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ABSTRACT The DPF (double PHD finger) domain consists of two PHD fingers organized in tandem. The two 
PHD-finger domains within a DPF form a single structure that interacts with the modification of the N-termi-
nal histone fragment in a way different from that for single PHD fingers. Several histone modifications inter-
acting with the DPF domain have already been identified. They include acetylation of H3K14 and H3K9, as well 
as crotonylation of H3K14. These modifications are found predominantly in transcriptionally active chromatin. 
Proteins containing DPF belong to two classes of protein complexes, which are the transcriptional coactivators 
involved in the regulation of the chromatin structure. These are the histone acetyltransferase complex belong-
ing to the MYST family and the SWI/SNF chromatin-remodeling complex. The DPF domain is responsible 
for the specificity of the interactions between these complexes and chromatin. Proteins containing DPF play a 
crucial role in the activation of the transcription of a number of genes expressed during the development of an 
organism. These genes are important in the differentiation and malignant transformation of mammalian cells.
KEYWORDS DPF domains, tandem PHD, MOZ and MORF histone acetyltransferases, DPF1, DPF2, DPF3, PHF10, 
BAF, PBAF.
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INTRODUCTION
The DPF (double PHD finger) domain belongs to the 
group of PHD (plant homeodomains) fingers, widely 
found in mammals. In humans, there are about two 
hundred PHD-containing proteins. The PHD domains 
have a zinc-finger (Zn-finger) structure. They consist 
of two antiparallel beta sheets and a C-terminal alpha 
helix. These structural elements are stabilized by two 
zinc ions coordinated by the Cys4-His-Cys3 motif [1, 2]. 
Although the primary structure of PHD fingers is quite 
diverse, their secondary structure, described for the 
first time in 2000, is highly conserved [3].

PHD fingers are mainly found in proteins that in-
teract with the N-terminal fragments of histones; they 
regulate gene expression [4]. PHD fingers bind to the 
N-terminal regions of histone H3, which can exist in 
various modifications [5, 6].

Some proteins contain only one PHD-finger domain, 
while others may contain several, consecutive PHD fin-

gers that function either independently of each other 
or in concert.

The DPF domain is a tandem of PHD fingers with a 
face-to-back orientation. Two domains form a single 
structure interacting with the N-terminal fragments 
of histones in a manner different from that for inde-
pendent PHD-finger domains. Our review focuses on 
proteins containing the DPF domains, their organiza-
tion, molecular mechanisms of recognition of histone 
tails, the impact on gene expression, as well as their 
role in mammalian development and oncogenesis.

PROTEINS AND COMPLEXES 
CONTAINING THE DPF DOMAIN
Proteins containing the DPF domain mostly are the 
subunits of large protein complexes that determine 
and change the epigenetic status of chromatin [6]. 
The specific function of these complexes is ensured by 
precise recognition of the epigenetic modifications of 
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chromatin, most of which are the modified N-terminal 
fragments of histones. Many subunits of the complexes 
contain different domains that interact with histones. 
For instance, these domains include the bromodomain 
(TAF1 and BAF180 proteins), chromodomain (CHD1 
protein), Tudor domain (Uhrf1 protein), and their com-
binations. Each of the domains can recognize a specific 
modification of the N-terminal histone sequence. Act-
ing together in a combinatorial manner, they increase 
the number of chromatin marks that are recognized by 
the full complex.

The DPF domain is found in two groups of proteins. 
The first group includes the histone lysine acetyl-
transferases MOZ and MORF, while the other one is 
represented by proteins of the SWI/SNF chromatin 
remodeling complex (Fig. 1A). Acetyltransferases 
MOZ (also known as MYST3/KAT6a) and MORF 
(MYST4/KAT6b) are paralogs. They are alterna-
tively contained within the MYST-family histone 
acetyltransferase (HAT) complex, which acetylates 
the N-termini of histones [7, 8] (Fig. 1B). The HAT 
complex is a transcriptional coactivator that resides 
in open, actively transcribed chromatin. MORF and 
MOZ contain the MYST domain, which acetylates the 
lysine residues in the N-terminal sequences of histone 
H3 (H3K9, H3K14ac, and H3K23). MYST-family HAT 

is responsible for the hyperacetylation of chromatin 
regions, which promotes activation of the respective 
genes [8–10].

Another group of proteins containing DPF is found 
in the SWI/SNF chromatin remodeling complex (its 
BAF and PBAF subfamilies) (Fig. 1B). This group in-
cludes the DPF1 (also known as BAF45b), DPF2 (REQ, 
or BAF45d), and DPF3 (BAF45c) (which are also called 
d4-family proteins), as well as PHF10 (BAF45a) pro-
teins (Fig. 1A). The SWI/SNF complex is involved in 
the regulation of gene transcription, repair, and repli-
cation. Due to the ATPase activity of the major subunit 
of BRG1 and its homolog BRM, the complexes displace 
nucleosomes along the DNA strand or transfer the 
nucleosome to another DNA strand, remove H2A and 
H2B, as well as replace the canonical histone with its 
variant [11].

As mentioned above, the SWI/SNF family involves 
two types of complexes: BAF and PBAF (Fig. 1B). They 
share identical proteins in their core parts, which dis-
place nucleosomes along the DNA strand. However, 
these complexes differ in the proteins within specific 
modules that are responsible for the interactions with 
chromatin. DPF proteins are components of the spe-
cific modules of the BAF and PBAF complexes and 
are involved in determining the specificity of complex 

A

B

2004 aa

2073 aa

387 aa

391 aa

378 aa

498 aa

MOZ/MORF HAT complex BAF remodeling complex PBAF chromatin remodeling complex

β-actin β-actin
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binding to chromatin. The DPF domains present in 
these complexes are also involved in performing this 
function.

THE STRUCTURAL FOUNDATIONS FOR 
HISTONE RECOGNITION AND THE SPATIAL 
ARCHITECTURE OF THE DPF DOMAINS
The DPF domains of the MOZ, MORF, DPF1, DPF2, 
DPF3b, and PHF10 proteins are highly homologous; 
their secondary structures are formed by the same key 
amino acids (Fig. 2). Therefore, the data obtained for 
the DPF domains of each of these proteins are likely to 
be true for the DPF domains of other proteins belong-
ing to this group.

The structure of each of the two PHD domains of 
the MOZ, MORF, DPF1, DPF2, DPF3b, and PHF10 
proteins is typical of zinc finger domains. It consists 
of two antiparallel beta sheets, followed by an alpha 
helix, which are coordinated by two zinc atoms via 
the Cys4-His-Cys3 motif (Fig. 2). However, as shown 
for the MOZ protein, two PHD fingers are associated 
with each other in a face-to-back manner through the 
interaction between E247 and R251 in the alpha helix 
of the first PHD finger, as well as interaction between 
S283 and R286 in the third and fourth beta sheets of 
the second PHD finger.

The carboxyl and carbonyl groups of E247 form 
two hydrogen bonds with two water molecules, which 
interact with the carboxyl and carbonyl hydrogen at-
oms in S283. R251 interacts with the nitrogen atom in 
the R286 side chain in a similar way. Thus, these polar 
interactions localize the two PHD fingers, which form 
a unique globular structure [12]. The DPF of the DPF2, 
DPF3b, and MORF proteins also form a similar integral 
structural unit [13, 14].

THE DPF DOMAINS INTERACT WITH 
ACYLATED H3K14 AND H3K9
The DPF modules of the MOZ, MORF, DPF2, and 
DPF3b proteins interact with unmodified N-terminal 
fragments of histone H3. Acetylation of H3K14 and 
H3K9 increases the binding constant threefold [12–15]. 
Methylation of H3K9me3 does not affect binding, while 
methylation of H3K4me3 severely inhibits DPF bind-
ing to histones (Fig. 3) [16]. The DPF domain of these 
proteins also weakly interacts with the N-terminus of 
histone H4. Acetylation of the H4K5, H4K8, H4K12, 
and H4K16 lysine residues abolishes the interaction 
between histone H4 and the DPF domains of MOZ and 
MORF (Fig. 3) [16].

A short time later, it was shown that the DPF do-
mains of the MOZ and DPF2 proteins can interact with 
crotonylated Lys14 in histone H3 (H3K14cr) [17]. The 
crotonyl group has a more hydrophobic side chain 
residue and forms a planar spatial structure. The DPF 
domains of acetyltransferase MORF interact with other 
acyl groups, such as the butyrylated (H3K14bu), suc-
cinylated (H3K14su), and 2-hydroxyisobutyrylated 
H3K14 (H3K14hib) lysine residues. These groups also 
have longer hydrophobic side chains compared to those 
in acetylated modifications [18].

The molecular mechanism of interaction between 
DPF and various modifications of histone H3 has been 
studied using crystal structures of the DPF domains 
with either unmodified histone tails or various modi-
fications (H3K14ac/cr). Both PHD domains form a 
single structural unit and bind the N-terminal frag-
ment of histone H3 to one of the following modifica-
tions: H3K14ac, cr, or bu [12, 17, 18]. Among these, 
the crotonyl group is the preferential modification for 
binding the DPF domains in MORF. MORF DPF binds 
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Fig. 2. Alignment of the amino acid sequences of the DPF motifs of the MOZ, MORF, DPF1, DPF2, DPF3b, and PHF10-P 
human proteins. Schematic representation of the secondary structures of PHD1 and PHD2 is shown above the sequenc-
es. Cysteine and histidine residues coordinating Zn ions in PHD1 and PHD2 are indicated in blue and green, respectively. 
Homologous amino acids in PHD1 that form a hydrophobic pocket and bind H3K14ac/cr are highlighted in blue.  
Homologous amino acids that form an acidic pocket and bind to the first to fourth N-terminal amino acids of histone H3 
are highlighted in green
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to H3K14cr three times more strongly than to H3K14ac 
[19]. It has been shown quite recently that a small DPF 
region in MORF (within the R306–K309 residues) in-
teracts with DNA. These interactions are determined 
by the H3K14cr modification and enhance the binding 
of MORF to the nucleosome [19].

THE MECHANISM THROUGH WHICH THE DPF 
DOMAIN RECOGNIZES POST-TRANSLATIONAL 
MODIFICATIONS OF HISTONES
The first PHD domain of the MOZ, MORF, DPF2, and 
DPF3b proteins is a unique zinc-finger type domain. 
It contains a hydrophobic pocket for binding acylated 
lysine (Fig. 2). Although the acylated H3K14 occupies 
the same pocket within the PHD1 domain of MOZ 
and DPF3b, different amino acids are involved in the 
interaction between H3K14 and DPF in the MOZ and 
DPF3b proteins [16]. However, the hydrophobic pock-
et within the beta-2 sheet in the first PHD finger is a 
common structural feature required for the binding of 
the H3K14ac, H3K14cr, and H3K14bu modifications 
[17, 18]. In the MOZ and MORF proteins, the hydro-
phobic pocket is formed by the amino-acid residues 
N235–G237 of the beta-2 sheet, I228–C230 of the 
beta-1 sheet, and amino-acid residues S210 (S217), F211 
(F218), L242 (L249), W257 (W264), C259 (C266), I260 
(I267), and E261, which coordinate the zinc ion (Fig. 2).

G237 is the most important amino-acid residue for 
the formation of this pocket, which recognizes acety-
lated and crotonylated groups (Fig. 2). This glycine res-

idue is present in the DPF domains of the MOZ, MORF, 
DPF1, DPF2, DPF3b, and PHF10 proteins, indicating 
that the DPF domains in all these proteins can interact 
with acetylated, crotonylated, and butyrylated H3K4 
(H3K4ac/cr/bu) (Fig. 2) [12, 17]. The F211 (F218) resi-
due is responsible for the differences in the interaction 
between H3K14cr and H3K14bu as it can form π−π in-
teractions between the aromatic ring of phenylalanine 
and the C=C double bond of the crotonyl group [19].

The second PHD domain of the MOZ and MORF 
proteins is organized in such a way that the first four 
H3K14ac/cr/bu residues of the peptide bind to the 
“acidic” pocket within the beta-1 sheet of this PHD2 
domain. It is important that the amino group residues 
R2 and K4 are not methylated. The side chain of the 
H3R2 peptide is kept in its place by five hydrogen 
bonds of the DPF module of the MOZ protein with 
the C281, D282, and D285 residues. Meanwhile, the 
E261 and N274 residues form hydrogen bonds with 
the amino group in H3K4. As a result of such spatial 
restriction of the R2 and K4 residues, any methylation 
breaks the bond between DPF and H3, while binding of 
acetylated lysine residues preferentially occurs [12, 14, 
17]. There is increasing experimental evidence that the 
second PHD domain of d4-family proteins is organized 
according to the same principle and is unable to recog-
nize methylated H3K4 [5].

These data have been confirmed by in vivo ex-
periments: it was shown that MOZ is associated 
with H3K14ac-rich chromatin and does not bind to 
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Fig. 3. Schematic representation of the activities of the MYST-family HAT (A) and BAF (B) complexes containing either 
the MOZ/MORF or DPF1-3 protein. The interaction between the DPF domains and histone modifications (black ar-
rows), as well as the histone acetyltransferase activity of the MYST complex (gray arrows) (A) and the chromatin 
remodeling activity of the BAF complex (blue arrow) (B), is shown
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H3K4me3-marked chromatin [16]. Crotonylated 
H3K14cr marks were found in the same genes (Hox9A, 
Hox7, and Hox5A) to which histone acetyltransferase 
MOZ binds [17]. There is still no explanation for the 
presence of two mutually exclusive modifications, 
H3K14ac and H3K14cr, in the same genes. Apparently, 
the presence of a H3K14 modification strongly depends 
on the metabolic pathways active in the cell, since the 
percentage of crotonylated or butyrylated histones is 
directly related to the amount of the respective acyl-
CoA available for involvement in the metabolic path-
ways [17, 20, 21]. Therefore, HATs can switch between 
substrates to change the types of acylation profile of 
modified histones.

THE DPF DOMAIN IN TRANSCRIPTIONAL REGULATION
As mentioned above, the DPF domains bind to the ac-
ylated (acetylated, crotonylated, and butyrylated) tail 
of histone H3 and act as the so-called readers: i.e., the 
proteins recognizing these histone modifications. The 
H3K14ac and H3K9ac modifications interacting with 
the DPF are characteristic of transcriptionally active 
chromatin. Histones highly enriched in these modifica-
tions are located in gene promoters and enhancers [22, 
23]. Crotonylation of histone H3 (H3K14cr) is also found 
in transcriptionally active chromatin.

The mechanism of regulation of transcription and 
the epigenetic state of chromatin by HAT complexes 
involving MOZ and MORF has been shown for the 
HOX9A gene. The complexes are recruited to chroma-
tin after their interaction with certain transcriptional 
activators (e.g., RUNX and P53) [24, 25] or due to the 
interaction of other subunits with various modifications 
[26–28]. The DPF domains of MOZ and MORF promote 
the localization of the complex in the H3K14ac-contain-
ing regions [12, 14], while the DNA-binding DPF motifs 
can stabilize these interactions with the nucleosome 
[19]. H3K14 acetylation is predominantly performed by 
histone acetyltransferase HBO1, which also contains 
the MYST domain [29]. However, the MOZ/MORF pro-
teins can also induce this modification [30]. Acetylation 
of H3K23 and H3K9 is mainly carried out by the MYST 
domain of the MORF protein [31, 32] and can occur ei-
ther in the same nucleosome or in an adjacent one [19]. 
Acetylation of the adjacent nucleosome contributes to 
changes in the complex localization and its transfer to 
the adjacent nucleosome. A similar mechanism drives 
the spread of histone marks between nucleosomes, 
thus resulting in the formation of hyperacetylated 
chromatin domains. The recruitment of the HAT com-
plex to some HOX genes (HoxA9, HoxA7, HoxA5, and 
HoxD13) and formation of hyperacetylated domains 
in the promoters of these genes enhances their expres-
sion [12, 16, 17, 21]. Later, a genome-wide analysis of 

the ENCODE database revealed that the H3K23ac and 
H3K14ac modifications are co-localized and that the 
promoter regions of highly transcribed genes are rich 
in these modifications in IMR90, hESC, and HMEL cell 
lines [19, 33].

The SWI/SNF family complexes, which comprise 
another group of DPF-containing proteins, are more 
varied in terms of their protein composition than 
MYST acetyltransferase complexes. Combinations 
of different subunits are responsible for the specific 
composition of the complex, where the unique pattern 
of the domains binding DNA or histones in these com-
plexes localizes the remodeling complex within specific 
chromatin regions. The BAF and PBAF complexes are 
recruited to certain loci by transcriptional activators 
and are involved in nucleosome remodeling: they shift 
the nucleosomes along the DNA strands and remove 
histones H2A and H2B [34]. Remodeling complexes 
abundantly occur in enhancers, which also supports 
the fact that the remodeling complexes are involved in 
transcriptional activation [35, 36].

The DPF1, DPF2, DPF3b, and PHF10 proteins also 
act as transcriptional coactivators. DPF3b and DPF3a 
bind to the NF-kB activator and are recruited together, 
within the BAF complex, to the IL-6 promoter in re-
sponse to TNF-α stimulation [37]. The PHF10 protein 
in the PBAF complex coactivates the transcription of 
various genes [38, 39]. Direct evidence has been ob-
tained that the DPF domain of the PHF10 protein is 
required for transcriptional activation, since a protein 
lacking DPF cannot activate transcription [38, 40]. In-
terestingly, the PHF10 isoform lacking the DPF domain 
is also found in cells [39]. The isoform containing the 
DPF domain is involved in transcriptional activation, 
while the isoform lacking DPF is needed to maintain a 
steady-state transcriptional level after activation [40]. 
Therefore, the DPF domain in the PHF10 protein is a 
potent transcription coactivator.

DPF IN THE REGULATION OF CELL DIVISION 
AND DIFFERENTIATION. ITS ROLE IN TISSUE 
DEVELOPMENT IN MAMMALS
Since their discovery, MOZ and MORF have been as-
sociated with the regulation of cell proliferation. The 
interaction of MOZ with PML and P53 in MCF7 breast 
cancer cells and mouse embryonic fibroblasts (MEFs) 
was shown to result in acetylation of P53, followed 
by activation of p21 expression. The p21 protein is a 
cell cycle inhibitor that suppresses the cyclin E/CDK2 
complex. The cyclin E/CDK2 complex phosphorylates 
a number of factors promoting gene activation in the 
G1/S checkpoint of the cell cycle. When unable to trig-
ger gene expression for the G1/S transition, cells exit 
the cell cycle and stop dividing. Therefore, MOZ and 
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MORF inhibit proliferation and implement the sub-
sequent scenario of cell transition to senescence [25, 
41]. Meanwhile, MOZ maintains the expression level 
for some genes coding for senescence inhibition in the 
INK4/ARF locus via the H3K9ac modification [42, 43]. 
As described above, MOZ and MORF regulate the ex-
pression of many HOX genes responsible for organism 
development and differentiation. This partially occurs 
through their interaction with factor BMI1, which has 
been demonstrated at the genetic level [44].

MOZ plays an important role in maintaining the pool 
of embryonic hematopoietic stem cells in mammals. 
Knockout mice died at the E14.5 embryonic stage and 
exhibited manifestations of liver and hematopoietic 
pathologies [45]. The MOZ gene is also required for the 
normal development of blood B cells and progression of 
c-MYC-induced lymphoma. MOZ interacts with AML1 
and PU.1, two important hematopoietic factors, and 
acts as their coactivator by ensuring accurate expres-
sion of the respective genes [46, 47].

The recent genome-wide studies of patients with 
congenital abnormalities (severe speech disorders, hy-
potension, and facial dysmorphism) revealed mutations 
in the MOZ gene [48]. MORF is actively involved in the 
development of neural and bone tissue. Mice with a 
minimal amount of MORF RNA (~10%) had dwarfism, 
craniofacial disorders, and cerebral defects [49]. MORF 
plays a crucial role in the regulation of neuronal stem 
cells; it is required to maintain neurogenesis in adult 
mice [50]. Thus, although MOZ and MORF are inter-
changeable in vitro, they play different roles in vivo: 
MOZ is important for hematopoiesis, while MORF is 
involved in neurogenesis and osteogenesis.

The DPF proteins within the SWI/SNF complexes 
are required for neurogenesis in mammals. DPF3b, 
a component of the BAF chromatin remodeling 
complex, plays a crucial role in the differentiation of 
muscle and cardiac tissues [51]. PHF10 is expressed 
in nerve cell precursors from the early embryonic 
stages. Its expression reduces after birth. PHF10 can 
maintain the proliferation of neuronal progenitor cells. 
As a component of the PBAF complex, it binds to the 
promoters of the signaling pathway genes regulating 
neuronal proliferation and differentiation: the Notch, 
SHH, and various transcription factors. Other DPFs 
(DPF1, 2, and 3) begin to be expressed in the mouse 
brain at later stages, starting from E13, and are un-
able to maintain proliferation of neuronal cells [38]. 
DPF1 is presumably important for the functioning 
of adult neurons, since it is expressed tissue-specif-
ically only in the brain of adult mammals. DPF2 is 
also involved in the development and function of the 
nervous system. Single-nucleotide substitutions af-
fecting the sequence of DPF domains and disrupting 

the binding of DPF2 to acetylated H3 were found in 
patients with the Coffin-Siris syndrome. This disease 
manifests itself as cognitive dysfunction and intel-
lectual impairment of varied severity, coarse facial 
features, and brain abnormalities such as hypoplasia 
and agenesis of the corpus callosum [52].

The DPF2 (the BAF complex) and PHF10 (the PBAF 
complex) proteins are expressed in hematopoietic pro-
genitor cells of E14.5 mouse embryos and regulate their 
differentiation [53]. DPF2 inhibits myeloid differentia-
tion of hematopoietic progenitor cells. Its DPF domain 
is responsible for the recruitment of DPF2 and the en-
tire BAF complex to specific acetylated chromatin loci: 
the binding sites of the transcription factor RUNX1. 
This factor promotes the myeloid differentiation of 
progenitors. DPF2 knockdown in CD34+ cells reduces 
the expression of the genes involved in mitosis and cell 
cycle regulation; it also disrupts the transcription of the 
genes involved in differentiation [15].

The homozygous PHF10 knockout causes death 
of mouse embryos (E19), while conditional knockout 
in the hematopoietic cells of an adult mouse causes 
significant depletion of myeloid precursors (granu-
locytes). An analysis of RNA isolated from these cells 
showed that PHF10 significantly affects the expres-
sion of cell cycle genes [53]. A study performed using 
a model HL-60 cell line, which is capable of myeloid 
differentiation, and terminally differentiated human 
neutrophils showed that PHF10 isoforms containing 
the DPF domain play a crucial role in the maintenance 
of proliferating myeloid progenitors. These isoforms 
are also required for the activation of specific myeloid 
genes whose expression is activated during differen-
tiation. In mature neutrophils, transcription of specific 
genes is maintained by PHF10 isoforms lacking DPF 
[40].

THE ROLE OF PROTEINS CONTAINING DPF DOMAINS 
IN THE MALIGNANT TRANSFORMATION OF CELLS
Mutant proteins containing the DPF domain are often 
found in tumor cells. Abnormal expression of MOZ 
and MORF is often associated with different types of 
leukemia. Chromosomal regions where the MOZ and 
MORF genes are located undergo various transloca-
tions, giving rise to chimeric proteins [10]. Myeloid leu-
kemia is accompanied by translocations between the 
MOZ and CBP genes [54]. Acute monocytic leukemia 
is associated with translocations between the MOZ 
and P300 genes [55]. Translocations between MOZ and 
LEUTX [56], as well as other genes [57], are observed in 
acute myeloid leukemia. MORF can also undergo trans-
location to form chimeric proteins. This translocation 
gives rise to the MORF-CBP chimeric protein, which 
is associated with acute myeloid leukemia [58, 59]. Chi-
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meric proteins resulting from translocations carry DPF 
domains at their N-termini, leading to the recruitment 
of a new modifier, an activator or a regulator of the old 
chromatin environment that used to be occupied only 
by a MYST family acetyltransferase.

It has been found that MOZ is required to maintain 
the progression of lymphoma induced by the MYC on-
cogene [60]. The lack of this protein causes senescence 
of neural stem cells [43]. Increased MOZ expression 
promotes glioblastoma and breast cancer development 
[61–63].

D4 and PHF10 family proteins are rarely mutated 
in cancer cells [64, 65]. However, decreased DPF2 ex-
pression correlates with a poor survival prognosis in 
patients with glioma [66]. It was also shown that DPF2 
maintains the proliferation of transformed MLL-AF9 
myeloid progenitor cells. Upon DPF2 knockdown, the 
cells started to differentiate, exit the cell cycle, and 
undergo apoptosis [67].

No significant associations between changes in DPF1 
expression and malignant cell transformation were 
found in cancer patients.

Decreased PHF10 expression in patients with renal 
cancer correlates with a higher chance of patient sur-
vival [64, 66], which may be related to the positive ef-
fect of the c-MYC oncogene on PHF10 expression [68].

Almost no DPF3 expression is observed in human 
myeloid precursors. However, due to the action of 
STAT5, its expression significantly increases in the 
granulocytes of patients with chronic lymphocytic 
leukemia. Apparently, this may cause transcriptional      
dysregulation and disease progression [69]. Decreased 
DPF3 expression is also associated with poor survival 
prognosis in breast cancer patients. Thus, reduced 
DPF3 expression was shown to activate the JAK2/
STAT3 signaling pathway and enhance the mobility of 
cancer cells [70].

CONCLUSIONS
The implementation of different transcriptional path-
ways involves transcription factors (namely, activators 
and repressors), as well as various auxiliary complexes 
that change the chromatin structure. These complexes 
usually consist of a large number of subunits containing 
numerous diverse domains that bind DNA and spe-
cific chromatin marks, which are known as modified 
histone tails. Due to these domains, the complexes are 
positioned in a strictly defined chromatin region and 
further additionally modify it through their activity. 
The DPF domains form a unique structure that binds 
the histone H3 tail favoring the modified H3K14ac/cr. 
H3 histones with acetylated and crotonylated lysine 
residues mainly reside in either the promoter or 
enhancer regions of transcriptionally active chromatin. 
Therefore, they act as markers for recruiting the 
MYST-family HAT and BAF/PBAF complexes involv-
ing proteins containing the DPF domains. There are 
few proteins that contain DPF. However, these proteins 
have homologous DPF sequences and identical amino 
acids at the key positions which determine the bind-
ing to H3K14ac/cr. The MYST-family HAT and BAF/
PBAF complexes acetylate other histone tails and re-
model (translocate) nucleosomes, respectively; i.e., they 
function as coactivators and contribute to additional 
transcriptional activation.

Thus, DPF domains perform the important function 
of binding chromatin, which leads to the activation of 
the transcription of the genes that play a crucial role in 
the development of an organism. 

This study was supported by the Russian Science 
Foundation (grant No. 18-14-00303 (“Studying the 

subunit composition of the SWI/SNF complex during 
cell differentiation in mammals and its role in gene 

expression”).

REFERENCES
1. Kwan A.H.Y., Gell D.A., Verger A., Crossley M., Matthews 

J.M., Mackay J.P. // Structure. 2003. V. 11. № 7. P. 803–813.
2. Sanchez R., Zhou M.M. // Trends Biochem. Sci. 2011. V. 36. 

№ 7. P. 364–372.
3. Pascual J., Martinez-Yamout M., Dyson H.J., Wright P.E. // 

J. Mol. Biol. 2000. V. 304. № 5. P. 723–729.
4. Musselman C.A., Kutateladze T.G. // Nucl. Acids Res. 2011. 

V. 39. № 21. P. 9061–9071.
5. Jain K., Fraser C.S., Marunde M.R., Parker M.M., Sagum 

C., Burg J.M., Hall N., Popova I.K., Rodriguez K.L., Vaidya 
A., et al. // Epigenetics Chromatin. 2020. V. 13. № 1. P. 1–11. 
https://doi.org/10.1186/s13072-020-0328-z

6. Morrison E.A., Musselman C.A. // Chromatin Signaling 
and Diseases. Elsevier Inc. 2016. P. 127–147. http://dx.doi.
org/10.1016/B978-0-12-802389-1.00007-1

7. Ullah M., Pelletier N., Xiao L., Zhao S.P., Wang K., Degerny 
C., Tahmasebi S., Cayrou C., Doyon Y., Goh S.-L., et al. // 
Mol. Cell. Biol. 2008. V. 28. № 22. P. 6828–6843.

8. Klein B.J., Lalonde M.E., Côté J., Yang X.J., Kutateladze 
T.G. // Epigenetics. 2014. V. 9. № 2. P. 186–193. doi: 10.4161/
epi.26792.

9. Yang X.J. // Biochim. Biophys. Acta – Mol. Cell Res. 2015. 
V. 1853. № 8. P. 1818–1826. http://dx.doi.org/10.1016/j.bbam-
cr.2015.04.014

10. Huang F., Abmayr S.M., Workman J.L. // Mol. Cell. Biol. 
2016. V. 36. № 14. P. 1900–1907.

11. Wu J.I. // Acta Biochim. Biophys. Sin. 2012. V. 44. № 1. 
P. 54–69.

12. Qiu Y., Liu L., Zhao C., Han C., Li F., Zhang J., Wang Y., Li 
G., Mei Y., Wu M., et al. // Genes Dev. 2012. P. 1376–1391. 

13. Zeng L., Zhang Q., Li S., Plotnikov A.N., Walsh M.J., Zhou 



64 | ACTA NATURAE |   VOL. 12  № 4 (47)  2020

REVIEWS

M.M. // Nature. 2010. V. 466. № 7303. P. 258–262.
14. Ali M., Yan K., Lalonde M.E., Degerny C., Rothbart 

S.B., Strahl B.D., Côté J., Yang X.J., Kutateladze T.G. // 
J. Mol. Biol. 2012. V. 424. № 5. P. 328–338. http://dx.doi.
org/10.1016/j.jmb.2012.10.004

15. Huber F.M., Greenblatt S.M., Davenport A.M., Martinez 
C., Xu Y., Vu L.P., Nimer S.D., Hoelz A. // Proc. Natl. Acad. 
Sci. USA. 2017. V. 114. № 23. P. 6016–6021.

16. Dreveny I., Deeves S.E., Fulton J., Yue B., Messmer M., 
Bhattacharya A., Collins H.M., Heery D.M. // Nucl. Acids 
Res. 2014. V. 42. № 2. P. 822–835.

17. Xiong X., Panchenko T., Yang S., Zhao S., Yan P., Zhang 
W., Xie W., Li Y., Zhao Y., Allis C.D., et al. // Nat. Chem. Biol. 
2016. V. 12. № 12. P. 1111–1118.

18. Klein B.J., Simithy J., Wang X., Ahn J.W., Andrews F.H., 
Zhang Y., Côté J., Shi X., Garcia B.A., Kutateladze T.G. // 
Structure. 2017. V. 25. № 4. P. 650–654.e2.

19. Klein B.J., Jang S.M., Lachance C., Mi W., Lyu J., 
Sakuraba S., Krajewski K., Wang W.W., Sidoli S., Liu J., et 
al. // Nat. Commun. 2019. V. 10. № 1. P. 4724.

20. Sabari B.R., Tang Z., Huang H., Yong-Gonzalez V., Molina 
H., Kong H.E., Dai L., Shimada M., Cross J.R., Zhao Y., 
et al. // Mol. Cell. 2018. V. 69. № 3. P. 533. https://dx.doi.
org/10.1016/j.molcel.2018.01.013

21. Xie Z., Zhang D., Chung D., Tang Z., Huang H., Dai L., Qi 
S., Li J., Colak G., Chen Y., et al. // Mol. Cell. 2016. V. 62. № 2. 
P. 194–206. http://dx.doi.org/10.1016/j.molcel.2016.03.036

22. Wan J., Liu H., Chu J., Zhang H. // J. Cell. Mol. Med. 2019. 
V. 23. № 11. P. 7163–7169.

23. Tan M., Luo H., Lee S., Jin F., Yang J.S., Montellier E., Bu-
chou T., Cheng Z., Rousseaux S., Rajagopal N., et al. // Cell. 
2011. V. 146. № 6. P. 1016–1028. http://dx.doi.org/10.1016/j.
cell.2011.08.008

24. Pelletier N., Champagne N., Stifani S., Yang X.J. // 
Oncogene. 2002. V. 21. № 17. P. 2729–2740.

25. Rokudai S., Laptenko O., Arnal S.M., Taya Y., 
Kitabayashi I., Prives C. // Proc. Natl. Acad. Sci. USA. 2013. 
V. 110. № 10. P. 3895–3900.

26. Qin S., Jin L., Zhang J., Liu L., Ji P., Wu M., Wu J., Shi Y. 
// J. Biol. Chem. 2011. V. 286. № 42. P. 36944–36955.

27. Liu L., Qin S., Zhang J., Ji P., Shi Y., Wu J. // J. Struct. 
Biol. 2012. V. 180. № 1. P. 165–173. http://dx.doi.org/10.1016/j.
jsb.2012.06.014

28. Champagne K.S., Saksouk N., Peña P.V., Johnson K., 
Ullah M., Yang X.J., Côté J., Kutateladze T.G. // Proteins 
Struct. Funct. Genet. 2008. V. 72. № 4. P. 1371–1376.

29. Lalonde M.E., Avvakumov N., Glass K.C., Joncas F.H., 
Saksouk N., Holliday M., Paquet E., Yan K., Tong Q., Klein 
B.J., et al. // Genes Dev. 2013. V. 27. № 18. P. 2009–2024.

30. Kueh A.J., Dixon M.P., Voss A.K., Thomas T. // Mol. Cell. 
Biol. 2011. V. 31. № 4. P. 845–860.

31. Voss A.K., Collin C., Dixon M.P., Thomas T. // Dev. Cell. 
2009. V. 17. № 5. P. 674–686. http://dx.doi.org/10.1016/j.
devcel.2009.10.006

32. Simó-Riudalbas L., Pérez-Salvia M., Setien F., Villanueva 
A., Moutinho C., Martínez-Cardús A., Moran S., Berdasco 
M., Gomez A., Vidal E., et al. // Cancer Res. 2015. V. 75. 
№ 18. P. 3936–3944.

33. Fiziev P., Akdemir K.C., Miller J.P., Keung E.Z., Samant 
N.S., Sharma S., Natale C.A., Terranova C.J., Maitituoheti 
M., Amin S.B., et al. // Cell Rep. 2017. V. 19. № 4. P. 875–889. 
http://dx.doi.org/10.1016/j.celrep.2017.03.078

34. Mittal P., Roberts C.W.M. // Nat. Rev. Clin. Oncol. 2020. 
V. 17. P. 435–448. http://dx.doi.org/10.1038/s41571-020-0357-
3

35. Wang X., Lee R.S., Alver B.H., Haswell J.R., Wang S., 
Mieczkowski J., Drier Y., Gillespie S.M., Archer T.C., Wu 
J.N., et al. // Nat. Genet. 2017. V. 49. № 2. P. 289–295. http://
dx.doi.org/10.1038/ng.3746

36. Alver B.H., Kim K.H., Lu P., Wang X., Manchester H.E., 
Wang W., Haswell J.R., Park P.J., Roberts C.W.M. // Nat. 
Commun. 2017. V. 8. P. 14648.  doi: 10.1038/ncomms14648

37. Ishizaka A., Mizutani T., Kobayashi K., Tando T., Sakurai 
K., Fujiwara T., Iba H. // J. Biol. Chem. 2012. V. 287. № 15. 
P. 11924–11933.

38. Lessard J., Wu J.I., Ranish J.A., Wan M., Winslow M.M., 
Staahl B.T., Wu H., Aebersold R., Graef I.A., Crabtree G.R. 
// Neuron. 2007. V. 55. № 2. P. 201–215.

39. Brechalov A.V., Georgieva S.G., Soshnikova N.V. // Cell 
Cycle. 2014. V. 13. № 12. P. 1970–1979.

40. Viryasova G.M., Tatarskiy V.V., Sheynov A.A., Tatars-
kiy E.V., Sud’ina G.F., Georgieva S.G., Soshnikova N.V. // 
Biochim. Biophys. Acta. Mol. Cell Res. 2019. V. 1866. № 12. 
P. 118525.  doi: 10.1016/j.bbamcr.2019.118525

41. Rokudai S., Aikawa Y., Tagata Y., Tsuchida N., Taya Y., 
Kitabayashi I. // J. Biol. Chem. 2009. V. 284. № 1. P. 237–244.

42. Sheikh B.N., Phipson B., El-Saafin F., Vanyai H.K., Down-
er N.L., Bird M.J., Kueh A.J., May R.E., Smyth G.K., Voss 
A.K., et al. // Oncogene. 2015. V. 34. № 47. P. 5807–5820.

43. Perez-Campo F.M., Costa G., Lie-A-Ling M., Stifani S., 
Kouskoff V., Lacaud G. // Stem Cells. 2014. V. 32. № 6. 
P. 1591–1601.

44. Sheikh B.N., Downer N.L., Phipson B., Vanyai H.K., Kueh 
A.J., McCarthy D.J., Smyth G.K., Thomas T., Voss A.K. // 
Proc. Natl. Acad. Sci. USA. 2015. V. 112. № 17. P. 5437–5442.

45. Katsumoto T., Aikawa Y., Iwama A., Ueda S., Ichikawa 
H., Ochiya T., Kitabayashi I. // Genes Dev. 2006. V. 20. № 10. 
P. 1321–1330.

46. Thomas T., Corcoran L.M., Gugasyan R., Dixon M.P., 
Brodnicki T., Nutt S.L., Metcalf D., Voss A.K. // Genes Dev. 
2006. V. 20. № 9. P. 1175–1186.

47. Sheikh B.N., Yang Y., Schreuder J., Nilsson S.K., Bilardi 
R., Carotta S., McRae H.M., Metcalf D., Voss A.K., Thomas 
T. // Blood. 2016. V. 128. № 19. P. 2307–2318.

48. Millan F., Cho M.T., Retterer K., Monaghan K.G., Bai 
R., Vitazka P., Everman D.B., Smith B., Angle B., Roberts 
V., et al. // Am. J. Med. Genet. Part A. 2016. V. 170. № 7. 
P. 1791–1798.

49. Thomas T., Voss A.K., Chowdhury K., Gruss P. // Devel-
opment. 2000. V. 127. № 12. P. 2537–2548.

50. Merson T.D., Dixon M.P., Collin C., Rietze R.L., Bartlett 
P.F., Thomas T., Voss A.K. // J. Neurosci. 2006. V. 26. № 44. 
P. 11359–11370.

51. Lange M., Kaynak B., Forster U.B., Tönjes M., Fischer J.J., 
Grimm C., Schlesinger J., Just S., Dunkel I., Krueger T., et 
al. // Genes Dev. 2008. V. 22. № 17. P. 2370–2384.

52. Vasileiou G., Vergarajauregui S., Endele S., Popp B., Büt-
tner C., Ekici A.B., Gerard M., Bramswig N.C., Albrecht B., 
Clayton-Smith J., et al. // Am. J. Hum. Genet. 2018. V. 102. 
№ 3. P. 468–479.

53. Krasteva V., Crabtree G.R., Lessard J.A. // Exp. Hematol. 
2017. V. 48. P. 58–71.e15. http://dx.doi.org/10.1016/j.
exphem.2016.11.008

54. Borrow J., Stanton V.P., Andresen J.M., Becher R., 
Behm F.G., Chaganti R.S.K., Civin C.I., Disteche C., Dubé 
I., Frischauf A.M., et al. // Nat. Genet. 1996. V. 14. № 1. 
P. 33–41.

55. Chaffanet M., Gressin L., Preudhomme C., Soenen-Cornu 
V., Birnbaum D., Pébusque M.J. // Genes Chromosom. 
Cancer. 2000. V. 28. № 2. P. 138–144.



REVIEWS

  VOL. 12  № 4 (47)  2020  | ACTA NATURAE | 65

56. Chinen Y., Taki T., Tsutsumi Y., Kobayashi S., Matsumoto 
Y., Sakamoto N., Kuroda J., Horiike Sh., Nishida K., Ohno 
H., et. al. // Genes. Chromosomes Cancer. 2014. V. 53. 
P. 299–308.

57. Liang J., Prouty L., Williams B.J., Dayton M.A., 
Blanchard K.L. // Blood. 1998. V. 92. № 6. P. 2118–2122.

58. Panagopoulos I. // Hum. Mol. Genet. 2001. V. 10. № 4. 
P. 395–404.

59. Kojima K., Kaneda K., Yoshida C., Dansako H., Fujii N., 
Yano T., Shinagawa K., Yasukawa M., Fujita S., Tanimoto 
M. // Br. J. Haematol. 2003. V. 120. № 2. P. 271–273.

60. Sheikh B.N., Lee S.C.W., El-Saafin F., Vanyai H.K., Hu Y., 
Pang S.H.M., Grabow S., Strasser A., Nutt S.L., Alexander 
W.S., et al. // Blood. 2015. V. 125. № 12. P. 1910–1921.

61. Lv D., Jia F., Hou Y., Sang Y., Alvarez A.A., Zhang W., 
Gao W.Q., Hu B., Cheng S.Y., Ge J., et al. // Cancer Res. 2017. 
V. 77. № 22. P. 6190–6201.

62. Tsai W.W., Wang Z., Yiu T.T., Akdemir K.C., Xia W., 
Winter S., Tsai C.Y., Shi X., Schwarzer D., Plunkett W., et al. 
// Nature. 2010. V. 468. № 7326. P. 927–932.

63. Yu L., Liang Y., Cao X., Wang X., Gao H., Lin S.Y., 
Schiff R., Wang X.S., Li K. // Oncogene. 2017. V. 36. № 20. 
P. 2910–2918.

64. Kadoch C., Hargreaves D.C., Hodges C., Elias L., Ho L., 
J.R.& G.R.C. // Nat. Genet. 2013. V. 45. № 6. P. 592–602. 
http://dx.doi.org/10.1038/ng.2628

65. Masliah-Planchon J., Bièche I., Guinebretière J.-M., 
Bourdeaut F., Delattre O. // Annu. Rev. Pathol. Mech. Dis. 
2015. V. 10. № 1. P. 145–171. http://www.annualreviews.org/
doi/10.1146/annurev-pathol-012414-040445

66. Savas S., Skardasi G. // Crit. Rev. Oncol. Hematol. 2018. 
V. 123. № 11. P. 114–131. https://doi.org/10.1016/j.critrev-
onc.2018.01.009 

67. Cruickshank A.V., Sroczynska P., Sankar A., Miyagi S., 
Rundsten C.F., Johansen J.V., Helin K. // PLoS One. 2015. 
V. 10. № 11. P. 1–13.

68. Tatarskiy E.V., Georgiev G.P., Soshnikova N.V. // Dokl. 
Biochem. Biophys. 2019. V. 484. № 1. P. 66–68.

69. Theodorou M., Speletas M., Mamara A., Papachristopou-
lou G., Lazou V., Scorilas A., Katsantoni E. // PLoS One. 
2013. V. 8. № 10. P. e76155.

70. Lin W. Hao, Dai W. Gang, Xu X. Dong, Yu Q. Hua, Zhang 
B., Li J., Li H. Ping. // Biochem. Biophys. Res. Commun. 
2019. V. 514. № 3. P. 639–644. https://doi.org/10.1016/j.
bbrc.2019.04.170


	The Institute of Gene Biology Is Turning 30
	L-Ascorbic Acid in the Epigenetic Regulation of Cancer Development and Stem Cell Reprogramming
	The Functions and Mechanisms of Action of Insulators in the Genomes of Higher Eukaryotes
	Modification of Nuclear Compartments and the 3D Genome in the Course of a Viral Infection
	The Delivery of Biologically Active Agents into the Nuclei of Target Cells for the Purposes of Translational Medicine
	The DPF Domain As a Unique Structural Unit Participating in Transcriptional Activation, Cell Differentiation, and Malignant Transformation
	Polycomb and Trithorax Group Proteins: The Long Road from Mutations in Drosophila to Use in Medicine
	Involvement of the N Domain Residues E34, K35, and R38 in the Functionally Active Structure of Escherichia coli Lon Protease
	A Simplified Streptozotocin-Induced Diabetes Model in Nude Mice
	Intracellular Acidification Suppresses Synaptic Vesicle Mobilization in the Motor Nerve Terminals
	Drosophila Zinc Finger Protein CG9890 Is Colocalized with Chromatin Modifying and Remodeling Complexes on Gene Promoters and Involved in Transcription Regulation
	The Influence of an Elevated Production of Extracellular Enveloped Virions of the Vaccinia Virus on Its Properties in Infected Mice

