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Current progress in the study of acute myeloid leukemia

Abstract. In recent years the rate of malignant diseases has been growing rapidly around the world. The
Republic of Kazakhstan, according to international statistics, refers to the countries with moderately
high cancer incidence and mortality. Every year approximately thirty thousand Kazakhstani people are
diagnosed with cancer. In 2018, 35,753 patients were registered in the country, of which 44.3% were men
and 55.7% were women. Cancer mortality over the same period amounts to about 15,000 lives. The cancer
incidence rate increased by 8% from 181.2 (in 1999) to 195.7 per 100,000 population in 2019 [1]. Blood
cancers are relatively rare diseases but, nevertheless, in Kazakhstan about 7,000 patients with hematopoietic
malignancies are currently registered. Therefore, our knowledge of recent advances in hemato-oncology
is highly relevant for successful therapy of these malignancies. In this review we provide information on
the subtypes, symptoms, diagnosis and treatment of acute myeloid leukemia (AML) — one of the most
aggressive blood cancer.
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therapy.

Cancer is a major health problem facing the entire
world, and Kazakhstan is not the exception. Current-
ly, according to Kazakhstan statistics, blood cancer
is one of the ten most common oncological diseases.
There is a tendency for a slight increase in the inci-
dence over the past ten years. The situation in the rest
of the world is similar. One possible explanation is
the improvement in diagnostic methods. Lymphomas
and leukemias are most common in the industrialized
countries, such as the USA, Switzerland and other
European countries. Low rates of these cancers are
recorded in Asian countries. In Kazakhstan, metrics
are lower than in European countries. Chronic lym-
phocytic leukemia is more common in the Caucasian
race. But it is also found among Asians and Kazakhs.
There is also a tendency towards a “rejuvenation” of
the blood cancer which has faced an epidemiologi-
cal crisis due to an increase in the country’s popula-
tion. Totally, 6 741 new cases of leukemia were reg-
istered in Kazakhstan during the 2003-2012 period.
The mean age of patients with leukemia was 48.5.
The age-standardized incidence rates for leukemia
among men and women were 5.3 and 3.6, respec-
tively (p<0.001) [2].

It is known that cancer of the blood or hemo-
blastosis is a serious disease that can arise in men,
women and even children, during the course of which
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blood-forming organs are affected. Malignant neo-
plasms which occur in the bone marrow are called
leukemias. In addition to leukemias hemoblastoses
include diseases such as hematosarcomas and lym-
phomas, which are extra-bone marrow growths of
blast cells. Over time, tumor cells in hematosarcomas
and lymphomas can spread to the bone marrow [3].
The causes of hemoblastoses are chemical carcino-
genic agents, radiation or inherited genetic and epi-
genetic aberrations. Various carcinogens, acting on
the hematopoietic cell genome, cause the transforma-
tion of its normal genetic program into a program for
the formation of malignant neoplasms [4].

Acute myeloid leukemia (AML) is an aggressive
clonal oncohematological disease associated with
damage to the genetic material in hematopoietic stem
and/or progenitor cells. Genetic and epigenetic trans-
formation results in an appearance of immature my-
eloid blast cells which lack the ability to differentiate
and are characterized by rapid uncontrolled prolifera-
tion. This leads to suppression of normal hematopoi-
esis due to replacement of normal bone marrow blast
cells with leukemic blasts. There are several subtypes
of AML, including monoblastic leukemia, acute pro-
myelocytic leukemia, monocytic leukemia, mega-
karyocytic leukemia and erythroblastic leukemia and
there are also mixed acute leukemia forms (Figure 1).
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Figure 1 — General scheme for blood changes during leukemia (https://westcancercenter.org)

Laboratory tests, including cytomorphological,
immunological and genetic analyses are employed to
diagnose specific AML subtypes.

The fact that the pathogenesis of acute leuke-
mia is associated with genetic breakdowns is often
confirmed by the discovery of various chromosomal
aberrations, translocations, deletions, inversions, etc.
In most cases, the specific cause of AML remains
unknown. However, there are several predisposing
factors that significantly increase the risk of devel-
oping this disease. The clearly proven relationship
between chemotherapy and/or radiotherapy for other
tumors and an increased risk of acute leukemia, made
many research groups study other possible leukemo-
genic factors, such as low doses of radiation, vari-
ous chemicals, smoking, and electromagnetic waves.
For instance, clear dose dependence has been proven
between smoking and the risk of developing acute
leukemia, that is especially evident for people over
60 years of age. A number of reports suggest that
about 20% of AML are due to smoking. Prolonged
exposure of the human body to benzene has a leu-
kemogenic effect, but at low concentrations of this
substance, which people most often encounter in the
workplace, the relationship with an increased risk of
AML is not proven.

In studying the effects of continual low-dose ra-
diation, evidence has not yet been obtained in favor
of an increase in the incidence of acute leukemia. For
the first time, the relationship between previous che-
motherapy or radiation treatment of other tumor dis-
eases and an increased risk of AML was observed in
patients cured of lymphogranulomatosis. It has been
shown that not so much the cumulative dose as the
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dose intensity of the exposure is associated with an
increase in the incidence of AML. The risk of de-
veloping secondary AML is highest between 2 and 9
years after completion of previous chemotherapy. In
85% of cases, secondary leukemia occurs within up
to 10 years from the end of treatment [5; 6]. Children
and adolescents with a specific congenital or acquired
immunodeficiency, certain chromosomal abnormali-
ties, diseases Down syndrome, Fanconi anemia, have
a high predisposition to get sick with develop one of
the forms of myeloid leukemia.

In the course of leukemogenesis, when diseased
cells displace healthy ones, anemia, various infec-
tious complications and frequent bleeding are ob-
served. These are the first symptoms that can speak
of acute leukemia. Other symptoms, such as fatigue,
general weakness, sickness, fever, abdominal pain,
loss of appetite are very often observed. Enlarged
lymph nodes are noted. If leukemia cells enter the
central nervous system, then cranial nerves can be
paralyzed and breathing becomes difficult [7; 8].
AML, like all other types of leukemia, is a systemic
malignant disease, that is, from the bone marrow it
rapidly spreads into the bloodstream, lymphoid tis-
sues and other organs. If acute leukemia is not treat-
ed, then death occurs in a few weeks or months.

Among all forms of cancer in children and ado-
lescents, AML accounts for about 4.2% cases. Ac-
cording to German medical statistics, about 80
children and adolescents aged O to 14 years with a
diagnosis of AML are registered annually in the Chil-
dren’s Cancer Register (Mainz), and the total number
of patients with leukemia under the age of 18 is ap-
proximately 100 people a year [9; 10]. However, this
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disease primarily targets older individuals and the
median age of AML patients in general is about 68.
Carcinogenesis can be induced by chemical
agents that are part of the food, and compounds
used in various fields of industry. More than 1,500
organic and inorganic chemical compounds are po-
tentially carcinogenic. Physical carcinogens include
radioactive substances containing 2P, I, Sr and
other isotopes, x-rays and ultraviolet radiation. DNA
— the main target of carcinogenic agents — is exposed
either to their direct action or through mediators of
carcinogenesis, including free radicals of oxygen,
lipids and other organic and inorganic substances.
Oncogenic viruses can also cause the development of
blood cancers. For instance, the Epstein — Barr virus
leads to the development of Burkitt’s lymphoma, the
human T-cell leukemia virus type I leads to T-lym-
phocytic leukemia. Retroviruses, adenoviruses and
adeno-associated viruses can integrate into the hu-
man blood-forming cell genome and cause their on-
cogenic transformation. By the type of viral nucleic
acid, oncogenic viruses are divided into DNA- and
RNA-containing. Some oncoviral genes can play the
role of promoters of cellular proto-oncogenes [11].
The mainstream treatment of AML is intensive
chemotherapy with drugs that block cell growth or
induce cytotoxicity. One such drug cannot kill all
tumor cells, thus modern therapeutic approaches
employ combinations of different cytostatics, cyto-
toxic agents and/or targeted drugs that act on can-
cer cells in different ways. Using these approaches
it becomes possible, in some cases, to completely
kill leukemia cells throughout the body so that the
bone marrow can again earn as a hematopoietic or-
gan. The initial stage of AML management is in-
duction chemotherapy when a particularly intensive
treatment is carried out in order to kill a maximum
of leukemia cells within a short time. The next stage
is consolidation therapy, which aims at destroying
those leukemic cells that could survive the induction
stage. The standard drug combination used in induc-
tion chemotherapy of AML is cytarabine and one of
anthracyclines. Yet, the clinical outcomes remain to
be poor, especially for those patients who are older
or carry other higher-risk diseases. In recent years,
extensive research has led to the development and
characterization of novel agents which target AML
by diverse mechanisms [12]. Among these are tar-
geted therapeutics such as kinase inhibitors and oli-
gonucleotide constructs. These aim to suppress the
production or activity of oncogenic proteins, such as
FLT3 and BCL2, and thus disrupt related signaling
cascades essential for leukemogenesis and blast cell
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proliferation. Other agents, e.g., flavopiridol target
myeloid blasts by suppression of cyclin-dependent
kinases and interference with nucleotide synthesis.
Another class of novel therapeutics includes histone
deacetylase inhibitors, which cause growth arrest and
apoptosis through histone acetylation and resultant
conformational changes [13].

Bone marrow/hematopoietic stem cell transplan-
tation is a method of choice in various hematologi-
cal, oncological and autoimmune diseases in which,
after intensive immunosuppressive therapy with high
doses of cytostatic drugs, immunosuppressants, the
patient is injected with pre-harvested bone marrow
or peripheral blood hematopoietic stem/progenitor
cells. The patients most in need of this method of
treatment are those suffering from highly aggressive
lymphomas, which make up 70% of all forms of lym-
phomas and leukemias. As a rule, these are young,
potentially fit people. According to preliminary es-
timates, the need for about 1000 hematopoietic stem
cell transplants arises annually in the Republic of Ka-
zakhstan [14].

This review presents an overview of preclinical
and clinical studies of selected promising small mol-
ecule compounds that are currently tested for a po-
tential antileukemic activity. Differential therapy is
an alternative or complementary treatment for AML,
which aims at causing maturation of poorly differ-
entiated leukemic blasts. The physiological form of
vitamin D, 1,25-dihydroxyvitamin D, (1,25D3) is
a steroid-like hormone with pleiotropic properties.
These include important contributions to the control
of cell proliferation, survival and differentiation, as
well as the regulation of immune responses. This
hormone also has a role in normal hematopoiesis,
enhancing monocyte-macrophage differentiation. It
also has antiproliferative and prodifferentiation ef-
fects against various myeloid leukemia cell lines and
AML blasts ex vivo. Nevertheless, hematopoiesis in
mice with vitamin D receptor (VDR) deletion is es-
sentially normal, indicating that in mammals the vi-
tamin D pathway appears to have a nonessential but
perhaps a contributory role in blood formation [15].

Clinical trials with 1,25D3 have been performed
for the treatment of preleukemia/myelodysplastic
syndrome and AML, but the 1,25D3 doses effective
in vitro caused severe hypercalcemia in vivo. Numer-
ous vitamin D analogs with reduced calcemic activ-
ity have been synthesized which exhibit increased
ability to induce cell differentiation and to inhibit
proliferation of leukemic cells in preclinical model
systems. Although such analogs have also been
tested in trials, either alone or combined with other
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agents, the therapeutic outcomes were inconclusive
and hypercalcemia remained the major issue. The
reasons for the unimpressive results of most clinical
studies of the therapeutic effects of vitamin D deriva-
tives (VDDs) in leukemia and related diseases may
include the lack of a precise rationale for the con-
duct of these studies. Further, clinical trials to date
have generally used extremely heterogeneous patient
populations and, in many cases, small numbers of pa-
tients, generally without controls [16]. The available
or new VDDs combined with other differentiating or
antiproliferative agents, each working through differ-
ent pathways, are expected to demonstrate synergis-
tic activity and offer improved therapy for AML [15].

There is evidence that vitamin D, is less toxic
than vitamin D, in animals. Recently, the research
group led by M. Danilenko has determined the dif-
ferentiation effects of several novel analogs of 1a,25-
dihydroxyvitamin D, (1,25D2), including PRI-1916
and PRI-1917, in which the extended side chains of
their previously reported precursors (PRI-1906 and
PRI-1907, respectively) underwent further 24Z (24-
cis) modification [17]. Using four human AML cell

lines representing different stages of myeloid matu-
ration (KG-1a, HL60, U937, and MOLM-13), it was
found that the potency of PRI-1916 was slightly
higher or equal to that of PRI-1906 while PRI-1917
was significantly less potent than PRI-1907. It was
also demonstrated that 1,25D2 was a less effective
differentiation agent than 1,25D3 in these cell lines.
Irrespective of their differentiation potency, all the
vitamin D, derivatives tested were less potent than
1,25D3 in transactivating the DR3-type vitamin D
response elements (VDREs).

The data presented in Table 1 and Figure 3 dem-
onstrate that PRI-1907 has much higher differentia-
tion efficiency than PRI-1906 in all used AML cell
lines. However, the effect of the new 24Z modifica-
tion on the activities of PRI-1906 and PRI-1907 was
different. Thus, the activity of PRI-1916 was slightly
higher or equal to the effectiveness of PRI-1906,
which contains naturally occurring alkyl branches at
C-25. On the other hand, it was found that the activity
of PRI-1917 in four cell lines was consistently low-
er compared to PRI-1907 containing homologated
chains on C-25 (Table 1).

Table 1 — Comparative differentiation-inducing potencies of vitamin D derivatives in acute myeloidleukemia (AML) cells

Compounds HL60 U937 MOLM-13 KG-1a
1.25D3 4.58+0.34 1.97£0.19 1.45+0.09 8.65+0.42
1.25D2 8.71+0.62 * 431+0.66 * 1.86 £0.15 32.29 +4.52 **

PRI-1906 4.88 +£0.02 2.51+0.28 1.67+0.10 4.72+0.97
PRI-1916 345+0.07 * 2.87+0.43 1.19+0.08 5.85+1.24
PRI-1907 0.42 +0.06 0.56 +0.08 0.19+0.02 1.27+0.04
PRI-1917 3.90 +£0.15# 2.92+0.51% 0.57+0.04* 4.87+042"

Cells were incubated with the indicated agents or
vehicle < 0.2% ethanol) for 96 h. The expression of
CD14 and CD11b was determined by flow cytometry.
EC,, values (nM) were calculated by non-linear re-
gression analysis of the dose-response curves for the
CD14*CD11b" double-positive cell population. The
percentage of the double-positive CD14+CD11b+
cell population is presented on Figure 2.

Plant polyphenols have been shown to potentiate
the differentiation of AML cells induced by low, non-
toxic concentrations of 1,25D3 and other VDDs. The
enhanced antileukemic effects of these combinations
may constitute the basis for the development of novel
approaches for differentiation therapy of AML. Stud-
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ies conducted by M. Danilenko’s laboratory have
shown that carnosic acid (CA), curcumin and silib-
inin (SIL) synergistically enhanced 1,25D3-induced
differentiation of myeloblastic HL60 cells. However,
in promonocytic U937 cells, only CA caused poten-
tiation while SIL attenuated 1,25D effect [18]. The
enhanced effect of 1,25D+CA was accompanied by
increases in both the VDR and retinoid X receptor al-
pha (RXRa) protein levels and transactivation in both
cell lines. Similar increases were observed in HL60
cells treated with 1,25D + SIL. In U937 cells, how-
ever, SIL inhibited 1,25D-induced VDRE transacti-
vation concomitant with downregulation of RXRa at
both transcriptional and posttranscriptional levels.
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Figure 2 — Comparison of the differentiation-inducing effects of different vitamin D derivatives on
AML cells (a—d). The data are the means + SD of at least four independent experiments;
* p<0.05 vs. 1,25D3; **, p<0.01 vs. 1,25D3; #, p< 0.05 vs. PRI-1907; ##, p< 0.01 vs. PRI-1907 [17]

How the above phytochemicals modulate VDDs
effects in different subtypes of AML cells is not yet
fully understood. However, it has been demonstrated
that the transcription factor Nrf2 and the Nrf2//anti-
oxidant response element (Nrf2/ARE) signaling path-
way mediate the differentiation-enhancing effects of
plant polyphenols [19]. Particularly the inhibitory
effects of SIL on 1,25D3-induced differentiation of
U937 cells correlated with the inability of SIL, with
or without 1,25D3, to activate the Nrf2/ARE path-
way in these cells. These results suggest that opposite
effects of SIL on 1,25D3-induced differentiation of
HL60 and U937 cells may be determined by cell-
type-specific signaling and transcriptional responses
to this polyphenol resulting in differential modula-
tion of RXRa expression [18]. Interestingly, similar
to 1.25D3, both 1.25D2 and its analogs could strong-
ly cooperate with CA in inducing cell differentiation
and inhibition of G1-S cell cycle transition [17]. Most
recently, it has been demonstrated that activators of
Nrf2 other than polyphenols, including clinically ap-
proved drug dimethyl fumarate, can also markedly
potentiate the antileukemic effects of VDDs on AML
cells both in vitro and in vivo [21].

Besides their differentiation-enhancing activity,
VDD/CA combinations can also potentiate the cyto-
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toxic effects of chemotherapeutics. Thus, it has been
found that the combination of the clinically approved
vitamin D, analog doxercalciferol and CA (D2/CA)
significantly increases the extend of AML cell death
caused by a low concentration of arabinosylcytosine
(AraC) [21, 22]. Notably, although AraC-induced cy-
totoxicity was accompanied by the increased genera-
tion of intracellular reactive oxygen species (ROS),
the enhancement of cell death by D2/CA was accom-
panied by a decrease in ROS levels and by activa-
tion of VDR-dependent signaling pathway leading to
ASK1-mediated apoptosis.

Plant-derived phenolic compounds are capable
of cooperating with one another against different
types of malignant cells. Particularly, studies by M.
Danilenko’s laboratory have demonstrated that cur-
cumin (CUR) or methyl 4-hydroxycinnamate (MHC)
can uniquely synergize with CA at non-cytotoxic
concentrations of each agent, producing massive
apoptotic cell death in different AML cell lines [23,
24]. The CUR+CA combination also demonstrated
a marked antileukemic effect in vivo [24]. Impor-
tantly, these combinations did not affect normal he-
matopoietic cells. Mechanistically, MHC+CA- and
CUR+CA-induced apoptosis was mediated solely
by the disruption of cellular Ca?** homeostasis. Ac-

International Journal of Biology and Chemistry 12, Ne 2, 86 (2019)



Yestemirova G.A. et al. 91

tivation of caspase cascade in combination-treated
AML cells resulted from sustained elevation of cy-
tosolic Ca*" (Ca*_ ) and was not preceded by endo-
plasmic reticulum stress or mitochondrial damage.
The CUR+CA-induced Ca**_ rise did not involve
excessive influx of extracellufar Ca*" but, rather, oc-
curred due to massive Ca** release from intracellular
stores concomitant with inhibition of Caz*Cyt extru-
sion through the plasma membrane. Collectively,
these results provide the mechanistic and transla-
tional basis for further characterization of MHC+CA
and CUR+CA combinations as a prototypes of novel
Ca?'-targeted pharmacological tools for the treatment
of AML [25, 26].

The socio-economic problem of blood cancer is
currently extremely relevant, taking into account not
only the high mortality rate, but also the disability
of patients, the huge material costs during treatment.
Therapy of AML still remains a challenge. As sur-
vival of patients has not changed significantly over
the years, and new strategies are urgently needed.
Some anticancer agents, such as flavopiridol, have
shown promising results in commercially developed
AML clinical trials. Others, such as those that target
individual signaling proteins, are already approved
by the United States Food and Drug Administration
(FDA) and the European Medicines Agency (EMA)
for the treatment of different AML subtypes. In addi-
tion, we describes novel promising approaches based
on the use of combinations of natural agents, which
deserve further detailed discussion beyond the scope
of our review. Future therapeutic modalities in AML
include immunomodulation with vaccines as well
as targeting leukemic microenvironment, leukemia
stem cells, and oncogenic fusion proteins or tran-
scription factors involved in leukemogenesis. Over-
all, it is hoped that continued progress in expanding
new approaches will soon provide useful additions to
AML therapy and will significantly improve its cur-
rently poor prognosis.
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