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ABSTRACT

Acute leukaemias (AL) constitute a heterogeneous group of diseases that differ in terms of immunophenotype,

as well as structural and numerical chromosome alterations. In recent years research has revealed many genetic

abnormalities in leukaemic cells. Some of them have already well-grounded diagnostic and prognostic signifi-

cance in acute lymphoblastic leukaemia (ALL) and play an important role in patient risk stratification. Besides

cytogenetics, which still remains a gold standard for the classification of AL, also flow cytometry can be useful

in detecting abnormal numbers of chromosomes in leukemic blasts. The presence of DNA aneuploidy may be

an early indicator of cytogenetic abnormality directly associated with response to therapy. High hyperdiploidy

with 51-65 chromosomes and DNA index > 1.16 is a favourable prognostic factor in ALL in children, often

related to CD123 antigen overexpression. The aim of this study was to summarise current knowledge about

numerical chromosome abnormalities in AL diagnosed by flow cytometry.
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INTRODUCTION

Acute leukaemias (AL) constitute a heterogeneous
group of diseases that differ in terms of immunopheno-
type as well as structural and numerical chromosome al-
terations. AL is a malignant disease of the bone marrow,
in which early lymphoid or myeloid precursors prolifer-
ate. As a consequence, normal haematopoietic cells of the
marrow are replaced with leukaemic cells (blasts). Acute
lymphoblastic leukaemia (ALL) is the most common type
of leukaemia in children between two and four years of
age, while acute myeloid leukaemia (AML) occurs more
frequently in adults above the age of 40 years and it is
rare in children [1]. The first classification system of leu-
kaemias — the French-American-British (FAB) classifica-
tion, was based on morphological features of leukaemic

ADDRESS FOR CORRESPONDENCE:

cells. In this classification, ALL was divided into three
(L1-L3), and AML into eight (M0-M7), morphological
subtypes [2]. This classification system was later supple-
mented with immunophenotypic features of leukaemic
blasts assessed by flow cytometry, which was the basis of
the European Group for the Immunological Characterisa-
tion of Leukaemias (EGIL) classification of ALL [3]. More
recently, the World Health Organisation (WHO) created
in 2008 a new classification implementing cytogenetics,
genetics, and immunophenotypic features of leukaemic
blasts [4]. The WHO classification is systematically updat-
ed, based on new research findings [5]. Leukaemic blasts
of all known AL types often bear some chromosomal
abnormalities concerning numerical and/or structural
alterations. Some of them can have favourable or unfa-
vourable clinical meaning, which will be reviewed in the
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following sections. Importantly, chromosomal abnormal-
ities are included in the list of factors determining proper
risk stratification for children with ALL [6].
Chromosomal instability manifested as DNA aneu-
ploidy is considered as an early step to leukaemogenesis
[6]. Conventional cytogenetic analysis still remains the
gold standard to detect chromosome abnormalities in
haematological malignancies. However, new techniques
are being used to confirm the cytogenetic findings or to
define the risk group when cytogenetics is not available or
inconclusive [7]. In a large percentage of patients with AL,
undetected aneuploidy could exist and may not be identi-
fied by conventional cytogenetics at the time of diagnosis.
Some discrete chromosomal changes can only be detect-
ed with more sensitive techniques, such as fluorescence
in situ hybridisation (FISH) or flow cytometry (FC). The
aim of this study was to summarise current knowledge
about numerical chromosome abnormalities in AL de-
tected by flow cytometry and their clinical significance.

TECHNIQUES FOR DETECTING NUMERICAL
CHROMOSOME ABNORMALITIES

Chromosome analysis has become an important diag-
nostic tool in the assessment of patients with AL. There
are a few techniques than can be utilised to detect chro-
mosome abnormalities in haematological malignancies.

CONVENTIONAL CYTOGENETICS

Conventional cytogenetics (CCA) is commonly used
as a routine diagnostic test to detect chromosome abnor-
malities in haematological malignancies. It can identify
all chromosome aberrations visible under the microscope
in a leukaemic cell. The methodology is based on karyo-
typing of cultured bone marrow samples from patients
with leukaemias, and producing G-banded metaphases
for microscopic analysis [8]. CCA of patients with ALL is
often difficult due to the poor quality of chromosomes in
metaphase of mitotic division, limited number of spread
metaphase chromosomes, or poor chromosome mor-
phology [9]. At least 20 metaphases must be examined
to exclude clonal abnormality. In cases involving clonal
aberrancies, any detected chromosomal aberration (such
as extra chromosomes, structural aberrations) must be
confirmed in a minimum of two cells, or three cells in
cases of chromosome loss. However, it is not clear if the
abnormalities detected in a few analysable metaphases
under optimal karyotyping conditions are representative
for whole leukaemic cells [10].

FLUORESCENCE IN SITU HYBRIDISATION

Many chromosome aberrations recurrent in leukae-
mic cells can be detected using molecular techniques,
such as FISH. It is a powerful tool for the identification

of numerical aberrations of the targeted chromosomes in
metaphases and interphase cells [9]. Ritterbach et al. [9]
suggested that by using centromeric probes for chromo-
somes 6, 10, 17, and 18 it is possible to detect hyperdip-
loidy > 50 chromosomes, which can be useful for therapy
stratification. This is an alternative method to screen for
hyperdiploidy allowing for detection of even small clones,
as compared with classical cytogenetics. FISH provides
a sensitive method for identification of chromosomal
translocations in metaphase, as well as interphase cells,
and can be reliably performed on diagnostic bone mar-
row smears. However, the disadvantage of this method is
the high cost [1].

FLOW CYTOMETRY

During recent years, DNA aneuploidy determined by
FC was a widely used parameter in the prognostication
of many solid tumours and haematological malignan-
cies [11-13]. Nowadays, flow cytometry FC is routinely
used for rapid assessment of the immunophenotype of
leukaemic cells, and minimal residual disease (MRD) de-
tection enables also the assessment of the ploidy of leu-
kemic blasts and measurement of DNA content in paral-
lel. Flow cytometric ploidy assessment is based on total
cellular DNA evaluation and does not identify individual
chromosomes; however, it has been reported that DNA
index (DI) values can be used indirectly to determine
the number of chromosomes [6, 14]. The measurement
of DNA content is based on the ability of certain dyes
(such as propidium iodide - PI) to stain cellular DNA
in a stoichiometric manner. The amount of bound PI is
proportional to the amount of DNA in the cell, which can
give information on possible changes in the number of
chromosomes [8]. The results are presented graphically
as a histogram, and the difference in DNA content can be
expressed as a ratio of leukaemia sample/standard DNA
fluorescence, defined as DI

FC is a rapid, informative, sensitive method for mea-
surement of DNA content and can be applied to a wide
range of disorders [8]. FC enables detection of even small
aneuploid clones and ensures faster identification of ab-
normal DNA content. The great advantage of FC is its
capability of analysis of high numbers of cells in com-
parison to other methods. It also enables identification of
ploidy variations in the majority of ALL patients. Howev-
er, in routine practice it cannot replace conventional cyto-
genetics and typically is used in parallel as a supplemen-
tary technique. FC allows the identification of biclonality
and distinguishes aneuploid leukaemia when standard
CCA fails [15]. Importantly, the comparison between
the FISH result and the DI showed good agreement in
the investigated patients (208/234, 88.8%) [9]. Forestier
et al. [15] suggested that DI assessment is a sensitive and
reliable method to identify hyperdiploid ALL. Moreover,
Kenney et al. suggested that DNA ploidy in follow-up can
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improve detection of relapses in B-ALL [16]. A proposal
for a new strategy algorithm for ALL was presented by
Pérez-Vera et al. [10] in order to provide a more accurate
diagnosis and better prognostic stratification of children
with chromosomal abnormalities. To improve the fre-
quency of chromosome abnormality detection they per-
formed a study on 100 newly diagnosed ALL children and
compared with the numerical abnormalities identified by
different methods. The concordance between convention-
al cytogenetics and flow cytometry was 86%. Therefore,
they suggest, based on their results, that for numerical ab-
erration detection, the flow cytometry technique should
be used first. Then molecular testing should be intro-
duced to give the oncologist more information to assess
the patient’s risk. This strategy may allow the detection
of numerical and structural abnormalities in a few days.

NUMERICAL CHROMOSOME ABNORMALITIES
IN B-CELL PRECURSOR ACUTE LYMPHOBLASTIC
LEUKAEMIA

The most frequent chromosomal abnormalities found
in B-cell precursor acute lymphoblastic leukaemia (BCP-
ALL) are high hyperdiploidy (51-65 chromosomes) and
the translocation t(12;21)(p13;q22) resulting in ETV6-
RUNX1 fusion gene formation. These two aberrancies
comprise together more than 50% of cases and are at the

same time markers of good prognosis. Other abnormali-
ties, for example the translocation t(9;22)(q34;q11) with
fusion gene product BCR-ABLI, as well as rearrange-
ments of the MLL gene, are rare in childhood BCP-ALL
[17], but both are related to poor prognosis, especially
the MLL gene rearrangements in infant ALL, which is
associated with an aggressive disease and unfavourable
outcome [18]. In contrast, hypodiploidy (< 46 chromo-
somes) is a marker of poor outcome; the fewer chromo-
somes the worse the prognosis [19, 20].

ALL are classified into subtypes based on the prev-
alent chromosome number in leukaemic cells, defined
as the modal number (MN) of chromosomes. About
25-30% of BCP-ALL cases are hyperdiploid with more
than 50 chromosomes. This subtype of ALL includes
near-tetraploid, near-triploid, and hyperdiploid with 51-
68 chromosomes. Moderate hyperdiploidy (47-50 chro-
mosomes) occurs in 10 to 15% of ALL childhood leukae-
mia. Diploid with 46 chromosomes and pseudodiploid
BCP-ALL with 46 chromosomes and structural and/
or numerical abnormalities occur in 40% and 10-15%
of cases, respectively. Fewer than 46 chromosomes are
typical for hypodiploidy, and, together with near-hap-
loidy cases, this occurs altogether in about 8% of cases.
Recognition of ploidy in ALL has improved the abil-
ity to predict clinical outcome and devise risk-specific

TABLE 1. Numeric chromosomal aberrations in B-cell precursor acute lymphoblastic leukaemia (BCP-ALL)

MN Outcomes

Characteristic

Immunophenotype

Near- 82-94 | unfavourable | associated with L2 morphology, T-cell myeloid-associated antigens (D13, (D15,
tetraploidy immunophenotype, older age at the time and (D33
of diagnosis
Near-triploidy | 66—73 | favourable | associated with pre-B-cellimmunopheno- | ND
type
=
-5 | High 51-68 | favourable | associated with low white cell count, L1or | the presence of common ALL immu-
;g hyperdiploidy L2 morphology; gain X, 4, 6, 10, 14,17, 18, | nophenotype; associated with (D10q
L and 21 chromosome; also characterised by | overexpression, (D66¢ positivity and the
= lower leukocyte counts, lower serum lactic | absence of surface (D45; (D123
dehydrogenase levels, ages between 2 and | (IL-3 receptor a chain) overexpress in
10 years; allelic variants of PROM9 B-precursor ALL with hyperdiploid cases
with karyotype > 52 chromosomes
Low 47-50 | intermediate | the most frequently acquired numerical ND
hyperdiploidy abnormalities were 21, X, 8 and 10
High 42-45 | unfavourable | complex karyotypes involving chromosomes | included patients with T-ALL
hypodiploidy 7,9,12 and pre-B/common immunophenotype
= Low 33-39 | unfavourable | monosomy of chromosomes 3,7, 15, 16,17 | common/pre-B immunophenotype
S | hypodiploidy and disomy of chromosomes 1,6, 11, 18;
=§' correlation with somatic 7P53 mutations;
S restricted to children of median age 15 years
I
Near-haploidy | 23—29 | unfavourable | correlation with mutations in /KZF3 and common/pre-B immunophenotype
FLT3; restricted to children of median age
7 years; low WBC count

MN — modal number, ND — no data
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therapy [20]. Numeric chromosomal aberrations and
their outcomes in BCP-ALL are presented in Table 1.

HYPERDIPLOIDY

Near-tetraploidy (MN: 82 to 94 chromosomes) occurs
in less than 1% of childhood ALL. According to litera-
ture, near-tetraploidy in 30% of cases appears to be asso-
ciated with L2 morphology, in 47% with T-cell immuno-
phenotype and older age at diagnosis. Moreover, 40% of
near-tetraploid cases express at least one myeloid-asso-
ciated antigen CD13, CD15, and CD33. Most of these
patients achieve remission in a short time. However, Pui
et al. suggested that this subgroup should be considered
as a district entity from the other hyperdiploid cases be-
cause the follow-up of the majority of patients who re-
main in remission is shorter. Thus, near-tetraploid ALL
should be separated from hyperdiploidy > 50 cases, which
have a better prognosis [21].

Near-triploid karyotype (MN: 66 to 73 chromosomes)
is a rare finding in childhood leukaemia and is associated
more often with pre-B-cell immunophenotype according
to the EGIL classification of BCP-ALL [21].

High hyperdiploidy karyotype (51-65 chromosomes)
occurs in 25 to 30% of childhood leukaemia, and this
group of patients has more favourable prognosis than oth-
ers. It is characterised by the gain of chromosomes 4, 6, 10,
14,17, 18, 21, and X. Extra copies of chromosome 4, 6, 10,
14, and 18 more often result in trisomy than tetrasomy.
Other trisomies and tetrasomies are also occasionally seen
[22, 23]. Moreover, this group can also be characterised by
lower leukocyte counts, lower serum lactate dehydrogenase
levels, ages between 2 and 10 years, and the presence of
common ALL immunophenotype [24]. Moorman et al.
[25] confirmed that the outcomes of children younger than
10 years with high hyperdiploid are heterogeneous, and tri-
somies of both chromosome 4 and 18 can identify patients
with better prognosis, with a five-year event-free survival
of 96% vs. 84% at five years, p < 0.0001. High hyperdiploi-
dy was also used for risk stratification by The Children’s
Oncology Group (COG) because trisomy of chromosomes
4, 10, and 17 was associated with good prognosis [26]. Re-
cently, Woorward et al. [27] reported that rare allelic vari-
ants of PRDMJ are associated with high hyperdiploidy
childhood ALL.

Zaliova et al. [24] demonstrated that cytogenetical-
ly defined high hyperdiploidy can be divided into two
subgroups with different biological behaviour. A relevant
cut-off value of DI was set to DI = 1.16. As confirmed
with single nucleotide polymorphism array, patients with
DI > 1.16 had a better survival rate than patents with
DI < 1.16 [28]. Moreover, better response in the early
treatment phases in patients with higher DI was associat-
ed with trisomy of chromosomes 4, 6, 10, 22 or combined
trisomies 4+10, 4+17, or 4+10+17. In contrast, trisomy 5
was referred as a negative prognostic feature [24]. On the

other hand, the low hyperdiploid subgroup with 47-50
chromosomes had worse outcome than high hyperdip-
loid DI < 1.16 [24]. In this group, the most frequently
acquired numerical abnormalities was the gain of chro-
mosome 21, X, 8, and 10 [29].

High hyperdiploid ALL is frequently associated with
CD10 overexpression, CD66¢ positivity, and the absence
of surface CD45 [30]. Immunophenotyping at ALL diag-
nosis shows also higher rates of CD123 (IL-3 receptor a
chain) overexpression (81% of BCP-ALL with hyper-
diploidy and karyotype > 52 chromosomes). Therefore,
CD123 seems to constitute an additional marker of good
prognosis in childhood ALL. Moreover, CD123 showed
stable overexpression in 77% of patients at follow-up [31],
particularly because expression of this antigen is not ob-
served on normal lymphoid precursors [32].

HYPODIPLOIDY

Hypodiploidy (< 46 chromosomes) in childhood ALL
is associated with a very high risk of treatment failure
[33]. Hypodiploid ALL with fewer than 46 chromosomes
occurs in 1% of childhood ALL and may be subdivided
depending on MN into high hypodiploidy (42-45 chro-
mosomes), low hypodiploidy (33-39 chromosomes),
and near-haploidy (23-29 chromosomes) subgroups [33,
34]. Most hypodiploid cases have chromosomal deficien-
cy arising from unbalanced translocation, loss of whole
chromosome, or formation of dicentric chromosomes.
Raimondi et al. [35] detected loss of sex chromosomes
in 63% of cases with hypodiploidy. Heerema et al. [36]
suggested that patients with decreased chromosome
number had worse outcomes and that this subset of pa-
tients should receive different treatment protocols. Both
near-haploidy and low hypodiploid tumours exhibit
distinct mutational profiles, suggesting possible usage
of drugs directed against Ras- and PI3k-dependent sig-
nalling pathways as new therapeutic strategy [37]. Occa-
sionally, in hypodiploid cases, chromosomes can undergo
reduplication and production of so-called double-up sub-
clone in a mechanism called “masked hypodiploid ALL"
This results in a karyotype resembling hyperdiploidy and
can cause classification of patients into incorrect risk
groups [19, 34, 38].

In near-haploid ALL cases, leukaemic blasts contain
23 to 29 chromosomes, and the incidence of near-haploi-
dy is about 1%. Among this group the majority of patients
have 26 chromosomes. According to Harrison et al. the
most frequently observed additions to the haploid chro-
mosome set are extra chromosome 21, observed in all pa-
tients, X (6/8 females), Y (4/6 males), 14 (12/226 cases),
and 18 (7/226 cases). Moreover, near-haploidy is often re-
stricted to children of median age seven years (range two
to 15 years). The majority of patients have common-B or
pre-B immunophenotype [33]. This group of aneuploidies
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is poorly defined; however, earlier studies reported poor
outcomes for children with near-haploidy [35, 39, 40].

Low hypodiploidy (33-39 chromosomes) ALL is rec-
ognised as a high-risk feature in paediatric ALL. In this
subgroup, monosomy of chromosomes 7 and 17 are al-
ways observed. Other frequently observed additions to
the haploid set of chromosomes are chromosomes 21, 14,
18, and X in females and Y in males. All hypodiploid ALL
patients have common-B or pre-B immunophenotypes.
This subtype occurred in an older group with a median
age of 15 years (range nine to 54 years) [33]. Both high
and low hypodiploidy, are associated with somatic TP53
mutations, which suggests the existence of similar muta-
tional patterns in both subtypes of hypodiploid ALL [34].

High hypodiploidy (42-45 chromosomes) are clini-
cally and cytogenetically distinct from the near-haploid
and low hypodiploid group. Harrison et al. [33] reported
complex karyotypes involving chromosomes 7, 9, and 12
in the majority of high hypodiploidy patients (95%). Loss
of whole chromosomes: sex, 7, 9, 13, and 17 was also of-
ten detected.

NUMERICAL CHROMOSOME ABNORMALITIES
INT-ALL

The impact of numerical chromosome abnormali-
ties on T-ALL prognosis is less well understood than in
BCP-ALL [35]. Near-haploidy and hyperdiploidy above
50 chromosomes are very rare in paediatric T-ALL.
Near-tetraploidy occurs in about 1-3% of T-ALL, but no
prognostic significance has been determined [41, 42]. Pui
et al. [21] reported that cases of near-tetraploidy occurring
in ALL are often associated with T-ALL immunopheno-
type (47%), L2 morphology (30%), older age at diagnosis,
and poorer prognosis as compared to cases with other
types of ploidy. In contrast, the EGIL group collected data
on 36 children with near-tetraploidy (81-103 chromo-
somes). In this study 10 cases (48%) showed T-ALL im-
munophenotype and DI determined for 21 patients rang-
ing between 1.74 and 2.08. In general, the overall survival
of this patient subgroup appeared to be favourable. All
blasts were negative for HLA-DR and 6/7 were negative
for CD34. Expression for cyCD79a was found in 4/5 tested
samples and TdT in 5/5 tested samples. Also, expression of
myeloid-associated antigens was found (CD13, CD33, and
CD117 for 2/6, 2/7, and 2/4 examined cases, respective-
ly) confirming high immunophenotypic heterogeneity of
near-tetraploid cases [43]. Another study of Munoz et al.
[32] proved that none of six hyperdiploid T-ALL cases ex-
pressed CD123 antigen, which is in contrast to BCP-ALL.

NUMERICAL CHROMOSOME ABNORMALITIES
IN ACUTE MYELOID LEUKAEMIA

In patients with AML, some genetic abnormalities,
like translocations t(8;21), t(15;17), t(16;16), or inv(16) are

considered as markers of favourable outcome. In contrast,
abnormalities in chromosomes 5 or 7, 11q23, or com-
plex karyotypes are associated with very poor outcome,
regardless of the treatment protocol used [1]. Only a few
reports are available about ploidy in AML. Generally, the
frequency of abnormalities in children is higher as com-
pared with adult AML [44]. One of the largest series of
paediatric AML patients (n = 237) with annotated ploi-
dy was published in 2014, and numerical aberrations
were reported in 40% of cases. Most cases were diploid
(n =251, 56%), whereas 18% of patients had 47 chromo-
somes, and 8% of patients had 43-45 chromosomes. In
no case were less than 43 chromosomes observed. Fur-
thermore, hyperdiploid cases (MN: 48-65) constituted
11% of all cases. Hyperdiploidy was associated with me-
dian age of two years, female sex, and acute megakaryo-
blastic leukaemia (FAB M7). Among this group only
5% constituted FAB M2. Gains of chromosomes, in par-
ticular 8 (41%), 21 (19%), 19 (18%) and 6 (14%), were the
most frequent in children with AML. In contrast, hypo-
diploid AML (8% of all cases) was associated with older
age, male sex, FAB M2, and t(8;21)(q22;q22) with loss
of sex chromosomes [45]. Down’s syndrome is associat-
ed with constitutional trisomy 21; however, only 10% of
patients with de novo AML have this abnormality. AML
patients with Down syndrome show typical morphology
of acute megakaryoblastic leukaemia (M7) and can be
cured with standard therapy [46].

Tetraploidy or near-tetraploidy (MN: 81 to 103 chro-
mosomes) is a rare finding in AML and in large series
of paediatric AMLs it was detected in eight patients, and
most frequently gains of chromosome 21 (3%, n = 16), 19,
and 8 (both 2%, n = 10) were observed [45, 47].

Loss of a chromosome is extremely rare in AML.
Most commonly, loss of Y chromosomes in males (8%,
n =30) and X in females 95%, n = 13) are detected [45].
Shandahl et al. [45] reported that monosomy 7 was pres-
ent in 2% of all AMLs (n = 14), whereas monosomy 5
was detected in fewer than 1% of cases (n = 3). Among
numerical chromosomal aberrations monosomy 7 was
a predictor of poor outcome. In some patients these ab-
errations are preceded by myelodysplastic phase. Better
prognosis is observed in patients with 7q deletions than
in those with complete loss of 7 [48].

Generally, no prognostic relation of MN and patient
outcome was detected in paediatric AMLs [45]. Analy-
sis of a large series of de novo AML indicated a higher
incidence of immature myeloblastic phenotype in aneu-
ploid patients and high incidence of expression of CD4,
TdT, CD19, and CD7 on leukaemic blasts with respect
to diploid cases [49]. So far, there are no data on the
association of aneuploidy with any specific immunophe-
notype or prognosis in AML patients. A summary of
numeric chromosomal aberrations in AML is presented
in Table 2.
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TABLE 2. Numeric chromosomal aberrations in acute myeloid leukaemia

MN Outcomes Characteristic Immunophenotype
N Tetraploidy | 81-103 ND the most frequently gained chromosomes 21, 19, and 8 ND
% Hyperdiploidy | 48-65 ND associated with median age 2 years, female sex and acute | high incidence of expression
g megakaryoblastic leukaemia (FAB M7). Most frequent of (D4, TDT, (D19, and (D7
2 gains of chromosomes in children: 8 (41%), 21 (19%),
= 19 (18%), and 6 (14%)
3z Hypodiploidy | 42-45 ND associated with older age, male sex, FAB M2, and (8;21) ND
2 (922;922) with loss of sex chromosomes
g
o
=

MN — modal number, ND — no data
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