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Summary
There is evidence that relapses of acute myeloid leukemia (AML) are closely related to heterogeneous population of leukemic precursors. At least, two classes of
the leukemia-initiating cells (LIC) may be discerned, according to recent experimental studies with hematopoietic cell transplants to immunodeficient mice. The main
class of LICs is presented by immature precursors with
CD34+CD38– immunophenotype which, in turn, are capable of selective expression of BAALC gene. The second
class of LICs is presented by relatively mature precursors with more differentiated immunophenotypes. According to indirect findings, they are able of WT1 gene
expression, along with blast cells. Since both BAALC
and WT1 mRNAs may be quantitatively evaluated by
means of standardized quantitative polymerase reaction
in real time (qRT-PCR), this approach may be effective
for specifying the mechanisms of relapses and resistance
to therapy in AML patients. The aim of this work was
to perform simultaneous dynamic evaluation of BAALC
and WT1 genes expressions along with determination of
blast numbers in the tested bone marrow samples in 14
AML patients treated at our Center with Gemtuzumab
ozogamicin (GO, Mylotarg), which was combined with

high-dose chemotherapy (ChT), followed by allogeneic
hematopoietic stem cell transplantation (allo-HSCT).
Our preliminary results are as follows: a) superior 3-year
overall survival (OS) in general group of patients with
normal or nearly-normal karyotypes, and FLT3-mutated AML variants as compared to those with more complex karyotypes and EVI1 gene overexpression (85.7%
vs 16.7%; p=0.032); b) highly sensitive response of immature BAALC-expressing precursors to combined ChT
and GO treatment; c) hypothetical participation of some
mature precursors, along with blast cells, in WT1 gene
expression; d) real evidence for switching hematopoietic
regulation from immature BAALC-expressing precursors to more mature WT1-expressing progeny. These
results suggest diagnostic utility of combined BAALC/
WT1/blast counts panel for quantitative studies and assessment of distinct precursors in AML progression and
emergence of relapses.
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Introduction
Over last decade, several experimental studies showed a heterogeneity of myeloid leukemia precursor cells in human
acute myeloid leukemia (AML)[1-4]. This population includes, at least, immature leukemia-initiating cells (LIC) with
CD34+CD38– – immune phenotype, being able for selective
BAALC gene expression [5], whereas more mature LIC were
attributed to acute promyelocytic leukemia (APL) origin. Biology of the latter cell population has been yet poorly studied.
From some indirect data, one may suggest that these precursors, along to blast cells [6-11], may participate in WT1 gene
expression [11, 12]. One line of evidence is based on some
cases of acute promyelocytic leukemia (APL), where higher
level of gene WT1 expression was coupled to lower blast cell
numbers in bone marrow [12]. Moreover, this conclusion is
also supported by similar discrepancy between higher WT1
gene expression and lower numbers of bone marrow blasts
in 30% to 40% AML patients, both before and after HSCT
[6, 9, 10, 13, 14]. In our opinion, this phenomenon may be
also explained by presence of active expression of WT1 gene
by more mature precursors [12, 15]. Confirmation of this
hypothesis should extend our opportunities for evaluation
of leukemic hematopoiesis on the level of leukemic precursors, using quantitative qRT-PCR [12, 14, 15]. To test this
hypothesis, we performed parallel measurements of BAALC
and WT1 expression levels in 14 AML patients with different cytological, cytogenetic and molecular variants of AML
treated with combination of high-dose chemotherapy (ChT)
and Mylotarg. Moreover, allogeneic hematopoietic stem cell
transplantation (HSCT) was performed in 11 cases. It should
be noticed here that our choice of Mylotarg was determined
by some biological effects of this drug. Firstly, we have recently revealed unexpected response of leukemic cells to this
drug, accompanied by elevation of WT1 gene expression
[13]. Secondly, some data suggest a direct action of Mylotarg
upon immature precursor cells with CD34+CD38– – phenotype [16]. Worth of note, more pronounced response to Mylotarg was revealed in AML with normal karyotypes and, especially, in those with FLT3 gene mutations [17]. This effect
may be explained by higher expression of CD33 antigens on
the surface of leukemic cells in AML with mutated FLT3 [18,
19]. On the contrary, overall survival in AML patients with
WT1 gene overexpression became shorter, being in good accordance with our present findings.
Hence, the aim of our work was to study feasibility of BAALC/
WT1 molecular panel for evaluation of hematopoiesis on
the level of variously differentiated leukemic progenitors in
the group of treated with Mylotarg patents with various cytogenetic and molecular AML variants, using standardized
qRT-PCR approach.

Patients and methods
Clinical evaluation
Our study included fourteen patients (4 pediatric, 10 adults)
at the age of 3 to 67 years (median of 25.7 years) with various morphological, cytogenetic and molecular variants of
AML (Table 1). All the patients were resistant to standard
chemotherapy, thus using Gemtuzumab ozogamicin (GO,
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Mylotarg) in subsequent treatment. One of these patients
and his WT1 changes was earlier reported as a case No.22
[13]. These data were supplemented by new results concerning BAALC gene expression. The basic part of present work
concerns clinical and molecular biology data obtained in 13
newly studied AML patients treated at our Center by combination of high-doses ChT, GO treatment and HSCT (n=11).

Laboratory studies
Routine laboratory counts of blood and bone marrow cells
were performed, along with regular testing of blood chemistry. Cytogenetic studies were carried out using standard
criteria to detect chromosome aberrations. Simultaneous
serial measurements of BAALC and WT1 gene expressions
levels were performed with quantitative real-time polymerase chain reaction (qRT-PCR), according to earlier described
technique [20]. In brief, RNA was isolated from the fresh
bone marrow samples by guanidine-phenol-chloroform extraction ("Ribozol-DF" kit reagent, InterLabService, Russia),
according to the manufacturer’s instructions. Aliquots of extracted RNA (11 mcL) were used for reverse transcription
with cDNA Synthesis Kit (LifeTechnologics, USA). The multiplex PCR of BAALC, WT1 and ABL genes was performed
for each cDNA sample. Reaction conditions were as follows;
10 μcL of PCR reaction mixture ("Syntol", Russia), containing dNTP mix of 2.5 mM each, 10×PCR buffer, 5 Units of
Taq-DNA polymerase and 2.5 μcL of 25 mM MgCl2, 7 pmol
of each gene-specific primers, 5 pmol of Taqman probes for
both BAALC, WT1 and ABL genes. Cutoff value of 31% was
accepted for BAALC expression. The threshold level for WT1
gene was 250 copies/104 copies of BCR/ABL1 gene.
Along with individual assessment of clinical response, the
patients were classified in 2 groups: (1) with FLT3 mutations
and normal/near-normal karyotypes, and (2) more complex
chromosome aberrations and EVI1 gene overexpression.
The prognostic significance of GO treatment in common
group with normal, near-normal karyotypes and FLT3-mutated AML were compared to those with complex chromosome aberrations and EVI1 gene overexpression estimated
by plotting of overall survival (OS) and relapse risk curves,
according to Kaplan-Meier, SPSS software version 22.0 (IBM
corporation, Armonk, NY, USA) were used for statistical
analysis.

Results
Basic clinical and laboratory findings in 13 newly studied
AML patients treated with GO (Mylotarg) were presented in
Table 1. In general, the results obtained in Mylotarg-treated group have shown that AML patients with normal or
near-normal karyotypes, and mutated FLT3 variants (subgroup 1) exhibited higher 3-year OS rates, as compared to
AML cases with complex karyotypes and EVI1-positivity
(Fig.1). The difference in 3-year overall survival (OS) proved
to be statistically significant (85.7% vs 16.7%; P<0.032).
To interpret the differences observed, we would like to report
in details some indicative cases with significant changes of
BAALC expression. E.g., we observed a 67-year-old man with
AML (M0 FAB variant) diagnosed in 2016. Interestingly,
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Table 1. Clinical and laboratory parameters of AML patients subjected to combined treatment with high-dose ChT,
GO, and allo-HSCT performed in 11 cases
Mylotarg

Patients

Before

#

Age,
gender

FABvariant

Karyotype
Date
(Molecular Markers)

1

22, f

M1

46,XX

2

7, f

M2

3

11, m

After

Tested parameters

OS,
days

Tested parameters

BAALC,
%

WT1,
copies

EVI1,
%

Blasts,
%

8.11.17

104

1265

0.1

72

46,XX. del(5q31)

12.10.18

263

4164

0.02

M4

46,XY {NUPmut}

9.08. 19

287

22725

M2

46,XX, t(6;7)
(p21;p22),
-13, +19, +21,+mar
{FLT3dupl}

24.10.17

0.1

Date

BAALC,
%

WT1,
copy

EVI1,
%

Blasts,
%

16.01.18

11

6

5

2

807+

48

14.01.19

53

1693

0.1

52

700+

0.1

91

10.09.19

12

503

3

10

374+

0.1

0.1

2

18.11.19

5

25

6

0.6

1155+

4

38, f

5

19, m M0

47,XY,+6 {FLT3dupl}

8.11.18

34

3165

0.01

84

15.03.19

8

6

3

2

558+

6

34, m M2

46,XY, {FLT3dupl}

21.02.19

247

1419

0.1

79

7.10.19

9

33

3

0.8

495+

7

31, m

M0

47,XY,+8/47,XY,+22
{FLT3dupl}

13.03. 17

101

3204

0

80

7.03.19

34

3883 1

7

†92

M1

46,XX,t(11; 19),
t(10;18),t12;17),
16q+,20p+,17q-,
inv(3) [FLT3dupl,
NPMI mut}

30.10.17

54

2849

0.1

92

21.11.17

17

1471

0.1

83

†116

8

43, f

9

30, m M1

46,XY,t(9;11)(p22;q23)
{EVI1+}

13.03.17

54

3182

119

80

31.08.17

0.1

0.1

0.1

2

1200+

10

28, f

M4

46,XX,del(11(q23)
{EVI1+}

9.01.19

-

189

Q23

20

15.01.19

16

13

2

3

†172

11

20, f

M5

46,XX ,del(7)(q36),
t(11;19)(q23;p?)
{EVI1+}

19.12.18

26

1807

23

16

11.03.19

14

37

0.008 5.6

†497

12

35, f

M5

46,XX,t(1;4) (35;q12)
{EVI1+}

9.01.19

-

967

121

8.8

28.05.19

8

2139

0.3

81

†82

13

3, m

M7

n/d

28.11.17

0.1

5166

0.1

92

5.02.18

0.1

2755

1

77

†435

Notes: †, died patients; n/d –not done. Significant parameters are shown in bold

1.0

group 1
group 2

85,7% (n=7)

Probability

0.8

0.6

p=0,032

0.4

16,7% (n=6)

0.2

0.0
0.0

0.5

1.0

1.5

2.0

OS, years

2.5

3.0

Figure 1. 3-year overall survival in AML patents with
normal, near-normal karyotypes and FLT3-mutated
variants (group 1) and those with more complex karyotypes and EVI1-positive leukemia (group 2)
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the cytogenetic analysis revealed karyotype with trisomy of
chromosome 8, where the BAALC gene is mapped. As shown
in Fig. 2, the BAALC expression was sufficiently increased
(833%) which cannot be explained by trisomy 8 only. Moreover, the BAALC overexpression was accomplished by similar
increase of WT1 gene up to 681 copies which could correlate with higher number of blasts in the tested bone marrow
(59.8%).

Apart from this patient, the highest levels of BAALC gene expression (>200%) before Mylotarg therapy were observed in
patients #2, 3 and 6 who had normal or nearly-normal karyotypes. Intermediate levels of this gene (from 100 to 199%)
were found in patients #1 and #7 with normal or moderately
changed karyotypes. Lower levels of BAALC expression were
characteristic for all other patients including three cases (#4,
11 and 13) with sub-threshold levels of this gene expression.

This ratio was sufficiently changed after Mylotarg treatment, i.e., BAALC gene expression associated with contents
of common BAALC-expressing precursors decreased to the
threshold level (37%). In contrast, 13-fold elevation of WT1
expression was revealed, whereas percentage of marrow
blasts was only slightly increased. Hence, we may assume
that, at least in this case, higher WT1 expression might be
provided by some distinct precursor subpopulation, along
with blast cells.

As mentioned above, clinical response to GO therapy, in
terms of leukemic cell counts, was not uniform. In most cases (9/11), the level of BAALC expression was decreased, thus
presuming a direct inhibitory effect of GO upon immature
leukemic precursors. Some of GO-treated patients (# 1-3)
showed a simultaneous decrease of both WT1 gene and blast
cell counts in the tested bone marrows.
However, such response was not revealed in AML case #12,
as shown in Table 2.
As shown above (Fig. 1), this positive response of Mylotarg
was more pronounced in patients with normal or close to
normal karyotypes, as well as in 6/8 (75%) cases with tandem duplication of FLT3 gene, except of a patient #8 with
М1 FAB-variant, in whom, along with FLT3 duplication,
multiple chromosome aberrations and NPMI mutation were
found (Table 3).

Figure 2. Relative BAALC- and WT1-expression by the
bone marrow precursors in a 67-year old patient with
M0 AML showing opposite responses to Mylotarg therapy without significant effect upon bone marrow blast
counts
Ordinate: percentage of blast cells (left); relative BAALCand WT1 gene expression, % and copies, respectively.

At diagnosis, this patient had WBC counts of 75.2×109/L and
high blast numbers (88%) in bone marrow and peripheral
blood. Initial therapy included hydroxyurea (3 g), followed
by standard 7+3 protocol. Clinical and hematological remission with 3.8% blasts in bone marrow was established
on 5.09.17. However, the blast cell number had already increased to 70% a month later. As seen from data at Table 3,
these leukemic cells contained complex karyotype with 3 various translocations, 2 deletions, inv(3), internal duplication
of FLT3 receptor and NPM1 gene mutation. Initially, BAALC
and EVI1 expression levels were 54 and 0.1%, respectively. At
the same time, the level of WT1 (2849 copies) and the numbers of blast cells in bone marrow sample (92%) were higher.
Meanwhile, the initial effects of 7+3 and FIAMx2 protocols
were insufficient, since the WT1 gene expression decreased
to 1471 copies only.

Table 2. Parallel serial measurements of BAALC, WT1, EVI1 gene expression and bone marrow blasts in the patient with
M5 FAB-variant of AML (№12) treated by Mylotarg and HSCT
Before therapy 9.01.19
BAALC, % WT1, copies

EVI1, %

Blasts,
b.m., %

-

121

8.8

967

46,XX,t(1;4)(p35;q12)

GO, other therapy,
dates

After therapy/before next course
Sampling
dates

BAALC, %

WT1, copies

EVI1, %

Blasts,
b.m., %

7.10.19

8

2139

0.3

81.4

GO-FLAG
28.05-9.06.19
Allo-HSCT
non-related 18.07.19

†8.10.19; OS – 82 days
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Table 3. Simultaneous serial measurements of BAALC, WT1 and EVI1 expression levels, and blast percentage in bone
marrow aspirates of a female patient with M2 FAB variant of AML (#8) treated by GO only
Before therapy 30.10.17
BAALC, % WT1, copies

EVI1, %

Blasts,
b.m., %

54

0.1

92

2849

After therapy/before next course

GO, other therapy,
dates
7+3. FLAMx2 GO
31.07.17

Sampling
dates

BAALC, %

WT1, copies

EVI1, %

Blasts,
b.m., %

21.11.17

17

1471

0.1

83.4

14.12.17

46,XY, t(11;19),t(10;18),t(12;17), add(6q),add(20p),del(11p),del(17q),inv(3)
{intern dupl. FLT3, NPM1+}

98

†24.12.17; ОS–145 days.

As example of positive therapeutic effect of combined therapy with Mylotarg and HSCT, we present here detailed clinical and laboratory data from 2 of 13 patients (# 4 and #9).

In addition, the number of blasts in bone marrow samples
increased initially to 83.4%, but soon reached 92%. Under
these conditions, HSCT procedure became impossible, despite presence of available HLA-matched related donor.
Death was registered on 24.12.17., 145 days after GO therapy.

Table 4. Simultaneous serial measurements of BAALC, WT1 and EVI1 expression levels, and blast percentage in bone
marrow aspirates of a female patient with M2 FAB variant of AML (№4) in whom initial remission was achieved by
high- dosage ChT (protocol FLAG) combined with double HSCT, followed by GO and Gilteritinib
Before therapy 24.10.17
BAALC, %

0.1

WT1, copies

0.1

EVI1,%

0.1

After therapy/before next course
Blasts,
b.m., %

2.4

GO, other therapy
dates

Sampling
dates

BAALC, % WT1, copies

EVI1, %

Blasts,
b.m., %

FLAG

02.2017

Allo-HSCT, unrelated 8.11.17

12.02.18

0.1

0.1

0.1

2

10.12.18

2

1

0.002

0.6

Haplo-HSCT related
14.06.19

20.03.19

7

156

2

3.6

Anti-relapse therapy

29.08.19

72

2

1

19.6

G0-FLAG, IDL 4.10.19

18.11.19

5

25

6

0.6

Gilteritinib

16.12.19

2

16

2

2.8

20.01.20

6

30

2

0.5

46,XX,t(6;7)(p21;p22),-13,
+19,+21,+mar[6]/46,XX[9] {FLT3/ITD}

On the other hand, the expected negative reactions of leukemic hematopoiesis to GO therapy were noticed in 3 of 4
patients with EVI1-positive variants of AML (#10-12). The
only exclusion was a young patient (#9) with more prognostically favorable for this group translocation t(9;11)(p22;q23).
At diagnosis, he had no increased numbers of blast cells in
peripheral blood, whereas it reached 77.5% in bone marrow.
Cytogenetic study revealed a standard translocation t(9;11)
(p22;q23), which involves KMT2A gene and is, generally,
associated with intermediate risk (Table 5). After a course
of standard chemotherapy (7+3 protocol), her WBC decreased to 3×109/L with 43% of blast cells. Further treatment
included two more intensive chemotherapy courses (FLAM

95.2

OS -1155 days

protocol). Consequently, clinical, cytogenetic and molecular
remissions were established. At this time (14.03.15), HSCT
was performed, which was soon complicated by unexpected elevation of WT1 and MLL/AF9 expression, although essential increase of bone marrow blasts number (to 81.4%)
appeared much later (31.08.17). Therefore, GO was administered for further treatment. The patient is alive now, and her
survival following GO and haplo-HSCT has reached 1200
days.

Discussion
Our preliminary study contains data which support earlier
data on better response to Mylotarg therapy patients with
CTT JOURNAL | VOLUME 10 | NUMBER 1 | MARCH-april 2021
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Table 5. Simultaneous serial measurements of BAALC, WT1 and EVI1 expression levels, and blast percentage in
bone marrow aspirates of a female patient with M2 FAB variant of AML (№9) treated by Mylotarg and HSCT
Before therapy 13.03.17
BAALC, %

54

WT1, copies

3182

EVI1, %

119

Blasts,
b.m., %

GO, other therapy,
dates

After therapy/before next course
Sampling
BAALC, % WT1, copies
dates

EVI1,%

Blasts,
b.m., %

7+3. FLAMx2 GO 31.07.17

02.2017

Haplo-related HSCT
8.09.17

12.02.18

0.1

0.1

0.1

2

10.12.18

2

1

0.0002

0.6

20.03.19

7

156

2

3.6

29.08.19

72

2

1

19.6

18.11.19

5

25

6

0.6

16.12.19

2

16

2

2.8

20.01.20

6

30

2

0.5

80
Anti-relapse therapy

46,XX,t(9;11)(p22;q23) {EVI1+}

95.2

OS 1200 days

normal and favorable cytogenetic variants, as well as higher
sensitivity to Mylotarg treatment in AML with FLT3 mutations [17]. Vice versa, the results of this therapy are significantly worse in AML with complex karyotypes and EVI1
gene overexpression which may be mutually combined.
A significant decrease of BAALC gene expression in most
GO-treated AML patients is in accordance with earlier conclusions about inhibitory effect of Mylotarg upon immature
BAALC-expressing precursors [16].
On the other hand, the data presented here suggest a possible dichotomy for BAALC and WT1 gene expression, due to
their divergent changes, thus allowing an existence of hypothetical regulatory switch in leukemic hematopoiesis from
earlier BAALC-expressing precursors to their more mature
WT1-expressing progeny.
In general, the molecular diagnostic panel suggested by
us, based on simultaneous quantitative measurements
of BAALC- and WT1- expressing mRNA using standard
qRT-PCR, allows to obtain useful fundamental and applied
data which might be available for further search in subtle
molecular mechanisms of AML resistance to therapy, as well
as emerging relapses at the precursor cell level in different
cytogenetic and molecular AML variants.

Conclusion
The study of leukemic hematopoiesis in AML patients with
different cytogenetic and molecular variants treated with
GO in combination with high doses ChT and HSCT, using simultaneous quantitative monitoring of BAALC- and
WT1-expression by leukemic precursors, provides novel
tools for deeper studying the precise mechanisms of AML
resistance to therapy and relapse emergence at the level of
earlier precursors, thus being important in fundamental and
applied aspects.
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WT1-экспрессирующих клеток-предшественниц
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государственный медицинский университет им. акад. И. П. Павлова, Санкт-Петербург, Россия

Резюме
Имеются данные о том, что рецидивы острого
миелобластного лейкоза (ОМЛ) тесно связаны с
гетерогенностью популяции лейкозных предшественников. Можно выделить, по меньшей мере,
два класса лейкоз-инициирующих клеток (ЛИК),
исходя из недавних экспериментальных работ по
трансплантации гемопоэтических стволовых клеток (ТГСК) иммунодефицитным мышам. Основные классы ЛИК представлены незрелыми предшественниками с иммунным фенотипом CD34+CD38–,
которые, в свою очередь, способны к избирательной
экспрессии гена BAALC. Другой класс ЛИК состоит
из относительно зрелых предшественников с более дифференцированными фенотипами. Согласно
косвенным результатам, они, наряду с бластными
формами, способны к экспрессии гена WT1. Поскольку можно количественно оценить содержание
мРНК BAALC и WT1 посредством стандартизированной real-time-ПЦР, то этот подход может быть
эффективным для уточнения механизмов рецидивов и резистентности к терапии ОМЛ. Целью
данной работы была одновременная динамическая
оценка экспрессии генов BAALC и WT1, наряду с
определением числа бластных форм в исследуемых
образцах костного мозга у 14 пациентов с ОМЛ, леченных в нашем центре Гемтузумаб-озогамицином
(ГО, Милотарг), который комбинировали с высокодозной терапией (ВДХТ) и аллогенной ТГСК. Наши
предварительные результаты показали следующее:
a) более высокую общую 3-летнюю выживаемость в
группе пациентов ОМЛ с нормальным кариотипом
или малыми нарушениями кариотипа и мутациями
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гена FLT3, по сравнению с больными с более сложными кариотипами и гиперэкспрессией гена EVI1
(85,7% против 16,7%; p=0,032); б) выраженный клинический ответ незрелых BAALC-экспрессирующих
предшественников на комбинированную ВДХТ и
терапию ГО; в) возможное участие некоторых более
зрелых предшественников в экспрессии гена WT1,
наряду с бластными формами; г) реальное доказательство переключения гемопоэтической регуляции
с незрелых BAALC-экспрессирующих предшественников на более зрелые WT1-экспрессирующие клетки. Эти результаты указывают на диагностическую
ценность комбинированной панели из экспрессии
BAALC, WT1 и содержания бластных форм для количественных исследований и определения различных классов клеток-предшественников в прогрессии ОМЛ и возникновении рецидивов.
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