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Disruption of the genetic component of cells are mandatory element of malignant transformation. For the majo-
rity of blood neoplasias genetic disorders have been discovered, and they can be used for diagnosis and appro-
priate therapy. The data obtained by authors about the role of domains of Bcr-Abl protein (the main etiological
factor in the pathogenesis of leukemia with Ph-chromosome) are presented in this review as well as approved diag-
nostic methods for myeloproliferative disorders and acute leukemias.
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Introduction. Malignant tumors are the second (after
cardiovascular diseases) cause of deaths in developed
countries. According to the Bulletin of National Cancer
Registry of Ukraine [1], blood system neoplasms were
4.87 % of total cancer cases in 201 1. Proportion of deaths
from leukemias is 5.38 % of all cancer deaths cases.
Each year about 7,500-8,000 cases of different blood
neoplasms are recorded. Myeloproliferative diseases
(neoplasms) (MPN) are a biologically heterogenous
group of hematopoietic system diseases, the main featu-
re of which is uncontrolled proliferation of stem hema-
topoietic cells or myelopoiesis progenitor cells [2, 3]. The
MPN part in total blood neoplasms is about 30-35 %.
According to the WHO classification, there are cronic
myeloid leukemia (CML), chronic neutrofilic leukemia,
chronic eosinophilic leukemia, polycythemia vera, es-
sential polycythemia, primary myelofibrosis, and un-
classified myeloproliferative neoplasms [4, 5].
Sharing common morpho-clinical and hematologic
features, these diseases, however, have different mole-
cular basis. One of the most represented diseases in this
group is CML. CML has a distinctive marker — Phila-
delphia (Ph') chromosome, which is a result of recipro-
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cal translocation t(9;22) (q34; q11). This chromosome is
present in CML and in some patients with acute lym-
phoblastic leukemia (ALL). A fusion of two genes occurs
at the molecular level: ab/ on chromosome 9 and hcr on
chromosome 22. The breaks in ab/ occur mostly bet-
ween 1™ and 2" exones and rarely between 2™ and 3.
In contrast, bcr gene has three areas where the breaks
happen frequently. Therefore, depending on the break-
point in bcr gene there are three different forms of Ber-
Abl protein: p190, p210, p230. Each form was found in
the certain type of leukemia: p210 Ber-Abl —in 90-95 %
of CML cases, p190 Ber-Abl —mainly in ALL in adults
(35 % of all ALL cases), while p230 is found in rela-
tively benign neutrophilic form of myeloid leukemia.
The impetus for the studying of molecular and ge-
netic aspects of these diseases, which has been started
at our institute in the 1990s, was a pure practical prob-
lem — the development of a system for detecting chime-
ric fusion of ber-abl gene in the patients who were diag-
nosed and treated in the hematology departments of Ky-
iv hospitals. The cytogenetic methods used to confirm
the presence of the Philadelphia chromosome required
the bone marrow puncture, a long time for analysis, high-
ly qualified staff, efc. Using the reverse transcriptase po-
lymerase chain reaction with specific primers allowed
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us to obtain the results within one day after taking pati-
ents’ peripheral blood samples [6—8]. For the first time
in Ukraine the guidelines «The monitoring of chronic
myeloid leukemia with molecular methods» [9] have
been created and approved by the Ministry of Health.
This allowed us to introduce molecular genetic appro-
aches to clinical practice.

However, as it often happens, the practice highligh-
ted a wide range of unsolved scientific problems. Of
particular interest was the fact that different forms of
Ber-Abl protein (especially p190 and p210) are speci-
fic for leukemias, which differ by the nature of clinical
manifestations. The difference between these proteins
is that protein Ber incorporates DH (Dbl-homologous)
and PH (pleckstrin-homologous) domains in the area
distinguishing the forms of chimeric proteins p190 and
p210 Ber-Abl. The experimental data could not descri-
be the functional activity of these domains as a part of
Ber, and in p210 Ber-Abl. PH domain has not been stu-
died at all. It was therefore decided to investigate the
areas that distinguish these forms of Ber-Abl protein in
patients with Ph'-positive leukemia at different stages of
the disease. The transformation of cells expressing fu-
sion protein Ber-Abl, is associated with impaired regu-
lation of tyrosine kinase Abl, namely its elevated levels
in tumor cells, but there are the unidentified factors that
lead to an exacerbation of the chronic form of the dise-
ase, its transition to the first stage of acceleration, and
then to blast crisis. It has been shown that the Abl over-
expression in cells does not lead to the tumor develop-
ment, but rather results in inhibition of cell growth and
apoptosis [10].

Therefore it was assumed that these specific featu-
res of Ph'-positive leukemias are caused by Ber protein
domains.

Analysis of dbl area of cDNA obtained from patients
with CML, ALL. Based on the assumption that in some
cases in the region of protein p210 Ber-Abl, which is ab-
sent in protein p190 Ber-Abl, might occur the changes
that lead to the functional similarity of these chimeric
proteins, we have analyzed the structure of the site in
patients with Ph'-positive leukemia at different stages
of disease. As a result, the deletions of varying length
were detected in the region, corresponding to Dbl do-
main of Ber protein, in several patients with acute occur-
rence of the disease [11, 12]. In all cases, the deletions
did not lead to disruption of reading frame. Similar
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changes were observed in the control group of healthy
donors. Thus, we have shown that in some cases, in
patients with CML and ALL with p210 Ber-Abl at the
acute stage of the disease there is a loss of sections of
different length in DH region. So far, a number of sub-
microscopic deletions of varying length on chromoso-
me 9" (abl gene), and on chromosome 22 (bcr gene) ha-
ve been shown. In most cases, these changes reflected
the progression of the disease and were an unfavorable
prognostic factor.

The changes in the area of chimeric bcr gene that
differ from the «classical» have been described by seve-
ral authors —e6a2, e8a2, e13a2, e15a2 [13—16]. In most
cases these changes were detected during disease acce-
leration. These transcripts have arisen as a result of non-
canonical translocations that occurred in the areas other
than the areas of M-, m-and p-Ber of chimeric gene bcr-
abl. The changes described by us were different. The
main difference was that these changes were not a re-
sult of an abnormal translocation type. The classic type
of translocation was confirmed by RT-PCR at the stage
of selecting samples for analysis.

Disease progression could not be a result of the ef-
fect of only one factor. However, it is likely that the
lack of a domain or molecular changes in the region of
exons 3—14 of chimeric gene bcr-abl (DH and PH do-
mains) changes their functional activity, which leads to
the formation of proteins acting differently. DH domains
encode guanine exchange factors (GEFs) and work as a
link between the surface cell receptors to cytokines,
growth factors, G-protein receptors, adhesion, on one
hand, and activation of Rho-like GTPases, on the other.
Proteins p210 Ber-Abl and p190 Ber-Abl interact dif-
ferently with GTPases RhoA, Racl and Cdc42 [17],
which results in the implementation of their capacities,
including influence on actin cytoskeleton, the NADPH-
oxidase during ROS formation, cell signaling, efc.

Study on actin cytoskeleton in leukocytes of patients
with Ph'-positive leukemia. The actin-binding domains,
present in the chimeric Ber-Abl protein, interact with
actin cytoskeleton and cellular localization [18]. To
check the possible influence of these domains we have
studied blood cells of patients with CML, leukemic cell
cultures and leukocytes obtained from healthy donors.
Comparative analysis of the actin cytoskeleton structu-
res in polymorphonuclear leukocytes using FITC-la-
beled falloidin allowed us to distinguish three types of
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cell staining — cortical, diffuse and dot-like structures
formation [19]. It has been shown that K562, U937
cells as well as cells of patients with Ph'-positive leuke-
mia, have mostly cortical cytoskeleton distribution. In
cells from healthy donors cortical cytoskeleton was al-
most non-expressed. In some cases, in addition to cortical
F-actin large dot-like structures were detected in the cells
obtained from patients with CML (blast crisis stage).
According to the literature data [18], changes in the
organization of actin cytoskeleton may be associated
with mutations in the DH region of bcr-abl gene and its
dysfunction that affects Rho GTPases. It is well-known
that DH domains are GEFs for Rho GTPases, causing
actin cytoskeleton organization: the formation of phyllo-
poda, lamellopoda, stress fibers ezc. To test this Dbl re-
gion of chimeric Ber-Abl, the protein of patients with
large punctates was used. The analysis revealed the pre-
sence of point mutations in this region [20]: transver-
sions at position 2127 (T/C) and at position 2449 (C/A).
They lead to the substitution of phenylalanine for leu-
cine at position 547 and threonine for lysine at position
654. The multiple alignment analysis of DH domains
from eukaryotic proteins showed that the replacement
of Rhe547/Leu is neutral and does not affect the cataly-
tic DH domain function because it does not change the
class of amino acid residues and belongs to a-helix
H2A region. The latter is located on the inner side of a.-
helical DH domain group that is not involved in the in-
teractions with GDP, GTPases and neighboring domains.
Instead, Thr654 mutation leads to substitution of a neut-
ral amino acid residue for basic residue and belongs to
the most conservative area of DH domain — CR3. Muta-
tion Thr654/Lys was found within the CR3 sequence
that forms a hydrophobic pocket for GTPase binding.
This fact suggests that the appearance of charged ami-
no acids in this region may have a decisive influence on
the biological activity of Dbl-homologous domain.
Studying the GEF-activity of Bcr DH domain in vitro
and in vivo. Currently more than 70 known proteins have
DH domain in their structure. Most of them are GEF-fac-
tors for different GTPases [21]. Therefore we have tested
the GEF activity in vitro by radioactive GDP release and
the incorporation of y-S35-GT recombinant proteins
which contained DH and DHPH domains, and GTPa-
ses RhoA, Racl, Cdc42. The experiments with trans-
formation of 293T cells with DH and DHPH recombinant
constructs and GTPases RhoA, RhoB, Racl, Rac3,

Cdc42, Wrchl have been also conducted. In both systems,
no GEF activity on GTPases has been found [22].

Multiple alignment of amino acid sequences of DH
family members showed that DH domain of Bcr has
conserved amino acids that are responsible for forming
the tertiary structure. It has also three conservative areas
(CR1, CR2 and CR3) which may be involved in interac-
tions with GTPases. Thus, the analysis of the primary
sequence suggests that the DH domain of Ber has all
the structural elements that are present in the family of
these domains, and therefore has the potential to func-
tion as a GEF-factor, perhaps, it might have specificity
for other members of Rho family or Ras superfamily
GTPases. In particular, these potential partners can be the
following GTPases: Rap1, Rab5, Arfl. They have been se-
lected because of their ability to interact with PLCe (pre-
sence of RA domain), the ratio of PH domain to memb-
rane phospholipids (Rab5) and Golgi apparatus (Arfl).

Study on p190 and p210 Bcr-Abl proteins by fluores-
cent microscopy. As it was mentioned above, the diffe-
rence between pl190 and p210 Ber-Abl is that p190
lacks the DH and PH part. It is known that there is a di-
vision within lipids by cellular compartments, so the
presence of phosphatydylinositol-monophosphate-bin-
ding PH domain and DH domain in protein can most li-
kely affect the localization of proteins and cytoskeletal
organization.

Cos-1 cells were transfected with the constructs ex-
pressing proteins p190 or p210 Ber-Abl. The difference
in their localization in cells has been shown in [23]. Both
proteins were found in the cytoplasm, but p190 Ber-Abl
has an equable distribution in the cytoplasm of cell while
protein p210 is characterized by mainly perinuclear dis-
tribution. So, Ber part which is present in p210 and ab-
sent in p190 Ber-Abl, has certain influence on the distri-
bution of proteins. It has been supposed that PH domain
takes part in Ber-Abl localization. Cos-1 cells morpholo-
gy did not change during transfection. Commonly, cells
are round-shaped and have uniform distribution of actin
filaments, cell membranes form neither lamellopoda
nor phylopoda.

The influence of DH and PH domains was also tes-
ted in NIH3T3 cells which have been transfected with
GFP vectors carrying these domains. The absence of ob-
vious morphological changes was confirmed. This may
mean that Rho family GTPases, involved in the reor-
ganization of actin cytoskeleton, in this case were not
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activated, which would be expected if the DH domain of
p210 Ber-Abl protein had GEF-activity.

Determination of lipids interacting with PH domain
of Bcr. PH domain has been described for more than 200
proteins, and it is involved in cell signaling, cell—cell in-
teractions and cytoskeleton organization. It is known that
in most proteins PH domain binds to phosphatydylino-
sitols, so we decided to check if it is true for Ber-Abl. In-
deed, it was determined that Ber-Abl binds to PI(3)P,
PI(4)P and PI(5)P phosphatydylinositol-monophospha-
tes [23, 24]. It has been shown that this interaction is
highly affine [24]. The specificity of binding only phos-
phatydylinositol-monophosphate is not typical for PH
family. Usually, PH domains bind with high affinity
three phosphatydylinositol-three- and bisphosphates that
are the products of PI3-kinase. The cellular lipids provide
the distribution of signaling molecules and organization
of compartment — specific signaling complexes [25].

That is, binding of Ber or p210 Ber-Abl to PI(3)P
and PI(4)P can be a result of early endosomal or pha-
gosomal or Golgi complex membrane localization of
these proteins. The role of the binding of PH domain to
PIP(5), which is localized predominantly in the nuc-
leus, may be significant.

Investigation and analysis of the ability of Bcr PH do-
main to bind cellular proteins. It is known that PH do-
mains of some proteins in addition to binding to lipids
may be involved in protein-protein interactions [26]. To
test this fact, the «pull-down» approach was used for
the precipitation of proteins from K562 cells lysate and
their subsequent analysis by proteomics methods. As a re-
sult, 26 proteins that interact with this domain were iden-
tified [23]. The next step was an analysis of interactions
with proteins SMC1 (structure maintenance of chromo-
somes), B-tubulin, zizimin 1 and phospholipase Ce (PLC
€). To analyze the binding of PH domain, the DHPH con-
struct, containing both PH and DH domains, was used.
As a control, the DH only construct was used. Using a
pull-down analysis, immunoblotting, and co-localiza-
tion assay in HEK293T cells, the binding of PH domain
to all proteins listed above was confirmed [23, 24]. The
proteins identified belong to several functional groups,
most proteins are involved in metabolic processes, cell
proliferation, adhesion, signal transduction.

Using bioinformatic methods, the network of pro-
teins and signaling pathways that interact with the PH
domain has been constructed. It has three nodal centers:
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ERK, NF«B and p38MAPK. Interaction with cortactin
and protein FBP17, which are involved in the forma-
tion of early endosoms, may suggest that Ber and Ber-
Abl participate in this process. This assertion was sup-
ported by established interaction with Ber PH domain
of Ber with PIP(3) — typical endosomal and phagoso-
mal membrane lipids [23] and with ESCRT complex
(proteins TSG-101 and Vps28) [27]. PLCe also partici-
pates in this process [23]. PLCeg catalyzes the cleavage
of phosphatydylinositol-4,5-bisphosphate to diacylgly-
cerol and inositol-1,4,5-triphosphate (Ins(1,4,5)P3),
which is a secondary messenger in many signaling path-
ways. PLCe has a bifunctional role: it is involved in
lipid metabolism and also acts as GEF-factor for Ras
GTPases. So, PLCe can regulate Ras (through its GEF-
domain) and bind Ras-GTP, which potentially creates a
complex mechanism of feedback regulation of a multi-
component system.

Localization of p190 and p210 Bcr-Abl in the cell
relative to the Golgi apparatus. As it has been mentio-
ned above we have shown that the PH domain has the
ability to bind PI(4)P, which is the main component of
lipid membranes of Golgi complex. It was therefore
decided to investigate the co-localization of proteins
p190 and p210 Ber-Abl with Golgi apparatus. To do
this, Cos-1 cells were transfected with the constructs ex-
pressing proteins p190 and p210 Ber-Abl. For visualiza-
tion of the Golgi apparatus the antibodies to the matrix
protein GM 130 were used.

It has been noticed that the protein p210 was co-
localized with the Golgi apparatus, which typical shape
was observed; in addition, p210 was also localized in
cytoplasm. However, the highest concentration of pro-
tein was observed in the Golgi complex. p190 Ber-Abl
did not have such obvious location around the nucleus,
it was evenly distributed throughout the cytoplasm of
cells [23]. The specificity of the interaction was tested
by adding wortmannin which led to delocalization of
p210 Ber-Abl in the area where it has been detected
before treatment. The results of co-transfection with
costructs bearing shRNA specific to PI4K and PTEN al-
so showed the effect of reduced binding of p210 to Gol-
gi complex.

Thus, it was shown that the presence of PH domain
affects the subcellular localization of this protein, cau-
ses the interaction with various proteins and organelles
of the cell. First, it is a participation in the endosomes
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formation. The proteins that interact with the PH-do-
main of Ber (cortactin, FBP 17, PLCe, B-tubulin) take
part in this process. Thus, the interaction of p210 Ber-
Abl protein with TSG10, a component of the complex
ESCRT]1, might be explained [27]. Despite the lack of
C2 domain of Ber protein, which is responsible for Ber
binding to the protein TSG101, the interaction is still
observed in the cells expressing p210 Ber-Abl. This fact
is well explained by the data established by binding
PH domain to PI(3)P, a dominant early endosomal li-
pid. The absence of this domain in protein p190 Bcr-
Abl alters endosomal sorting and direction of growth
factors receptors transport and differentiation. Differen-
tiation of hematopoietic cells depends not only on the
growth factors receptors, but also on their internaliza-
tion and degradation in time. Thus, aggravation of en-
dosomal transport and accumulation of differentiation
factors, which cannot be degraded, on the cell surface
may affect the differentiation of hematopoietic cells.
The presence of PH domain determines the high affini-
ty of binding Ber to PI(3)P on early endosomes and pha-
gosomes. Lack of GAP domain at COOH end of Ber
part leads to deregulation of Rac GTPase, resulting in
the constitutive activity of Rac in hematopoietic cells,
increased formation of reactive oxygen species and
emerging of «oxidative burst» [28].

Improving the detection of Philadelphia chromosome
in patients with CML and ALL and monitoring patients
during treatment with Abl kinase inhibitors. One of the
main problems in the treatment of CML is emerging of
new mutations that make the drugs, including Abl kina-
se inhibitors, unable to work. More than 50 mutations
within the kinase domain of Ber-Abl protein, most of
which lead to lost or reduced efficiency of Imatinib, one
of'the main drugs for CML treatment, have been descri-
bed. Therefore, detection of these mutations is impor-
tant for selecting the treatment strategy. Since most of
these mutations arise in region 200— 400AK of Abl, and
mutations M244V, G250E, Y253F/H, E255K/V, T315I,
M351T, F359V are more than 85 % of the mutational
changes, the primers for nested PCR of this site were
designed. The most common mutation is T315I, which
leads to the replacement of threonine by isoleucine and
causes a loss of effectiveness of the imatinib [29].

Thus, in this study, it has been shown for the first ti-
me that Ber part of the Ber-Abl fusion protein plays a
significant role in the mechanisms of tumor develop-

ment during CML progression. It determines the speci-
ficity of different oncoproteins (p190, p210, p230), due
to their different localization in the cell and participa-
tion in different signaling cascades. This fact, in addi-
tion to the traditional use of Abl-kinase inhibitors, in-
creases the possibility of targeted therapy of Ph'-positi-
ve leukemia. Given the high genetic instability in pati-
ents with myeloproliferative disorders, the test systems
for a) detection and differential diagnosis of Ph'-positi-
ve leukemias by RT-PCR, and b) monitoring changes in
ATP-binding region of Abl protein were developed, al-
lowing clinicians to adjust therapy when mutations in
this region occure during tyrosine kinase inhibitor
treatment. Under the current classification of the World
Health Organization (4.5) molecular diagnostics is an
obligatory component of modern diagnostics of leuke-
mias. In collaboration with the colleagues from the Im-
munocytochemistry department of Kavetsky Institute
of Experimental Pathology, Oncology and Radiobiolo-
gy of NAS of Ukraine) we have developed a protocol
for detection of the most characteristic MPN mutations,
namely Jak2, mpl, tet2, asxll [30], and mutations in
acute leukemia mll/af4 (t (4, 11) (q21; g23); mll/af9 (t
(9; 11) (p22; g23); cbtb/myh11 (inv16) [31]. The effec-
tiveness of this protocol was tested on a large number of
patients. This greatly improved diagnostic and therapeu-
tic protocols for leukemias of various origins in Ukraine.

I'. []. Tenececs, M. B. [lubros, A. M. /lyoposcuvka, /. O. Mipownuuenxo,
A. I1. Tiomionnuxosa, C. C. Mantoma

P0o3BUTOK MOIEKYIAPHOI OHKOTeMaToIoril B YKpaiHi

Pestome

0606 ’513k068UM [ XAPAKMEPHUM eNeMEeHMOM 37105KICHOI mpancpopma-
yii' € nopyuleHHs 2eHeMuuH020 KOMNOHeHmMa Kaimuru. J{ns 6inbuiocmi
Heonnasiu cucmemu Kpogi 2eHemuyHi NOPYULeHHs € GI0OMUMU, WO 003~
B0JI51€ BUKOPUCMOBYBAMU IX OJis Oia2HOCMUKU | 8i0N06IOHOI mepanii.
Hasederno asmopcoki 0ani cmocogro poui domerie 6inka Ber-Abl (2o-
JI06H020 emioI02iuH020 pakmopa 6 namozenesi ielukemiil 3 Qinadeins-
@IUCHKOI XPOMOCOMOIO) ma NPedcmasieHo anpobo8ani memoou diaz-
HOCMUKU MIENONPONIEPAMUBHUX 3AXBOPIOBAHD | 20CMPUX JeUKeMIll.

Kniouosi crosa: mienonponighepamueni neonnasmu, Ber-Abl, Jak2,
MONEKYIAPHULL namo2eHes, 0iaeHOCMUKd.

I /1. Tenezees, M. B. /[vibkos, A. H. /[y6posckas, /1. A. Mupowruuenxo,
A. II. Tiomonnuxosa, C. C. Mantroma

Pa3BuTHe MOJEKyIIPHON OHKOTEMATONIOTHH B Y KpanHe

Pesrome

Oobs3amenvHblM U XapakmepHviM  d1eMeHMOoM 310KAYEeCMBEEHHOU
mpchcj)opmauuu AGAAIOMCA HAPYUWEHUS. ceHemUUecKoc0 KOMNOHeH-

281



TELEGEEV G. D. ET AL.

ma knemxu. J{ns 6016UUHCMEA HeONAA3UL CUCIEMbl KPOBU U36ECHIHbI
2eHemuuecKie HapyueHus, Ymo no38oasAem UCnoIb308aMb UX O Ou-
azHOCMUKU U nposederus coomeemcmeyowell mepanuu. IlpusedeHv
asmopckue 0arnvie 0 poiu domeros beixa Ber-Abl (2nasnoeo smuo-
J102UYeCcKo20 (hakmopa 6 namozenese jetkemuil ¢ huiadenb@uiickou
XPOMOCOMOTL) U npedcmagieHvl anpoouposantvie Memoovl OUA2HO-
CMUKU MUCTONPOIUDEPAMUBHBIX 30001e8AHUL U OCMPIX TEUKEMULL.

Knroueswvie crosa: muenonponughepamuenvie neonnazmol, Ber-Abl,
Jak2, monexynapueiii namoeenes, ouazHocmuxa.
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