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Chromatin remodelling multiprotein complexes play an important role in regulation of gene expression in embryo-
genesis and in the adult organism. Mutations in the subunits of the complexes are often lethal or lead to develop-
mental defects. Complexes consist of core subunits and a specific module. The core consists of ATPase and structure
subunits, specific subunits of the module are necessary for chromatin binding. PHF10 (PHD finger protein 10) is a
subunit of the PBAF (polybromo-associated BAF) chromatin remodelling complex subfamily. Conserved and highly
regulated PHF10 is ubiquitously expressed in mammals as four different isoforms. The isoforms of PHF10 differ by
domain structures and posttranslational modifications. All isoforms are highly regulated and included in the PBAF
complex in a mutually exclusive manner. Two of the PHF10 isoforms (PHF 10-P) are expressed at a high level in neuronal
and myeloid progenitors and are necessary for cell proliferation. These isoforms contain PHD (plant homeodomain)
fingers for nucleosome binding and recruit RNA polymerase Il on the promoters of cell cycle genes. Two other isoforms
(PHF10-S) instead of PHD have PDSM (phosphorylation-dependent sumoylation motif), the motif for SUMO1 conjuga-
tion. PHF10 is the most unstable subunit of the PBAF complex. Stability can alter the turnover rate of the subunits of
the PBAF complex. All PHF10 isoforms are degraded by B-TrCP ubiquitin ligase but PHF10-S isoforms contain a cluster
of serins (X-cluster) for multiple phosphorylation by casein kinase I. This phosphorylation protects the 3-TrCP degron
from B-TrCP recognition and subsequently stabilizes the PHF10-S isoforms. Thus, the incorporation of PHF10 isoforms
with different phosphorylation patterns and different stability into the PBAF complexes alters the functions of the
entire PBAF complex and determines the range of genes undergoing remodelling.
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Komnnekcbl, peMmogenvpyoLne XpoMaTyiH, UTPatoT BaXKHYHO POJIb B SKCMPECCMU FEHOB MPU SMOPVIOHaNbHOM Pa3BUTUN
1 BO B3POC/IOM OpraHm3me. MyTauum cybbeanHIUL, 3TOro KOMIMJIEKCa YacTo fieTasibHbl UV NPUBOAAT K fedeKTam pas-
BUTMA. OANH U3 OCHOBHbIX KOMMIEKCOB 3YKapUOT, U3MeHAIOLNX CTPYKTYPY XpOMaTUHa, — komnnekc PBAF, Bxogawmn s
cemelrictBo SWI/SNF komnnekcos. Komnnekc PBAF coctonT 3 kopoBsbix cy6begunut, (Brg1, BAF155/BAF170, BAF47 n
ap.) n cybbeanHuy cneynduryeckoro mogynsa (PHF10, BAF200, BAF180 1 BRD7). KopoBble cy6befHNLbl — 3TO CTPYK-
TypHble cy6beaunHubl 1 ATQasa, cneymdryeckme cybbeanHULbl — CyObeanHULbI, HEOOXOANMbIE ANA CBA3bIBAHNA
XxpomaTrHa. CybbeanHNYHDBIM COCTaB KOMMIEKCa He ABNAETCA MOCTOAHHbIM. B npouecce pa3sutus u gudpdepeHumnpos-
KW KNEeTOK opraHr3ma CybbeauH1Lbl KOMMEeKCca 3aMeHAI0TCA TOMOSTIOMMYHbIMK, YTO 0bycnaBnmnBaet cneyndruyHoCTb
paboTbl KOMMeKca Ha pas3nnyHbix reHax. benok PHF10 - cy6beanHuua mopynsa PBAF komnnekca, OH UrpaeT BaxHyto
pOonb B perynauunm reHoB MieKkonuTaloLmx. B knetkax n TkaHAax yenoseka v mbiwy PHF10 npeactaBneH yeTbipbma n3o-
dopmamu. izodpopmbl PHF 10 nmetoT pasHyto gomeHHyto cTpyKTypy N- 1 C-KOHLIOB, UTO OnpeaenaeT X CBONCTBa — pas-
NINYHYIO KNETOYHYIO NIoKanr3aumio, CTabrnbHOCTb 1 MoandUKaLroHHble naTTepHbl. [1se nsodopmbl PHF10 (PHF10-P)
SKCMPECCUPYIOTCA Ha BbICOKOM YPOBHE B HEMPOHAMbHBIX U MUENIOUAHbIX MPeALeCcTBEHHMKaX 1 HE06XoAUMbI Ans NpPo-
nudepauunm KneTok. 3T n3ohopmbl COAepKaT JoMeHbl TUNa «PHD-nanbLeB», Heo6xoaVMble LA CBA3bIBAHUA HYKNeO-
com, 1 pekpyTrpytoT PHK-nonumepasy Il Ha npomMoTopbl FeHOB KneToyHoro uukna. [ise apyrue nsopopmsi (PHF10-S)
BmecTo PHD gomeHoB Ha C-KoHue umetoT Motue PDSM ans korbtorauun SUMO1. benok PHF10 npepctaBnset coboi
Hanbonee HecTabunbHyto cybbenuHuLy komnnekca PBAF. CTabunbHOCTb 130HOpPM MOXET perynnpoBaTtb CKOPOCTb
3ameHbl cy6beanHuy B PBAF komnnekce. Bce PHF10 nsodopmbl ferpagnpytotr nocpeactsoM YOUKBUTUHMPOBAHMS,
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ocyulectngemoro B-TrCP yOuKBUTWH-NMra3oin, 1 fanbHelwero paclensieduns 26-S npoteacomoit. Mzopopmbl PHF10
cofepXaTt Knactep ceprHoOB (X-knactep), MofBepralowmnca NHTEHCMBHOMY GOCHOPUNNPOBAHUNIO Ka3enH-KNHA30M.
3710 PpochopunmposaHme 3awmwaeT B-TrCP gerpoH ot y3HaBaHuaA B-TrCP yOruKBUTUH-NMra3on 1 nocneaytoLlen aerpa-
Zauuu, yTo NPUBOANT K 6onbLiel ctabunbHocT PHF10-S popm no cpaBHeHuto ¢ PHF10-P popmamu. Takum obpazom,
BKJtoueHne B PBAF nsodopm PHF, obnagatownx pasnmyHbiMu nattepHamu ¢pochopunmpoBaHna U pasnyHom CTa-
6UBbHOCTBIO, BNUsAeT Ha GyHKLMM Lenoro PBAF KomnneKkca v onpepenseT CnekTp peMoAenpyeMbiX reHOB.
KntoueBble cnoBa: pemoaenvpoBaHue xpomaTtuHa; PBAF komnnekc; nsopopmbl PHF10.

Introduction

One of the most widely represented families of chromatin-
remodelling complexes is the family of ATP-dependent com-
plexes SWI/SNF (SWItch/Sucrose Non-Fermentable). These
complexes use the energy of ATP hydrolysis to locally disrupt
or alter the association of histones with DNA (Vignali et al.,
2000) and play crucial role in chromatin assembly. This family
is highly conserved in eukaryotes. At the same time, in the
process of evolution, it acquires an increasing complexity in
the structure, following the demand for increasing complexity
of chromatin organization and chromatin regulation in mul-
ticellular organisms. For example, in yeast (Saccharomyces
cerevisiae) chromatin does not contain methylated DNA or
linker histones and the complexes perform the function of a
transcriptional activator only. In the transition to multicel-
lular organisms, the complexes acquire new components and
a greater variation in composition and additional functions.
Higher eukaryotes exhibit an increased genome size and a
more complex genomic organization.

The complexes act as transcriptional activators and repres-
sors and the large combinatorial diversity, which is associated
with the incorporation of homologous subunits and different
isoforms in the complexes, provides assemblies that are tissue-
specific or specific to a certain developmental stage (Ho,
Crabtree, 2010). In mammals, SWI/SNF is represented by
two subfamilies of complexes — BAF (BRG-/BRM-associated
factor) and PBAF that differ by subunit composition (Tang et
al., 2010). Each complex contains subunits that form the core
part and several specific subunits that form the module relevant
to a particular type of complex. The core part of SWI/SNF
complex consists of ATPase which is encoded by homologous
Brgl or Brm genes, and several structural subunits — BAF155/

BAF170, BAF47, BAF60, actin. Specific subunits (BAF200,
BAF180,BRD7, PHF10 of PBAF and BAF250a/b of BAF) are
responsible for interaction with chromatin. Almost all subunits
of the complex can be replaced by paralogs. In particular,
this leads to greater variability of subunit composition and,
subsequently, to a wider range of functions of this complex.
This also determines the pattern of the expression of target
genes and specifies the regulation of nucleosome remodel-
ling. Post-translational modifications of SWI/SNF complex
subunits impact on the regulation of its functions even more
(Simone, 2006).

The chromatin-remodelling complex of the PBAF family
plays an essential role in the regulation of gene expression dur-
ing embryogenesis. Mutations in the subunits of this complex
are often lethal or lead to developmental defects (Hodges et al.,
2016). Also, many mutations were characterized as second-
ary mutations during oncogenesis, leading to the advanced
course of disease (Masliah-Planchon et al., 2015). One of
the most modificated and regulated subunits is the protein
PHF10, characterized by our group (Brechalov et al., 2014;
Tatarskiy et al., 2017).

Structural domains of PHF10
are evolutionary conserved
The two main structural domains of PHF10, SAY (supporter of
activation of yellow) and PHD, are evolutionarily conserved
and are represented in all multicellular organisms. The length
of the N- and C- terminal unstructured regions may vary
(Fig. 1) (Vorobyeva et al., 2009).

The most thoroughly studied homologue of PHF10 in Dro-
sophila is the protein SAYP (supporter of activation of yellow
protein). The homozygous SAYP knockout in Drosophila,

SAY PHD
D ] | o 2008aa Drosophila melanogaster (SAYP)
_-—- 1065aa Strongylocentrotus purpuratus (XP_785947)
el — 1| 92aa Caenorhabuditis elegans (A88925)
e 567aa Culex quinquefasciatus (XP_001849890)
e | ] 498aa
- 451aa Mus musculus (PHF10)
= 377aa Homo sapience (PHF10)
- 330aa

Fig. 1. PHF10 isoforms and their homologues in different species.

The total lengths of the proteins are indicated Drosophila melanogaster, SAYP; Strongylocentrotus purpuratus, XP_785947 locus; Caenorhab-
ditis elegans, A88925 locus; Culex quinquefasciatus, XP_001849890 locus; Mus musculus, PHF10; Homo sapiens, PHF10. The total lengths of
the proteins are indicated. SAY domain is depicted as a red box. PHD finger domain is depicted as a blue box. Adopted from (Vorobyeva

etal, 2009).
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Each lane indicates different PHF10 isoforms contained in various tissues. Detection of PHF10 in extracts from corresponding tissue by
western blotting with affinity purified anti-PHF10 antibodies. Set of protein bands in a molecular weight range of about 60-80 kDa cor-
responds to different isoforms. The presence of multiple (more than four) bands and the difference between the predicted and the real
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Fig. 2. Equal amount of protein (40 pug) was loaded on each lane.

molecular weight is due to the presence of post-translational modifications.
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Fig. 3. Domain structure and phosphorylation patterns of PHF10 iso-
forms.

PHF10-P isoform contains two PHD domains at the C-terminus. PHF10-S iso-
form contains PDSM. Also both isoforms differ in N-terminal parts by the pres-
ence or absence of 46 amino acids: “I" - long and “s” - short. X- and Y-phos-
phorylation clusters are depicted. B-TrCP degrons depicted as thick black lines.
Adopted from (Tatarskiy et al., 2017).

as well as the homozygous PHF10 knockout in a mouse is
embryonic lethal (Krasteva et al., 2017). That suggests an im-
portant role of this protein in the expression of developmental
genes. In the adult Drosophila, SAYP is mainly expressed
in female ovaries (Vorobyeva et al., 2009), while PHF10 is
expressed in almost all tissues of the mammalian organism
(Brechalov et al., 2016), (Tissue expression of PHFI10...,
2018) (Fig. 2).

Unlike Drosophila, where SAYP is represented by a poly-
peptides of 2006-2012 amino acids that have similar domain
structure (FlyBase n.d., 2019), four isoforms of PHF10 that
have a different domain structure are expressed in mammals.
These isoforms are evolutionarily highly conserved in dif-
ferent mammalian species (Brechalov et al., 2014), which
supports the existence of important functions of each isoform

(Fig. 3).
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Domain organisation of PHF10 isoforms

All four isoforms of PHF 10 are the products of the same gene,
and are formed as a result of alternative splicing of transcripts
and differ in N- and C-terminal domains (see Fig. 3). The first
isoform that was described contains two PHD domains at the
C-terminus and was designated by us as the isoform PHF10-P
(containing the PHD domain). Another isoform lacks a PHD
domain, instead of it six C-terminal amino acids form PDSM
(phosphorylation-dependent sumoylation motif) that regulates
phosphorylation-dependent sumoylation. We designated this
isoform as PHF10-S (see Fig. 3). Also, PHF10-P and PHF10-S
isoforms may differ in N-terminal parts by the presence or
absence of 46 amino acids: “I” — long and “s” — short (see
Fig. 3). Molecular weight is 56, 42, 51, 37 kDa for isoforms
PHF PL/Ps/SL/Ss respectively.

All PHF10 isoforms contain an evolutionary conserved
SAY domain, which is responsible for the incorporation of
protein in the PBAF complex (see Fig. 3). In mammals, the
SAY domain seems to be uniquely represented only in the
structure of the PHF10 isoforms, although in a number of
works some homology of the SAY domain with the N-terminal
domain of BAF47 and Kruppel-like BAF45b/c/d subunits of
BAF complexes was found (Lessard et al., 2007; Allen et al.,
2015).

The PHF10-P and PHF10-S isoforms are included in the
PBAF complex in a mutually exclusive manner. In other
words, there are PBAF complexes that contain PHF10-P
isoforms, and PBAF complexes that contain PHF10-S iso-
forms (Brechalov et al., 2014). The incorporation of different
isoforms into the complex does not lead to a change in the
subunit composition of the complex (Brechalov et al., 2014).
However, different isoforms may interact with different
activators or transcriptional coactivator complexes, leading
to modulation of mechanisms of functioning of the PBAF
complexes containing different PHF10 isoforms.

The PHF10-P isoforms contain two PHD zinc finger do-
mains. It has been shown that these domains can bind the
N-terminal “tails” of histones, especially trimethylated histone
H3 lysine 4 (Hyun et al., 2017). The specific ligand has not
yet been found for PHD domains of the PHF10-P isoforms,
but it is likely that the incorporation of PHF10-P isoform in
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the complex may determine the binding of the PBAF complex
to specifically modified nucleosomes.

PHF10-S isoforms do not contain PHD domains that recog-
nise nucleosomes. However, they can covalently attach a small
ubiquitin-related modifier protein, SUMO1, to the C-terminus
(Fig. 4) (Brechalov et al., 2014). The role of the sumoylation
of PHF10-S isoforms is not yet clear, but it is known that
protein sumoylation can affect their turnover, localisation
and determine other proteins interacting with them (Seeler,
Dejean, 2017). Thus, the incorporation of various isoforms
in the PBAF complex can significantly change the functions
of the entire complex, influence the range of protein bind-
ing partners, and position the PBAF complex on chromatin.
Therefore, this determines the patterns of genes that the PBAF
complex remodels (Brechalov et al., 2014).

Functions of PHF10 isoforms

It has been shown that PBAF complexes that contain PHF10
isoforms with PHD domains have a positive effect on the
transcription of genes that are involved in cell proliferation,
comparing to the PHF10-S isoform. The percentage of proli-
feration genes that changed their expression relative to the total
number of differentially expressed genes during overexpres-
sion of PHF10-PI and PHF10-SI isoforms in HEK293 cells
compared to control, non-transfected cells, was 9.23 % and
4.28 % respectively. These changes in gene expression led to
an increase in the number of cell divisions per unit of time
(from 3.4 to 4.3 in 24 hours and from 8.8 to 11.4 in 48 hours)
in cells overexpressing the PHF10-PI isoform, compared to
control. The number of divisions in the cells expressing the
PHF10-S1 isoform was comparable to the control (Brechalov
et al., 2014).

Using chromatin immunoprecipitation, we showed that
the PHF10-PI and the PHF10-Sl isoforms are present in the
PBAF complexes on the promoters of genes involved in cell
proliferation ZMIZ1 and NOV. However, only PHF10-P over-
expression resulted in an increased level of RNA polymerase
IT on the promoter, which correlated with an increase in level
of ZMIZ1 and NOV mRNA (Brechalov et al., 2014). That is
consistent with a model in which PBAF complexes containing
the PHF10-P1 isoform, regulate gene expression differently
than PBAF complexes containing the PHF10-SI isoform.

In the study of mouse brain development, J. Lessard (2007)
showed that PHF10-Pl is highly expressed during the process
of embryonic brain development, with increased expression
in proliferating neurons. During the transition from prolife-
rating progenitor cells to postmitotic neurons, expression of
the PHF10-P1 isoforms is stopped along with the increase in
expression of short PDSM-containing isoforms PHF10-Ss
(Azieva et al., 2018).

PBAF complexes that contain the PHF10-PI isoform were
localised on the promoters of the SHH-Olig and Notch sig-
nalling genes, responsible for the development of the mouse
brain (Lessard et al., 2007).

Also, the important role of PHF10 isoforms in the devel-
opment of blood cells was shown on mouse models. In the
hematopoietic stem cells, the PHF 10-Pl isoforms are expressed
at a high level. High expression of PHF10-P1 isoforms main-
tains a pool of stem cells. Conditional knockout of PAf10 in
the hematopoietic tissue of an adult mouse leads to depletion
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Fig. 4. The consensus sequence for phosphorylation-dependent SUMO
modification (PDSM) at the C terminus of PHF10-SI/Ss isoforms and
scheme of amino acids sumoylation.

Red box indicates the common part of PHF10-P and PHF10-S isoforms.
Adopted from (Brechalov et al., 2014).

of the pool of blood stem cells and reduces the number of
myeloid progenitors, mature macrophages, monocytes and
granulocytes in bone tissue (Krasteva et al., 2017). We have
also shown that during myeloid differentiation, the PHF10-P1
isoform in the PBAF complex is replaced by the PHF10-Ss
isoform, which affects the patterns of actively transcribed
genes.

Post-translational modifications

of PHF10 isoforms

According to the phosphosite.org database (Phosphosite
Knowledgebase n.d., 2018), the subunits of the PBAF complex
are intensively phosphorylated. A particularly large number
of sites (more than 20 per protein) are located in the BRG1,
BAF155, BAF200, BAF180, BRD7, and PHF10 subunits.
Phosphorylation by various kinases provides a complex regu-
lation of the functions of the PBAF complex and sensitivity
to various signalling pathways (Simone, 2006). Phosphoryla-
tion of subunits alters the charge of the complex and allows
it to bind to various proteins, thus providing specificity in the
reprogramming of gene expression (Cui et al., 2016).

Different isoforms of PHF10 have different phosphoryla-
tion patterns that are dependent on their domain structure (see
Fig. 3) (Tatarskiy et al., 2017). The additional N-terminal
domain of 47 amino acids that exists in the long PHF10-Pl/
Slisoforms contributes to the presence of the phosphorylation
pattern, which we designated as Y (see Fig. 3). The absence
of PHD domains inherent to the isoforms of PHF10-SI/Ss
contributes to the phosphorylation of a number of serines
in the linker domain. We designated this cluster as X-phos-
phorylation (see Fig. 3). Also, PHF10-SI and PHF10-Ss have
a six amino acids PDSM motif at the C-terminus. We have
determined that the lysine can covalently bind the SUMOI1
modifying protein. Moreover, sumoylation occurs more inten-
sively if the subsequent serine is phosphorylated in this motif
(see Fig. 4) (Brechalov et al., 2014).

Another function of phosphorylation is the regulation of
protein stability. Due to the different stability of the subunits,
the additional regulation of the functions of the complex is
provided by the replacement of a subunit via degradation of
the unnecessary one (Sears et al., 2000; Liu et al., 2002; Ha-
fumi et al., 2011).

PHF10 is one of the most phosphorylated and unstable
subunits of the PBAF complex (Brechalov et al., 2014, 2016;
Tatarskiy etal.,2017; Azieva et al., 2018). Our studies revealed
that PHF10 isoforms contain the non-canonical B-TrCP ubi-
quitin ligase recognition motif and are degraded by B-TrCP
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Fig. 5. Diagram of PHF10 degradation.

PHF10 isoforms contain the non-canonical B-TrCP ubiquitin ligase recognition
motif and are degraded by B-TrCP in a phospho-dependent manner through
26S proteasome. Phosphorylation by CKI (casein kinase 1) of serines in the
X-cluster in the linker domain of the PHF10-SI/Ss isoforms impairs interaction
of isoforms with B-TrCP and opposes their degradation. Large light circles —
X-cluster phosphorylation; small dark - Y-cluster phosphorylation. Adopted
from (Tatarskiy et al., 2017).

in a phospho-dependent manner. The non-canonical recogni-
tion motif for ligase is localised in the linker domain and is
represented in all isoforms (Tatarskiy et al., 2017).

The function of phosphorylation of serines organized in the
X-cluster in the linker domain of the isoforms PHF10-S1/Ss
was thoroughly studied by our group (Tatarskiy et al., 2017).
X-cluster serines are phosphorylated by casein kinase 1.
X-cluster contains positively charged amino acids — B-TrCP
degron. Normally B-TrCP recognises this degron and con-
tributes to the degradation of PHF10 isoforms. The X-cluster
phosphorylation block the positive charges and opposes the
interaction B-TrCP ubiquitin ligase with its degron (Tatarskiy
etal.,2017). Thus, phosphorylation of X-cluster serines leads
to a significant stabilization of the PHF10-S1 and PHF10-Ss
isoforms, compared to the stability of PHF10-Pl and PHF10-Ps
isoforms (Fig. 5) (Tatarskiy et al., 2017).

Conclusions

Thus, the isoforms of PHF 10, being part of the PBAF complex,
are highly regulated through post-translational modifications
providing a broad variety of their functions through the ability
to accept messages of signalling pathways. Also, the incor-
poration into the PBAF complexes of PHF10 isoforms with
different phosphorylation patterns and different stability alters
the functions of the entire PBAF complex and determines the
range of genes undergoing remodelling.
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