenopus)
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A key step for the successful reprogramming of
mesenchymal fibroblasts into iPSCs is mesenchymal-
epithelial transition (MET). MET is opposite to Epithe-
lial-Mesenchymal Transition (EMT), and together they
form the phenotypic plasticity of cells [119]. It is impor-
tant to note that one of the main targets of Set7/9, the
tumor suppressor p53, plays an important role in both
processes. For example, the expression of Zebl, one
of the key factors in EMT induction, is suppressed by
p53 due to the activation of p53-dependent microRNA-
200c [120]. On the contrary, targeted knockdown of
p53 expression attenuates the miR-200c expression and
activates the EMT program, which is accompanied by
an increase in the mammary stem cell population [121,
122].

In this regard, Montenegro et al. [123] showed that
Set7/9 inhibits EMT by increasing the expression level of
E-cadherin and decreasing the levels of the mesenchymal
proteins vimentin and epidermal growth factor receptor
(EGFR). Moreover, in MCF-7 epithelial cells, targeted
downregulation of Set7/9 increased the population of
cancer stem-like cells (CD44+/CD24—/low) and dediffer-
entiation of mammospheres, which was associated with
a decrease in E-cadherin expression. At the molecular
level, Set7/9 has been proposed to control CDH1 expres-
sion through enrichment of H3K4me and suppression of
DNMT1 levels in cells [53, 124].

It is interesting to note that although the p53 tumor
suppressor gene acts as a limiter on the phenotypic
plasticity of cells, other members of its family, p63 and
p73 [125], play the opposite role. Both p63 and p73 act
as stimulating factors for efficient reprogramming by
Yamanaka factors [119]. Accordingly, iPSCs derived from
p73-deficient cells have a defective epithelial phenotype
and changes in the expression of pluripotency markers.
In this regard, it would be interesting to see the effect
of Set7/9 on the transcriptional activity of p73 in repro-
grammed cells.

An interesting study was performed on both hESC
and human iPSCs. Again, Set7/9 was shown to express
at a low level at the blastocyst stage and to increase dur-
ing differentiation [126]. Notably, Set7/9 morpholino
(MO) transfected (with and without overexpression of
DNMT3B DNA de novo methyltransferase) human adult
fibroblasts formed colonies resembling iPSCs and were
characterized by the expression of pluripotency mark-
ers and suppressed proliferation rate. One more impor-
tant observation made in this study is that the obtained
DNMT3B-GFP/SETD7-MO transfected colonies dis-
played the expression of such germ cell-specific markers
as Pumilio Homologs 1 and 2 (PUM1/2) and STELLAR,
which suggests the role of Set7/9 in germ line identity
during organism development [126].

Page 9 of 16

Based on the foregoing, it is likely that Set7/9 plays
critical role in switching of cellular program from pluri-
potency to differentiation during mammalian develop-
ment (Fig. 4). Indeed, the impact of Set7/9 in particular
tissue formation will be summarized below.

Set7/9 as a regulator of cardiac development

Several studies demonstrate the crucial role of Set7/9 in
cardiomyocytes (CMs) differentiation and heart develop-
ment (Fig. 4).

The key role of Set7/9 activity in proper heart mor-
phogenesis was shown in zebrafish models. Firstly, the
particularly high expression of Set7/9 in the hearts of
48 h post-fertilization zebrafish embryos was revealed,
which indicates the possibility of specific redistribution
of the zygotic Set7/9 protein [127]. Furthermore, the
knockdown of Set7/9 using specific morpholino caused
defective cardiac development and the formation of
heart edemas in zebrafish embryos [127]. Interestingly,
simultaneous suppression of Set7/9 and SMYD3 meth-
yltransferases, which together can mediate progressive
methylation of H3-K4 from mono- to tri-methylated
H3K4, caused synergistic defects in heart development,
indicating the importance of H3K4 methylation in car-
diac formation [127].

The more recent study [114] demonstrated that Set7/9
is a reader of the H3K36Me3 histone methylation mark
independently of its enzymatic activity. By recognizing
the H3-K36Me3 mark associated with histones at CM
differentiation-associated genes, Set7/9 facilitated the
recruitment of RNA polymerase II promoting the tran-
scription. It should be emphasized that Set7/9 associates
with different co-factors during the particular differentia-
tion stages of CMs. In this respect, Set7/9 was shown to
promote the assembly of SWI/SNF chromatin-remod-
eling complex at the key regulatory genes determining
mesoderm and cardiac mesoderm lineages (including
MIXL1, DKK, GATA3, and MESP1) during mesoderm
commitment. At the later stage, when the cardiac lin-
age specification occurred, Set7/9 was shown to cooper-
ate with the NKX2-5 transcription factor to promote the
expression of such important CM differentiation genes
as MYH6, GATA4, and ACTCI1 [114]. Consistently, the
elevation of Set7/9 expression during both hESCs and
mESC differentiation towards CMs was also demon-
strated [114] (Fig. 4).

The role of Set7/9 in skeletal muscle formation

In addition to cardiac muscle cells, several reports indi-
cate that Set7/9 participates in the striated muscle forma-
tion. Despite the fact that Set7/9 knockout mice do not
demonstrate any developmental abnormalities [36, 37,
75, 128], an increasing number of studies point towards
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the importance of Set7/9 for the formation of appropriate
striated muscle fibers during development and regenera-
tion (Fig. 4).

Tao et al. reported that during C2C12 murine myoblast
differentiation to myotubes [7] the Set7/9 expression level
elevated. Mechanistically, Set7/9 regulates the assem-
bly of myofibrils and the expression of contractive pro-
teins. Accordingly, knockdown of Set7/9 impairs skeletal
muscle cell differentiation at the level of gene expression
regulation. The lack of Set7/9 prevents the recruitment of
myoblast-specific transcription factor MyoD to the reg-
ulatory elements of its target genes whose products are
involved in skeletal muscle cell differentiation [7]. Impor-
tantly, the versality of Set7/9 function through evolution-
ary-distant groups of organisms was demonstrated: the
Set7/9 morpholino injected into 24 h zebrafish embryos
caused paralysis, inability to respond to tactile stimuli,
impaired sarcomerogenesis, and a dramatic decrease of
MHC proteins in striated muscle tissues [7]. Ablation of
Set7/9 phenocopied the effect of Suv39h1 since the lat-
ter was shown to repress myogenic differentiation [129]
via hindering the MyoD transcriptional activity. On the
contrary, Set7/9 expression restored the activity of MyoD
in part by directly suppressing the Suv39h1 protein [7]
(Fig. 4).

Importantly, the activity of Set7/9 itself is appar-
ently regulated during the processes of muscle cell dif-
ferentiation. Using the C2C12 cell line and the murine
amyotrophic lateral sclerosis (ALS) murine model, it
was shown that Set7/9 undergoes reversible sumoyla-
tion [130]. It was shown that desumoylation of Set7/9
by SENP3 instigates an appropriate sarcomere assem-
bly [130]. Mechanistically, desumoylated Set7/9 was
recruited to the myosin heavy chain (MHC) promoter
region, where it competed with Suv39hl to initiate the
loading of RNAPolII to promote transcription of the
Mhcll gene. The activity of SENP3 was shown to be per-
turbed in ALS, resulting in enhanced Set7/9 sumoylation,
Suv39hl-mediated repression of Mhcll, and disorganized
sarcomeres in muscle tissues, followed by cachexia [130].

Notably, the same molecular mechanism is involved
in anticancer chemotherapy-induced cachexia. In this
case, genotoxic drugs daunorubicin and etoposide inhib-
ited SENP3-mediated desumoylation of Set7/9, which in
turn impedes the loading of the Set7/9-p300 complex on
the Mhcll promoter. As a result, the Set7/9-dependent
cachexia developed in response to genotoxic therapy
[131] (Fig. 4).

Another mechanism by which Set7/9 contributes to
the myogenic differentiation is exerted via methylation
of the serum response transcription factor protein (SRF)
[132]. Methylation of SRF at K165 by Set7/9 promotes its
binding to SRF response elements (SRE) in the promoter
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regions of many muscle differentiation-specific genes
[132]. Significantly, the role of demethylase KDM2B in
elimination of Set7/9-mediated SRF methylation was also
demonstrated. KDM2B is a lysine-specific demethylase
that is, in particular, known to target H3K4. In line with
this, the overexpression of KDM2B in myoblasts resulted
in impaired skeletal muscle cell differentiation, and the
treatment of C2C12 cells with a selective small molecular
inhibitor of Set7/9 methyltransferase activity, (R)-PFI-2,
phenocopied the effect of KDM2B [132].

The independently obtained results from Thomas A.
Rando and Fabio M. Rossi groups demonstrated the role
of Set7/9 in muscle stem cells (MuSC) [133]. According
to this study, Set7/9-mediated methylation of B-catenin,
promoted its nuclear translocation and subsequent trans-
activation of several myogenic genes including Myhl
and Tgfb3 [133]. Additionally, the (R)-PFI-2 treatment
of MuSCs resulted in the retention of B-catenin in the
cytoplasm and impaired myogenic differentiation. Inter-
estingly, the (R)-PFI-2-treated hMuSCs were engrafted
better into injured muscles of immune deficient mice
compared to the non-treated cells [133] (Fig. 4).

The accumulated evidence strongly argues for the
important role of Set7/9 in the process of muscle tissue
regeneration and hence points to this methyltransferase
as a potential therapeutic target for muscle disorders.

Participation of Set7/9 in differentiation of pancreatic cells
Evidence for the role of Set7/9 in pancreatic develop-
ment was demonstrated using Xenopus embryos by
Franchesca Spagnoli et al. [134] (Fig. 4). The elevated
expression of Set7/9 in the anterior endoderm (AE) (the
precursor tissue from which the pancreas is formed)
was demonstrated at gastrula, neurula, and tadpole
stages of X. laevis development, as well as in the mouse
foregut endoderm and pancreatic rudiments during its
embryogenesis. Importantly, the augmented level of
Set7/9 expression correlated with the enhanced expres-
sion of AE-specific and pancreatic differentiation genes
Foxa2, Pdx1, and Ptfla. Importantly, the overexpression
of Set7/9 in the posterior endoderm cells resulted in a
redirection of differentiation towards the AE differentia-
tion and the elevated expression of both AE and pancre-
atic markers. By contrast, Set7/9 MO injection into AE of
X. laevis embryos caused a strong reduction of AE TFs
FOXA2, Prox1, and HNF1b. This was paralleled by the
decreased expression of pancreatic genes Pdxi, Ptfla,
and Sox9, which impaired the development of pancreatic
buds [134]. Mechanistically, Set7/9 affected histone H3
methylation at the endoderm- and pancreas-specific dif-
ferentiation genes. Notably, this data is consistent with a
more recent study demonstrating the Set7/9 occupancy
at promoters of endoderm markers [135].
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In concordance with this study, Set7/9 was shown to
play an important role in the adult pancreas. Mecha-
nistically, Set7/9 augments the PDX1 protein expres-
sion, which is a key transcription factor regulating all
stages of pancreatic development and [B-cells maturation
(reviewed in [136]) (Fig. 4). On the contrary, knockdown
of Set7/9 decreased the expression of PDX1 and secre-
tion of insulin [137]. Furthermore, the research by Deer-
ing et al. demonstrated that the promoter region of the
Setd7 gene was enriched with the PDX1 protein and its
expression was subjected to the PDX1-mediated regula-
tion [138].

A more recent study confirms the effect of Set7/9 both
on PDXI1 and its transcription targets in mice with con-
ditional knockout of Set7/9 in B-cells [139] (Fig. 4). The
Set7/9-mediated methylation of the PDX1 protein at
K131, and consequent augmentation of PDX1 transacti-
vation activity promoted the maturation of p-cells [139].

Participation of Set7/9 in differentiation of other tissues
Bone and cartilage

Set7/9 was demonstrated to contribute to the regulation
of bone tissue regeneration. Yin et al. showed that the
expression of Set7/9 significantly facilitated the process
of bone regeneration in rats [140] (Fig. 4). Furthermore,
elevated H3K4me3 levels were detected in osteoblasts
expressing the Runx2 osteogenic factor. That the deple-
tion Set7/9 on the contrary, inhibited differentiation of
human bone marrow stem cells into osteoblasts argues
that the Set7/9-Runx2 axis can be an important regula-
tory mechanism of osteoblast differentiation [140].

In apparent contradiction to the promoting role of
Set7/9 in differentiation it was shown that the level of
Set7/9 expression decreased during the chondrogenic
differentiation of ATDC5 mouse teratocarcinoma cells
(Fig. 4). In opposite, knock down of Set7/9 promotes the
expression of several chondrocyte markers under hypoxic
conditions [77]. The authors suggested that Set7/9 sup-
pressed the chondrogenic differentiation through the
Hippo signaling pathway thereby preventing the asso-
ciation of YAP1 and HIF1la at promoter regions of genes
involved in chondrogenic differentiation under hypoxic
conditions [77].

Brown adipose tissue

Son et al. demonstrated the reduction of Set7/9 expres-
sion concomitant with sharp activation of H4 histone
methyltransferase SUV420H2 during the process of dif-
ferentiation of immortalized murine brown preadipo-
cytes into mature adipocytes [141]. The follow-up study
by the same group revealed that Set7/9 stimulated the
expression of UCP-1, PRDM16, and Cidea but did not
affect the levels of lipid metabolism regulating factors,
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PPAR-y and aP2 [142]. Conversely, knockdown of Set7/9
led to attenuation of thermogenic but not lipid metabo-
lism-regulating factors (Fig. 4). According to this study,
Set7/9 acted as a positive regulator of p53 transactiva-
tion activity towards thermogenic genes, thus prevent-
ing SIRT1-mediated deacetylation and inactivation of
p53. Furthermore, Set7/9 knockdown decreased oxygen
consumption and the amount of mitochondria of adipo-
cytes, indicating the importance of Set7/9 for the meta-
bolic rate of brown fat cells [142]. It can be speculated
that the decrease of Set7/9 levels during the final stage
of adipocytes maturation after the elevation of Set7/9 at
the earlier stages of differentiation (e.g., MSC determina-
tion to adipose lineage) is the physiological mechanism
to ensure the execution of the thermogenic genes activa-
tion program.

Neuronal tissue

High levels of the Set7/9 protein were detected both in
the embryonic neural tube of X. laevis [134] and in adult
murine brain tissue [142] indicating the participation of
Set7/9 in differentiation of neuronal cells.

In line with this notion, Fujita et al. demonstrated the
importance of Set7/9 in the formation of neural crest-
derived stem cells (NCSCs) [143]. Neural crest cells
migrating from the embryonic neural fold are precursors
of a wide variety of tissue types, including central and
peripheral nervous systems, bones and cartilages, smooth
muscle tissue, and skin melanocytes [144]. Importantly,
some neural crest cells maintain multipotency and are
present in such adult tissues as bone marrow, epider-
mis, cardiac tissue, cornea, and others [145]. Set7/9 was
shown to be an important regulator of the expression of
transcription factors FoxD3 and Sox10 that are indispen-
sable for the identity and multipotency of NCSCs [146,
147]. Mechanistically, Set7/9 ensures an appropriate level
of H3K4 methylation of the FoxD3 enhancer to allow sub-
sequent recruitment of the CHD7 chromatin remodeling
factor to activate the transcription [143]. The knockdown
of Set7/9 in primary murine embryonic neural crest cells
resulted in a reduction of CHD7 binding to the FoxD3
enhancer and consequent suppression of FoxD3 and its
transcription target Sox10 expression [143] (Fig. 4).

Furthermore, Set7/9 apparently plays an important role
in adult brain cells. Notably, Set7/9 methylates Alzheimer
disease (AD)-associated tau protein at K132, facilitating
its subsequent methylation at K130 [148]. Importantly,
tau methylation is associated with its translocation from
neurites to the soma and nuclei of neurons, hyperphos-
phorylation, accumulation of high-molecular-weight tau
forms, and subsequent AD progression [148] (Fig. 4). In
accordance, targeting H3K4 methylation with small mol-
ecule inhibitors resulted in the recovery of prefrontal
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cortex synaptic function and memory in AD mouse mod-
els and can be considered a promising strategy for AD
treatment [149].

Another study demonstrated the role of Set7/9 in the
development of postoperative cognitive dysfunction
(POCD) caused by anesthesia [150]. Thus, knockdown of
Set7/9 suppressed pyroptosis as well as reduced cytokine
expression and activation of the NLRP3 inflammasome in
the hippocampus of isoflurane-anesthetized mice [150].
Moreover, cognitive characteristics that were compro-
mised by isoflurane anesthesia were improved in Set7/9
knocked-down mice compared to the control group [150]
(Fig. 4). Together, these findings indicate the potential
role of Set7/9 in age-related brain disorders [151].

Mammary glands

The role of Set7/9 was also demonstrated for mammary
gland epithelium cells (MEC) [152]. Both Set7/9 mRNA
and protein levels increased during differentiation of
highly proliferating undifferentiated stem-like cells into
differentiated MEC characterized by milk proteins syn-
thesis and lipogenic phenotypes (Fig. 4). Inhibition of
Set7/9 methyltransferase activity by (R)-PFI-2 enhanced
the proliferation and impaired lactogenic differentiation
of murine MEC. It was shown that suppression of Set7/9
attenuated the level of H3K4 methylation in chromatin
of various differentiation markers, including E-cadherin,
beta-catenin, lactoferrin, insulin-like growth factor bind-
ing protein 5, and beta-casein [152]. Additionally, the
lipid profile and the expression of phospholipid biosyn-
thesis factors were also altered in Set7/9-suppressed
MEC, confirming the importance of Set7/9 in control of
differentiation.

The role of Set7/9 in CSCs
Currently, the concept of CSC has widespread accept-
ance. CSCs exist as a small population of cancer cells
characterized by the expression of such surface markers
as CD24, CD44, and/or CD133 [153]. Additionally, the
expression of stemness factors Nanog, OCT3/4, SOX2
is largely elevated in CSCs [154]. Different cancer types
are shown to express specific biomarker profiles, allow-
ing to distinguish the CSC population from mass of the
“normal” non-CSC in a particular malignancy [155-157].
Since CSCs are considered to be responsible for the
tumor initiation process, the relapses of the disease, and
the development of resistance to various types of antitu-
mor therapy, they remain the primary focus of numerous
studies. Several research works demonstrate the partici-
pation of Set7/9 in the formation, maintenance, and self-
renewal of different types of CSCs.

Thus, a cluster of SC-specific miRNAs miR-372/373
were shown to promote the colorectal CSCs formation,
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self-renewal, invasive capacity, as well as chemoresistance
[158]. Set7/9 mRNA along with some other differentia-
tion factors are targeted by miR-372/373 and downreg-
ulated in miR-372/373 expressing colorectal CSCs. In
parallel, such colorectal CSCs markers as Nanog, CD24,
and CD26 were enhanced in response to miR-372/373
overexpression [158]. Importantly, the level of Set7/9
expression was demonstrated to be significantly higher in
normal colon samples compared to malignant samples,
which corresponds to the data we demonstrate for Set7/9
levels in breast tumors and non-cancerous breast tissue
[159].

In contrast, another study demonstrates that Set7/9,
in cooperation with HIF2 and NOTCH]1, activates TLR
expression in hepatic tumor-initiating stem-like cells
(TIC) under hypoxic conditions and hence contributes to
the promotion of carcinogenesis and the self-renewal of
hepatic TICs [160]. It was also shown that Set7/9 is ele-
vated in TIC compared to CD133™ non-CSCs. Interest-
ingly, TLR4, being a target of miRNA let-7, is positively
regulated by LIN28, that, as described above, prevents
let-7 maturation. Additionally, this study demonstrates
that Set7/9 promotes NANOG and CD133 expression
through the suppression of DNA methylases DNMT1,
DNMT3a, and DNMT3b [160].

It should be noted, that Set7/9-mediated stabilization
of LIN28, and, as a consequence, prevention of let-7 mat-
uration [115] may also contribute to BCSCs formation.
Indeed, let-7 was shown to suppress BCSCs self-renewal
and mammosphere formation, as well as in vivo engraft-
ment and metastasis formation [161].

Since the effect of Set7/9 on CSC-associated molecu-
lar pathways is apparently pleiotropic, this warrants their
detailed investigation.

Conclusion

In this review, we summarized the information available
to date on Set7/9 participation in vital but opposite bio-
logical processes: cellular differentiation and embryo-
genesis. One important conclusion that emerges from
the systematic literature review on Set7/9 is that the lat-
ter can facilitate either differentiation or self-renewal,
depending on the cellular context. Given that both gene
expression programs are ignited by specific transcrip-
tion factors that in turn recruit particular sets of histone
modifications, it can be assumed that Set7/9 being both
histone- and non-histone-specific methyltransferase is
involved at multiple levels.

In line with notion is the fact that although the majority
of reports and our own data indicate that Set7/9 primar-
ily acts as a pro-differentiation factor that contributes to
SC specification, there are some studies demonstrating
that Set7/9 exerts stemness-promoting effects, indicating
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the multifaceted and context-dependent role of this
methyltransferase in development and differentiation.
These reports warrant a closer look at the assortment of
pioneering transcription factors in each particular case
because this may define the biological outcome of Set7/9
activity.

Not surprisingly, Set7/9 is involved in multiple path-
ological processes such as aberrant development,
inappropriate tissue regeneration and functioning, neu-
rodegeneration, development of resistance to therapy,
and cancer relapse. Thus, on the basis of the data summa-
rized here, modulation of Set7/9 activity may be consid-
ered a promising strategy for targeted therapy of various
pathologies.
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