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Introduction

Aim. To study the expression of chimeric genes in bone marrow cells as prognostic factors of
the course of acute lymphoblastic leukemia (ALL) in children and [to] evaluate their role in
resistance to cytostatic chemotherapy. Methods. The AF4-MLL, BCR-ABL, E2A-RVX, TEL-
AMLI chimeric gene expression level was determined by RT-qPCR. Results. The AF4-MLL
oncogene was not expressed in children during remission, and the expression of all other
studied oncogenes was at a low level. In conditions of relapse, there was no expression of the
TEL-AML oncogene and a high expression of the BCR-4ABL. Conclusions. The Development,
course, and survival of ALL patients largely depend on the expression of AF4-MLL, BCR-ABL,
E24-PBXI1, TEL-AML chimeric genes in the bone marrow; this should be taken into account
when detecting early relapses in patients after chemotherapy.

Keywords: acute lymphoblastic leukemia, oncogene, AF4-MLL, BCR-ABL, E2A-PBX,
TEL-AML.

Acute lymphoblastic leukemia (ALL) is the
most common malignant pediatric neoplasm;
the ALL development is connected with vari-
ous somatic gene defects [1], which lead to the
increased proliferation and disruption of the
differentiation program of lymphopoiesis pro-
genitors [2].

Despite progress in the treatment of this
pathology, ALL is among the pediatric pa-
thologies with the highest risk of mortality.

One of the causes of high mortality is cytoge-
netic and molecular diversity of ALL [3].
Additionally, the gene rearrangements in pa-
tients with ALL may be an unfavorable prog-
nostic factor in the course of the disease and
be associated with a high risk of treatment
failure and relapse [4]. ALL is often associ-
ated with chromosomal translocations that lead
to the formation of chimeric genes and the
expression of chimeric proteins with onco-

© 2022 O. A. Vynnytska et al.; Published by the Institute of Molecular Biology and Genetics, NAS of Ukraine on behalf of Bio-
polymers and Cell. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited

17


mailto:ovinnitska@gmail.com

O. A. Vynnytska, L. Ya Dubey

genic properties. The products of Chimeric
gene expression can increase the resistance of
tumor clone cells and reduce the effectiveness
of cytostatic chemotherapy [5].

The products of chromosome transloca-
tions are involved in the development of ALL
[6]. The most common chromosome translo-
cations are: AF4-MLL t(4;11)(q23;p23),
BCR-ABL 1(9;22)(q34;q11), E2A-PBX1 t(1;19)
(q23;p13), TEL-AML t(12;21)(q13;q922) [7].
These gene products can be transcription fac-
tors and regulators of the mitotic cell cycle
that initiate cell transformation and prolifera-
tion. Thus, the translocation between chromo-
somes 1 and 19 leads to the formation of the
oncogene E2A-PBXI, which causes 25 % of
pre-B-cell ALL in children [8]. The AF4/MLL
and BCR/ABL oncogenes play an important
role in the development of ALL; their expres-
sion leads to the dysregulation of hematopoi-
esis, and as a result to the development of
leukemias. TEL/AMLI is generated by t(12;21)
(p13;922); this is the most common gene fu-
sion in malignant neoplasms and occurs in
25 % of ALL cases in children [9]. The chi-
meric gene occurs mainly during fetal hema-
topoiesis at a rate significantly higher than the
apparent clinical course of ALL, which indi-
cates the need for additional secondary and
postnatal genetic events [6].

Determination of the expression of chimeric
genes in ALL makes it possible both an estima-
tion of the degree of malignant transformation
and early identification of an unfavourable
prognosis, which can potentially help us in
choosing right treatment approach [6].

Here we aimed to study the expression of
chimeric genes in bone marrow cells as prog-
nostic factors of the course of ALL in children
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and to evaluate their role in the]neoplasm re-
sistance to the cytostatic chemotherapy.

Materials and Methods

We examined 105 children with ALL, aged
12 months to 16 years, who were undergoing
inpatient treatment in the Hematology
Department. Among the respondents there
were 62 boys (59.0 %) and 43 girls (41.0 %)
(n=105). When performing the work, the rules
of patient safety were observed.

ALL diagnosis was established according
to the FAB classification and blast cell immu-
nophenotype [10] using the ultrasound, chest
X-ray, Computed Tomography scan (CT scan),
or magnetic resonance imaging (MRI) of the
head, organs of the chest, abdomen. To confirm
the diagnosis of ALL, [the] data from the clin-
ical picture, biochemical analysis of peripheral
blood, cytological examination of bone mar-
row (BM) aspirate (percentage of blasts
> 25.0 % of all non-erythroid cells) were used.
Lymphoid origin of the neoplasm was de-
tected by morphological, cytochemical and
immunophenotypic studies of bone marrow
and blood blasts. The hemogram analysis was
performed to determine the absolute number
of white blood cells, platelets, percentage of
blast cells, and hemoglobin level. The percen-
tage of blast cells in the bone marrow was
estimated.

The expression level of the AF4-MLL,
BCR-ABL, E2A-RVX, TEL-AMLI chimeric
genes in patients was determined by RT-PCR,
a polymerase chain reaction method (PCR).
PCR was performed using complementary
DNA (cDNA) obtained by reverse transcrip-
tion reaction (RT) with RNA using AMYV tran-
scriptase (Promega, USA).
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Extraction of genomic DNA from bone
marrow cells was performed by the standard
phenolic method [11], which consists in dena-
turation and extraction of proteins with or-
ganic solvents (phenol, chloroform) and the
transition of DNA to an aqueous solution.
From aqueous solutions, DNA was precipi-
tated by adding ethanol. Denaturation of dou-
ble-stranded DNA was performed at a tem-
perature of 92-95 °C. The primers for gene
amplification AF4-MLL, BCR-ABL, E2A-RVX,
TEL-AMLI were[a] part of commercial kits
(manufactured by Cytocell aquarius, Germany).

Real-time PCR was performed in 25 ul of
the reaction mixture containing the appropriate
primers and 20-30 ng of genomic DNA. The
cycle conditions were as follows: pre-incuba-
tion for 10 min at 95 °C, resulting in denatur-
ation of the target DNA and activation of the
hot start iTagTM DNA polymerase. 20 cycles
of 20 s at 95 °C and 50 s at 60 °C were con-
ducted. The change in the expression of the
target gene was recorded in relation to the
internal control gene at the time of the study.
The samples were analyzed by real-time quan-
titative analysis. The expression of the target
gene was determined by changing the number
of copies of transcripts at each time AACT =
= (CTtest — Ccontrol) Time x — (CTtest —
— Ccontrol) Time 0 [12].

To assess the features of the clinical course
of the disease depending on the expression of
the chimeric gene, the response of patients to
polychemotherapy under the ALLIC-BFM
2009 program was analyzed on the 33rd day
after the start of treatment. According to this,
the patients were divided into two groups:
Group I — patients with complete remission
of the disease (n=92); Group Il — patients who

were found to relapse after a course of poly-
chemotherapy (n=13). The comparison (con-
trol) group consisted of healthy people (n=30).

To quantify the results of the study, the
values of the arithmetic mean (M) and the er-
ror of the arithmetic mean (m) were calculated
— M=m. Statistical processing of the obtained
results was performed using the licensed sta-
tistical analysis packages of Microsoft Excel
and Statistica 5.5. To assess the reliability of
the difference in average indicators between
the groups, the Student’s t-test was used. The
difference was considered significant with a
probability factor of p<0.05.

Results and Discussion

Genetic disorders and additional chromosom-
al abnormalities that accompany the develop-
ment of ALL may help to identify the patients
with an unfavorable prognosis. Accurate diag-
nosis and selection of an effective treatment
regimen for ALL require the understanding of
various genetic abnormalities, their impact on
the course of the disease, and the knowledge
how these chimeric genes are expressed to
predict the development of relapses after [the]
treatment.

The MLL gene rearrangements are associ-
ated with acute leukemias. MLL is the gene,
which is localized on 11g23; it encodes for
lysine(K)-specific methyltransferase 2A
(KMT2A). MLL polypeptideos processed by
threonine aspartase, with the formation of
MLL-N and MLL-C domains , involved in the
formation of a protein complex. The MLL t
activates the transcription of target genes [13].

We observed a 1.8-fold decrease in the MLL
gene expression in ALL patients before cyto-
static therapy compared to the control (p<0.05)
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(Fig. 1), this may be associated with the chro-
mosomal rearrangements and the formation of
chimeric genes. One of the chimeric genes
involving MLL is AF4-MLL, formed by the
fusion of fragments of two genes: AF4 (4q21)
and MLL (11g23) [7]. ALL patients had an
increased expression of 4F4-MLL, which is
not detected in the control (Fig. 1). MLL leads
to the synthesis of chimeric proteins that bind
to nuclear factors (for example, MENI,
LEDGF). Additionally, AF4-MLL promotes
mutations of the RAS gene [7].

It was found that the expression of the AF4-
MLL chimeric gene after the ALLIC BFM
2009 chemotherapy remained detectable in the
relapsed patients 0.39+0.045 copies of mRNA
(Fig. 1). In patients with a remission, 4F4-
MLL was not expressed, at the same time the
expression of MLL (11923) and AF4 (4q21)
genes was increased (Fig. 1).

Thus, the chimeric gene AF4-MLL expres-
sion may be associated with the ALL relapse.
Therefore, targeted inhibition of its activity
can improve cytostatic therapy and prevent the
relapse.

Another important marker of ALL is an
unusual short chromosome (the Philadelphia
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chromosome (Ph)), which is a result of t(9;22)
that leads to the formation of a fusion gene
between a non-receptor tyrosine kinase ABLI,
on chromosome 9, and the BCR gene on chro-
mosome 22 [14].

ALL patients had reduced values of BCR
and ABL gene expressions by 2.85 times and
4.8 times, respectively, compared to the control
(p<0.05) and a significantly increased expres-
sion of BCR-ABL with AACT of 2.09 £1.98
copies (Fig. 2). After a ALLIC BFM 2009
cytostatic therapy, a decrease in the BCR-ABLI
expression by 19 times was observed in pa-
tients with the complete remission and by 2.4
times in patients with the relapse (Fig. 2). At
the same time, cytostatic chemotherapy re-
sulted in an increased expression of BCR and
ABL genes to control values while their expres-
sion was increased by 1.85 and 2.9 times in
the relapsed patients (p<0.05) (Fig. 2).

These results show that BCR-ABLI is an
indicator of an unfavorable prognosis for pe-
diatric ALL patients. Presumably, tyrosine
kinase inhibitors can significantly increase a
patient’s chances of recovery and survival [16].

The E2A-PBXIoncogene is also obseved in
pediatric ALL. E24 locus is located on chro-

HAF4
BmMLL
W AF4-MLL

Fig. 1. The expression of AF4, MLL-
genes and the oncogene AF4-MLL in
bone marrow cells of children with
ALL after cytostatic therapy

* — statistically significant differ-

ence compared to the indicators of

healthy children, p<0.05; #— statis-
- tically significant difference com-
pared to the indicators observed be-
fore treatment, p<0.05.
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mosome 19 and gives rise to two genetic pro-
ducts — E12 and E47, which is a result of
alternative splicing of the original transcript.
The synthesis products E12 and E47 contain
DNA binding sites in the regions of promoters/
enhancers of immunoglobulin (Ig) genes,
thereby provoking Ig synthesis [17]. E2A has
been shown to play an important role in the
development, maturation, and differentiation
of B-lymphocytes, also through direct involve-
ment in the Ig chain rearranging, which is key
to B-cell maturation. Additionally, E2A is ac-
tively involved in the formation of T-lympho-

| Recurrence (n=13) Remission (n=92) Group
1

difference compared to the indica-
tors of healthy children, p<0.05;
# — statistically significant differ-
ence compared to the indicators ob-
served before treatment, p<0.05.

cytes [17]. In healthy children, £24 expression
was AACT = 0.78+0.069 (Fig. 3). The reduced
expression of this gene in ALL patients to
AACT = 0.2840.03 (2.8 times compared to the
control) (Fig. 3) contributed to the disruption
of the immune system.

The PBXI1 gene produced a homeodomain
protein that can bind to HOX and MEIS pro-
teins, forming heterodimeric complexes, and
is involved in the development of a number of
malignant diseases [18] including melanoma
and breast cancer [8]. In normal BM cells, the
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e 07 I WE2A/PBX1 Fig. 3. The expression of £24, PBX1
S os genes and the oncogene E24-PBXI
= 05 in bone marrow cells of children
0.4 with ALL after cytostatic therapy
03 Note: * — statistically significant
0.2 difference compared to the indica-
01 b tors of healthy children, p<0.05;
e — - iR # — statistically significant differ-
Control (n=40) Before treatment | Recurrence (n=13) Remission (n=92)] Group

ence compared to the indicators ob-

(n=105) After n"cntmcm

served before treatment, p<0.05.
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PBXI gene was not expressed, similarly to the
chimeric gene (Fig. 4).

Expression of both £24 and PBX] genes, as
well as [of] E24-PBX1, was observed in pa-
tients with ALL (Fig. 3). [The] E24-PBXI,
fusion gene can produce two isoforms:
E2A-PBX1a and E2A-PBX1b, which are [the]
products of alternative PBX1 splicing and have
the same ability to transform cells. Detection of
this chimeric transcript is a marker of an unfa-
vorable prognosis. Translocation E2A4-PBX]
entails the development of other genetic chang-
es that increase ALL progression. Among them
the PAX5 deletion accelerates the division of
progenitors and enhances the effect of blocking
of B-cell differentiation. The involvement of
Pax5 in signaling pathways is associated with
apoptosis and cell cycle regulation [8].

During remision after the SALLIC BFM
2009 chemotherapy, the E24A-PBX1 expression
decreased 11-fold as compared to the initial
values (p<0.05) (Fig. 3). At the same time, in
the patients with relapse, the E24-PBX] ex-
pression decreased only 2.7-fold (p<0.05)
(Fig. 3). Presumably, the E24-PBXI protein
interaction with chromatin remodelling factors
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SWI/SNF and histone acetyltransferase SVR/
p300, leads to a strong transcriptional activa-
tion of the HOXA genes, whose expression
products have powerful carcinogenic proper-
ties [8].

Therefore, the detection of t(1;19)may be
an important indicator in ALL differential di-
agnosis and choice of [the] treatment regimen.
The detection of E2A4-PBXI in the children
with ALL using RT-qPCR can be considered
as the most promising method. Another com-
mon translocation found in ALL patients is ¢
t(12; 21) (p13; q22), which leads to the fusion
of the TEL and AMLI genes. It occurs in the
prenatal period and causes a predisposition to
the disease, whereas leukomogenesis is pro-
voked by the appearance of additional gene
mutations.

Before ALL treatment, the expression of
TEL and AML Iwas decreased in the patients
compared to the control whereas the expres-
sion of the TEL-AML oncogene was 26.7 times
higher than that of the control (Fig. 4).
Expression of the chimeric TEL-AML provokes
the accumulation of reactive oxygen species
(ROS), which cause DNA damage and, as a

ETEL
HAMLL
WTEL-AML1

Fig. 4. The expression of TEL, AMLI
genes and the oncogene TEL-AMLI
in the bone marrow cells of children
with ALL after cytostatic therapy

Note: * — statistically significant
difference compared to the indica-
tors of healthy children, p<0.05;
# — statistically significant differ-
ence compared to the indicators ob-
served before treatment, p<0.05.
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result, the formation of driver genetic muta-
tions and aberrations [19].

A minor expression of TEL-AML (AACT =
= 0.11+0.013) was detected in patients with
remission after ALLIC BFM 2009 chemo-
therapy whereas in the patients with relapse
this oncogene was not identified at all (Fig. 4).

Since this oncogene is not identified after
chemotherapy in patients with relapse, it can-
not be considered [as] a valuable marker for
the diagnosis and prediction of ALL relapse in
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children. At the same time, the detection of
TEL-AML in patients with ALL may indicate
a favorable prognosis, sensitivity to drug ther-
apy, and an increased chance of complete re-
mission. Therefore, this chimeric transcript is
an important target for the diagnosis, progno-
sis, and even possible treatment of acute leu-
kemia. Additionally, t(12; 21)(q13; q22) occurs
at the early stages of B-cell progenitor forma-
tion in the embryonic period; therefore chime-
ric TEL-AML is detected in healthy newborns,
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Fig. 5. Relapse-free survival of patients with ALL depending on the expression of oncogenes in the bone marrow

Note: a — patients with AF4-MLL expression, b — patients with BCR— ABL expression,; ¢ — patients with E2A/PBX1
expression; d — patients with TEL/AML expression. * — statistically significant difference compared with patients
who were positive for the presence of the corresponding gene, p<0.05.
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which may indicate the establishment of a
pre-leukaemia. This may explain the fact that
this oncogene is identified in children with
complete remission [20].

To determine the highest risk group in the
patients with chimeric gene expression, we
investigated the relapse-free survival of patients.
The highest risk group was linked to the
AF4-MLL and BCR-ABL expression Fig. 5).
Thus, the lowest relapse-free survival (highest
mortality) was observed in patients with expres-
sion BCR-ABL, since 2 years after chemother-
apy, the mortality of patients was recorded
(Fig. 5B).

The patients with the AF4-MLL oncogene
were in the second place with the lowest sur-
vival rate, where mortality was recorded at the
Sth year of life, after a course of chemothera-
py (Fig. 5a); possibly due to its toxicicty. The
highest, 100 % rate of relapse-free survival
was observed in patients with the TEL-AML
translocation (Fig. 5¢) and in patients with the
E2A4-PBX1I, chimeric gene where the relapse-
free survival rate was at the level of 80 %
(Fig. 5d).

Thus, relapse-free survival is one of the
main criteria for evaluating the results of com-
plex treatment in ALL, which depend on the
presence or absence of chromosomal aberra-
tions in patients.

Conclusions. The development, course, and
survival of the ALL patients largely depend on
the presence and expression of the AF4-MLL,
BCR-ABL, E2A-PBXI, TEL-AML chimeric
genes. After the ALLIC BFM 2009 cytostatic
therapy, the detected changes in the expression
of chimeric genes can be associated with the
development of relapses or the onset of complete
remission. During ALL remission in children,
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the AF4-MLL oncogene was not expressed, and
the expression of all other oncogenes studied
was at a low level. In conditions of the disease
relapse, there was no the TEL-AML oncogene
expression whereas a high expression of the
chimeric gene BCR-ABL was detected, which
could be considered as an approach to detect
early relapses in patients aftertreatment. Our
study will allow us to better determine the de-
gree of malignancy of the process and to iden-
tify the risk groups for the course of the disease.
It may also prove useful for further modification
of the treatment program, which will increase
the life expectancy of patients.
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Excnpecisi XMuMepHHUX IeHiB y KJIiTHHAX KiCTKOBOTO
MO3KY AiTeil 3 rocTporo JiM¢006J1acTHOIO JeliKeMi€ro
32 YMOB 3aCTOCYBAaHHSI HMTOCTATUYHOI Tepamnii

O. A. Bunnunpka, JI. 5. lyoeit

Mera. JlocminTi eKCIIpecito XUMEPHUX TeHIB y TKaHHU-
Hax KICTKOBOT'O MO3KY SIK ITPOTHOCTHYHHX (PaKTopiB
niepe0iry roctpoi mimdodnactHoi nefikemii (IT1T) y nireit
Ta OLIHUTH iX POJIb B PE3UCTEHTHOCTI IyXJIMH A0 IATOC-
TaTM4HOI Ximiorepamii. MeTomu. PiBeHb ekcrnpecii xu-
MepHUX TeHiB AF4-MLL, BCR-ABL, E2A-PBX, TEL-
AML] BU3HAYa M METOIOM ITOJIiIMEpa3HOi JIAHITFOTOBOL
peakii 3 BUKopucTaHHsM komiutemeHtapHoi JIHK, orpu-
MaHOi peakuiero 380poTHOi Tpanckpunii 3 PHK 3a no-
nmomororo AMV Ttpanckpunrasu. Pesyabraru.
Bcranonineno, mo mix yac pemicii [JUI y miteii He exc-
npecyBaBcsi OHKOTeH AF4-MLL, a excripecis BCiX 1HIINX
JIOCIIIPKYBaHUX OHKOTEHIB 3HAXOIMJIAcs Ha HU3BKOMY
piBHI. 32 YMOB pelM1BYy 3aXBOPIOBaHHS BiJICYTHS €KC-
nipecist onkorena 7EL-AML Ta BUsIBIIEHa BHUCOKa €KC-
npecist xumepHoro reaa BCR-ABL. BucHoBKku. Po3BUTOK,
niepeOir Ta BrxuBaHHs naiieHTis 3 [J1J] 3HauHOIO Miporo
3aJIexarh Bifl eKcripecii XxumepHux reriB AF4-MLL, BCR-
ABL, E2A-PBXI1, TEL-AML y KiCTKOBOMY MO3KY, IIIO
HEOoOXiJHO BPaxOBYBaTH JIsl BUSIBJICHHS PaHHIX peLnau-
BiB y MaIli€EHTIB TICIISl IPOBEACHHS KypCy XimioTepartii.

KnamwuoBi caosa: rocrpa nimpoOnactHa selikemis,
onkoreH, AF4-MLL, BCR-ABL, E24-PBX, TEL-AML.
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