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ABSTRACT

Introduction: The importance of cytogenetics in neoplastic processes such as leukemia
is known. In 1914, Theodor Boveri suggested that chromosomal abnormalities were
cellular alterations that cause the transition from normal to malignant proliferation. Over
the course of several decades, different cytogenetic techniques were developed which led
to the discovery of an increasingly broad spectrum of chromosomal abnormalities,
resulting in a dramatic increase in the knowledge of human cancer.
Aim: This article aims to review the role of cytogenetics in leukemia, highlighting its
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importance for the clinical definition, treatment and prognosis of these neoplasms.
Methodology: For this, we carried out a search for scientific articles present in the
electronic database PubMed, using the descriptors "Leukemia", "Cytogenetics",
"Karyotype", "Fluorescent In Situ Hybridization’’, "Prognosis", "Leukemia, Lymphoid ",
“Leukemia, Myeloid" and "Leukemia, Chronic Lymphocytic”. Books and specialized sites
were also surveyed.
Discussion: Cytogenetic analysis not only helps to confirm a diagnosis but it also aids in
obtaining data on prognosis, response to treatment and possibility of relapse. The analysis
provides a better understanding of the pathways involved in leukemogenesis processes
and the development of new types of therapy. This information is essential for the proper
management of patients, underscoring the importance of joint work between the medical
oncologist/hematologist and the cytogeneticist.

Keywords: Leukemia; cytogenetics; karyotype; fluorescent in situ hybridization; prognosis.

ABBREVIATIONS

GTG-Banding: G-banding technique using trypsin-Giemsa; FISH: fluorescent in situ
hybridization; SKY: spectral karyotyping; CGH: comparative genomic hybridization;
t: translocations; del: deletions; inv:  inversions; dup: duplications; r: ring; mar: marker
chromosome; GA: gene amplification; HSR: homogeneously stained regions; MRD: minimal
residual disease; ISCN: International System of Human Cytogenetic Nomenclature;
ALL: acute lymphocytic leukemia; AML: acute myeloid leukemia; CML: chronic myeloid
leukemia; CLL: chronic lymphocytic leukemia;

1. INTRODUCTION

The importance of cytogenetics within the neoplastic process of leukemia has been known
for a long time. In 1914, in his book Zur Frage der Entstehung Maligner Tumoren, Theodor
Boveri [1] suggested that chromosomal abnormalities were cellular changes that cause the
transition from normal to malignant proliferation. However, it was only many decades later, in
1960, shortly after the advent of cell culturing methods and determining the correct diploid
number of human chromosomes (2n=46) [2], that the first consistent chromosomal
abnormality was identified in a human cancer. In 1960, Nowell and Hungerford detected a
small marker chromosome in patients with Chronic Myeloid Leukemia [3], which was later
called Philadelphia chromosome in tribute to the city where it was discovered.

Subsequently, the introduction of techniques for differentiated longitudinal staining of
chromosomes by Caspersson et al. [4] and the development of techniques for high
resolution chromosome by Yunis [5] in the 70’s and 80’s allowed multiple chromosomal
abnormalities to be better characterized. Quickly, several reports describing cytogenetic
findings in both hematological malignancies and in solid tumors were published, providing
the first major review on the subject: The Chromosomes in Human Cancer and Leukemia by
Sandberg in 1980 [6]. Next, an increasing number of malignancies, studied cytogenetically
and presenting consistent and even specific chromosomal abnormalities, was being
correlated with the clinical aspects of the disease, which showed that the use of cytogenetic
analysis was a tool of great clinical value, not only for confirmation of the diagnosis, but also
for prognostic subclassification [7].
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The increasing discovery of new chromosomal abnormalities caused a dramatic increase in
knowledge in the field of cytogenetics of human cancer, which led to the formation of a
database by Dr. Felix Mitelman of the University of Lund in Sweden, the Catalog of
Chromosome Aberrations in Cancer [8]. With the advent of genetic techniques and
molecular cytogenetics in the 80’s, new knowledge broadened the understanding of the
molecular mechanisms involved in neoplastic initiation and progression. This occurred
through the recognition of the existence of oncogenes, tumor suppressor genes [9], and the
genes involved in cell cycle control [10-13].

Today, direct access is available on the Internet to the Mitelman Database of Chromosome
Aberrations in Cancer [14] - http://cgap.nci.nih.gov/Chromosomes/Mitelman - as well as to
the Atlas of Genetics and Cytogenetics in Oncology and Haematology [15] -
http://atlasgeneticsoncology.org/. These websites contain information about chromosomal
abnormalities identified in tumors, as well as genes involved in the abnormalities and their
functions in cells. Furthermore, these websites have updated information concerning clinical
diagnoses, prognoses and survival rate.

2. CHROMOSOMAL ANALYSIS METHODS

Currently, several methods are proposed in existing literature for karyotypic studies in
leukemia and the best type of sample for karyotypic study is bone marrow aspirate. In this
tissue, cells are in active mitosis, and it is possible to obtain cells in metaphase without the
addition of mitogens, unlike peripheral blood samples. There are exceptions to this rule,
especially in chronic lymphoproliferative processes (as in cases of Chronic Lymphocytic
Leukemia). In these situations, stimulated cultures with addition of specific mitogens or
specific mitogenic agents to stimulate B lymphocytes are necessary to obtain methaphases.

Although it is possible to perform cytogenetic preparations for karyotypic studies immediately
after bone marrow aspiration, the best results are obtained after short periods of cell culture
(24 to 48 hours). Next, colcemid is added to the culture, which arrests cells in metaphase.
The cells are then treated with hypotonic solution. This allows for better visualization and
identification of the chromosomes upon application to microscope slides for subsequent
staining. There are several methods for chromosome staining but the most widely used is
the G-banding technique using trypsin-Giemsa (GTG-Banding) [16].

We can also apply this suspension of cells, used traditionally for karyotyping, to the
technique of fluorescent In situ hybridization (FISH). Slides are prepared from this
suspension so that specific DNA probes labeled with fluorescent material will be used for
hybridization experiments. These probes target regions that can map not only on metaphase
chromosomes, but also on interphase nuclei. Spectral karyotyping (SKY) is a variant of the
FISH methodology which uses different fluorophores, allowing simultaneous identification of
all 24 chromosomes [17].

Unlike the techniques described above, studies of comparative genomic hybridization (CGH)
use extracted DNA from bone marrow aspirates or blood of the patient instead of cultured
cells. Using this methodology, the addition and loss of chromosomal segments can be
detected in a single experiment without prior knowledge of specific abnormalities [18].
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3. BASIC CONCEPTS, NOMENCLATURE AND INTERPRETATION OF
CYTOGENETIC STUDIES IN LEUKEMIA

Chromosomal abnormalities found in leukemias are variable and can be either numerical or
structural. Numerical abnormalities are those with an altered normal number of 2n=46
chromosomes. These include trisomies (additional presence of an entire chromosome),
tetrasomy (additional presence of two copies of the same chromosome), polysomy
(presence of multiple copies of a given chromosome) and monosomies (lack of a specific
chromosome). Triploidy are those where the total number of chromosomes is 69 (3n) and
tetraploidy, 92 (4n).

Structural abnormalities, in turn, consist of abnormalities where there are changes in
chromosome structure. These include translocations (t) (transfer of a chromosomal segment
to another), deletions (del) (loss of part of a chromosome), inversions (inv) (chromosomal
rearrangement in which a segment is inverted), insertions (ins) (part of a chromosome is
inserted interstitially into a chromosome or on a different chromosome) and duplications
(dup) (duplication of part of a chromosome). Structural abnormalities also include ring
chromosomes (r) which are formed by deletion of the telomeric regions of each arm and
joining its ends to form a ring structure, and marker chromosomes (mar) for chromosomes
whose origins can not be identified.

Gene amplification (GA) is a structural abnormality observed through the techniques of
molecular cytogenetics, particulary FISH. GA is identified as an increase in the copy number
of a gene resulting from repeated replication of a DNA region. Double minutes and
homogeneously stained regions (HSR) are examples of gene amplification that can be
identified by normal staining methods. Double minutes are characterized by
extrachromosomal circular DNA structures, while HSR refers to amplified intra chromosomal
structures.

Clones are defined as a population of cells that has the same chromosomal abnormality. An
operational definition asserts that a clone exists if two or more cells are found with the same
structural change or the same supernumerary chromosome. Moreover, if a chromosome is
absent, the same change must be detected in at least three or more cells.

The modal number is the most common chromosome number in a population of tumor cells,
while the term stem cell indicates the most frequent chromosomal constitution. The modal
number is described as hypodiploidy when the number of chromosomes is less than 46 and
hyperdiploidy when the number of chromosomes is greater than 46. When the number of
chromosomes is normal (2n=46) and there is some structural and/or numeric change, the
karyotype can be described as pseudodiploid.

Chromosomal aberrations can present in leukemia in two ways: primary and secondary. The
primary abnormalities are those considered to be related to the initial steps of tumorigenesis,
whereas the secondaries arise during the course of the neoplasia. Other chromosomal
aberrations include cryptic chromosomal abnormalities, which are usually small and are not
detected by conventional cytogenetic analysis and minimal residual disease (MRD), which
refers to the small number of cancer cells that remain in a patient in remission that can only
be detected by sensitive tests [19].
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Standards for identification and description of cytogenetic abnormalities observed in
leukemia are in the International System of Human Cytogenetic Nomenclature (ISCN - 2013)
[20]. These are globally accepted standards and reports of cytogenetic samples studied
should follow these specifications.

4. MOLECULAR CONSEQUENCES OF CHROMOSOMAL ABNORMALITIES

In hematological malignancies, translocations are the most common structural
rearrangements (the majority of which are balanced) and these can cause changes in
function in one or more genes through one of the following mechanisms:

1) Deregulation: generally characterized by increased expression of an apparently
normal gene located at a translocation breakpoint. This mechanism is apparent in
Burkitt lymphoma t (8;14), where the rearrangement leads to the juxtaposition of the
MYC gene located in band 8q24 with the constitutively active immunoglobulin (IG)
gene IGH, located in 14q32, which results in abnormal activation of the MYC gene, a
gene with a critical role in cell cycle progression.

2) Creation of a hybrid gene: the fusion of sections of two genes, one from each of the
respective breakpoints of the translocation. An example of this mechanism is the
Philadelphia chromosome in Chronic Myeloid Leukemia. This is an abnormality
secondary to a reciprocal translocation between the long arm segments of
chromosomes 9 and 22 that leads to the formation of the hybrid gene BCR/ABL1,
resulting in the production of an abnormal protein.

Other structural abnormalities, such as deletions, result in the loss of oncogenes and tumor
suppressor genes located in the deleted regions. In the case of numerical chromosomal
abnormalities and gene amplification, increases in gene expression are observed due to the
presence of extra copies of a particular gene [19,21].

5. INFLUENCE OF CYTOGENETICS IN CLINICAL PRESENTATION,
PROGNOSIS AND TREATMENT OF LEUKEMIA

Throughout the 60’s and 70’s, cytogenetic changes were observed in specific subtypes of
leukemia. However, the most important discoveries were those that connected cytogenetic
changes with their clinical manifestations in patients [22]. Now the World Health
Organization includes the use of cytogenetics to classify and characterize leukemias [23].

The following contains a description of the cytogenetic abnormalities observed in most major
types of leukemia, along with their clinical significance and prognosis.

5.1 Acute Lymphocytic Leukemia

Currently, cytogenetic changes in Acute Lymphocytic Leukemia (ALL) are well known and
classified, and clonal abnormalities are identified in 50-70% of patients [24]. Although
chromosomal abnormalities are similar in children and adults, their distribution and, possibly,
their biological significance are not. In children with ALL, the most chromosomal
abnormalities are balanced translocations that are associated with certain immunological
subgroups [25,26]. The most common structural change is t(12;21) (TEL/AML1 or
ETV6/RUNX1) observed in 20-25% of cases Fig. 1, followed by t(11;v) (q23;v) (involving the
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MLL gene) and t(v;14) and t(7;v) (involving the TCR gene), which are found in 10% of cases
(where v corresponds to a variable chromosome). The t(1;19) (E2A/PBX1) and t(9;22)
(BCR/ABL1, the Philadelphia chromosome) structural abnormalities are identified in 5% and
4% of patients, respectively Fig. 1.

Fig. 1. Ideogram showing the translocation (12;21)(p13;q22), together with the binding
sites of DNA probes used in the FISH technique (A). This translocation involves the

reciprocal exchange of segments of distal regions of the short arm of chromosome 12
and the long arm of 21 (dashed lines and red arrows indicate the chromosomal

breakpoints). Because these segments are formed by light bands of the
chromosomes 12 to 21, the translocation usually is undetected by conventional

karyotyping (GTG-banding). The result is a molecular fusion of TEL and AML1 genes
on derivative chromosome (21). FISH with the ETV6/AML1 Translocation Probe - Two
Colour Direct Labeled Probe - Aquarius Probes (Cytocell Ltd., Cambridge, UK) probe
allows the identification of (B) two green fluorescent signals and two red signals in a

normal interphase nucleus and of (C) a yellow signal in the presence of TEL/AML1
fusion, indicating a translocation on chromosome derivative (21) (yellow arrow), in a

positive nucleus for translocation. (der: derivative chromosome)

Other types of translocations are detected in 20% of cases, while the absence of these
chromosomal rearrangements is observed in 30% of patients [27,28]. In infants,
translocations involving the 11q23 region (involving the MLL gene) are identified in 70% of
patients and these abnormalities likely occur during pregnancy [24].

On the other hand, numerical chromosomal abnormalities occur in clones with more or less
copies of one or more chromosomes [29]. In ALLs, hyperdiploidy cells have a specific
chromosome constitution that depends on its modal number. They are observed in about
25% of cases of childhood ALL. It is interesting to note that the gain of chromosomes is not
random and 8 chromosomes count for approximately 80% of all additions: +4, +6, +10, +14,
+17, +18, +21 and + X. Chromosome additions  usually present as trisomies. The exceptions
are chromosomes 21, 14 and 18, which can be tetrasomic. Structural abnormalities are also
present in approximately 50% of cases, and the changes in 1q are the most frequent [30].

In turn, the hypodiploid is observed in less than 2-6% of pediatric patients with ALL [31].
Based on the number of chromosomes and cytogenetic findings, the hypodiploid cases are
divided into three distinct subgroups: quasi-haploid (25 to 29 chromosomes), low hypodiploid
(30 to 39 chromosomes), and high hypodiploid (40 to 45 chromosomes). Most cases of
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hypodiploids show 45 chromosomes and only a small number of cases have less than 45
chromosomes [32].

In relation to phenotypic subtypes of ALL, the cases that affect T cells have a smaller
proportion of chromosomal abnormalities (60-70%) than the cases that affect B cells (~80%).
However, several abnormalities observed in T-ALL are cryptic chromosomal abnormalities
and are difficult to detect using standard karyotyping methods [33]. More recently, with the
development of new techniques of molecular cytogenetics, FISH and CGH, different
submicroscopic rearrangements such as intrachromosomal amplification of chromosome 21
(iAMP21) or RUNX1 gene (AML1) have also been discovered [34].

In ALL, chromosomal changes are traditionally used as diagnostic and prognostic markers.
Their significance is similar to or even more important than other factors such as age at
diagnosis and leukocyte count [31,32] (Table 1).

Table 1. Prognosis related to cytogenetic abnormalities observed in pediatric ALL
[31,32,35].

Prognosis Chromosomal Abnormality* Overall survival at 5
years (95% CI)*

Good Hyperdiploidy (>50 chromosomes) 93% (91-95)
t(12;21)(p13;q22) 96% (94-98)

Intermediate - good Normal chromosomes -
t(1;19)(q23;p13.3) 84% (71-92)

Intermediate Pseudodiploidia -
Hyperdiploidy (47-50 chromosomes) -
Hypodiploidy (45 chromosomes) -

Intermediate – poor Hypodiploidy (< 45 chromosomes) 50% (15-78)
Adverse Almost tetraploid -

Monosomy of chromosome 7 87% (65-96)
del(7p) / del(7q) -
del(5q) -

Adverse / no prognostic+ 9p changed 86% (79-90)
Poor t(4;11)(q21;q23) -

Quasi-haploid -
Rather poor t(9;22) 58% (42-7)

t(17;19) -
Amplification iAMP21 69% (49-82)

No prognostic 12p changed -
del(6q) -
14q11 -

Unknown +8 -
*t: translocation; del: deletion; +: presence of additional chromosome; p: short arm; q: long arm;

CI: confidence interval
+These possibilities were associated with different abnormalities involving 9p

Importantly, the prognosis of hyperdiploidy groups depends on the presence or absence of
associated structural changes. Generally, if these structural changes are also present, the
prognosis is made based on the structural abnormality [36].
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This information has permitted the sub-classification of ALL in different risk groups with
different treatment options. The detection of subgroups of poor prognosis led to the search
for new treatment protocols and to the introduction of more aggressive alternative therapies.
This subsequently led to a change in the rates of remission and survival [25].

5.2 Acute Myeloid Leukemia

Unlike ALL, Acute Myeloid Leukemia (AML) is most common in the elderly population, with
an incidence of approximately 3.4 per 100,000 per year and a median age of 70 years at
diagnosis [37]. Furthermore, in contrast to patients diagnosed with chronic myeloid leukemia
(CML) who are positive for t(9;22) or its variants, the cytogenetic profile of AML is much
more complex. Currently, over 2,000 numerical or structural changes have been described in
AML which reflects a highly heterogeneous cytogenetic profile [32]. The proportion of
abnormal karyotypes reaches 50-80% [38] and varies according to the age group. Abnormal
karyotypes are more common in pediatric AML (68-77%) than adult AML (52-59%). In
addition, the frequency and type of chromosomal abnormalities can be influenced by other
factors such as gender, previous chemotherapy treatment, and ethnicity/geographic origin
Fig. 2 [32].

Fig. 2. Structural abnormalities observed in AML: (A) translocation between
chromosomes 8 and 21 [t (8;21)]; (B) translocation between chromosomes 15 and 17

[t (15: 17)] and (C) inversion of chromosome 16 [inv(16)]
(der: derivative chromosome)

In AML, a significant proportion of patients presents a single chromosomal rearrangement in
their leukemic blasts, unlike many types of solid tumors and malignant lymphomas which
often contain both multiple numerical and structural abnormalities. Heim and Mitelman
estimate that only one change is detected in approximately 55% of all cases of abnormal
karyotypes in AML [32]. These changes reflect well established associations between
identified chromosomal abnormalities and the resulting clinical subtypes [39,40].

Cytogenetic abnormalities detected at clinical presentation are one of the main predictors of
outcome in AML. Conventional cytogenetic studies have defined certain chromosomal
rearrangements as favorable, standard and unfavorable risk [37,41]. Examples of these
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chromosomal aberrations associated with a favorable risk designation of adult AML are
t(8;21), inv(16)/t(16;16) and t(15;17) and aberrations  with an unfavorable risk are
abnormalities involving 3q and 9q. Although the prognostic impact of autosomal monosomy
in AML has been well described to -5 or -7, the lack of any autosome is indicative of poor
prognosis. Moreover, extra copies of one or more chromosomes, as well as trisomies,
tetrasomies or the presence of marker chromosomes or ring chromosomes have a minimal
prognosis impact when compared to monosomies [40,42] Table 2.

Table 2. Cytogenetic abnormalities with prognostic relevance in AML (Based in
Ferrara et al., 2008 [37,40,43])

Prognosis Cytogenetics*
Favorable t(8;21)

inv(16)/t(16;16)
t(15;17)
t(21;21)

Intermediate Normal
t(9;11)
Abnormalities in 11q23
del(9q)
+6, +8, +21, +22 and –Y
Complex karyotype

Unfavorable -5, -7
del(5q) and del(7q)
Abnormalities in 3q, 9q, 11q, 17p, 20q and 21q
t(6;9), t(8;16) and t(9;22)

*t: translocation; del: deletion; inv: inversion: +: presence of additional chromosome;
-: absence of chromosome; p: short arm; q: long arm

Initially, the presence of secondary abnormalities associated with primary abnormalities in
AML was considered as a possible modifier of the prognosis. However, in chromosomal
abnormalities previously associated with a favorable prognosis, recent studies were unable
to confirm these assertions [38]. Cytogenetic analysis also identified the existence of cases
of AML induced by previous use of alkylating agents and related drugs such as chlorambucil,
busulfan, and cyclophosphamide. More recently, studies found that drugs with interactions
with topoisomerase-II are associated with the development of AML [44].

Although we know a great deal about the molecular consequences of translocations and
gene fusion in AML, our current knowledge of the underlying mechanisms and pathogenetic
consequences of unbalanced abnormalities (which are more frequent than balanced
abnormalities) is still rudimentary.

5.3 Chronic Myeloid Leukemia

Chronic myeloid leukemia (CML) is a unique disease, universally characterized by the
presence of the Philadelphia chromosome in 85-90% of cases [45] Fig. 3. CML occurs in all
age groups, but is most common in the elderly. After a variable time in the chronic phase of
the disease, patients progress to the acute phase with accelerated or blast crisis. At this
time, about 75-80% of cases show additional chromosomal abnormalities as +8 and i(17q)
[32]. Interestingly, these changes appear weeks or months before clinical diagnosis of the
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acute phase, meaning that although patients can be clinically in the chronic phase, they are
cytogenetically in acute phase [46].

Fig. 3. Ideogram showing the reciprocal translocation between the long arms of
chromosomes 9 and 22, leading to the formation of the Philadelphia chromosome

[der(22)] (dashed lines and red arrows indicate the chromosomal breakpoints). The
result is the formation of molecular chimeric gene BCR/ABL1, in the derivative (22).
The colors red (BCR gene) and green (ABL gene), indicate the binding sites of DNA
probes used in the FISH technique. The fusion of both red and green signals can be

observed in the derivative (22). (der: derivative chromosome)

In this sense, it is interesting to differentiate the cytogenetic signs of the acute phase of
complex translocation that leads to the formation of the Philadelphia chromosome, and
involves not only chromosomes 9 and 22, but also a third, and possibly more chromosomes.
Variant translocations are found in 5-10% of cases of CML. In these cases, translocation
should be considered as a complex 3-way translocation t(9;22;v). In other cases the 3-way
translocation is more evident upon identification of a larger chromosomal segment
translocated to chromosome 9. Less frequently, the translocation can involve the sequential
translocation of more chromosomes (resulting in a complex 4, 5 or 6 way translocation).

It is also important to note that the t(9;22) translocation seems balanced when observed by
karyotyping, but FISH analysis has shown that deletions on chromosome 9 are present in
10-15% of cases [47]. In addition, patients with CML and normal karyotype (which are a
minority) may present with fusion of BCR/ABL1 secondary to insertions or other cryptic
complex chromosomal rearrangements [32].

CML is perhaps the most dramatic example of how therapies with a specific molecular target
may change the natural course of the tumor, representing a landmark for molecular medicine
and pharmacogenetics [45]. Imatinib mesylate, a specific inhibitor of the BCR-ABL1 chimeric
protein, is currently the standard therapy for CML. Its implementation caused a dramatic
decrease in the use of allogeneic stem cell transplants, significantly increasing patient
survival [48].



British Journal of Medicine & Medical Research, 4(12): 2296-2311, 2014

2306

Despite the favorable rates of complete hematologic and cytogenetic response, residual
disease remains detectable in the majority of patients treated with imatinib mesylate,
suggesting that the drug is not able to completely eradicate leukaemic stem cells [49]. On
the other hand, the emergence of drug resistence cases of leukemia has led to an attempt to
develop a range of novel inhibitors that are currently being tested in preclinical and clinical
studies [50,51].

5.4 Chronic Lymphocytic Leukemia

Chronic lymphocytic leukemia (CLL) is considered the most common form of leukemia in the
Western world and primarily affects individuals in late adulthood. Of all leukemias, CLL
contains the hematological abnormality most difficult to analyze cytogenetically, due mainly
to its low mitotic index and poor response to mitogenic agents [24]. However, the recent
discovery of a new group of mitogens (such as CpG oligonucleotides, CD40L and IL-2),
which primarily stimulate B cells, resulted in improved CLL cytogenetic analysis [52].

Clonal chromosomal abnormalities were detected by karyotyping techniques in 30-50% of
cases. With the use of new and adequate mitogenic stimulants, these changes have been
noted in up to 80% of patients [52]. The advent of molecular cytogenetic techniques such as
FISH has also caused an increase in the identification of these abnormalities. This was
determined mainly by the ability of the study to conduct experiments not only in metaphase
cells, but also in interphase nuclei. The use of FISH has a high rate of detection of
cytogenetic changes in CLL for about 65-90% of patients [53] (Fig. 4).

Fig. 4. Ideogram showing the binding sites of DNA site-specific probes used in the
FISH technique to assess CLL patients (p = short arm q: long arm)

Cytogenetic abnormalities identified in CLL primarily consist of deletions and/or
amplifications. The main abnormalities are detected rearrangements of 13q, 11q, 17p, and
6q and trisomy of chromosome 12. More recent studies using the new mitogenic agents
have also shown that translocations appear to be common. In general, approximately 65% of
patients with CLL have a single chromosomal abnormality, 25% with two abnormalities and
the remaining (6%) with more complex changes [24].

Cytogenetic changes identified in CLL have provided some insights into the pathogenesis of
this neoplasia by pointing out candidate genes, such as p53 (located at 17p13) and ATM (at
11q22-q23). In addition, certain abnormalities are considered to be predictive factors
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associated with characteristics of disease. For example, deletions of 11q have been
associated with marked lymphadenopathy, and deletion of 17p confers resistance to
conventional chemotherapy [54]. Thus, cytogenetic analyses have been useful in predicting
the clinical course of patients with CLL. Chromosomal aberrations are considered
independent predictors in relation to disease progression and survival, and accordingly, a
new classification system has been created to correctly categorize them [24,55] Table 3.

Table 3. Chromosomal abnormalities in CLL, showing the genes involved, and their
correlation with prognosis and median survival presented by patients [24,55]

Alteration* Genes involved Prognosis Median survival
(in months)

del(13q14) Rb1, Leu-1, Leu-2, Leu-5, CLLD6-
CLLD8, KPNA3, miR15 and
miR16

Good 79 to 133

+12 CDK2, CDK4, STAT6, APAF-1,
MDM-2 and CCLU1

Intermediate 33 to 114

del(6q) ? 33 to 114
del(11q22-23) FDX, ATM, MLL, PZLF, Mre11,

RDX, NPAT, CUL5 and PPP2R1B
Poor 13 to 79

del(17p13) p53 9 to 32
* del: deletion; p: short arm; q: long arm; +: additional chromosome

Recent studies based on next generation sequencing have revealed new genes implicated
in CLL that may potentially have clinical relevance, NOTCH1, SF3B1, BIRC3 and MYD-88.
NOTCH1 encodes a transmembrane protein that acts as a ligand-activated transcription
factor and regulates multiple target genes. SF3B1 is a core component of the spliceosome,
a complex of five small nuclear ribonucleoproteins involved in the splicing of precursor
messenger RNA and the formation of mature mRNA through the removal of introns in
protein-encoding genes. BIRC3 is a negative regulator of the MAP3K14 serin-treonine
kinase, the pivotal activator of non-canonical NF-B signaling [56] Table 4. Furthermore, the
last gene, myeloid differentiation primary response gene 88 (MYD-88) has been studied,
revealing its predominance in cases of CLL with mutated immunoglobulin genes [57].

Table 4. Genetic mutations in CLL, showing the genes involved and overall
survival [56]

Mutation* Overall survival (years)
NOTCH1 4-8
SF3B1 4-9
BIRC3 3.5

6. FINAL CONSIDERATIONS

Chromosomal aberrations identified by cytogenetic analysis techniques have provided a
better understanding of the pathways involved in leukemogenesis and in the development of
new types of therapy [58]. All of this information is critical to the proper management of
patients, which emphasizes the importance of joint work between the medical
oncologist/hematologist and the cytogeneticist.
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7. CONCLUSION

Cytogenetic analysis helps to confirm the diagnosis of leukemias, and it also aids in
obtaining data on prognosis, response to treatment and possibility of relapse. Cytogenetic
results are already considered part of several treatment protocols of leukemia. Bone marrow
aspirate is the tissue usually used in this analysis and the cells are in active mitosis. Thus it
is possible to obtain cells in metaphase without the addition of mitogens. Several
chromosomal abnormalities have been identified associated to leukemia and the strong
association between Philadelphia chromosome and CML is considered an exception to the
rule. The cytogenetic analysis may also provide a better understanding of the pathways
involved in leukemogenesis processes and aid in the development of new types of therapy
for leukemias.

CONSENT

Not applicable.

ETHICAL APPROVAL

Not applicable.

COMPETING INTERESTS

Authors have declared that no competing interests exist.

REFERENCES

1. Boveri T. Zur Frage der Entstehung maligner Tumoren. Gustav Fischer, Jena; 1914.
2. Tjio JH, Levan A. The chromosome number of man. Hereditas. 1956;42:21-6.
3. Nowell PC, Hungerford DA. A minute chromosome in human granulocytic leukemia.

Science. 1960;132:1497.
4. Caspersson T, Zech L, Johansson C. Differential binding of alkilating fluorochromes in

human chromosomes. Exp Cell Res. 1970;60(3):315-9.
5. Yunis JJ. New chromosomes techniques in the study of human neoplasia. Hum Pathol

1981;12(3):540-9.
6. Sandberg AA. The Chromosomes in Human Cancer and Leukemia. New York:

Elsevier/North-Holland; 1980.
7. Sandberg AA. The Chromosomes in Human Cancer and Leukemia. 2nd. ed.

Amsterdam: Elsevier; 1990.
8. Mitelman F. Catalog of Chromosome Aberrations in Cancer '98, CD-ROM, Version 1.

New York: Wiley-Liss; 1998.
9. Bishop JM. The molecular genetics of cancer. Science. 1987;235(4786):305-11.
10. Fearon ER, Cho KR. The molecular biology of cancer. In Rimoin, DL, J.M. Connor e

R.E. Pyeritz. Emery and Rimoin’s Principles and Practice of Medical Genetics. New
York: Churchill Livingstone; 1997.

11. Pinkel D, Straume T, Gray JW. Cytogenetic analysis using quantitative, high-
sensitivity, fluorescence hybridization. Proc Natl Acad Sci USA. 1986;83(9):2934-8.

12. Kallionemi A, Kallionemi OP, Sudar D, Rutowitz D, Gray JW, Waldman FM, et al.
Comparative genomic hybridization for molecular cytogenetic analysis of solid tumors.
Science. 1992;258(5083):818-21.



British Journal of Medicine & Medical Research, 4(12): 2296-2311, 2014

2309

13. Speicher MR, Ballard SG, Ward DC. Karyotyping human chromosomes by
combinatorial multi-fluor FISH. Nat Genet. 1996;12(4):368-75.

14. Mitelman Database of Chromosome Aberrations in Cancer (homepage on the
Internet). cited 2012 March 1.
Available from: http://cgap.nci.nih.gov/Chromosomes/Mitelman

15. Atlas of Genetics and Cytogenetics in Oncology and Haematology (homepage on the
Internet). cited 2012 March 1. Available from: http://atlasgeneticsoncology.org/

16. Rooney DE. Human Cytogenetics: malignancy and aquired abnormalities. 3rd ed.
London: Oxford University Press; 2001.

17. Czepulkowski B. Analyzing chromosomes. Oxford: Bios; 2001.
18. Slavotinek AM. Novel microdeletion syndromes detected by chromosome microarrays.

Hum Genet. 2008;124(1):1-17.
19. Gersen Sl, Keagle MB. The principles of clinical cytogenetics. 2nd edition. New

Jersey: Humana Press; 2005.
20. ISCN–2013. International System of Human Cytogenetic Nomenclature. Basel:

Karger; 2013.
21. Macintyre EA, Delabesse E. Molecular approaches to the diagnosis and evaluation of

lymphoid malignances. Semin Hematol. 1999;36(4):373-89.
22. Harrison CJ. Cytogenetics of paediatric and adolescent acute lymphoblastic

leukaemia. Br J Hematol. 2009;144(2):147-56.
23. Haferlach T, Bacher U, Kern W, Schnittger S, Haferlach C. Diagnostic pathways in

acute leukemias: a proposal for a multimodal approach. Ann Hematol. 2007;86(5):311-
27.

24. Keen-Kim D, Nooraie F, Rao PN. Cytogenetic biomarkers for human cancer. Front
Biosci. 2008;13:5928-49.

25. Harbott J. Cytogenetics in childhood acute lymphoblastic leukemia. Rev Clin Hematol.
1998;5:25-43.

26. Harrison CJ. Targeting signaling pathways in acute lymphoblastic leukemia: new
insights. Hematology Am Soc Hematol Educ Program. 2013;2013:118-25.

27. Zen PR, Lima MC, Coser VM, Silla L, Daudt L, Fernandes MS, et al. Prevalence of
TEL/AML1 fusion gene in Brazilian pediatric patients with acute lymphoblastic
leukemia. Cancer Genet Cytogenet. 2004;151(1):68-72.

28. Pui CH, Robison LL, Look AT. Acute lymphoblastic leukaemia. Lancet
2008;371(9617):1030-43.

29. Chen Z, Sandberg AA. Molecular cytogenetic aspects of hematological malignancies:
clinical implications. Am J Med Genet. 2002;115(3):130-41.

30. Davidsson J, Anersson A, Paulsson K, Heidenblad M, Isaksson M, Borg A, et al. Tiling
resolution array comparative genomic hybridization, expression and methylation
analyses of dup(1q) in Burkitt lymphomas and pediatric high hyperdiploid acute
lymphoblastic leukemias reveal clustered near-centromeric breakpoints and
overexpression of genes in 1q22-32.3. Hum Mol Genet. 2007;16(18):2215-25.

31. Mrózek K, Heerema NA, Bloomfield CD. Cytogenetics in acute leukemia. Blood Rev.
2004;18(2):115-36.

32. Heim S, Mitelman F. Cancer Cytogenetics. 3rd ed. New York: Willey-Liss; 2009.
33. Bloomfield CD, Mrózek K, Caligiuri MA. Cancer and leukemia group B leukemia

correlative science committee: major accomplishments and future directions. Clin
Cancer Res. 2006;12(11pt 2):3564-71.

34. Soulier J, Trakhtenbrot L, Najfeld V, Lipton JM, Mathew S, Avet-Loiseau H, et al.
Amplification of band q22 of chromosome 21, including AML1, in older children with
acute lymphoblastic leukemia: an emerging molecular cytogenetic subgroup.
Leukemia. 2003;17(8):1679-82.



British Journal of Medicine & Medical Research, 4(12): 2296-2311, 2014

2310

35. Moorman AV, Ensor HM, Richards SM, Chilton L, Schwab C, Kinsey SE, Vora A,
Mitchell CD, Harrison CJ. Prognostic effect of chromosomal abnormalities in childhood
B-cell precursor acute lymphoblastic leukaemia: results from the UK Medical Research
Council ALL97/99 randomised trial. Lancet Oncol. 2010;11(5):429-38.

36. Raynaud SD, Dastugue N, Zoccola D, Shurtleff AS, Mathew S, Raimondi SC.
Cytogenetic abnormalities associated with the t(12;21): a collaborative study of 169
children with t(12;21)-positive acute lymphoblastic leukemia. Leukemia.
1999;13(9):1325-30.

37. Morrissette JJ, Bagg A. Acute myeloid leukemia: conventional cytogenetics, FISH, and
moleculocentric methodologies. Clin Lab Med. 2011;31(4):659-86.

38. Mrózek K, Heinonen K, Bloomfield CD. Clinical importance of cytogenetics in acute
myeloid leukemia. Best Pract Res Clin Haematol. 2001;14(1):19-47.

39. Bennett JM, Catovsky D, Daniel MT, Flandrin G, Galton DA, Gralnick HR, et al.
Proposed revised criteria for the classification of acute myeloid leukemia. A report of
the French-American-British Cooperative Group. Ann Intern Med. 1985;103(4):620-5.

40. Ferrara F, Palmieri S, Leoni F. Clinically useful prognostic factors in acute myeloid
leukemia. Crit Rev Oncol Hematol. 2008;66(3):181-93.

41. Luthra R, Patel KP, Reddy NG, Haghshenas V, Routbort MJ, Harmon MA, Barkoh BA,
Kanagal-Shamanna R, Ravandi F, Cortes JE, Kantarjian HM, Medeiros LJ, Singh RR.
Next generation sequencing based multi-gene mutational screen foracute myeloid
leukemia using miseq: applicability for diagnostics anddisease monitoring.
Haematologica; 2013. Epub ahead of print.

42. Hall GW. Childhood myeloid leukaemias. Best Pract Res Clin Haematol. 2001;
14(3):573-91.

43. Braoudaki M, Tzortzatou-Stathopoulou F. Clinical cytogenetics in pediatric acute
leukemia: an update. Clin Lymphoma Myeloma Leuk. 2012;12(4):230-7.

44. Bain BJ. Overview. Cytogenetic analysis in haematology. Best Pract Res Clin
Haematol. 2001;14(3):463-77(A).

45. Pavlovsky C, Kantarjian H, Cortes JE. First-line therapy for chronic myeloid leukemia:
past, present, and future. Am J Hematol. 2009;84(5):287-93.

46. Quintás-Cardama A, Cortes JE. Chronic myeloid leukemia: diagnosis and treatment.
Mayo Clin Proc. 2006;81(7):973-88.

47. Kreil S, Pfirrmann M, Haferlach C, Waghorn K, Chase A, Hehlmann R, et al.
Heterogeneous prognostic impacto f derivate chromosome 9 deletions in chronic
myelogenous leukemia. Blood. 2007;110(4):1283-90.

48. Shah NP. Medical management of CML. Hematology Am Soc Hematol Educ Program.
2007:371-5.

49. Mauro MJ, Deininger MWN. Chronic myeloid leukemia in 2006: a perspective.
Haematologyca. 2006;91(2):152-8.

50. Quintás-Cardama A, Kantarjian H, Cortes J. Flying under the radar: the new wave of
BCR-ABL1 inhibitors. Nat Rev Drug Discov. 2007;6(10):834-48.

51. Lewalle P, Martiat P. The impact of molecular biology techniques on the management
of newly diagnosed chronic myeloid leukemia patients in chronic phase. A review.
Transfus Apher Sci. 2013;49(2):116-9.

52. Haferlach C, Dicker F, Schnittger S, Kern W, Haferlach T. Compehensive genetic
characterization of CLL: a tudy on 506 cases analysed with chromosome banding
analysis, interphase FISH, IgV(H) status and immunophenotyping. Leukemia. 2007;
21(12):2442-51.

53. Moreno C, Montserrat E. New prognostic markers in chronic lymphocytic leukemia.
Blood Reviews. 2008;22(4):211-9.



British Journal of Medicine & Medical Research, 4(12): 2296-2311, 2014

2311

54. Zenz T, Mertens D, Döhner H, Stilgenbauer S. Molecular diagnostics in chronic
lymphocytic leukemia – pathogenetic and clinical implications. Leukemia and
Lymphoma. 2008;49(5):864-73.

55. Zent CS, Kay NE. Chronic lymphocytic leukemia: biology and current treatment. Curr
Oncol Rep. 2007;9(5):345-52.

56. Foà R, Del Giudice I, Guarini A, Rossi D, Gaidano G. Clinical implications of the
molecular genetics of chronic lymphocytic leukemia. Haematologica. 2013;98(5):675-
85.

57. Puente XS, Pinyol M, Quesada V, Conde L, Ordóñez GR, Villamor N, et al. Whole-
genome sequencing identifies recurrent mutations in chronic lymphocytic leukaemia.
Nature. 2011;475(7354):101-5.

58. Bain BJ. The role of cytogenetics in the classification of haematological neoplasms. In
Rooney DE ed. Human Cytogenetics: malignancy and aquired abnormalities. 3rd ed.
London: Oxford University Press; 2001(B).

© 2014 Trevisan et al.; This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:

http://www.sciencedomain.org/review-history.php?iid=422&id=12&aid=3513


