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Abstract

The term “leukaemia” refers to a large and heterogenous group of diseases, with treatment response and outcome
dependent on the specific type of malignancy. New molecular methods allow us to specifically evaluate the type of
disorder, and provide treatment of necessary intensity. The aim of this review is to provide insight into the progress
in leukaemia treatment that had been possible due to advances in molecular genetics over the last few decades.
Those new sophisticated diagnostic methods have allowed us not only to predict patients’ prognosis but also to
provide a specific therapy depending on the molecular and genetic characteristics of patients. Our review is based
on 25 articles regarding novel diagnostic and therapeutic methods as well as prognostic factors, released between
1992 and 2011. Those articles focus mostly on molecular and cytogenetic testing allowing revolutionary methods
of patient classification and individual therapy for this highly heterogeneous group of disorders. Implementation
of molecular genetic testing to evaluate the type of leukaemia allowed paediatric oncologists and haematologists
to adjust the intensity of treatment, improve outcome, minimize toxicity of therapies and considerably lower the
risk of side effects. In the last few decades there has been a great improvement in survival among children suffering
from haematopoietic malignancies. Progress made in molecular genetics allowed the creation of new treatment
protocols that are designed to maintain a high cure rate for children with leukaemia while reducing toxicity (Adv
Clin Exp Med 2014, 23, 3, 469-474).
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Over the last few decades, significant advanc-
es in molecular biology have focused attention on
leukaemia as a genetic disorder. The identification
and characterization of molecular lesions associat-
ed with this haematological malignancy has led to
advances in the classification and prognosis of leu-
kaemia, which in turn has been useful in stratify-
ing the patients for treatment purposes. Generally,
stratification is a way of classifying patients using
multi-factorial algorithms that assess their risk of

relapse when specific therapies are used [1]. De-
veloping a practical therapeutic stratification that
allows accurate identification of disease response
offers the potential to individualize adjuvant ther-
apy and to minimize long-term adverse effects in
a subgroup of survivors.

These processes are the most fully developed
and have been the most successful in the diagnosis
and treatment of acute lymphoblastic leukaemia
(ALL), which represents the majority of children
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with leukaemia. The advances in the treatment
of ALL over the past decades have been made by
refining risk stratification and the use of existing
chemotherapy schedules. This has improved over-
all survival from essentially zero in the 1950s and
early 1960s up to 65-90% in modern centres [1].

ALL

Acute lymphoblastic leukaemia (ALL) is the
most common type of malignancy in children. It
represents approximately 80% of all paediatric leu-
kaemias [2]. ALL is a genetically and phenotypical-
ly heterogeneous disease. A histologic classification
of ALL is mainly related to immunophenotype,
which is based on flow cytometry assays with spe-
cific fluorescent antibody panels. ALL immuno-
phenotypes are designated as pro-B (usually CD-10
negative infants, 3% of the cases); pre-B (80% cas-
es) and T cell [1]. Infants and T-cell patients belong
to a group of high-risk patients and are best treated
on protocols that are designed for these particular
diseases. Several clinical features have been identi-
fied to help define high-risk patients: age < 1 year
or > 10 years, initial WBC > 50 000 cells/pL, and
the presence of leukaemic blasts in the blood-brain
or blood-testes sanctuary sites [3, 4].

Significant progress has been made in identi-
fying molecular and cytogenic factors that are im-
plicated in disease pathogenesis. These insights in
turn have generated strategies for improving treat-
ment outcome and minimizing the toxicity of ther-
apies. The factors that are of critical importance in
ALL include cytogenetic ploidy (the number of
chromosomes or DNA content of ALL), chromo-
somal translocations, specific gene expression pat-
terns, gene deletions and mutations.

Cytogenetic Ploidy

DNA content in a cell can be measured us-
ing flow cytometry equipment and DNA stain-
ing dye. This enables us to compare the average
DNA content of the blast cells to normal diploid
controls in a ratio known as a DNA index (DI).
The DI of cells with a normal DNA content would
be 1.0, while the DI for hyperdiploid cells would
be > 1.0 and hypodiploid cells would be < 1.0. Ploi-
dy of the leukaemic blasts is an important prognos-
tic marker in ALL. High hyperdiploidy (DNA in-
dex > 1.16), especially when it includes trisomy of
chromosomes 4, 10, and 17 (so called ‘triple triso-
my’), is associated with good prognosis [5-7]. Sur-
vival rates increase to above 90% in patients with
these good cytogenetic findings coupled with the
other positive clinical features [8, 9]. On the other

hand, hypodiploidy (DI < 1.0) is associated with
poor outcomes and reduced survival rates down to
20-30% (1).

Chromosomal Translocations

Particular recurrent chromosomal transloca-
tions are associated with either a good or bad prog-
nosis. The most important of the known transloca-
tionsare: t(9;22)(q34;q11) the BCR-ABL fusion that
produces a foreshortened chromosome known as
Philadelphia chromosome (Ph) ALL and t(12;21)
(p12;q22) coding for a fusion of the ETV6 and
RUNXI1 proteins. The latter translocation is associ-
ated with a very good prognosis and includes 25%
of the patients in Caucasian populations [10, 11].
(Ph) ALL has until recently been linked with poor-
er outcomes, but with intensive chemotherapy and
the molecularly targeting drug Imatinib Mesyl-
ate (marketed by Novartis as Gleevec/Glivec) cure
rates have increased up to 87% [12].

Genetic Subtypes of ALL
and Treatment Response

Among children with B-lineage ALL, those with
hypodiploidy, and the t(9;22)/BCR-ABL, t(4;11)/
/IMLL-AF4 fusion generally have worse treatment
outcomes, while hyperdiplioidy, TEL-AMLI fusion,
and trisomy 4, 10, and 17 are associated with a fa-
vourable prognosis [13, 12]. Analysis of 706 chil-
dren with B-lineage ALL signed up for four different
treatment protocols at St Jude Children’s Research
Hospital in US over 15 years period revealed that pa-
tients with hyperdiploidy, TEL-AMLI, and t(1;19)/
E2A-PBX1 had the best outcome. At the same time
those with the (9;22)/BCR-ABL, or t(4;11)/MLL-
AF4 had a very poor prognosis [13].

Minimal Resisual Disease (MRD)

MRD is one of the most important prognos-
tic factors in ALL. By using rapid flow cytometric
techniques or polymerase chain reaction (includ-
ing RT-PCR (reverse transcription polymerase
chain reaction) and QRT-PCR (quantitative re-
verse transcriptase polymerase chain reaction) and
occasionally DNA PCR) we can detect one leuke-
mic cell in 10*-10* normal cells. The significance
of MRD is linked to a specific treatment regimen.
MRD is usually validated early in therapy (i.e. end
of the first 4-6 week period called Induction), and
at the end of the second phase of therapy (Con-
solidation). MRD evaluation at the end of Induc-
tion aims to estimate the likelihood of relapse-free
survival and address the efficacy of intensifying
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therapy in response to specific levels of MRD pos-
itivity or de-escalating the intensity of treatment
when MRD is negative [1].

Recent studies have confirmed that MRD is
the strongest predictor of outcome in childhood
ALL [14]. Investigators of the Children’s Oncol-
ogy Group (COG) conducted a study involving
2143 children with B-lineage ALL. They moni-
tored MRD in peripheral blood collected on day
8 and in bone marrow collected on day 29 (end
of remission induction therapy). The presence of
MRD (0.01% or higher) at either interval predict-
ed a poorer outcome. MRD levels in the day 29
bone marrow were the strongest prognostic fac-
tors in their study [15]. Investigators of Interna-
tional Berlin-Frankfurt-Muenster (I-BFM) group
described a 10-year event-free survival of 16% for
patients in the high-risk group (defined by MRD
levels of 0.1% or higher on both days 33 and 78;
15%) compared to 93% for the low-risk group of
patients (defined by negative MRD at both time
points; 43%) [10].

In addition to measuring early response to
therapy, MRD measurements can herald impend-
ing relapse, thus prompt the planning of salvage
therapy or consideration of allogenic haematopoi-
etic stem cell transplantation (HSCT). As the risk
of relapse after HSCT is associated with levels of
MRD before transplant, MRD assays can be used
to determine the HSCT timing. Monitoring MRD
post HSCT can be useful for guiding the admin-
istration of donor lymphocyte infusions or other
agents. MRD also helps to select the optimal post-
remission treatment in patients who achieved sec-
ond remission post relapse (i.e., chemotherapy
versus HSCT) [14].

Based on clinical features at presentation and
cytogenetic characteristics paediatric ALL pa-
tients can be classified into groups that can pre-
dict response to specific chemotherapy drugs and
to complex regimens of medications [16]. By iden-
tifying lower risk groups of patients and reducing
the intensity of their therapies, we are able to de-
crease the incidence of long-term side effects such
as neurocognitive problems, infertility, secondary
malignant neoplasms [13]. However, patients with
high-risk ALL remain at increased risk for relapse
and treatment-related reverse effects from intensi-
fied treatment. They also often suffer from long-
term side effects. High-risk ALL patients are one of
the biggest challenges of ALL treatment. Further-
more, medications used to ALL treatment have re-
mained nearly unchanged over the last few decades.
Therefore patients with ALL relapse are treated
with greater intensity of the same drugs [3]. Mod-
ern treatment algorithms (current and proposed)
incorporate patient’s response factors including

measurement of expression of genes important for
drug metabolism and real-time pharmacokinet-
ics. The search for specific signaling pathways and
drugs specifically targeting the genetic defects of
leukaemic cells could revolutionise management
of this disease.

Kinase Signaling in Paediatric
Precursor-B ALL

Protein kinases regulate most aspects of cell life
and constitute one of the largest groups of genes.
Molecular translocations resulting in impaired ki-
nase signaling have been identified in several ge-
netically defined ALL subgroups. In 2009 Russell
et al. described translocations involving cytokine
receptor-like factor 2 (CRLFT2): t(X;14)(p22;q32)
or t(Y;14)(p11;q32) or deletions involving the pseu-
doautosomal region (PARI), either del(X)(p22.33)
or del(Y)(p11.32p1132) that occur in 5% of ALL
in children [3]. Overexpression of CRLFT2 was as-
sociated with activation of the JAK-STAT path-
way and proliferation in B-cell progenitors. The
report suggests the role of CRLFT2 in lymphoid
transformation. In 2010 Harvey et al. analysed 207
high-risk patients and reported a cohort in which
overexpression of CRLFT2, concurrent deletions
of IKZF1, and other aberrations were associated
with end free survival of approximately 15-20%
and a gene-expression reflective of activated tyro-
sine kinase [17]. Molecular aberrations that affect
JAK-STAT pathway, including mutations JAK2
and JAKI, are linked to several haematologic ma-
lignancies [3]. Because of the association between
CRLFT?2 overexpression and JAK mutations, pa-
tients with relapsed leukaemia who are known to
have mutations either of CRLFT2 or JAK are eli-
gible for enrolment in COG study ADVL1011 to
receive a JAK inhibitor, INCB018424 (Ruxolitinib;
Incyte Corporation) [3].

Novel Therapies for
Other Kinase-Dependent
Signaling Pathways

Other examples of signaling pathways and po-
tential targeted therapies are the PI3K-Akt and
Ras-MAPK prosurvival signaling pathways that
are required for normal homeostasis in non-ma-
lignant cells. In 2010 Lee-Sherick et al. reported
that the PI3K-Akt pathway is often upregulated in
many lymphoid malignancies, leading to the de-
velopment of targeted therapies against the mam-
malian target of rapamycin (mTOR) and the TOR
complexes. It has been found that the inhibition of
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mTOR is effective in paediatric ALL. The results of
the research have led to an evaluation of temsiroli-
mus (CC1-779) in phase 1 clinical trials [18].

Molecular Aberrations
in Paediatric T-Lineage ALL

T-ALL is associated with clinically aggressive
features and poor treatment outcomes. Children
with T-ALL are more likely to present with high-
risk features compared with patients with precur-
sor B-ALL. In 2009 Coustan-Smith et al. speculat-
ed that ALL directed therapies might induce less
favourable response from T-lymphoblasts with
stem-cell-like characteristics [19]. 30 samples
banked at St Jude Children’s Research Hospital in
the US were identified to have early T-precursor
(ETP) antigen profiles which were characterized
by CDla (-), CD8 (=), CD5 (weak) with stem cell
or myeloid markers. Those patients with ETP had
a 75% relapse rate [19].

Discovery of Genes Associated
with Treatment Response

Several research studies used in vitro drug sen-
sitivity testing to identify genes associated with drug
resistance. Lugthart et al. determined in vitro drug
sensitivity of leukaemic cells from 441 patients and
identified 45 genes differentially expressed in ALL
showing crossresistance to prednisolone, vincris-
tine, asparaginase and daunorubicin. The expres-
sion of these genes was markedly associated with
treatment outcome in 2 separated cohorts, identify-
ing a group of patients with a significantly inferior
outcome [20]. In 2006 Holleman et al. studied the
link between genes encoding key regulators of apop-
tosis, in vitro drug resistance and treatment outcome
in ALL. The study revealed a significant association
between increased expression of the anti-apoptot-
ic gene MCLI and prednisolone resistance, where-
as that of the pro-apoptotic gene HRK was associat-
ed with increased asparaginase sensitivity. Increased
expression of another pro-apoptotic gene, BCL2L13,
was associated with a higher resistance to asparagi-
nase and worse treatment outcome [19. 21].

Polymorphism in Drug
Metabolising Genes
and Treatment Response

Variation in the expression and function of
genes involved in drug metabolism has been as-
sociated with treatment response in children with

ALL. For example, genetic polymorphisms and the
activity of thiopurine methyltransferase, an en-
zyme that inactivates thiopurines, impact response
to this class of drugs. Patients with heterozygous or
homozygous deficiency are at risk of serious toxic
effect on the bone marrow stroma. The enzyme de-
ficiency is associated with a higher risk of therapy
related acute myeloid leukaemia and radiation-in-
duced brain tumours in patients treated with thi-
opurines. However, patients with increased enzyme
activity might be at a greater risk of relapse due to
reduced exposure of leukaemic cells to active drug
metabolites [14]. In 2011 Peregud-Pogorzelski
et al. conducted a multicentre study and investi-
gated the association between thiopurine S-meth-
yltransferase genotype, 6-Mercaptopurine (6-MP)
dose adjustments, and the incidence of adverse ef-
fects in patients. Using PCR/allele-specific amplifi-
cation and PCR/RFLP (restriction fragment length
polymorphism) investigators analysed a total of
203 children with ALL. The control group consist-
ed of 394 healthy volunteers. Those patients with
TPMT*3A and TPMT*3C alleles required more
frequent 6-MP dose reduction due to side effects
such as anaemia and/or thrombocytopenia, leuco-
penia with respiratory tract infection. The results
indicate that TPMT genotype influences the safe-
ty and efficacy of ALL treatment and genotype in-
formation may therefore be useful for optimizing
6-MP therapy [22]. De Jonge et al. investigated the
influence of polymorphisms of genes involved in
folate metabolism on methotrexate sensitivity in
vitro in 157 cases of paediatric ALL. Those with
the metylenetetrahydrofolate reductase (M THFR)
1298AC variant and those with the methionine
synthase reductase (MTRR) 66 G-allele had a re-
duced sensitivity [14].

AML

Acute Myeloid Leukaemia (AML) accounts
for 15-20% of the acute leukaemias in children.
However, AML is responsible for nearly twice
that percentage of deaths from leukaemia in child-
hood [11, 23]. As observed in patients with ALL,
paediatric AML is quite varied and heterogenous in
its presentation, biology and treatment. In a process
similar to the one described for ALL, children di-
agnosed with AML are assigned into risk-stratified
treatment groups. Initial WBC and CNS involve-
ment do not appear to have a similar importance in
determining risk status. There are significant differ-
ences in cure rates for various treatment response
groups and genetic subsets [3]. Following the UK
MRC (Medical Research Council) AML 10 clinical
trial, risk group stratification was improved based
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on the identification of patient groups with a com-
plete response (< 5% blasts), partial response (5%—
15% blasts), or resistant disease (> 15% blasts) after
the first course of induction failure that consisted
of daunomycin, cytarabine and etoposide [3]. Fol-
lowing further intensification, patients with end-
induction complete response, partial response, or
resistant disease had overall survival rates 53%,
44% and 22%, respectively [3].

Based on cytogenetic analysis 3 risk groups have
been identified among children with AML: 1) a fa-
vourable risk group that consists of t(15;17)[PML-
RAR«], t(8;21)[AMLI-ETO], and inv16[CBEFj-
MYH]11]; 2) an intermediate group including MLL
chimeric fusion genes or a normal karyotype; and
3) a high risk group consisting of -5/del(5q), -7/
/del(7q), inv3/t,(3,3), +8, and complex karyotypes.
Low expression of the ATRX gene and high expres-
sion of the RUNX3 gene are other high risk cytoge-
netic markers [3].

Fms-like tyrosine kinase receptor-3 (FLT3) and
its ligand are important for normal haematopoie-
sis. Internal tandem duplications (ITDs) in exons
14 and/or 15 lead to constitutive receptor activa-
tion, and ‘activating loop’ mutations envolving ex-
on 20 are the most common somatic mutation ob-
served in AML (3). Approximately 20% of children
with AML are affected by mutations of FLT. Study
conducted by Kondo et al. in 1999, showed that
among children with newly diagnosed AML those
with FLT3/ITDs had an 8-year overall survival and
event-free survival rates of 14% and 7%, respective-
ly in compare to 50% and 44% for patients without
the FLT3/ITD molecular aberrancy [24]. Follow-
ing induction therapy, 75-90% of all children di-
agnosed with AML enter into first remission and
approximately 50% are cured of their disease [3].
Remission induction rates are lower, approxi-
mately 70%, for high risk patients and heightened
chance of disease recurrence depends on related
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treatment protocols are designed to maintain a high
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