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1.

INTRODUCTION

Chronic myeloid leukaemia (CML) is a myeloproliferative
disorder characterized in about 95% of cases by the presence
of the Philadelphia (Ph) chromosome (t(9;22)(q34;q11))[1].
It is a result from a reciprocal translocation between the
long arms of chromosomes 9 and 22 [2]. About 3-4% of
Ph-positive patients with CML have variant translocations
[3, 4], involving another chromosome [5]. These variant
translocation have been classified as “simple” and as “complex” when chromosomes 9, 22, and at least one other
chromosome are involved [6]. Both translocations have the
same prognosis. Here, we present the first report of a complex variant Ph translocation involving chromosome 18:
t(9;18;22)(q34;p11;q11).
2.

MATERIALS AND METHODS

2.1. Case report
In July 2000, a 29-year-old man was admitted for fatigue with
anaemic syndrome to the Averroes Hospital (Casablanca,
Morocco). For this patient, the diagnosis of CML has been

retained in front of the existence of a spleenomegalia and in
view of the following blood formula: Hb 8.7 g/dl; platelets
566 × 109 /L; and white blood cells 189 × 109 /L with 34% neutrophils and 31% myelocytes. Morphologic examination of
the bone marrow biopsy was consistent with CML in chronic
phase. Treatment with hydroxyurea initially (5 cp/day) resulted in a clinical response, with normalization of the peripheral blood values. In May 2001, his WBC was 21800 /µl,
with Hb of 12.5 g/dl; the diﬀerential leukocytes count was
13% myelocytes and 5% metamyelocytes. At diagnosis, the
cytogenetic analysis on bone marrow metaphases revealed a
complex karyotype with der(18). Four months later the patients died due to a heart failure.
2.2.

Cytogenetic analysis

Unstimulated bone marrow cells obtained at the time of primary diagnosis were cultured for 24 hours in RPMI 1640
medium supplemented with 20% fetal calf serum, 1% Lglutamine, 1% antibiotics, and without mitogens. After incubation, the cells were exposed to Colcemid (0.01 µg/ml) for
30 minutes, followed by hypotonic treatment (0.075 M KCl),
and were fixed with methanol-glacial acetic acid solution
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Figure 1: Karyotype from a bone marrow metaphase of the patient
showing 46,XY,t(18;22)(p11;q11). The arrows indicate the implicated chromosomes.

(a)

der(9)

(3 : 1). Chromosomes were spread on cold, wet slides, dried,
and banded with the RHG technique. Karyotype was interpreted according to International System for Human Cytogenetic Nomenclature (ISCN 2005) recommendation [7]. A
minimum of 20 metaphases were analyzed and no signs of
clone were found in the samples.

22

der(18)

2.3. FISH analysis
Fluorescence in situ hybridization (FISH) was performed on
methanol-acetic acid fixed bone marrow cells [8]. Commercially available, diﬀerentially labelled probes (LSI bcr/abl extrasignal (ES) dual color; Vysis) were used to detect the rearranged BCR/ABL gene. In addition, biotin-labelled whole
chromosome painting probes (WCPs) (Cambio, UK) were
used to detect abnormal chromosome 18 and 22. The hybridisation protocol followed the manufacturer’s recommendations. Fluorescent signals were captured with a cooled
charge-coupled device (CCD) camera attached to a microscope with triple-band filters (Olympus Optical Co., Tokyo,
Japan) and processed using an image analysis system.
3.

RESULTS

Twenty metaphases were analyzed at diagnosis and Rbanding showed the following karyotype: 46,XY,t(18;
22)(p11;q11). Both chromosomes 9 looked unsuspicious
(see Figure 1). The RT-PCR analysis revealed the BCR/ABL
fusion with b3a2 junction, which indicated the breakpoint
within the major breakpoint cluster region of the BCR gene
(M-BCR)(data not shown). Conventional cytogenetic results were refined by FISH analysis. Dual Color FISH (DCFISH) analysis of interphase nuclei and metaphase using
LSI BCR/ABL extrasignal (ES) translocation probe showing
the yellow (red-green) fusion on the der(22), a BCR signal (green) was observed on the normal 22, an ABL sig-
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(b)

Figure 2: FISH analysis demonstrating the presence of t(9;18;
22)(q34;p11;q11). (a) Using the bcr/abl (ES) probe, we observed a
red signal on the normal chromosome 9, a smaller red signal retained on the der(9), a green signal on the normal chromosome
der(22), and a yellow fusion signal on the der(22). Using 4,6diamidino-2-phenylindol (DAPI) counterstain, a G-banding-like
pattern of the same metaphase can be obtained. (b) Fluorescence
in situ hybridization with the use of whole chromosome painting
probes der(18).

nal (red) on the normal 9, a smaller ABL signal retained on
the other chromosome 9 (see Figure 2(a)). Further investigation, using a combination of the library probe for chromosome 9 and the library probe for chromosome 22 showed one
chromosome 9 painted red, and the other homologue with
part of the long arm painted green indicating a rearrangement (see Figure 2(b)). The karyotype was thus redefined
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Introduction
Chronic myeloid leukaemia (CML) is one of the
commonest leukaemias. In populations where chronic
lymphocytic leukaemia is uncommon, such as Asians,
CML is the most frequent leukaemia. The incidence of
CML increases with age, although patients of all ages can
be affected. It is probably the earliest leukaemia recorded
in the literature, being referred to as leucocythaemia.
CML is the prototype of haematological malignancy that
involves a pluripotential haematopoietic stem cell. This
means that leukaemogenesis occurs in a cell that is
capable of differentiation into all the different lineages of
blood cells. The natural history of CML is that of a
triphasic disease, comprising the chronic, accelerated,
and the final fatal blastic phases.

Chronic phase(CP) CML
Clinical features. Patients are largely asymptomatic
during the chronic phase, which lasts a median of 4 - 5
years. The diagnosis is usually made incidentally, either
because of a high white cell count noticed in routine
blood counts, or a palpable abdominal mass found
during physical examination. Typically, the patient
presents with hepatosplenomegaly. The spleen can vary
from small to huge in size, extending well into the right
lower quadrant. However, the nutritional status of the
patient is still preserved, and the patient shows very few
signs of an internal malignancy.
Laboratory features. The white cell count is increased,
and can reach very high levels. The differential count
shows the presence of white cells at various stages of
maturation, ranging from blasts to mature leucocytes.
However, a bimodal distribution is typical, with
predominance of myelocytes and neutrophils. Blasts
rarely exceed a few percent. There is also an increase in
eosinophils and basophils. The haemoglobin is normal,
but can be decreased. The platelet count is either normal
or increased. The neutrophil alkaline phosphatase score
is very low, although the test is infrequently performed.
Bone marrow examination shows a hypercellular
marrow, with severe granulocytic hyperplasia. There is
no or minimal increase in fibrosis.
Cytogenetic and molecular features. CML is
characterised by the chromosomal translocation

t(9;22)(q34;q21). The shortened derivative chromosome
22 is also known as the Philadelphia (Ph) chromosome,
to commemorate the city where this chromosomal
translocation, the first chromosomal translocation ever to
be recognised in any human malignancy, was initially
discovered. The chromosomal translocation results in the
reciprocal fusion of the BCR gene on chromosome 22q21
to the ABL gene on chromosome 9q34 to form the
chimeric BCR-ABL gene. The ABL gene encodes the ABL
protein, which is a tyrosine kinase. ABL becomes
constitutively activated in the BCR-ABL fusion protein,
thus leading to dysregulated activation. This is the
principal mechanism of leukaemogenesis.

Diagnosis. The pathonognomic test for CML is
detection of t(9;22)(q34;q21) by cytogenetic tests,
fluorescence in situ hybridisation (FISH), or molecular
tests, including Southern blot analysis and polymerase
chain reaction.

Accelerated phase(AP) CML
Clinical features. Most patients will have a previous
diagnosis of chronic phase CML. Occasional patients
might not have a precedent chronic phase. In contrast to
chronic phase, patients in accelerated phase are
symptomatic. In addition to features of chronic phase
CML, patients present with variable systemic symptoms,
including fever, weight loss, bone pain and deteriorating
anaemia or thrombocytopenia. The accelerated phase is a
transitory period between the chronic and blastic phases,
and lasts a median of 3 - 6 months, although in some
patients it may be very brief and unnoticeable.

Laboratory features. Anaemia and thrombocytopenia
of variable degrees develop. The white cell count
becomes more difficult to control with medication. Blast
and promyelocyte counts are increased in the peripheral
blood and bone marrow. Other patients present with
increasing eosinophil and basophil counts that cannot be
controlled. Rarely, worsening and unrelenting
thrombocythaemia may be a clinical manifestation.

Cytogenetic features. In addition to t(9;22)(q34;q21),
additional karyotypic aberrations indicating clonal
evolution are found. Typical additional aberrations
include acquisition of an extra Ph chromosome,
isochromosome 17q, and trisomy 8.
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Diagnosis. The diagnosis relies on demonstration of
an increase in blast count in the marrow or peripheral
blood, and the detection of additional karyotypic
aberrations on cytogenetic analysis.

Blastic phase(BT) CML
Clinical features. The majority of patients have an
antecedent chronic phase CML. At blastic phase, the
patient has an acute leukaemia. Because CML involves
a haematopoietic stem cell, blastic transformation can
occur to myeloid and lymphoid lineages, so that acute
myeloid, lymphoid or sometimes bilineage leukaemias
may result. The clinical features are those of an acute
leukaemia, with leucocytosis, anaemia and
thrombocytopenia. The prognosis of blastic phase CML
is poor, with patients surviving only a few months.

Laboratory features. There is an increase in blasts in
the peripheral blood or bone marrow, exceeding 20% of
the differential count.
Cytogenetic features. Karyotypic analysis may show
chromosomal aberrations additional to t(9;22)(q34;q21).
The changes may be those seen during the accelerated
phase. Occasionally, chromosomal changes typical of de
novo acute leukaemias may be observed, such as t(8;21)
and t(15;17).
Diagnosis. Cytochemistry and immunophenotyping
are necessary to determine the lineage of the acute
leukaemia. Lineage definition is important for treatment
purposes. Acute lymphoblastic transformation may
respond to treatment for de novo acute lymphoblastic
leukaemia, reaching a second CP. However, acute
myeloblastic transformation in general are refractory to
chemotherapy. However, rare cases of transformation
into acute promyelocytic leukaemia with t(15;17) may
respond favourably to treatment.

Treatment of CML
The treatment of CML has undergone revolutionary
changes in the last three decades. The target of
treatment is to suppress the Ph-positive clone. CML
used to be an incurable disease with conventional
chemotherapy. Both low dose and high dose
chemotherapy would result in hematological remission.
However, the Ph-positive clone is almost always
unaffected. Therefore, the natural history of the disease
remains unchanged, and patients treated with
chemotherapy invariably undergo fatal blastic
transformation. The knowledge of the molecular
pathogenesis of CML has now made possible therapy
targeted specifically at the BCR-ABL fusion protein,
which results in remarkable responses.

Chemotherapy
Hydroxyurea treatment leads to reduction of leucocyte
count. However, the natural history of the disease
remains unchanged. Other than for initial leucocyte
cytoreduction, chemotherapy plays no role in the
modern management of CML.

14

Interferon- (IFN- )
IFN- has been shown to prolong survival of CML
patients as compared with conventional chemotherapy.
IFN- combined with low-dose cytosine arabinoside
improves the cytogenetic response rate, but does not
impact on survival as compared with IFN- treatment
as a single agent. IFN- based regimens give a 25 - 50%
10-year overall survival. Residual disease as positive
BCR/ABL by PCR is detectable in the majority of IFNtreated patients. IFN- treatment is now largely
superseded by tyrosine kinase inhibitors.

Haematopoietic stem cell transplantation (HSCT)
Allogeneic HSCT used to be considered the best
treatment option for CML patients with a suitable HSC
donor, whether HLA identical siblings or match
unrelated donors (MUD). CML-CP patients
undergoing HSCT from a matched related donor have
been reported to have overall survivals(OS) of 65% at
10 years and 50% at 18 years. CML patients(OS)
transplanted at stages other than first CP have OS of
about 20%. However, with the advent of tyrosine
kinase inhibitors, HSCT can no longer be considered to
be a first choice treatment. It should now only be
considered a salvage treatment for patients failing
tyrosine kinase inhibitor therapy. For HSCT in CML,
several points are worthy of note. Firstly, the use of
peripheral blood stem cell HSC is inferior to bone
marrow HSC for patients in first CP. The use of
peripheral blood HSC is, however, better in patients
beyond first CP. For MUD, the use of peripheral blood
HSC gives inferior outcome. Furthermore, there are
recent concerns for healthy donors given
haematopoietic growth factors for mobilisation of
HSC. For these reasons, and particularly for CML
patients in first CP, bone marrow appears to be the
preferred source of HSC.

First generation tyrosine kinase inhibitor
The first generation tyrosine kinase inhibitor imatinib
mesylate has a high affinity for the ATP-binding site of
the Abl part of the BCR/ABL fusion protein. It also
binds other tyrosine kinases including PDGFR and ckit. Imatinib is now the standard first line treatment of
CML. At a standard dosage of 400 mg, imatinib induces
complete haematologic responses in over 95% of
patients, and complete cytogenetic responses in about
75% of patients. About half of the patients reaching
cytogenetic remission will also achieve a major
molecular remission, with > 3 log reduction in the
baseline BCR/ABL fusion transcript on Q-PCR analysis.
Progression free survival also exceeds 95% at two years.
The annual progression to AP/BT in patients with CP on
imatinib varies from 1-3%.

Monitoring of imatinib therapy. During imatinib
therapy, complete haematologic response refers to
normalisation of leucocyte and platelet counts,
suppression of basophils to less than 5% of the
differential count, and a non-palpable spleen.
Cytogenetic response refers to the percentage of Ph+
cells, with minor and major responses set at Ph+ cells
ranging from 36-65% and <36%. Complete cytogenetic
response indicates absence of Ph+ cells. For the
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Myeloproliferative disorders (MPDs) constitute a group of hematopoietic malignan‑
cies that feature enhanced proliferation and survival of one or more myeloid lineage
cells. William Dameshek is credited for introducing the term “MPDs” in 1951 when
he used it to group chronic myeloid leukemia (CML), polycythemia vera (PV), essential
thrombocythemia (ET) and primary myelofibrosis (PMF) under one clinicopathologic
category. Since then, other myeloid neoplasms have been added to the MPD member list:
chronic neutrophilic (CNL), eosinophilic (CEL) and myelomonocytic (CMML) leukemias;
juvenile myelomonocytic leukemia (JMML); hypereosinophilic syndrome (HES); systemic
mastocytosis (SM); and others. Collectively, MPDs are stem cell‑derived clonal prolifera‑
tive diseases whose shared and diverse phenotypic characteristics can be attributed to
dysregulated signal transduction—a consequence of acquired somatic mutations. The
most recognized among the latter is BCR‑ABL, the disease‑causing mutation in CML.
Other mutations of putative pathogenetic relevance in MPDs include: JAK2V617F in PV,
ET, and PMF; JAK2 exon 12 mutations in PV; MPLW515L/K in PMF and ET; KITD816V
in SM; FIP1L1‑PDGFRA in CEL‑SM; rearrangements of PDGFRB in CEL‑CMML and FGFR1
in stem cell leukemia‑lymphoma syndrome; and RAS/PTPN11/NF1 mutations in JMML.
This increasing repertoire of mutant molecules has streamlined translational research and
molecularly targeted drug development in MPDs.
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In 1951, William Dameshek (1900–1969) highlighted the phenotypic similarities
among chronic myeloid leukemia (CML), polycythemia vera (PV), essential thrombocythemia (ET) and primary myelofibrosis (PMF), and grouped them under the rubric
of myeloproliferative disorders (MPDs).1 In 1960,2 CML became the first cancer to
be associated with a specific cytogenetic marker, the Philadelphia chromosome (Ph1),
which subsequently was shown to harbor a reciprocal chromosomal translocation,
t(9;22)(q34;q11).3 These seminal observations ultimately led to the identification of
the disease‑causing mutation (BCR‑ABL)4 in CML and development of molecularly
targeted therapy.5 Accordingly, the “classic” MPDs are now sub‑classified into CML
(i.e., BCR‑ABL+) and the BCR‑ABL‑ classic MPDs (i.e., PV, ET and PMF).6 The
recently described association between all three BCR‑ABL‑ classic MPDs and a novel
gain‑of‑function (GOF) JAK2 mutation (JAK2V617F) validates their continued consideration as a distinct MPD category (Table 1).7‑10 Both ABL and JAK2 encode for
cytoplasmic tyrosine protein kinases (PTKs), that become constitutively activated as a
result of these mutations.
Between 1967 and 1981, Fialkow and colleagues used polymorphisms in the X‑linked
glucose‑6‑phosphate dehydrogenase locus to establish all four classic MPDs as clonal
stem cell disorders, with evidence for involvement of myeloid11‑14 and B lymphoid15,16
lineages. The stem cell origin of the classic MPDs has been confirmed by more recent
studies demonstrating clonal involvement of B,17‑19 T,17‑19 and natural killer (NK)20
lymphocytes. Furthermore, early reports21 on the occurrence of Ph1‑negative clonal B
lymphocytes in CML have suggested that preclinical clonal myelopoiesis might antedate
disease‑causing mutations in classic MPDs. More recent observations that support such
a contention include the emergence of new cytogenetic clones during successful treatment of CML with imatinib,22 the imperfect association between overall clonal load
and JAK2V617F mutant allele burden in PV,23 and the observation that heritable MPD
syndromes have been observed in which the JAK2V617F allele is acquired with development of MPD, but is not present in the germline of affected family members, indicating
the presence of an antecedent predisposition allele.24
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required for imatinib inhibitory activity.83,84 Examples of such kinase
domain mutations include M351T, E255K, Q252H, T315l, E355G,
F359V, F317Leu and G250E.85 The development of second generation kinase inhibitors and better understanding of mutant ABL
conformation dynamics have effectively addressed these new challenges, although some mutations such as T315l have so far remained
resistant to even second generation kinase inhibitors.86‑91
To date, ETV6 is the only known non-BCR fusion partner for
ABL. ETV6‑ABL (t(9;12)(q34;p13) has rarely been associated with
ALL,92‑95 AML (transient response to imatinib),96‑98 and atypical
CML‑like MPD (minor response to imatinib).94,99‑101 Like BCR‑ABL,
ETV6‑ABL encodes for an activated and transforming ABL.96,102
The PNT oligomerization motif of ETV6 is thought to activate the
ABL kinase by a similar mechanism to the BCR coiled coil oligomerization domain in the context of the BCR‑ABL fusion protein.
The same ETV6 activation domain is involved in CEL‑associated
ETV6‑PDGFRB, (t(5;12)(q33;p13),34 AML‑associated ETV6‑ARG,
(t(1;12)(q25;p13),103 ALL/atypical MPD‑associated ETV6‑JAK2,
(t(9;12)(p24;p13),104,105 and peripheral T cell lymphoma‑associated
ETV6‑FGFR3, (t(4;12)(p16;p13).106

JAK Mutations

and the other two, in the context of CML, are extremely rare. There
are usually two junction variants of M‑bcr; b2a2 and b3a2, without
any documented clinical relevance.60
The Philadelphia translocation is an acquired somatic mutation
involving the hematopoietic stem cell11 and results in fusion of the
ABL gene (225 kb total gene size) from chromosome 9 to the BCR
gene (135 kb total gene size) on chromosome 22.56,61,62 A chimeric
mRNA (8.5 kb) is thus transcribed instead of the normal c‑Abl
mRNA (a 6 or 7 kb)63 and subsequently translated to an activated
BCR‑ABL gene product (most commonly 210 kD) instead of the
normal ABL gene product (145 kD).64 BCR‑ABL localizes to the
cytoskeleton and displays an up‑regulated tyrosine kinase activity65
that leads to the recruitment of downstream effectors of cell proliferation and cell survival and consequently leukemogenesis, as has been
demonstrated in cell lines, primary cells, and mouse transplant or
transgenic models.50,51,66‑71 BCR‑ABL signal transduction involves
several adapter molecules (e.g., GRB2, GAB2, CRKL, etc.) and
signaling pathways (e.g., Ras, PI3K, JAK‑STAT, etc.) that are all
thought to contribute to the pathogenesis of CML (Fig. 1).49,72,73
CML is currently considered the “poster child” for molecularly
targeted therapy. In 1996, Brian Druker and his colleagues described
the BCR‑ABL selective in vitro activity of imatinib mesylate
(imatinib), a 2‑phenylaminopyrimidine class PTK inhibitor that is a
selective inhibitor of ABL, ARG, PDGFRA, PDGFRB, and KIT.74
Imatinib targets the ATP binding site within the BCR‑ABL tyrosine
kinase and competitively inhibits ATP binding with subsequent
disruption of the oncogenic signal.74‑76 The cocrystal structure of
imatinib bound to the ABL kinase indicates that the drug stabilizes
the oncoprotein in an enzymatically inactive conformation.76 This
in vitro activity of imatinib has been clinically validated in chronic
phase CML; in newly diagnosed patients, the drug produced 95%
and 74% complete hematologic and cytogenetic responses, respectively.77‑80 However, the drug is not as effective in advanced phases of
CML5 and imatinib‑resistant BCR‑ABL oncoproteins are emerging
as an important clinical challenge.81,82 The latter are most often due to
acquired ABL point mutations that either directly hinder drug binding
or prevent the formation of the inactive structural conformation that is

The Janus family of tyrosine kinases (JAK1, JAK2, JAK3, TYK2)
are cytoplasmic PTKs that mediate signaling downstream of cytokine
receptors.107‑109 Janus kinases are named after the Roman god with
two faces, and are unique among tyrosine kinases in that they contain
two homologous kinase domains: a catalytically active JH1 domain
and JH2 domain that is nearly identical in amino acid sequence to
JH1, but lacks catalytic activity.107,110,111 The JH2, or pseudo‑kinase,
domain is thought to play a negative autoregulatory role in that deletion of JH2 results in constitutive activation of the JAK2 kinase.112,113
Activation of the JAK‑cytokine receptor complex results in recruitment and JAK‑mediated phosphorylation of substrate molecules
including STAT proteins whose subsequent nuclear translocation
induces target gene transcription.114,115 JAK‑STAT signaling has
pleiotropic effects on cellular proliferation, cell survival, and immune
responses.114‑118 JAK1 and JAK2 knockouts are not viable and are
devoid of either definitive erythropoiesis (JAK2)119‑121 or normal
lymphoid development (JAK1).122 JAK3 and TYK2 knockout mice
are viable and manifest either severe combined immunodeficiency
(SCID; JAK3)123 or impaired interferon signaling (TYK2).124
A limited number of JAK mutations have been linked to human
disease; these have so far involved only JAK3 and JAK2 (Table 2).
Germline JAK3 loss‑of‑function (LOF) mutations have been associated with autosomal recessive SCID125,126 whereas somatic GOF
JAK3 mutations (JAK3A572V, JAK3V722I and JAK3P132T) were
recently detected in acute megakaryocytic leukemia cell lines or
primary cells.127 The oncogenic potential of JAK2 mutations
in man was first suggested by a set of observations made in the
1990s;128,129 a dominant mutation in either the JH4 (HOPTum‑1)
or JH2 (HOPT42) domain of HOP, a JAK homolog in Drosophila,
resulted in leukemia‑like defects129 whereas a similar point mutation
in murine JAK2 (JAK2E665K) resulted in an activated protein.129
Similarly, others demonstrated inhibition of ALL cell growth by a
JAK2 kinase inhibitor (AG‑490) and the association of ETV6‑JAK2,
t(9;12)(p24;p13), with both T and pre-B ALL as well as atypical
MPD.104,105 Most recently, two other JAK2 fusion mutants were
described; PCM1‑JAK2, t(8;9)(p22;p24), in eosinophilia‑associated atypical MPD, ALL/AML, or T cell lymphoma130‑133 and
BCR‑JAK2, t(9;22)(p24;q11.2), in atypical MPD that was not
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Figure 1. BCR‑ABL signaling
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Persistence of chromosomal abnormalities
additional to the Philadelphia chromosome after
Philadelphia chromosome disappearance during
imatinib therapy for chronic myeloid leukemia
Five Philadelphia chromosome positive (Ph+)
chronic myeloid leukemia (CML) patients with
additional chromosome abnormalities at diagnosis
have been followed during Imatinib therapy. In all,
the Ph chromosome disappeared, while the 5 cases,
additional abnormalities [dup(1); del(5), +8 (2
patients) and +14] persisted in the subsequent
studies, performed over a period of 11 to 49
months, either alone or together with a karyotypically normal cell population. This finding is consistent with a secondary origin of the Ph chromosome
in these patients. It is still to early to evaluate the
possible prognostic value of these additional
abnormalities.

Table 1. Sequential karyotypes of the 5 patients.

Pts.
Months
(sex, age) from
diagnosis
1) M.M.
(F, 77)

D
+4
+13
+18
+25
+31
+39
+49

46,XX,t(9;22)(q34;q11),dup(1)(q11q21) [20]
46,XX,dup(1)(q11q21) [20]
46,XX,dup(1)(q11q21) [20]
46,XX,dup(1)(q11q21) [20]
46,XX,dup(1)(q11q21) [20]
46,XX,dup(1)(q11q21) [20]
46,XX,dup(1)(q11q21) [20]
46,XX,dup(1)(q11q21) [20]

2) B.A. )
(M, 77

D
+4

46,XY,t(9;22)(q34;q11),del(5)(q14q31) [20]
46,XY [15]/46,XY,t(9;22)(q34;q11),del(5)(q14q31)
[4]/ 46,XY,del(5)(q14q31) [1]
46,XY,t(9;22)(q34;q11),del(5)(q14q31) [11]/46,XY [9]
46,XY [10]/46,XY,t(9;22)(q34;q11),del(5)(q14q31)[6]/
46,XY,del(5)(q14q31) [4]
46,XY [15]/46,XY,t(9;22)(q34;q11),del(5)(q14q31) [3]/
46,XY,del(5)(q14q31) [2]
46,XY [15]/46,XY,del(5)(q14q31) [5]
46,XY [16]/46,XY,del(5)(q14q31) [4]
46,XY [15]/46,XY,del(5)(q14q31) [4]
46,XY [15]/46,XY,del(5)(q14q31) [5]

+9
+12

Haematologica 2007; 92:564-565

+15
The emergence of chromosome abnormalities in Ph
negative (Ph–) cells during Imatinib treatment in CML
patients has been widely observed although origin and
prognostic significance are still uncertain.
However, a few patients carry chromosome changes in
addition to the Ph chromosome since diagnosis have
been reported.1-3 In these cases, imatinib treatment
induces the disappearance of the Ph+ population, allowing the clone marked by the additional abnormality alone
to persist. This observation may have important prognostic and pathogenetic implications. Based on some of our
initial observations, we contacted the 54 Cytogenetics
Laboratories participating in the GIMEMA CML Working
Party Group. Out of the 30 laboratories who answered
our request, 4 provided 5 patients, who are the subject of
this study. Incidence therefore is seen to be under 1%.
Three were males and 2 females, median age was 77
years (range 43-80). Two patients had an intermediate
and 3 a high Sokal Index. All patients were treated with
Imatinib from diagnosis. Sequential chromosome analyses of the 5 patients are shown in Table 1. Additional
abnormalities were: dup(1q), del(5q), +8 (two patients)
and +14, respectively. All four patients showed the complete disappearance of the Ph-positive clone in a period of
time varying from 3 to 16 months, with persistence of the
clone carrying the additional abnormality, either alone or
together with a karyotypically normal cell population. Of
particular interest is patient n. 4 who at diagnosis presented three different clones in addition to the normal
cell population: 47,XY,+8; 46,XY,Ph+; 47,XY,Ph+,+8. The
presence of the Ph chromosome both in normal and trisomy 8 cells might indicate a biclonal origin of the Ph.
Eight months after diagnosis, the patient developed a Ph–
myeloid blast crisis marked by a trisomy 8, already present at diagnosis. PHA-stimulated lymphocytes of all five
patients were studied. A normal chromosome pattern
was observed in all 100 metaphases analyzed for each
patient. These observations may have important pathogenetic implications. The fact that cytogenetic abnormalities present since diagnosis in addition to the Ph chromosome persisted in Ph-negative cells during Imatinib therapy, clearly suggests that they occurred as primary
events. Therefore, our study supports the hypothesis that
the clones observed in different patients arose from a
genetically unstable progenitor cell with a normal karyotype which acquired subsequent cytogenetic abnormali| 564 | haematologica/the hematology journal | 2007; 92(04)

Karyotype

+18
+24
+36
+42
3) F.D.
(M, 65)

D

46,XY,t(9;22)(q34;q11)[16]/47,XY,t(9;22)
(q34;q11),+8 [8]/47,XY,+8 [4]/46,XY[2]
+5 47,XY,+8 [14]/ 46,XY[8]
+8 47,XY,+8 [22]
+11 Death in BC

4) B.P.
(M, 80)

D
+8
+15
+24
+29

5) S.S.
(F, 43)

D 46,XX,t(9;22)(q34;q11) [5]/47,XX,t(9;22)(q34;q11),+8[4]
+7 46,XX,t(9;22)(q34;q11) [13]/47,XX,+8 [5]/46,XX [1]
+11 47,XX,+8 [7]/46,XX [2]

46,XY,t(9;22)(q34;q11),+14 [22]
47,XY,+14 [15]/46,XY [5]
47,XY,+14 [16]/46,XY [4]
47,XY,+14 [14]/46,XY [6]
47,XY,+14 [17]/46,XY [3]

D: diagnosis.

ties, of which the Ph chromosome was secondary.
This could eventually be true also for submicroscopic
aberrations and the phenomenon could be more frequent
than had been believed on the basis of cytogenetic investigations alone.4
Moreover, the occurrence of additional chromosome
changes may also have a prognostic value. Those
observed in our patients are non-specific and are seen, for
example, in acute myeloid leukemia, myeloproliferative
disorders or myelodysplastic syndromes. One of our
patients died (n. 3), while the other 4 are alive and in
hematologic and cytogenetic complete remission 49+,
42+, 29+ and 11+ months from diagnosis respectively.
The occurrence of additional non-random chromosome
abnormalities during the course of the disease has been
extensively described in the past and considered an unfavorable prognostic factor, particularly when belonging to
the major route type.5,6 However, a few studies deal with
the outcome of patients who show additional chromosome changes since diagnosis. A shorter survival was
documented in two series belonging to the hydroxyurea/busulfan era.7,8 In another series including patients
treated with α interferon, additional chromosome abnormalities at diagnosis were not associated with a poorer
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ties, of which the Ph chromosome was secondary.
This could eventually be true also for submicroscopic
aberrations and the phenomenon could be more frequent
than had been believed on the basis of cytogenetic investigations alone.4
Moreover, the occurrence of additional chromosome
changes may also have a prognostic value. Those
observed in our patients are non-specific and are seen, for
example, in acute myeloid leukemia, myeloproliferative
disorders or myelodysplastic syndromes. One of our
patients died (n. 3), while the other 4 are alive and in
hematologic and cytogenetic complete remission 49+,
42+, 29+ and 11+ months from diagnosis respectively.
The occurrence of additional non-random chromosome
abnormalities during the course of the disease has been
extensively described in the past and considered an unfavorable prognostic factor, particularly when belonging to
the major route type.5,6 However, a few studies deal with
the outcome of patients who show additional chromosome changes since diagnosis. A shorter survival was
documented in two series belonging to the hydroxyurea/busulfan era.7,8 In another series including patients
treated with α interferon, additional chromosome abnormalities at diagnosis were not associated with a poorer
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outcome, with the exception of patients with +8, +Ph
and iso(17q).9 Imatinib treatment has greatly modified
the course of Ph-positive CML. Nevertheless, resistance
to Imatinib is associated with well-defined chromosome
and molecular changes.10 Information regarding the fate
of the subgroup of patients carrying additional chromosome changes since diagnosis is still lacking. The only
patient who died in this study was characterized by the
persistence of a major route change. The follow-up of the
other patients, characterized by chromosome abnormalities either included (n.5 with +8) or not in the major route
type, will be pursued and the cooperative study will continue recruitment of such patients. At the moment, they
are all in complete hematologic and cytogenetic
response.
Performing classic cytogenetics both at diagnosis and
during the course of the disease is still the only way for
detecting the presence and/or the development of additional chromosome changes before and during imatinib
therapy, with possible pathogenetic, prognostic and, consequently, therapeutic implications.
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3.4.1. When are der(9) deletions formed?
The der(9) deletions are commonly regarded as occurring at the time of the Ph
translocation, since distinct patient populations in different phases of CML have been
found to exhibit nearly identical frequencies of cases with deletions. Likewise, paired
samples taken at the time of diagnosis and at disease progression of the same patients have
been analyzed with consistent results 63, 69, 74. In few reports though, the deletion has been
described as a secondary event, since cells with and without the deletion have been
observed simultaneously 68, 75, but the majority of the current literature is in support of
simultaneous translocation and deletion events.
3.4.2. The clinical impact of der(9) deletions
In the first published studies patients with der(9) deletions were found to confer poorer
prognosis when compared to patients without deletions. Significant difference in overall
survival was observed between the deleted or non-deleted groups. The deletion was found
to be an independent prognostic factor and more powerful than Sokal or Hasford scoring
systems 63, 69, 76. The size of deletion was observed to confer prognostic significance: the
larger deletions were associated with poor prognosis, whereas smaller ones have no
prognostic impact 72-73.
The poor prognosis of der(9) deletions was discovered in patient populations treated
mainly with interferon-alpha based regimens. Since the advent of imatinib the prognostic
significance of der(9) deletions has been re-evaluated in a few studies. In one study, the
rates of hematologic and cytogenetic response were lower in patients with deletions,
although the difference was not significant when only newly diagnosed patients were
selected for analysis 77. In another study, no difference in response rates was observed,
even if the der(9) deletion patients were receiving more often higher imatinib dose than
cases without deletion 78. This finding has also been confirmed in studies with equal
imatinib dose 79-80. However, results of deletion positive chronic phase CML patients
treated with second generation tyrosine kinase inhibitors may indicate worse survival, but
the reason for this disparity is not clear 81. As the prognostic significance of der(9) deletion
is not so clear in CML treatment, it has been considered as a warning sign being one
candidate adverse prognostic factor 82.
3.5. Clonal evolution
The majority of CML patients develop secondary (i.e. additional) clonal aberrations in Ph
positive cells in advanced phases of the disease. Additional abnormalities can be detected
in approximately 75-80% of CML patients in blast crisis. The appearance of secondary
changes is a phenomenon called cytogenetic clonal evolution. Clonal evolution is thought
to be reflecting genetic instability of the leukemic cells and may be a sign of disease
progression 49, 57, 83.
Secondary chromosomal aberrations are clearly non-random, the most common ones
being the isochromosome 17q, trisomy 8, additional Ph chromosome and slightly less
frequently trisomy 19 [i.e. i(17)(q10), +8, +der(22)t(9;22)(q34;q11.2), +19]. The first three
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changes constitute over 90% of the CML cases in whom secondary chromosomal changes
are being detected. These and other aberrations occurring at frequencies exceeding 5% are
called “major route” abnormalities. Other, less frequently seen abnormalities are called
“minor route” changes, being for example trisomy 21 and monosomies of chromosomes 7
and 17 49, 84.
The prognostic significance of specific secondary chromosome abnormalities is
variable. Many studies have reported that blast crisis without secondary abnormalities
might have a better prognosis. Other investigations have not found such a connection. In
all, the prognostic impact of secondary abnormalities is heterogeneous and most likely
linked to various other parameters, including time of appearance, types of aberrations and
also treatment modalities 49.
3.6. Clonal chromosomal changes in Ph negative cells
Other clonal chromosome aberrations can also be detected in Ph chromosome negative
cells. This relatively new finding was observed during cytogenetic monitoring of CML
patients treated with imatinib. The patients have achieved cytogenetic response to the
treatment, but unexpectedly other clonal chromosome aberrations were seen in Ph
negative cells. The incidence of these other clonal aberrations is relatively low, being 215% of the imatinib treated patients depending on whether the patients have been studied
from selected or unselected cohorts. A small fraction of patients with Ph negative
abnormalities develop bone marrow myelodysplasia, or myelodysplastic syndrome. Most
frequently observed chromosome abnormalities are numerical aberrations, mainly -Y, +8
and -7. Structural changes are observed less frequently, out of which deletions of long
arms of chromosomes 7 or 20 (7q-, 20q-) are more commonly seen 85-88.
The mechanism of the formation of aberrant Ph negative clones is not clear. In small
proportion of patients the presence of Ph negative clone has been shown in samples
preceding imatinib treatment. This would indicate the expansion of pre-existing clone after
eradication of Ph positive cells by imatinib. However, this has not been detected in all
patients, so direct effect of imatinib can not be totally excluded, even though it is unlikely
87, 89-90
. Ph negative clonal hematopoiesis has also been detected during dasatinib
treatment, so the phenomenon is not restricted only to imatinib therapy, but concerns other
tyrosine kinase inhibitors as well 91-92.
Just like the origin, the clinical significance of clonal aberrations in Ph negative cells is
not unequivocal. The appearance of clonal abnormalities in Ph negative metaphases may
be transient, occurring only once, but the cells may also persist or even increase in time.
The prognostic impact of Ph negative clonal aberrations needs further clarification, but
chromosome 7 changes, in particular monosomy 7, appears to have the greatest risk of
developing myelodysplastic syndrome or acute myeloid leukemia. Aneuploidies of
chromosomes Y and 8 (-Y and +8) seem more indolent 93. In practice, periodical
monitoring of CML patients with conventional cytogenetics has clear importance because
of the variable clinical significance of these abnormalities.
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DETEKCIA PHILADELPHIA CHROMOZÓMU U PACIENTOV S CHRONICKOU
MYELOIDNOU LEUKÉMIOU V PRE·OVSKOM KRAJI (1995-2004)
DETECTION OF PHILADELPHIA CHROMOSOME IN PATIENTS WITH CHRONIC
MYELOID LEUKEMIA FROM THE PRE·OV REGION IN SLOVAKIA (1995-2004)
BORO≈OVÁ I., BERNASOVSK¯ I., BERNASOVSKÁ J.
DEPARTMENT OF BIOLOGY, FACULTY OF HUMANITIES AND NATURAL SCIENCE, UNIVERSITY OF PRE·OV,
PRE·OV, SLOVAC REPUBLIC
Súhrn
Autori analyzovali v˘sledky cytogenetick˘ch vy‰etrení zameran˘ch na detekciu Philadelphia chromozómu u pacientov chronickou
myeloidnou leukémiou v Pre‰ovskom kraji za obdobie rokov 1995-2004. Súbor a metodika: V práci boli analyzované v˘sledky 72
cytogenetick˘ch anal˘z vzoriek kostnej drene pacientov so suspektnou diagnózou CML. V˘sledky: Philadelphia chromozóm bol detegovan˘ u 94,4% pacientov so suspektnou diagnózou CML. V jednom analyzovanom prípade bola zistená komplexná translokácia zahrÀujúca chromozómy 8, 9 a 22. U jedného pacienta boli detegované poãetné numerické a ‰trukturálne chromozómové aberácie. Mozaikov˘ karyotyp bol detegovan˘ u 5,9% pacientov. Záver: V˘sledky anal˘z potvrdzujú diagnostick˘ a prognostick˘ v˘znam detekcie
Philadelphia chromozómu u pacientov s klinickou diagnózou CML. Konvenãná cytogenetická anal˘za zostáva naìalej ‰tandardnou
metódou pre potvrdenie diagnózy, monitorovanie terapeutickej odpovede a minimálnej reziduálnej choroby u pacientov s chronickou
myeloidnou leukémiou.
Kºúãové slová: chronická myeloidná leukémia, Philadelphia chromozóm, karyotypizácia, cytogenetická anal˘za.
Summary
Authors analyzed results of cytogenetic examinations with attention on detection of Philadelphia chromosome performed in patients
with CML in the Pre‰ov region in 1995-2004. Material and methods: Authors analyzed results of cytogenetic examinations performed in 72 samples of bone marrow cells in pacients with suspected diagnosis of CML. Results: Philadelphia chromosome in bone
marrow cells of patients with suspected diagnosis CML in the Pre‰ov region (1995-2004) was detected in 94,4% of cases . In one patient a complex translocation involing chromosomes 8, 9 and 22 was identified. One patient has showed extra numerical and structural
chromosomal aberrations. Mosaic karyotype of the Ph chromosome was found in 5,9% of cases. Conclusion: The results of cytogenetic analyses confirm diagnostic and prognostic significance of Philadelphia chromosome in patients with clinical diagnosis CML.
Conventional cytogenetic analysis remain the standard method for purposes of diagnosis, monitoring of the therapeutic response and
minimal residual disease in patients with chronic myeloid leukemia.
Key words: chronic myeloid leukemia, Philadelphia chromosome, karyotyping, cytogenetic analysis.

Úvod
Chronic myeloid leukemia (CML) is one of the commonest
hematological malignancies seen in clinical practice. It was the
first recognized form of cancer to have a strong association with
a recurrent chromosomal abnormality, the t(9,22) translocation, which generates the so - called Philadelphia (Ph) chromosome.(Saglio and Cilloni, 2004) Philadelphia chromosome is
a characteristic chromosomal marker that is associated with
chronic myelogenous leukemia. 95% of patients with CML
show this abnormality, a remaining 2-3% have a very similar
abnormality. The Ph chromosome is also found in acute lymphoblastic leukemia (ALL, 25-30% in adult and 2-10% in pediatric cases) and occasionally in acute myelogenous leukemia
(AML).(Kurzrock et al., 2003) Cytogenetically, Ph chromosome is the result of the reciprocal translocation between chromosome 9 and 22 with 9q34 and 22q11 breakpoints . On molecular level, two hybrid genes are formed by this translocation

BCR/ABL, which is in the vast majority of the cases localized
on the Ph chromosome. It is generally accepted that inception
of BCR/ABL hybrid gene and its product plays one of the main
role in pathogenesis of CML. (Michalová et al., 2002)
The disease has a chronic phase (CP-CML) that lasted for
an average of 4 years before transforming into an advanced
phase (AP-CML) that degenerates into acute leukemia
(mostly myeloid and approximately 20% lymphoid subtype).(Tefferi et al., 2005) It is the result of abnormal and
excess cell proliferation due to deregulated bcr-abl tyrosinase kinase activity as a result of Philadelphia chromosome.(Singhal et al., 2004)
Standard or conventional cytogenetics involves light microscopic examination of chromosomes to identify either numerical or structural abnormalities. Cytogenetic characteristics
of CML is the presence of the Philadelphia chromosome. Philadelphia chromosome is designated Ph (or Ph1) chromosoKLINICKÁ ONKOLOGIE

20

5/2007

357

ps ﬁ
de
ûh
l el n
ed
í
me and the translocation is termed t(9,22)(q34,q11). The Ph
chromosome is derived from a normal 22 chromosome that
has lost part of its long arm as a result of a balanced reciprocal translocation of DNA involving one of the 22 and one of
the 9 chromosomes. Thus the Ph chromosome (22q-) appears somewhat shorter than its normal counterpart and the 9q+
somewhat longer than the normal 9. Figure 1
Standard cytogenetic studies of the bone marrow diclose the
Philadelphia chromosome, t(9,22)(q34.q11) in approximately 95% of patients at diagnosis of CML.(Tefferi et al.,
2005) In remaining 5% the Philadelphia chromosome might
be either masked (submicroscopic bcr/abl fusion) or part of
a complex variant chromosomal translocation involvement
of other chromosome breakpoints in addition to 9q34 and
22q11. These latter „ Philadelphia chromosome - negative“
and Philadelphia chromosome - positive cases are readily
identified by either FISH or RT-PCR, thus giving the molecular methods superior sensitivity.(Morel et al., 2003)

Figure 1: t(9,22)(q34,q11) diagram and breakpoints, G-banding(left), R-banding(right).
In most instances, the t(9,22), or a variant thereof, is the sole
chromosomal anomaly during the chronic phase (CP) of the
disease.(Johansson et al., 2003) The absence of Philadelphia
chromosome does not exclude the possibility of CML and if
the clinical scenario dictates, a more sensitive genetic test
(e.g. FISH or PCR) should be performed. Additional chromosomal abnormalities of clonal evolution precede the development of the blastic or acute phase in 70% to 80% of CML
cases.(Oudat et al., 2001) Most patients with CML will develop additional cytogenetic abnormalities (extra Philadelphia
chromosome, trisomy 8, isochromosome 17q, trisomy 19)
during blast transformation. Such clonal evolution is more
frequent in myeloid compared to lymphoid blast crisis and
may be associated with inferior prognosis. Furthermore the
specific cytogenetic profile at the time of blast transformation
may help distinguish lymphoid (chromosome 7 abnormalities) from myeloid (trisomy 8, isochromosome 17q, trisomy 19) subtype.(Tefferi et al., 2005) These secondaty changes usually precede the hematologic and clinical
manifestations of more malignant disease by several months
and thus may serve as valuable prognostic indicator.
Material and methods
The results were obtained after a period of 10 years
(1995-2004) in the Pre‰ov region (Slovakia) in patients
with suspected diagnosis of CML by conventional cyto-
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genetic analysis of bone marrow cells. Bone marrow cells
were cultivated 24 h in RPMI medium with 10% fetal
calf serum without stimulation. In some cases, lymphocytes of peripheral blood were cultivated for 72
h and chromosomal preparations were examined, also.
Mitoses were harvested after hypotonic treatment with
0,075 M KCl, and slides were prepared using conventional techniques. At least 15 G-banded cells were examined on each sample, if available. Cytogenetic examination in some patients was performed repeatidly.
Cytogenetic analyses were performed on Wright’s Gbanded chromosomes according to ISCN nomenclature.
(ISCN, 1995).
Results
The aim of our study was to confirm the presence of
Philadelphia chromosome and determine their frequency
in patients with CML . The number of cytogenetic examinations of bone marrow cells performed in Department
of clinical genetics in the Pre‰ov region (Slovakia) in
1995-2004 are presented in Table 1. From the overall number of 347 cytogenetic examinations, 72 samples was with suspected diagnosis CML. Philadelphia (Ph) chromosome in bone marrow cells of patients with suspected
diagnosis CML in the Pre‰ov region in 1995-2004 was
detected in 68/72 (94,4%) of cases. In one patient a complex translocation involing chromosomes 8, 9 and 22(
karyotype 46, XY, t(8,9,22) (q13,q34,q11) was identified.
One patient has showed extra numerical and structural chromosomal aberrations. Mosaic karyotype of the Ph chromosome was found in 5,9% of cases. In analyzed complete the age of patients varied from 19-74 years old
(median age 46,4 years).
Cytogenetic studies were helpful in diagnosis of the disease. Karyotyping provided additional information for the
differential diagnosis. Our results suggest that standard
cytogenetic studies have significance at the time of CML
diagnosis. On basis of these observations, it is reasonable
to perform bone marrow cytogenetics at the time of diagnosis in patients with clinical diagnosis CML.
Table 1 : Chromosomal analysis of bone marrow cells of patients with
CML in the Pre‰ov region (Slovakia)
Year
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
All

The overall number of
cytogenetic examinations
9
30
43
48
53
47
28
30
31
28
347

The number of cytogenetic
Normal Pathological
examinations with susp. dg.CML karyotype karyotype
2
0
2
11
1
10
14
1
13
8
1
7
3
0
3
10
1
9
6
0
6
9
0
9
3
0
3
6
0
6
72
4
68

Discussion
Chronic myeloid leukemia is a clonal stem cell disease caused by an acquired somatic mutation that fuses, through
chromosomal translocation, the abl and bcr genes on chro-
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Abstract
Distal deletion of chromosome 3p25-pter
(3p− syndrome) produces a distinct clinical
syndrome characterised by low birth
weight, mental retardation, telecanthus,
ptosis, and micrognathia. Congenital heart
disease (CHD), typically atrioventricular
septal defect (AVSD), occurs in about a
third of patients. In total, approximately 25
cases of 3p− syndrome have been reported
world wide. We previously analysed five
cases and showed that (1) the 3p25-pter
deletions were variable and (2) the presence of CHD correlated with the proximal
extent of the deletion, mapping a CHD
gene centromeric to D3S18. To define the
molecular pathology of the 3p− syndrome
further, we have now proceeded to analyse
the deletion region in a total of 10 patients
(five with CHD), using a combination of
FISH analysis and polymorphic markers,
for up to 21 loci from 3p25-p26. These additional investigations further supported the
location of an AVSD locus within 3p25 and
refined its localisation. Thus, the critical
region was reduced to an interval between
D3S1263 and D3S3594. Candidate 3p25
CHD genes, such as PMCA2 (ATP2B2),
fibulin 2, TIMP4, and Sec13R, were shown
to map outside the target interval. Additionally, the critical region for the phenotypic features of the 3p− phenotype was
mapped to D3S1317 to D3S17 (19-21 cM).
These findings will accelerate the identification of the 3p25 CHD susceptibility locus
and facilitate investigations of the role of
this locus in non-syndromic AVSDs, which
are a common form of familial and isolated
CHD.
(J Med Genet 2000;37:581–587)
Keywords: congenital heart disease; chromosome 3p25
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analysis of large AVSD families have excluded
linkage to the Down syndrome critical region
on chromosome 21, so establishing locus
heterogeneity in the genetic pathogenesis of
AVSD.2 3 In view of the complexity of cardiac
development, such heterogeneity is expected.
Linkage analysis in a large extended family
mapped an atrioventricular septal defect susceptibility locus to chromosome 1p31-p21.4 In
this kindred inheritance was observed to be
autosomal dominant with incomplete penetrance. However, large AVSD families are
rare, and so the potential for identifying AVSD
genes using linkage is limited.
Cytogenetic deletion syndromes are rare, but
can provide important clues to the localisation of
developmental genes. Classical examples of this
approach include the association of cardiac and
other developmental defects with chromosome
22q11 deletions, and the occurrence of Hirschsprung disease (HSCR) with chromosome 10
deletions, leading to the identification of RET as
a HSCR susceptibility gene. Cytogenetic deletion syndromes associated with AVSD include
del(8)(p23)5 6 and del(3)(p25).7 Analysis of
del(8)(p23) cases mapped the critical deletion
region for heart defects and microcephaly to a 6
Mb region of 8p23.1.8 Distal deletion of the
short arm of chromosome 3 (3p− syndrome) is
a rare disorder (∼25 reported cases) associated
with developmental and growth retardation as
well as a characteristic dysmorphology (including ptosis, telecanthus, and micrognathia).
Additional, but variable, developmental defects
include postaxial polydactyly, renal anomalies,
cleft palate, and gastrointestinal anomalies.
Congenital heart defects occur in about a third
of patients7 9 and are typically AVSDs. To date,
all patients with 3p− syndrome have had large
cytogenetically visible deletions, although there
are also reports of patients with large deletions
and a normal phenotype10 (unpublished observations).
We and others have reported that the extent
of distal 3p deletions in 3p− syndrome patients
is variable.7 9 Furthermore, we found that of
five patients with 3p− syndrome studied, the
three with CHD had the most proximal breakpoints. Subsequently, Drumheller et al11 reported data on five patients (including one case
studied previously by us7) that provided further
evidence for a chromosome 3p25 CHD gene.
To confirm and extend these findings we have
collected a total of 10 cases of 3p− syndrome
and performed molecular cytogenetic and
molecular genetic studies to define the extent
of the 3p deletions and correlate this with the
presence or absence of CHD.
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Table 1 Details of FISH probes and microsatellite
markers used in the study. The probes marked by * are PAC
clones derived from RPCI1 library, and those probes
starting with AC are cosmid probes isolated from the library
LLO3NCO1, both obtained from the UK HGMP resource
centre
Locus

FISH probe

Polymorphism

D3S1304
D3S18
D3S1597
D3S1317
D3S601
D3S1038
D3S3589
D3S587
D3S3601
D3S3594
D3S1263
NIB1677
D3S3714
D3S3680
D3S3088
D3S1259
D3S3701
D3S3602
D3S3693
D3S3610
D3S1585

—
cLIB 1
—
—
cos 7
cos 14
61P20* / AC50K12
cLIB 12-48
—
226D20
283J16*
201I11*
183M12* / AC12J24, AC19C22
183M12*
225B20* / AC38A7
248M7* / 275B20*
—
—
—
—
289I19*

Microsatellite
—
Microsatellite
Microsatellite
—
Microsatellite
Microsatellite
—
Microsatellite
Microsatellite
Microsatellite
Microsatellite
Microsatellite
Microsatellite
—
Microsatellite
Microsatellite
Microsatellite
Microsatellite
Microsatellite
Microsatellite

mal recovery of PAC DNA were used. The P1
clones isolated are shown in table 1.
ISOLATION OF COSMIDS

Cosmids were isolated for the markers
D3S3088, D3S3714, and D3S3589 from the
chromosome 3 library LLO3NO3 obtained
from the UK HGMP resource centre. Hybridisation probes were prepared from the amplified
PCR products from YAC 753F7 and 70D6
DNA, purified by Qiagen PCR product kit and
radiolabelled by random priming ∼25 ng using
the Rediprime kit (Amersham). Repetitive
sequences were blocked by preannealing with
Cot-1 DNA (Gibco BRL) and hybridising
under standard conditions12 at 65°C. The
identified clones (table 1) were obtained from
the UK HGMP resource centre then maintained in LB media supplemented with ampicillin. Cosmid DNA was isolated using the
Qiagen Midi kit.
FLUORESCENCE IN SITU HYBRIDISATION (FISH)

Materials and methods
PATIENTS AND SAMPLES

Lymphoblastoid cell lines were available for
nine patients: P1, P2 (CUMG3.1), P3 (GM
10922), P4, P5 (CUMG3.4), P6, P7, P8 (GM
10985), and P9, but not P10 (CUMG3.10).
DNA was collected from the aVected child and
both parents in seven families (P1, P2, P5, P6,
P7, P9, and P10), from the aVected child and
mother in one case (P4), and only the aVected
child for P3 (GM 10922) and P8 (GM 10995).
P1 ARTIFICIAL CHROMOSOME (PAC) ISOLATION
AND MAINTENANCE

P1 clones were isolated by PCR based screening using polymorphic marker primers (3p2526) from the UK HGMP resource centre
RPCI1 library.12 P1 clones were maintained in
LB media supplemented with 25 µg/ml Kanamycin and PAC DNA was isolated from the
host strains by column purification using the
Qiagen Maxi kit (Qiagen). The manufacturer’s
recommended protocol adaptations for optiTable 2

Metaphase chromosome spreads were prepared from EBV transformed cell lines using
standard methods. Before chromosome harvest, cells were blocked in metaphase by the
addition of colcemid to a concentration of 10
µg/ml. Probes (PACs, cosmids, and YACs)
were biotinylated by nick translation with
biotin-11dUTP (Bionick labelling system,
Gibco BRL). Chromosomal in situ suppression
(CISS) hybridisation was performed to improve the specificity of the hybridisation, with
Cot-1 DNA (Gibco BRL) added to the biotin
labelled probe at a ratio of 50:1. For all
hybridisations, a biotin labelled chromosome 3
alpha satellite centromere probe (Oncor) was
used as a control to identify chromosome 3.
Hybridisation signals were visualised by a
three layer avidin-fluorescein isothiocyanate
(FITC), biotinylate anti-avidin detection system. Analysis was carried out using a BX50
Olympus microscope and images captured
with an automated image analysis system
(Cytovision, Applied Imaging). At least 20
metaphases were analysed for each probe.

3p– deletion mapping results
P1

P2

P3

P4

P5

GM10922

Locus

(CHD)

CUMG
3.1
(CHD)

(CHD)

(CHD)

CUMG
3.4
(CHD)

D3S1304
D3S18
D3S1597
D3S1317
D3S601
D3S1038
D3S3589
D3S587
D3S3594/D3S3601
D3S1263
NIB1677
D3S3680/D3S3714
D3S3088
D3S1259
D3S3701
D3S3602
D3S3693
D3S3610
D3S1585

ND
ND
ND
ND
−
−
NI
−
−
−
−
NI
−
−
NI
−
+
+
+

ND
−
−
ND
ND
−
−
−
NI
−
−
−
−
−
+
+
+
+
+

ND
ND
NI
ND
−
−
−
−
NI
−
−
NI
−
NI
+
+
+
+
+

ND
−
ND
ND
−
−
−
−
NI
−
−
NI
−
NI
ND
ND
NI
NI
+

ND
−
ND
ND
−
−
−
−
−
+
+
+
+
+
+
+
+
+
+

+ = locus retained. − = locus deleted. NI = non-informative. ND = not done.
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P6

P7

P8

P9

GM10985

ND
ND
NI
ND
ND
−
−
−
−
+
+
+
+
+
NI
+
NI
+
+

ND
ND
ND
ND
ND
−
−
−
−
+
+
+
+
+
+
+
+
ND
+

ND
−
ND
ND
+
+
ND
+
ND
+
ND
ND
ND
ND
ND
ND
ND
ND
ND

P10
CUMG
3.10

ND
−
ND
ND
ND
+
ND
+
ND
+
ND
ND
ND
ND
ND
ND
ND
ND
ND

−
ND
NI
+
ND
+
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

original paper
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AML. In ALL the most frequent abnormality was
9p rearrangement. Other recurrent abnormalities
were t(9;22), t(4;11) and t(1;19). In AML t(8;21),
t(15;17) and 11q23 rearrangement were the most
frequent structural abnormalities. These findings
are similar to the results obtained in other multicenter studies using a similar approach.
Interpretation and Conclusions. Our data confirm the feasibility of performing cytogenetic analysis in a centralized laboratory on mailed samples
of bone marrow and/or peripheral blood; this is
very important considering that cytogenetic analysis of neoplastic tissue requires a special laboratory and expert staff.
©1997, Ferrata Storti Foundation
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Background and Objective. Cytogenetic analysis
of acute leukemia yields important information
which has been demonstrated to be correlated to
patient survival. A reference laboratory was created in order to perform karyotype analysis on all
cases of acute leukemia enrolled in the AIEOP
(Associazione Italiana Emato-Oncologia Pediatrica)
protocols.
Methods. From January 1990 to December 1995,
1115 samples of children with ALL or AML were
sent in for cytogenetic analysis. The results of cell
cultures were screened in the Reference Laboratory
and then the fixed metaphases were sent to one of
the six cytogenetic laboratories for analysis.
Results. The leukemic karyotypes of 556 patients
were successfully analyzed. An abnormal clone was
detected in 49% of cases of ALL and in 66% of

n

ABSTRACT

n recent years numerous collaborative studies
have been conducted all over the world on the
treatment of pediatric malignant neoplasms.
The aim of these studies was to collect data on
clinical and biological features in order to identify
prognostic factors and different subgroups of disease with different clinical relevance to improve the
treatment. Such collaborative studies have led
pediatric oncology to achieve important goals in

©

I

Key words: children, acute leukemias, cytogenetic, reference laboratory,
chromosomes, prognosis

our understanding of the pathogenesis, diagnosis
and treatment of neoplastic diseases. An essential
premise for multicentric studies is that all cases, or
at least the majority of them, can be adequately
analyzed using current evaluation techniques.
The cytogenetic analysis of leukemic blasts in
childhood acute lymphoblastic leukemia (ALL) has
identified chromosome abnormalities in about 5080% of cases.1 The presence of well-defined struc-
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Feasibility of centralized cytogenetic analysis of acute leukemia

French-American-British (FAB) classification8,9 and
were studied according to the minimal requirements of the BFM-family group criteria for the evaluation of childhood acute leukemia.10
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Cytogenetic analysis
Heparinized bone marrow and/or peripheral
blood samples were collected in syringes or test
tubes and mailed to the laboratory at room temperature with next-day delivery, 48 hours were
required for samples sent from Sicily and Sardinia.
A white blood cell count of the sample was
obtained, and cell vitality was checked; cultures
were prepared using 13106 cells/mL of medium
(RPMI 1640, 20% FCS, L-glutamine and 50 ng/mL
penicillin/streptomycin). When an adequate number of cells was available, three different cultures
(for direct harvest, overnight exposure to colchemid
and 24-hour culture) were prepared. In the cases of
AML, an additional culture was incubated for 3
days with a supernatant of a cell line with growth
factors.11 Any samples without vital cells, or those
with fewer than 53106, or with EDTA used as an
anticoagulant, were classified as unsuitable and
excluded from the analysis. Routine methods were
used for culture harvesting and chromosome
preparation. The results of cell culture were
screened in the reference laboratory.
The cell suspensions containing analyzable
metaphases were sent to one of the cytogenetic laboratories in Genoa (MS), Pavia (FP, EM), Perugia
(ED), Pisa (PS, CG), Rome (AA), or Vicenza (MS,
AM), where cytogenetic analysis was performed
using routine methods. From 1 to 3 slides were
screened in each case and 10-20 metaphases were
analyzed. Chromosomes were identified and
assigned according to the International System for
Human Cytogenetic Nomenclature.12 Cell culture failure
was defined as cases where fewer than 10 well-analyzable metaphases were found. The cytogenetic
results were resubmitted to the reference laboratory, where all data were recorded and sent back to
the center to which the patient belonged.
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tural abnormalities in children with ALL correlates
with a different prognosis and with different treatment. In the latest BFM family protocol, the presence of the t(9;22) and t(4,11) translocation is
considered to be an independent factor indicating
a poor prognosis and prompting a high-risk therapeutic program.1-5
Other abnormalities, such as t(8;21), t(15;17),
are associated with a particular subtype of acute
myeloblastic leukemia (AML);6 in all such cases
cytogenetic results are crucial in the choice of treatment. Cytogenetic analysis is consequently standard practice nowadays in the diagnostic approach
to leukemia, but very accurate culturing methods
and considerable technical expertise are needed for
proper karyotype analysis of acute leukemia.
Since 1990, the Onco-Hematology Laboratory of the
Pediatric Department at Padua University has performed cytogenetic analysis on acute leukemia
samples, together with diagnostic and biological
studies, on request for any institution following the
AIEOP protocols.
This paper presents an overview of the results of
this collaborative cytogenetic study which involved
several AIEOP centers and a few cytogenetic laboratories between 1990 and 1995. The aim of this
paper was to establish the feasibility of centralizing
cytogenetic studies and to compare the outcome of
this approach with other collaborative studies.
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Materials and Methods
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Patients
In 1988 a tissue bank for the storage of bone
marrow and peripheral blood samples of pediatric
patients enrolled in the therapeutic trials of the
AIEOP was created in Padua at the Onco-Hematology Laboratory, a reference laboratory where morphological evaluation and immunophenotyping
were also performed.7 A year later, all the AIEOP
centers unable to perform cytogenetic investigations in their own laboratories were given the
opportunity to send a heparinized bone marrow
sample to the central laboratory, together with a
sample for the bone marrow bank, thus avoiding
any extra cost of mailing the sample for cytogenetic
analysis alone.
Between January 1990 and December 1995, 1309
samples of bone marrow and/or peripheral blood
from children with suspected acute leukemia were
sent to Padua for cytogenetic evaluation; 1115 of
these were ALL or AML at diagnosis or relapse. The
other 193 samples belonged to patients with nonneoplastic diseases, and these cases were excluded
from the study. The 1115 leukemia patients were
enrolled in the AIEOP protocols after informed consent was obtained. There were 667 males and 448
females; their ages ranged from 1 day to 16 years.
All the cases were classified according to the

Results
The 1115 samples of acute leukemia analyzed
included: 951 cases at diagnosis (802 ALL and 149
AML) and 164 at relapse (134 ALL and 30 AML).
All the patients joined the AIEOP protocols for
childhood ALL or AML. The number of AIEOP centers requesting cytogenetic analysis has progressively
increased over the years, from 12 in 1990 to 27 in
1995.
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unsuitable for cytogenetic analysis due to the low
number of cells for cultures (< 5 million), the lack
of vital cells in the sample, clotting or the use of an
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Cytogenetic analysis
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were prepared using 13106 cells/mL of medium
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(for direct harvest, overnight exposure to colchemid
and 24-hour culture) were prepared. In the cases of
AML, an additional culture was incubated for 3
days with a supernatant of a cell line with growth
factors.11 Any samples without vital cells, or those
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tural abnormalities in children with ALL correlates
with a different prognosis and with different treatment. In the latest BFM family protocol, the presence of the t(9;22) and t(4,11) translocation is
considered to be an independent factor indicating
a poor prognosis and prompting a high-risk therapeutic program.1-5
Other abnormalities, such as t(8;21), t(15;17),
are associated with a particular subtype of acute
myeloblastic leukemia (AML);6 in all such cases
cytogenetic results are crucial in the choice of treatment. Cytogenetic analysis is consequently standard practice nowadays in the diagnostic approach
to leukemia, but very accurate culturing methods
and considerable technical expertise are needed for
proper karyotype analysis of acute leukemia.
Since 1990, the Onco-Hematology Laboratory of the
Pediatric Department at Padua University has performed cytogenetic analysis on acute leukemia
samples, together with diagnostic and biological
studies, on request for any institution following the
AIEOP protocols.
This paper presents an overview of the results of
this collaborative cytogenetic study which involved
several AIEOP centers and a few cytogenetic laboratories between 1990 and 1995. The aim of this
paper was to establish the feasibility of centralizing
cytogenetic studies and to compare the outcome of
this approach with other collaborative studies.
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Patients
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All the cases were classified according to the

Results
The 1115 samples of acute leukemia analyzed
included: 951 cases at diagnosis (802 ALL and 149
AML) and 164 at relapse (134 ALL and 30 AML).
All the patients joined the AIEOP protocols for
childhood ALL or AML. The number of AIEOP centers requesting cytogenetic analysis has progressively
increased over the years, from 12 in 1990 to 27 in
1995.
Of the 1115 samples received, 391 (35%) were
unsuitable for cytogenetic analysis due to the low
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(Table 3). In the last three years, an abnormal clone
was always detected in more than 50% of ALL.
Table 4 shows the distribution based on the immunophenotype of the recurrent structural abnormalities found in ALL at diagnosis. The most frequent
abnormality in our series was the rearrangement of
the short arm of chromosome 9, which was found
in 14 cases with either the B or the T phenotype.
Twelve cases presented t(9;22), 8 of these were CALL, 1 prepreB, 2 preB and 1 had a hybrid phenotype; t(1;19) was detected in 8 cases, all of which
were preB ALL; t(4;11) was detected in 6 cases, 4 of
which were C-ALL, 1 was a prepre B ALL and 1 presented a hybrid phenotype.
Table 5 shows the ploidy distribution by immunophenotype in ALL at diagnosis in our series.
The most frequent group in the cases with abnormal karyotypes is the pseudodiploid (70 cases,
21%); a hyperdiploid karyotype with more than 50
chromosomes was found in 37 cases (11%), and
with 47 to 50 chromosomes in 30 cases (9%). A
hypodiploid karyotype was observed in 19 cases
(5%).
Tables 6 and 7 show the distributions of recurrent structural abnormalities and ploidy according
to FAB subgroups in AML at diagnosis. The most
frequent structural rearrangements were the reciprocal translocations t(8;21) in the M1/M2 (11
cases) and t(15;17) in the M3 (12 cases) FAB sub-
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ples). A karyotype was not definite in 15% of the
cases because a very low mitotic index or poorquality metaphases were obtained from the cell culture (168 cell culture failures).
The proportion of suitable samples did not vary
consistently over the years; this proportion derives
from the inadequacy of the samples delivered in
some instances.
In ALL, unsuitable samples were the main reason
for the failure of the cytogenetic analysis (40%)
(Table 1a), whereas in the AML they amounted to
15% (Table 1b).
We successfully analyzed the leukemic karyotype
of 556 patients, identifying 296 cases with an
abnormal clone. In ALL these results were almost
all obtained from direct harvesting and overnight
cultures, the latter being the most successful. In
AML, the results were obtained from overnight cultures and from cultures with added growth factors,
as described in the methods.
In the ALL group, the percentage of cases with an
abnormal clone varied over the years between 35%
and 60% (Table 2). In the AML group, an abnormal
clone was observed in 53% and 77% of the cases

a. ALL results
1991

1992

1993

1994

1995

Total
cases

St

1990

or

ti

Table 1. Results of centralized cytogenetic analysis.

21
46
45
72
90
91
365
(33%) (49%) (32%) (36%) (42%) (40%) (40%)

Cell culture
failure

13
(21%)

Suitable
cases

29
39
65
104
83
103
423
(47%) (42%) (47%) (51%) (39%) (45%) (44%)

Total
cases

139
202
213
227
937
93
63
(100%) (100%) (100%) (100%) (100%) (100%) (100%)

1990

29
26
40
33
149
(21%) (13%) (19%) (15%) (16%)
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Table 2. Proportion of ALL cases with normal and abnormal
karyotypes per year.

ta

Unsuitable
samples

1991

1992

1993

1994

1995

Total
cases

Normal

18
23
42
42
42
48
215
(62%) (59%) (65%) (40%) (50%) (47%) (51%)

Abnormal

11
16
23
62
41
55
208
(38%) (41%) (35%) (60%) (50%) (53%) (49%)

Total

423
103
83
104
65
39
29
(100%) (100%) (100%) (100%) (100%) (100%) (100%)

b. AML results
1990

1991

1992

1993

1994

1995

Total
cases

Unsuitable
samples

3
3
(14%) (16%)

2
(9%)

7
7
(18%) (20%)

4
(9%)

26
(15%)

Cell culture
failure

2
(9%)

1
(5%)

5
6
(13%) (17%)

2
(5%)

19
(11%)

Suitable
cases

17
13
18
26
22
37
133
(77%) (68%) (86%) (69%) (63%) (86%) (74%)

Total
cases

22
19
21
38
35
43
178
(100%) (100%) (100%) (100%) (100%) (100%) (100%)

Table 3. Proportion of AML cases with normal and abnormal
karyotypes per year.
1990

3
(16%)

Cases were classified as "unsuitable" or as "cell culture failures" according
to the criteria mentioned in the "Materials and Methods" section.

1991

1992

1993

1994

1995

Total
cases

Normal

8
3
6
10
6
12
45
(47%) (23%) (33%) (38%) (27%) (32%) (34%)

Abnormal

16
16
25
88
12
10
9
(53%) (77%) (67%) (62%) (73%) (68%) (66%)

Total

26
22
37
133
18
13
17
(100%) (100%) (100%) (100%) (100%) (100%) (100%)
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clone was observed in 53% and 77% of the cases

a. ALL results
1991

1992

1993

1994

1995

Total
cases

St

1990

or

ti

Table 1. Results of centralized cytogenetic analysis.

21
46
45
72
90
91
365
(33%) (49%) (32%) (36%) (42%) (40%) (40%)

Cell culture
failure

13
(21%)

Suitable
cases

29
39
65
104
83
103
423
(47%) (42%) (47%) (51%) (39%) (45%) (44%)

Total
cases

139
202
213
227
937
93
63
(100%) (100%) (100%) (100%) (100%) (100%) (100%)

1990

29
26
40
33
149
(21%) (13%) (19%) (15%) (16%)

©

Fe
rra

8
(9%)

Table 2. Proportion of ALL cases with normal and abnormal
karyotypes per year.

ta

Unsuitable
samples

1991

1992

1993

1994

1995

Total
cases

Normal

18
23
42
42
42
48
215
(62%) (59%) (65%) (40%) (50%) (47%) (51%)

Abnormal

11
16
23
62
41
55
208
(38%) (41%) (35%) (60%) (50%) (53%) (49%)

Total

423
103
83
104
65
39
29
(100%) (100%) (100%) (100%) (100%) (100%) (100%)

b. AML results
1990

1991

1992

1993

1994

1995

Total
cases

Unsuitable
samples

3
3
(14%) (16%)

2
(9%)

7
7
(18%) (20%)

4
(9%)

26
(15%)

Cell culture
failure

2
(9%)

1
(5%)

5
6
(13%) (17%)

2
(5%)

19
(11%)

Suitable
cases

17
13
18
26
22
37
133
(77%) (68%) (86%) (69%) (63%) (86%) (74%)

Total
cases

22
19
21
38
35
43
178
(100%) (100%) (100%) (100%) (100%) (100%) (100%)

Table 3. Proportion of AML cases with normal and abnormal
karyotypes per year.
1990

3
(16%)

Cases were classified as "unsuitable" or as "cell culture failures" according
to the criteria mentioned in the "Materials and Methods" section.

1991

1992

1993

1994

1995

Total
cases

Normal

8
3
6
10
6
12
45
(47%) (23%) (33%) (38%) (27%) (32%) (34%)

Abnormal

16
16
25
88
12
10
9
(53%) (77%) (67%) (62%) (73%) (68%) (66%)

Total

26
22
37
133
18
13
17
(100%) (100%) (100%) (100%) (100%) (100%) (100%)

The New England

Journal of Medicine
C o py r ig ht © 2 0 0 2 by t he Ma s s ac h u s e t t s Me d ic a l S o c ie t y

F E B R U A R Y 28, 2002

V O L U ME 3 4 6

9. Kantarjian2002 & Kucheria2003 (condensed)

NUMBER 9

(N Engl J Med 2002; 346: 645-52)

HEMATOLOGIC AND CYTOGENETIC RESPONSES TO IMATINIB MESYLATE
IN CHRONIC MYELOGENOUS LEUKEMIA
HAGOP KANTARJIAN, M.D., CHARLES SAWYERS, M.D., ANDREAS HOCHHAUS, M.D., FRANCOIS GUILHOT, M.D.,
CHARLES SCHIFFER, M.D., CARLO GAMBACORTI-PASSERINI, M.D., DIETGER NIEDERWIESER, M.D., DEBRA RESTA, R.N.,
RENAUD CAPDEVILLE, M.D., ULRIKE ZOELLNER, M.SC., MOSHE TALPAZ, M.D., AND BRIAN DRUKER, M.D.,
FOR THE INTERNATIONAL STI571 CML STUDY GROUP*

ABSTRACT
Background Chronic myelogenous leukemia (CML)
is caused by the BCR-ABL tyrosine kinase, the product of the Philadelphia chromosome. Imatinib mesylate, formerly STI571, is a selective inhibitor of this
kinase.
Methods A total of 532 patients with late–chronicphase CML in whom previous therapy with interferon alfa had failed were treated with 400 mg of oral
imatinib daily. Patients were evaluated for cytogenetic
and hematologic responses. Time to progression, survival, and toxic effects were also evaluated.
Results Imatinib induced major cytogenetic responses in 60 percent of the 454 patients with confirmed chronic-phase CML and complete hematologic responses in 95 percent. After a median follow-up
of 18 months, CML had not progressed to the accelerated or blast phases in an estimated 89 percent of
patients, and 95 percent of the patients were alive.
Grade 3 or 4 nonhematologic toxic effects were infrequent, and hematologic toxic effects were manageable. Only 2 percent of patients discontinued treatment because of drug-related adverse events, and no
treatment-related deaths occurred.
Conclusions Imatinib induced high rates of cytogenetic and hematologic responses in patients with
chronic-phase CML in whom previous interferon therapy had failed. (N Engl J Med 2002;346:645-52.)

translocation of regions of the BCR and ABL genes
to form a BCR-ABL fusion gene.1,7-12 In at least 90
percent of cases, this event is a reciprocal translocation
termed t(9;22), which forms the Philadelphia (Ph)
chromosome.7,8 The product of the BCR-ABL gene,
the BCR-ABL protein, is a constitutively active protein
tyrosine kinase with an important role in the regulation of cell growth.1,7
CML is potentially curable with allogeneic stem-cell
transplantation, but fewer than 30 percent of patients
have suitably matched donors.1,3,7,13 Treatment with
interferon alfa can induce a complete cytogenetic response in 5 to 20 percent of patients and result in
longer survival than that achievable with chemotherapy, but it is associated with serious toxic effects.1,3,13-15
Patients in whom interferon therapy fails are usually
treated with hydroxyurea, busulfan, or investigational
agents. The rate of hematologic response with these
second-line agents is approximately 50 percent, but
cytogenetic responses are uncommon. Furthermore,
the rate of response decreases rapidly as the time from
the initial diagnosis to the initiation of second-line
therapy increases, particularly when such therapy is
started in the late chronic phase, defined as more than
12 months after the initial diagnosis.
Imatinib mesylate (Gleevec, Novartis, Basel, Swit-
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HRONIC myelogenous leukemia (CML)
accounts for about 20 percent of newly diagnosed cases of leukemia in adults.1,2 The
course of the disease is characteristically triphasic: a chronic phase lasting three to six years is followed by transformation to accelerated and then blast
phases of short duration.1-6 The cause of CML is the
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Imatinib mesylate (Gleevec, Novartis, Basel, SwitNovartis, formerly
Basel, Switzerland),
called STI571, is a potent and selective competitive inhibitor of the BCR-ABL protein
tyrosine kinase.16-20 In a phase 1 dose-escalation study,
daily doses of 300 mg or more of imatinib induced
durable hematologic responses in nearly all patients
with chronic-phase CML with minimal toxic effects.21
Activity was also observed in patients whose CML was
in the blastic phase.22 We conducted this phase 2
study to characterize the efficacy and safety profiles
of imatinib in a large group of patients with chronicphase CML in whom previous interferon therapy had
failed.
METHODS
Study Patients
Patients were eligible for the study if they were 18 years of age
or older and had chronic-phase, Ph-chromosome–positive CML
that had failed to respond to interferon therapy according to one
of the criteria described below. The chronic phase was defined by
the presence of less than 15 percent blasts, less than 20 percent
basophils, and less than 30 percent blasts plus promyelocytes in
the peripheral blood and marrow and a platelet count of at least
100,000 per cubic millimeter. Hematologic failure was defined as
either hematologic resistance (failure to achieve a complete hematologic response after at least six months of interferon treatment)
or relapse after a complete hematologic response had been achieved,
with white-cell counts increased to at least 20,000 per cubic millimeter during interferon therapy. Whether they had hematologic
or cytogenetic failure, patients were allowed to receive hydroxyurea for up to 50 percent of the duration of interferon treatment.
Cytogenetic failures were defined as either cytogenetic resistance
(at least 65 percent of cells in metaphase were Ph-chromosome–
positive after at least one year of interferon therapy), or relapse
after a major cytogenetic response had been achieved. A relapse
was considered to have occurred if the proportion of Ph-chromosome–positive cells in metaphase increased by at least 30 percent
or to at least 65 percent. Intolerance of interferon was defined by
the presence of any nonhematologic toxic effect of grade 3 or higher (as defined by the National Cancer Institute Common Toxicity
Criteria, in which a grade of 0 indicates no adverse effects and a
grade of 5 life-threatening effects) that persisted for more than
one month during therapy with interferon at a dose of 25 million
units or more per week.
Patients were required to have levels of liver aminotransferases,
serum bilirubin, and serum creatinine that were no higher than
twice the upper limit of normal. Women with childbearing potential were required to have a negative pregnancy test before starting
treatment, and all patients at risk were required to use barrier
contraceptive measures. Patients were excluded from the study if
their Eastern Cooperative Oncology Group performance score was
3 or higher (poor), or if they were in New York Heart Association
functional class III or IV. Patients were excluded if they had received
treatment with hydroxyurea within 7 days, interferon or cytarabine
within 14 days, or any other investigational agent within 28 days
before starting the study treatment.
All patients gave written informed consent according to institutional regulations. The study was performed in accordance with
the Declaration of Helsinki.
Study Design and Treatment
In this single-group multicenter, phase 2 trial, patients received
imatinib in a daily oral dose of 400 mg. An increase to 400 mg twice
daily was permitted in patients in whom a complete hematologic response had not been achieved after 3 months of treatment, those

text moved from previous page
whose disease relapsed within 3 months after the achievement of a
complete hematologic response, and those in whom a major cytogenetic response had not been achieved after 12 months of therapy.
The study was designed by the investigators and representatives
of the sponsor, Novartis. The data were collected with the data
management and statistical support systems of Novartis and analyzed and interpreted by a statistician from Novartis in close collaboration with all the investigators. All academic investigators had
access to the data. The paper was written by a committee consisting
of Drs. Kantarjian, Sawyers, and Druker, along with three Novartis employees (Resta, Capdeville, and Zoellner). All academic authors received grant support from Novartis for the conduct of the
study. Cytogenetic studies were performed at the cytogenetic laboratories of the individual investigators, and were centrally reviewed and audited by employees of Novartis.
Dose Modifications because of Side Effects
If grade 2 nonhematologic toxic effects occurred and did not
resolve during treatment, therapy was interrupted until the effects
had been ameliorated to grade 1 or better and then resumed at the
original dose. If grade 2 toxic effects recurred, treatment was again
interrupted until the effects had been ameliorated to grade 1 or better and then resumed at a reduced daily dose of 300 mg. If grade
3 or 4 nonhematologic toxic effects occurred, therapy was interrupted until the effects had been ameliorated to grade 1 or better
and then resumed at the reduced daily dose of 300 mg. If a patient
had a grade 3 or 4 hematologic toxic effect (a neutrophil count
of less than 1000 per cubic millimeter, or a platelet count of less than
50,000 per cubic millimeter), therapy was interrupted until the effect was ameliorated to grade 2 or better and then resumed at the
same dose if the effect had reached the grade 2 level within two
weeks and at a reduced daily dose of 300 mg if it had persisted at
grade 3 or 4 for more than two weeks. Patients with anemia received
blood transfusions at the discretion of the investigator.
Anticancer drugs were not administered concomitantly. Treatments with anagrelide or leukapheresis were permitted during the
first three weeks of the study treatment.
Evaluation of Patients
A complete blood count and a differential blood count were obtained weekly for the first 12 weeks, every other week for the next
12 weeks, and every 6 weeks thereafter. Bone marrow morphology
and cytogenetics were evaluated every 12 weeks, when extramedullary involvement was also evaluated by physical examination. Adverse
effects were evaluated at each visit and graded according to the National Cancer Institute Common Toxicity Criteria.
The primary efficacy end point was the rate of major cytogenetic
response, which was categorized as either complete (0 percent Phchromosome–positive cells in metaphase in bone marrow) or partial (1 to 35 percent Ph-chromosome–positive cells in metaphase).
Other categories of cytogenetic response were minor response (36
to 65 percent Ph-chromosome–positive cells in metaphase), minimal response (66 to 95 percent Ph-chromosome–positive cells in
metaphase), and no response (more than 95 percent Ph-chromosome–positive cells in metaphase). Evaluation of the cytogenetic
response was based on the examination of at least 20 cells in
metaphase in marrow samples.
Secondary efficacy end points were the rate of complete hematologic response, the time to progression, and overall survival. Complete hematologic response was defined by a white-cell count of less
than 10,000 per cubic millimeter, a platelet count of less than
450,000 per cubic millimeter, the presence of less than 5 percent
myelocytes and metamyelocytes and less than 20 percent basophils in peripheral blood, the absence of blasts and promyelocytes
in peripheral blood, and the absence of extramedullary involvement.
Accelerated-phase CML was defined by the presence of 15 to 29
percent blasts in blood or marrow, the presence of at least 30 per-
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Abstract
Chronic Myeloid Leukemia (CML) is a hematopoietic
malignancy characterized by the presence of
Philadelphia (Ph1) chromosome that results from balanced reciprocal translocation between chromosomes 9 and 22 leading in the formation of bcr/abl
fusion gene. The present study was conducted to
evaluate cytogenetic and molecular abnormalities in
CML patients at presentation and during the course
of therapy. Cytogenetic analysis was carried out in
bone marrow samples of 165 suspected patients of
CML using standard protocols. Sequential cytogenetic analysis was also done in 55 CML patients (50 on
IFN-α 2b therapy and 5 on Hydroxyurea) up to variable period of 3 years. Fluorescence In Situ
Hybridization (FISH) using specific probes for bcr and
abl genes was carried out in cases where conventional cytogenetics was not informative, in cases that
were Ph-negative at presentation and in cases with
complete or major cytogenetic response (<34%
Ph+cells). Of the 165 CML patients, 157 patients
(95%) were Ph-positive while 8 patients (5%) were
Ph-negative. Cytogenetic abnormalities other than
the standard Ph1 translocation were observed in 2
Ph+ patients and 2 Ph-negative patients. Sequential
cytogenetic analysis revealed varied degrees of cytogenetic response in 35 patients on IFN-α 2b therapy.
Complete cytogenetic response was observed in 8
patients (16%) on IFN-α 2b therapy. However, FISH
analysis could detect bcr/abl fusion gene in some of
these cases. This finding highlights the sensitivity of
this technique in detecting residual disease even in
patients with complete cytogenetic remission. The
other patients in complete cytogenetic remission did
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not have evidence of bcr/abl fusion. FISH analysis
also revealed bcr/abl fusion signals in Ph-negative
cases (with no cytogenetic abnormality) indicating a
masked translocation or a sub-microscopic
rearrangement.
Thus, the results of the present study show that
analysis of cancer patients on therapy at the molecular level has tremendous importance for
management of CML patients. Further, with the use
of highly sensitive FISH technique, results can be
obtained within 24 hours thereby, aiding rapid diagnosis and management of these patients. This efficient and highly sensitive molecular cytogenetic technique can also be done on interphase cells and poorly spread metaphases thereby, overcoming the difficulty of conventional chromosomal analysis especially in patients on therapy.
Keywords: CML, Diagnosis, Cytogenetics, FISH

INTRODUCTION
Chronic Myeloid Leukemia (CML) is a clonal
myeloproliferative disorder resulting from a neoplastic transformation of primitive hematopoeitic
stem cells of bone marrow. The cytogenetic hallmark of the disease is the presence of Philadelphia
(Ph1) chromosome that results from a balanced
reciprocal translocation between long arms of chromosomes 9 and 22, t (9; 22) (q34; q11) (Nowell and
Hungerford 1960; Rowley 1973). At the molecular
level, this translocation leads to the repositioning of
the Abelson (abl) protooncogene from its normal
position on 9q34 to the breakpoint cluster region
(BCR) on 22q11 resulting in the formation of a
novel bcr/abl fusion gene that expresses an abnormal fusion protein with elevated tyrosine kinase
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cytogenetic response was achieved by 3 patients
(6%), minor response was seen in 24 patients (48%)
while 15 patients (30%) did not show any response.
No cytogenetic response was observed in any patient
on Hydroxyurea. The time of achieving the response
varied in different cases. Of the 8 patients on IFN-α
2b therapy with complete cytogenetic response (0%
Ph+ cells), FISH analysis revealed bcr/abl rearrangement in 80-100% cells in 4 patients. The remaining 4
out of the 8 patients in CCR did not have the bcr/abl
rearrangement at the molecular level.
Due to poor quality of metaphase spreads, cytogenetic analysis was not informative in 6 bone marrow
samples from 3 patients at diagnosis and 3 patients
during IFN-α 2b therapy. These samples were then
analyzed using FISH on interphase nuclei. FISH
analysis revealed bcr/abl fusion signals in 5 samples
(3 at diagnosis and 2 on IFN-α therapy) indicating
presence of the malignant clone. However, one
patient on IFN-α therapy did not reveal any bcr/abl
fusion signals implying a complete cytogenetic and
molecular response.

DISCUSSION
Cytogenetic analysis is the ‘gold standard’ for
genome-wide screening of cytogenetic abnormalities. However, it is often difficult to obtain wellspread metaphases with good chromosome morphology from bone marrow samples of CML patients
especially on IFN-α therapy due to which at times,
analysis is difficult using conventional cytogenetics
(Hochhaus et al. 2000; Hochhaus et al. 2000).
Molecular cytogenetics or Fluorescence In Situ
Hybridization (FISH) that can be done on interphase
nuclei, poorly spread metaphases and well-spread
metaphases plays an important role in such conditions for diagnosis and evaluation of minimal residual disease (MRD)s (Kantarjian et al. 1995;
Hochhaus et al. 2000; Werner et al. 1997; Jobanputra
et al. 1998; Cortes et al. 1999). In the present study,
bone marrow samples from 6 patients (3 at diagnosis
and 3 during IFN-α 2b therapy) that could not be
analyzed using conventional cytogenetics were analyzed for the gene rearrangement using FISH on
interphase cells and poorly spread metaphases.
Using FISH technique, bcr/abl gene rearrangement

was detected in 2 cases where no cytogenetic evidence of the standard translocation (i.e. no
Philadelphia chromosome) was present. This finding
highlights the high sensitivity of the FISH technique
indicating that FISH analysis should be used in all
CML cases with no evidence of Philadelphia chromosome. Further, this highly sensitive FISH technique can detect an abnormal clone of even small
size (1-2 cells in 100 cells), which could be missed
by conventional cytogenetics (Hochhaus et al. 2000;
Reiter et al. 1997; Takahashi et al. 1996; Cortes et al.
1995). In the present study, 4 patients who achieved
complete cytogenetic response (0% Ph+ cells) as a
result of IFN-α 2b therapy revealed bcr/abl fusion
signals using FISH on metaphases and interphase
nuclei. This emphasizes on the importance of using
FISH analysis for evaluation of minimal residual disease in CML patients on IFN-α therapy.
How the molecular event occurred without the
cytogenetic findings is not yet known. Some studies
suggested a double translocation mechanism where
the first event is the standard Ph translocation followed by a second translocation between der (9) and
der (22) which masks the first chromosomal
exchange thus resulting in a normal karyotype
(Cortes et al. 1999; Takahashi et al. 1996; Tanaka et
al. 2000). Others suggested that a small segment of
chromosome 9q34 might be inserted into chromosome 22 in the middle of the bcr gene (Jobanputra et
al. 1998; Reiter et al. 1997; Cortes et al. 1995). Some
studies also suggest that these bcr/abl positive cells
in the IFN-α responders may represent residual lymphocytes or non-proliferating neoplastic cells
(Chomel et al. 2000; Froncillo et al. 1996; Werner et
al. 1997). Regardless of the mechanism, the present
findings support the relevance of the chimeric
bcr/abl gene in the pathogenesis of CML.
It is possible that these residual rearranged cells i.e.
bcr/abl positive cells kept in a “dormant state” probably mediated by immune mechanisms of IFN-α 2b
re-enter the cell cycle leading to the expansion of the
malignant clone (Froncillo et al. 1996; Takahashi et
al. 1996). Thus a potential risk of relapse exists for
CML patients as long as their cells have the underlying molecular defect i.e. bcr/abl gene rearrangement
(Chomel et al. 2000). Such risks of relapse reinforce
the need for sequential cytogenetic and molecular
analysis in CML patients on therapy.
The remaining 4 CML patients out of the 8 patients
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INTRODUCTION
What is Chronic Myeloid Leukaemia?
Chronic Myeloid Leukaemia (CML) is a clonal,
myeloproliferative disease that develops when a single,
pluripotential, haemopoetic stem cell acquires the Philadelphia
chromosome. CML was the first haematological malignancy
to be associated with a specific genetic lesion. First
recognised in 1845, CML exhibits a consistent chromosomal
abnormality in leukaemic cells, identified in 1960 by Nowell
and Hungerford, termed the Philadelphia (Ph) chromosome1.
The cytogenetic hallmark of CML was identified in 1973 as
the reciprocal translocation t(9;22)(q34:11). Furthermore, in
1984, the ABL (Abelson) proto-oncogene was identified as
being involved in this translocation. Breakthroughs in cancer
biology have led to extensive characterisation of CML and it
is now heralded as a ‘model’ of cancer2.
The haemopoietic cell lines are transformed by the chimeric
oncogene BCR-ABL. CML is an unusual malignancy in that
a single oncogene product is central to its pathology1. CML
is capable of expansion in both the myeloid or lymphoid
lineages, and may involve myeloid, monocytic, erythroid,
megakaryocytic, B-lymphoid and occasionally T-lymphocytic
lineages, although expansion is predominantly in the
granulocyte compartment of the myeloid lineages in the bone
marrow3.
Epidemiology of CML
The incidence of CML is approximately 1-2 per 100,000
population per year. Consistent with this, there are 10-12
new cases of CML in Northern Ireland each year. The median
age of presentation is 45 to 55 years, accounting for 20% of
leukaemia affecting adults. As with all leukaemias, males are
affected more than females in CML, with a 2:1 ratio. CML is
more common with Caucasian ethnicity3.
Natural History and Clinical Course
The clinical course of the disease may be divided into three
main sections4, (Table I). Signs and symptoms at presentation
may include fatigue, weight loss, abdominal fullness,
bleeding, purpura, splenomegaly, leukocytosis, anaemia,
and thrombocytosis3. In approximately 50% of cases it is an
incidental finding.
The Ph chromosome is present in 95% of patients with classic
CML. The impetus for Ph chromosome formation and the
time span required for overt disease progression are unknown.
It is proposed that CML, similar to many other neoplasms,
may be the result of a multistep pathogenetic process. There
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is very little evidence to support any additional acquired
molecular aberrations prior to t(9;22) translocation6. It is
generally accepted that the Ph+ clone is susceptible to the
acquisition of additional molecular changes that may underlie
disease progression. The Ph chromosome is generally the
only cytogenetic abnormality present in the chronic phase
of disease. Approximately 85% of patients are diagnosed in
chronic phase, and this stage of disease responds to therapy4.
As the disease progresses through the accelerated phase and
into the blast crisis, additional cytogenetic abnormalities
become evident (see Table I)7.
MOLECULAR PATHOLOGY
Classic CML is characterised by a reciprocal translocation
between chromosomes 9 and 22. This results in juxtaposition
of 3’ sequences from the Abl-proto-oncogene on chromosome
9, with the 5’ sequences of the truncated Bcr (breakpoint
cluster region) on chromosome 22. Fusion mRNA molecules
of different   lengths, are produced and subsequently
transcribed into chimeric protein products, with varying
molecular weights, the most common being p210 BCR-ABL (Fig
1)3.
The SH1 domain of ABL encodes a non-receptor tyrosine
kinase. Protein kinases are enzymes that transfer phosphate
groups from ATP to substrate proteins, thereby governing
cellular processes such as growth and differentiation. Tight
regulation of tyrosine kinase activity is essential, and if
not maintained, deregulated kinase activity can lead to
transformation and malignancy1.
The portion of ABL responsible for governing regulation of
the SH1 domain is lost during the reciprocal translocation.
The addition of the BCR sequence constitutively activates the
tyrosine kinase activity of the SH1 domain.
Its activity usurps the normal physiological functions of
the ABL enzyme, as it interacts with a number of effector
proteins7. Thus, the SH1 domain of BCR-ABL is the most
crucial for oncogenic transformation.
Cellular Signalling
BCR-ABL has several substrates and impacts on key
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Chronic Myeloid Leukemia: Current Application of Cytogenetics
and Molecular Testing for Diagnosis and Treatment
AYALEW TEFFERI, MD; GORDON W. DEWALD, PHD; MARK L. LITZOW, MD; JORGE CORTES, MD;
MICHAEL J. MAURO, MD; MOSHE TALPAZ, MD; AND HAGOP M. KANTARJIAN, MD
Chronic myeloid leukemia provides an illustrative disease model
for both molecular pathogenesis of cancer and rational drug therapy. Chronic myeloid leukemia is a clonal stem cell disease
caused by an acquired somatic mutation that fuses, through
chromosomal translocation, the abl and bcr genes on chromosomes 9 and 22, respectively. The bcr/abl gene product is an
oncogenic protein that localizes to the cytoskeleton and displays
an up-regulated tyrosine kinase activity that leads to the recruitment of downstream effectors of cell proliferation and cell survival
and consequently cell transformation. Such molecular information
on pathogenesis has facilitated accurate diagnosis, the development of pathogenesis-targeted drug therapy, and most recently
the application of molecular techniques for monitoring minimal
residual disease after successful therapy. These issues are discussed within the context of clinical practice.

Mayo Clin Proc. 2005;80(3):390-402
AHSCT = allogeneic hematopoietic stem cell transplantation; AP =
advanced phase; ATP = adenosine triphosphate; CCR = complete cytogenetic remission; CML = chronic myeloid leukemia; CP = chronic
phase; FISH = fluorescence in situ hybridization; M-bcr = major
breakpoint cluster region; MCR = major cytogenetic remission; MRD =
minimal residual disease; mRNA = messenger RNA; RT-PCR = reverse
transcriptase–polymerase chain reaction

DISEASE SYNOPSIS

C

hronic myeloid leukemia (CML) is caused by an acquired oncogenic mutation (bcr/abl fusion) of the hematopoietic stem cell and is characterized by left-shifted
granulocytosis, marked splenomegaly, and constitutional
symptoms.1 The disease has a chronic phase (CP-CML)
that historically lasted for an average of 4 years before
transforming into an advanced phase (AP-CML) that degenerates into acute leukemia (mostly myeloid and approximately 20% lymphoid subtype).2 Treatment with a
potential to either cure CML or prolong survival should
be used during the chronic phase of the disease3 because
it is often futile when administered during the advanced
phase.3-5
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At present, 3 treatment modalities have been shown to
positively influence the natural history of CP-CML: interferon alfa alone6-8 or in combination with low-dose cytarabine,9,10 imatinib,11,12 and allogeneic hematopoietic stem
cell transplantation (AHSCT).13-16 Treatment outcome in
CP-CML with each of these 3 treatment regimens is elaborated subsequently, and in each instance, patients with lowrisk disease by prognostic scoring systems17-19 fare significantly better than those with high-risk disease.
Current therapy of any kind is inadequate for AP-CML,
and the general strategy in such patients is to induce the
best possible remission using acute leukemia-like induction chemotherapy,2 imatinib,20 or the combination of the
two21-23 and proceeding immediately to AHSCT.24,25 An
even better strategy would be to use AHSCT before overt
disease transformation in patients with CP-CML in whom
defined risk factors make it unlikely to obtain durable
response from drug therapy and progression to advanced
phase is inevitable.26 There is encouraging new information
regarding the therapeutic value of second-generation kinase inhibitors in AP-CML, and it is reasonable to consider
patients with imatinib-resistant disease for treatment protocols involving such agents.27,28
INTERFERON ALFA WITH OR WITHOUT LOW-DOSE CYTARABINE
TREATMENT OF CML
Compared with hydroxyurea, interferon alfa therapy for
CP-CML results in a significantly longer median survival
(approximately 6 years vs 4 years).7 However, the benefit
of interferon alfa therapy is restricted to the 10% to 30% of
interferon alfa–treated patients who achieve a major cytogenetic remission (MCR) or complete cytogenetic remission (CCR).29,30 In CML, MCR is defined as suppression of
the Philadelphia chromosome–positive metaphases to less
than 35%, whereas CCR requires the absence of detectable
Philadelphia chromosome–positive metaphases.
In one study of 512 patients with early CP-CML treated
with interferon alfa, 27% achieved CCR, and the projected
10-year survival in such patients was 78% compared with
less than 10% otherwise.31 Interferon alfa therapy is not
nearly as effective in late phase CP-CML or AP-CML.32,33
Furthermore, among patients with CP-CML, superior survival from interferon alfa therapy is more likely to occur
with low-risk disease.34 The addition of low-dose cytara-
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product (145 kd).78 Unlike the normal Abl, which is a
regulated kinase that plays a role in normal hematopoiesis,79 Bcr/Abl localizes to the cytoskeleton and displays an
up-regulated tyrosine kinase activity that leads to the recruitment of downstream effectors of cell proliferation and
cell survival and consequently cell transformation.80-84
Imatinib targets the adenosine triphosphate (ATP) pocket
within the Bcr/Abl tyrosine kinase and competitively inhibits ATP binding with subsequent disruption of the oncogenic signal.85-87 Mechanisms of imatinib resistance in
CML include genomic amplifications, point mutations of
the Abl tyrosine kinase domain, and additional chromosomal aberrations.88,89
During bcr/abl translocations, the chromosome 9 breakpoint involves a large, approximately 200 kb, region within
the abl alternative first exons (ie, between exons 1 and 2).90
In contrast, the breakpoints on chromosome 22 are clustered within 3 much smaller regions of the bcr gene91: the
major breakpoint cluster region (M-bcr) (a 5.8-kb region
spanning exons 12-16 and resulting in a p210 fusion protein),75 the minor breakpoint cluster region (upstream of Mbcr and involving the first intron and resulting in a p190
fusion protein),92,93 and µ-bcr involving intron 19 that is
downstream of M-bcr and resulting in a p230 fusion protein.94 By far the most frequent chromosome 22 breakpoint
in CML is M-bcr; the other 2 are extremely rare in CML.
There are usually 2 junction variants of M-bcr, b2a2 and
b3a2, with no documented clinical relevance.95
RATIONALE FOR GENETIC TESTS IN CML
DIAGNOSIS
Chronic myeloid leukemia is invariably associated with the
bcr/abl translocation involving chromosomes 9 and 22.71
The only other disease, other than rare instances of acute
myeloid leukemia,96-98 myelodysplastic syndrome,97 and
secondary acute myeloid leukemia,99 that carries the bcr/
abl translocation is acute lymphocytic leukemia.100,101
Therefore, within the context of either a chronic myeloproliferative disorder or reactive leukocytosis, any test that
detects the presence or absence of bcr/abl provides a powerful diagnostic tool for CML.102
ASSESSMENT OF MINIMAL RESIDUAL DISEASE AND MONITORING
OF TREATMENT RESPONSE
Minimal residual disease (MRD) is broadly defined as
morphologically occult disease (ie, persistent leukemia not
appreciated by evaluation of bone marrow histology
alone).103 During treatment of leukemia of any kind, complete clinical remission is defined by the resolution of
symptoms and signs of disease as well as the morphologic
absence of leukemia cells in the bone marrow. However, at
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the time of complete clinical remission, there are still an
estimated 109 to 1010 residual leukemic cells, a 2- to 3-log
reduction from pretreatment levels (ie, estimate of tumor
burden at diagnosis is 1012 leukemic cells).104 Obviously,
more sensitive methods of detecting this morphologically
“occult” tumor population is required for purposes of prognosis and additional treatment decisions.
In general, MRD in leukemia might be detected and
variably quantified by various laboratory techniques, including standard cytogenetics, molecular cytogenetics (ie,
fluorescence in situ hybridization [FISH]), flow cytometric
immunophenotyping, and polymerase chain reaction
(PCR)–based quantification of either genomic DNA or
RNA that is tumor specific.105 The sensitivity of routine
bone marrow histological examination to detect residual
leukemic cells is usually set at 5%.106 The sensitivity of the
aforementioned cytogenetic/molecular methods used in
routine evaluations ranges from 1% (1:102) to 0.0001%
(1:106). In general, the sensitivity of MRD testing is influenced by the type of assay used, sample source and size,
and prevalence of cancer cells in the test sample.103 More
importantly, however, it is underscored that the inability to
detect MRD, even with the most sensitive laboratory techniques, does not necessarily imply cure and that the value
of MRD testing is only as good as its correlation with
clinical outcome.
Testing for MRD in CML is usually performed at specific time points after either AHSCT or drug therapy and
has been shown to predict relapse.107-110 Therefore, accurate
monitoring for MRD might enable the detection of early
relapse and allow early therapeutic interventions that are
often more successful than those implemented at the time
of overt relapse.104,111
DETECTION OF IMATINIB-RESISTANT BCR/ABL MUTATIONS
A patient with CML could display either a primary (pre–
drug exposure) or a secondary (post–drug exposure) resistance to imatinib therapy.112 Mechanisms of imatinib
resistance include clonal evolution with appearance of bcr/
abl-independent clones, overexpression of bcr/abl that
may or may not be accompanied by bcr/abl gene amplification, point mutations affecting different regions of the Abl
kinase domain, and other mechanisms that are increasingly
being recognized.88,113 Abl kinase domain mutations might
involve amino acid substitutions that involve imatinibbinding sites (eg, T315I), the ATP phosphate-binding domain (P-loop mutations), the activation loop, or the Cterminal region of the oncoprotein.112 Among these, the
P-loop mutations are associated with poor prognosis,114 and
the T315I is resistant to second-generation kinase inhibitors that are potent against most bcr/abl mutants.28 In general, mutations are infrequent in early chronic phase dis-
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by gel electrophoresis after the entire PCR reaction (30
cycles) is completed. Assay specificity and sensitivity in
RT-PCR are further enhanced by the use of nested primers
(nested RT-PCR). In nested RT-PCR, 2 pairs of PCR primers are used for the same target molecule. The first pair of
primers amplifies the target in the standard manner, and
then the second pair of primers (nested primers) bind
within the amplified PCR product to produce a second PCR
product that is shorter than the first. Because of a plateau
phase reached in any PCR reaction after a variable number
of cycles, it is difficult to accurately quantify the starting
amount of the target transcript in qualitative RT-PCR.
Real-time RT-PCR is based on measurement of fluorescence emission during the PCR reaction.121 In one such
assay (TaqMan systems), for example, an internal oligonucleotide probe bearing a 5′ reporter fluorophore and 3′
quencher fluorophore first hybridizes to the target transcript and is then hydrolyzed by the nuclease activity of the
Taq polymerase during the primer extension phase of the
PCR reaction. The effect is the separation of the reporter
and quencher fluorophores that results in emission of fluorescence. Obviously, the specific transcript must be present
in the test sample for fluorescence to be detected, and the
detected fluorescence is proportional to the amount of target present in the sample.122,123
The number of PCR cycles necessary to detect a signal
above the threshold is called the cycle threshold and is
directly proportional to the amount of target present at the
beginning of the reaction.121,122 A standard curve, constructed from serial dilutions of a positive control template,
is then used to estimate, by inference, the starting amount
of the target transcript in the test sample. Issues regarding
PCR efficiency and RNA integrity are addressed by the
normalization of the raw data against that of an internal
control (housekeeping gene).121 Turnaround time for realtime RT-PCR is measured in hours, and test sensitivity is
estimated at 0.001% (1:105).
GENETIC TEST INDICATIONS AND RESULT
INTERPRETATION IN CML
BEFORE DIAGNOSIS AND SCREENING
Screening for CML is currently not recommended (Table
1). Chronic myeloid leukemia is an acquired hematologic
malignancy, and a familial risk has yet to be established.124
Increased risk of CML has been documented in Japanese
survivors of the atomic bomb.125 In this particular instance,
excess leukemia risk occurred mostly during the first 15
years after the event, and there is little evidence to suggest
effect on offspring.126,127 Furthermore, Bcr/Abl transcripts
of undetermined significance might be detected in a substantial proportion of healthy individuals with sensitive
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RT-PCR assays (sensitivity of approximately 10–8).128 The
reason for the latter phenomenon is not clearly understood.
AT DIAGNOSIS
Standard cytogenetic studies of the bone marrow disclose
the Philadelphia chromosome, t(9;22)(q34q11), in approximately 95% of patients at diagnosis of CML.129 In the
remaining 5%, the Philadelphia chromosome might be either masked (submicroscopic bcr/abl fusion) or part of a
complex/variant chromosomal translocation (involvement
of other chromosome breakpoints in addition to 9q34 and
22q11).130-133 These latter “Philadelphia chromosome–
negative” and Philadelphia chromosome–positive cases are
readily identified by either FISH or RT-PCR, thus giving
the molecular methods superior sensitivity.134 Regardless,
it should be noted that neither overall survival nor treatment response appears to be influenced by variant vs typical Philadelphia chromosome translocations.135
The molecular assays used to detect the Philadelphia
chromosome translocation do not require the presence of
dividing cells and can be performed on both the peripheral
blood and the bone marrow specimens with equivalent
results. However, only standard cytogenetics enables the
detection of additional cytogenetic abnormalities (eg, trisomy 8, additional Philadelphia chromosome, isochromosome 17q), which when found at the time of diagnosis might
predict a shorter duration of chronic phase disease or be a
component of defining an accelerated phase.136,137 Furthermore, baseline karyotype information is important in interpreting subsequent clonal evolution, emergence of new cytogenetically abnormal Philadelphia chromosome–negative
clones, and cytogenetic monitoring of treatment effect.138,139
Therefore, standard cytogenetic studies should be considered at the time of CML diagnosis in all patients (Table 1).
The detection of the Philadelphia chromosome, or its
molecular equivalent, within the context of a chronic myeloid disorder is diagnostic of CML regardless of the presentation phenotype that can sometimes mimic either essential thrombocythemia140 or myelofibrosis with myeloid
metaplasia.141 On the other hand, as underscored previously, the absence of the Philadelphia chromosome does
not exclude the possibility of CML, and if the clinical
scenario dictates, a more sensitive genetic test (eg, FISH or
PCR for bcr/abl) should be performed.142,143 In general,
peripheral blood FISH for bcr/abl correlates well with both
bone marrow FISH and cytogenetic results in patients with
newly diagnosed CML.144 Therefore, peripheral blood
FISH can easily substitute for bone marrow cytogenetics in
ruling out CML in routine clinical practice.144 In this regard, it is advised that the results be interpreted by a hematologist who would also be helpful in providing alternative
reasons for unexplained leukocytosis.
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quencher fluorophore first hybridizes to the target transcript and is then hydrolyzed by the nuclease activity of the
Taq polymerase during the primer extension phase of the
PCR reaction. The effect is the separation of the reporter
and quencher fluorophores that results in emission of fluorescence. Obviously, the specific transcript must be present
in the test sample for fluorescence to be detected, and the
detected fluorescence is proportional to the amount of target present in the sample.122,123
The number of PCR cycles necessary to detect a signal
above the threshold is called the cycle threshold and is
directly proportional to the amount of target present at the
beginning of the reaction.121,122 A standard curve, constructed from serial dilutions of a positive control template,
is then used to estimate, by inference, the starting amount
of the target transcript in the test sample. Issues regarding
PCR efficiency and RNA integrity are addressed by the
normalization of the raw data against that of an internal
control (housekeeping gene).121 Turnaround time for realtime RT-PCR is measured in hours, and test sensitivity is
estimated at 0.001% (1:105).
GENETIC TEST INDICATIONS AND RESULT
INTERPRETATION IN CML
BEFORE DIAGNOSIS AND SCREENING
Screening for CML is currently not recommended (Table
1). Chronic myeloid leukemia is an acquired hematologic
malignancy, and a familial risk has yet to be established.124
Increased risk of CML has been documented in Japanese
survivors of the atomic bomb.125 In this particular instance,
excess leukemia risk occurred mostly during the first 15
years after the event, and there is little evidence to suggest
effect on offspring.126,127 Furthermore, Bcr/Abl transcripts
of undetermined significance might be detected in a substantial proportion of healthy individuals with sensitive
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RT-PCR assays (sensitivity of approximately 10–8).128 The
reason for the latter phenomenon is not clearly understood.
AT DIAGNOSIS
Standard cytogenetic studies of the bone marrow disclose
the Philadelphia chromosome, t(9;22)(q34q11), in approximately 95% of patients at diagnosis of CML.129 In the
remaining 5%, the Philadelphia chromosome might be either masked (submicroscopic bcr/abl fusion) or part of a
complex/variant chromosomal translocation (involvement
of other chromosome breakpoints in addition to 9q34 and
22q11).130-133 These latter “Philadelphia chromosome–
negative” and Philadelphia chromosome–positive cases are
readily identified by either FISH or RT-PCR, thus giving
the molecular methods superior sensitivity.134 Regardless,
it should be noted that neither overall survival nor treatment response appears to be influenced by variant vs typical Philadelphia chromosome translocations.135
The molecular assays used to detect the Philadelphia
chromosome translocation do not require the presence of
dividing cells and can be performed on both the peripheral
blood and the bone marrow specimens with equivalent
results. However, only standard cytogenetics enables the
detection of additional cytogenetic abnormalities (eg, trisomy 8, additional Philadelphia chromosome, isochromosome 17q), which when found at the time of diagnosis might
predict a shorter duration of chronic phase disease or be a
component of defining an accelerated phase.136,137 Furthermore, baseline karyotype information is important in interpreting subsequent clonal evolution, emergence of new cytogenetically abnormal Philadelphia chromosome–negative
clones, and cytogenetic monitoring of treatment effect.138,139
Therefore, standard cytogenetic studies should be considered at the time of CML diagnosis in all patients (Table 1).
The detection of the Philadelphia chromosome, or its
molecular equivalent, within the context of a chronic myeloid disorder is diagnostic of CML regardless of the presentation phenotype that can sometimes mimic either essential thrombocythemia140 or myelofibrosis with myeloid
metaplasia.141 On the other hand, as underscored previously, the absence of the Philadelphia chromosome does
not exclude the possibility of CML, and if the clinical
scenario dictates, a more sensitive genetic test (eg, FISH or
PCR for bcr/abl) should be performed.142,143 In general,
peripheral blood FISH for bcr/abl correlates well with both
bone marrow FISH and cytogenetic results in patients with
newly diagnosed CML.144 Therefore, peripheral blood
FISH can easily substitute for bone marrow cytogenetics in
ruling out CML in routine clinical practice.144 In this regard, it is advised that the results be interpreted by a hematologist who would also be helpful in providing alternative
reasons for unexplained leukocytosis.
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TABLE 1. Genetic Test Indications in Chronic Myeloid Leukemia*
Standard cytogenetics
Screening
At diagnosis
Bone marrow
Blood
During interferon alfa therapy
Bone marrow
Blood

During imatinib therapy
Bone marrow
Blood

FISH

Quantitative RT-PCR

No

No

No

Yes
No

No
Yes

No
No

Every 6 mo until CCR, then replace
with either blood FISH or RT-PCR
No

No

No

Every 6 mo after attaining bone
marrow CCR if one chooses
to use FISH for MRD assessment

Every 6 mo after attaining bone
marrow CCR

No

No

Every 3-6 mo after attaining bone
marrow CCR if one chooses
to use FISH for MRD assessment

Every 3-6 mo after attaining
bone marrow CCR

Every 3-6 mo until CCR, then replace
with either blood FISH or RT-PCR
No

After hematopoietic stem cell
transplantation
Bone marrow
Blood

At 3-6 mo, then as indicated
No

No
Every 6 mo for 2 y if one chooses
FISH for MRD assessment

No
Every 6 mo for 2 y

Disease transformation into
accelerated or blast phase
Bone marrow
Blood

Yes
No

No
No

No
No

*See text for test interpretation. CCR = complete cytogenetic remission; FISH = fluorescence in situ hybridization; MRD = minimal residual disease; RTPCR = reverse transcriptase–polymerase chain reaction.

Is there any additional role for FISH or RT-PCR studies
during the diagnosis of CML?145 In the case of FISH for
bcr/abl, some evidence, although not conclusive, suggests
inferior prognosis in patients with CML who have submicroscopic deletions on the derivative chromosome 9 not
evident by standard cytogenetics.118,135,146,147 Accordingly, it
is not unreasonable to consider blood FISH studies at the
time of diagnosis in addition to conventional cytogenetics
(Table 1). Besides providing particular information on derivative chromosome 9 deletions, blood FISH results can
be used as baseline to compare posttreatment assessment of
MRD by FISH.118 Similarly, one method of MRD assessment entails the comparison of Bcr/Abl transcript levels at
diagnosis and during remission and the demonstration of a
3-log reduction to define molecular response.110 However,
an equivalent alternative method defines molecular response as a Bcr/Abl to Abl ratio of less than 0.05% at time
of remission, thus undermining the value of pretreatment
use of quantitative PCR.39
DURING DRUG THERAPY
At present, the 2 commercially available drugs that have
been shown to preferentially suppress the proliferation of
the bcr/abl-positive clone in CML are interferon alfa7 and
imatinib.12 Furthermore, after treatment with these drugs,
both disease-free and overall survival are best predicted by
the pattern of cytogenetic response.
Mayo Clin Proc.

•

the pattern of cytogenetic response.12,31 A CCR is defined
by the absence of Philadelphia chromosome–positive
metaphases and predicts 10-year survival at close to 80% in
early phase CP-CML treated with interferon alfa.31 In another long-term (median follow-up >9 years) study of interferon alfa–treated patients with CP-CML, the likelihood of
being alive and still in chronic phase was 74% for CCR,
55% for MCR (presence of <35% Philadelphia chromosome–positive metaphases), and 32% for minor cytogenetic response (presence of 35%-66% Philadelphia chromosome–positive metaphases).8 Therefore, bone marrow
cytogenetic studies are currently the method of choice for
monitoring treatment response to both imatinib and interferon alfa until additional information regarding other
methods becomes available (Table 1).
Currently available data indicate that the median times
to first and best cytogenetic responses in interferon alfa–
treated patients are approximately 1 and 2 years, respectively.8 Therefore, it is reasonable to consider bone marrow
cytogenetic studies in such patients at 6-month intervals
until the achievement of CCR. Afterward, disease monitoring and MRD assessment can be done by peripheral blood
FISH or RT-PCR. Treatment response to imatinib occurs at
a much faster rate (CCR at 6 and 12 months for imatinibtreated patients was 50% and 68% vs 3% and 7% for
interferon alfa–treated patients),12 and we currently recom-
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TABLE 1. Genetic Test Indications in Chronic Myeloid Leukemia*
Standard cytogenetics
Screening
At diagnosis
Bone marrow
Blood
During interferon alfa therapy
Bone marrow
Blood

During imatinib therapy
Bone marrow
Blood

FISH

Quantitative RT-PCR

No

No

No

Yes
No

No
Yes

No
No

Every 6 mo until CCR, then replace
with either blood FISH or RT-PCR
No

No

No

Every 6 mo after attaining bone
marrow CCR if one chooses
to use FISH for MRD assessment

Every 6 mo after attaining bone
marrow CCR

No

No

Every 3-6 mo after attaining bone
marrow CCR if one chooses
to use FISH for MRD assessment

Every 3-6 mo after attaining
bone marrow CCR

Every 3-6 mo until CCR, then replace
with either blood FISH or RT-PCR
No

After hematopoietic stem cell
transplantation
Bone marrow
Blood

At 3-6 mo, then as indicated
No

No
Every 6 mo for 2 y if one chooses
FISH for MRD assessment

No
Every 6 mo for 2 y

Disease transformation into
accelerated or blast phase
Bone marrow
Blood

Yes
No

No
No

No
No

*See text for test interpretation. CCR = complete cytogenetic remission; FISH = fluorescence in situ hybridization; MRD = minimal residual disease; RTPCR = reverse transcriptase–polymerase chain reaction.

Is there any additional role for FISH or RT-PCR studies
during the diagnosis of CML?145 In the case of FISH for
bcr/abl, some evidence, although not conclusive, suggests
inferior prognosis in patients with CML who have submicroscopic deletions on the derivative chromosome 9 not
evident by standard cytogenetics.118,135,146,147 Accordingly, it
is not unreasonable to consider blood FISH studies at the
time of diagnosis in addition to conventional cytogenetics
(Table 1). Besides providing particular information on derivative chromosome 9 deletions, blood FISH results can
be used as baseline to compare posttreatment assessment of
MRD by FISH.118 Similarly, one method of MRD assessment entails the comparison of Bcr/Abl transcript levels at
diagnosis and during remission and the demonstration of a
3-log reduction to define molecular response.110 However,
an equivalent alternative method defines molecular response as a Bcr/Abl to Abl ratio of less than 0.05% at time
of remission, thus undermining the value of pretreatment
use of quantitative PCR.39
DURING DRUG THERAPY
At present, the 2 commercially available drugs that have
been shown to preferentially suppress the proliferation of
the bcr/abl-positive clone in CML are interferon alfa7 and
imatinib.12 Furthermore, after treatment with these drugs,
both disease-free and overall survival are best predicted by
the pattern of cytogenetic response.
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the pattern of cytogenetic response.12,31 A CCR is defined
by the absence of Philadelphia chromosome–positive
metaphases and predicts 10-year survival at close to 80% in
early phase CP-CML treated with interferon alfa.31 In another long-term (median follow-up >9 years) study of interferon alfa–treated patients with CP-CML, the likelihood of
being alive and still in chronic phase was 74% for CCR,
55% for MCR (presence of <35% Philadelphia chromosome–positive metaphases), and 32% for minor cytogenetic response (presence of 35%-66% Philadelphia chromosome–positive metaphases).8 Therefore, bone marrow
cytogenetic studies are currently the method of choice for
monitoring treatment response to both imatinib and interferon alfa until additional information regarding other
methods becomes available (Table 1).
Currently available data indicate that the median times
to first and best cytogenetic responses in interferon alfa–
treated patients are approximately 1 and 2 years, respectively.8 Therefore, it is reasonable to consider bone marrow
cytogenetic studies in such patients at 6-month intervals
until the achievement of CCR. Afterward, disease monitoring and MRD assessment can be done by peripheral blood
FISH or RT-PCR. Treatment response to imatinib occurs at
a much faster rate (CCR at 6 and 12 months for imatinibtreated patients was 50% and 68% vs 3% and 7% for
interferon alfa–treated patients),12 and we currently recom-
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Cytogenetic and Fluorescence in situ Hybridization Monitoring
in Ph+ Chronic Myeloid Leukemia Patients Treated with
Imatinib Mesylate
G. Fugazza, M. Miglino, R. Bruzzone, S. Quintino, A.M. Gatti, R. Grasso, M. Gobbi, F. Frassoni, M. Sessarego
Dipartimento di Medicina Interna and Dipartimento di Ematologia e Oncologia, Università degli Studi di Genova, Genova

Imatinib mesylate determines a favorable clinical course in most Ph positive Chronic Myeloid Leukemia (CML)
patients in the chronic phase. Cytogenetic response is usually evaluated by analyzing 20-25 bone marrow
metaphases using standard banding techniques. Since this methodology has very low sensitivity, we compared
the results obtained by standard banding techniques to the ones obtained by fluorescent in situ hybridization
(FISH). This was also done to identify any possible discrepancies between the two techniques.
We analyzed 40 Ph+ CML patients in the chronic phase who had previously been treated with interferon alpha
(IFNα) and who were receiving imatinib. The studies were performed by utilizing the same BM cell samples
fixed in acetic acid/methanol, before imatinib therapy and then quarterly.
Comparison of cytogenetic results to FISH results at 3 and 6 months of imatinib treatment showed that some patients who had achieved major cytogenetic response (i.e.<35% of examined metaphases showing Ph), showed retention of a higher number of persisting Ph+ cells when examined by FISH, and they did not achieve major FISH
response (i.e. <35% of examined interphase cells show the BCR-ABL fusion signal). The discrepancy we found
between the results that were obtained by analyzing metaphases and interphase cells disappeared in the subsequent examinations. Moreover, we found that 4 patients (10%) were still Ph+ in all the metaphases we examined
even though they achieved excellent clinical response.
On the basis of this small series of patients, we suggest that cytogenetic evaluation of patients on imatinib therapy should be performed by utilizing the classic banding technique (metaphase examination), but also by using
the FISH technique (interphase examination), since the two methodologies may provide different results.
Key Words: Chronic myeloid leukemia, Chromosome Philadelphia, Fluorescent in situ hybridization, Imatinib
therapy

The management of malignant hematological disorders now includes new, effective drug regimens. In
particular, therapy for Chronic Myeloid Leukemia
(CML) benefits from the use of interferon alfa
(IFNα), which prolongs overall survival and, in a
minority of patients, removes the Philadelphia chromosome (Ph) positive clone, but has considerable
adverse effects (1-2).
More recently, an innovative agent, imatinib
mesylate (Gleevec-Novartis-Basel, Switzerland) formerly refered to as STI-571, demonstrated inhibition
of proliferation of BCR-ABL expressing cells (3-4).
The BCR-ABL chimeric gene is the consequence of
the 9;22 translocation that gives rise to the Ph, i.e. the
specific cytogenetic marker of CML. The BCR-ABL
proteins enhance tyrosine kinase activity, and play an

important role in CML pathogenesis.
Imatinib occupies the adenosine triphosphatasebinding site of the ABL gene, inhibiting the phosphorylation of substrates and stopping the malignant
transformation of BCR-ABL positive cells. Imatinib
is active not only against BCR-ABL tyrosine kinase,
but also against platelet derived growth factor receptor kinase and c-Kit receptor kinase, though it is inactive against other tyrosine kinases.
Moreover, this new drug does not interfere with
normal Ph-hematopoiesis. Its adverse effects are
infrequent and include moderate nausea, vomiting,
fluid retention, and muscle cramps (5), but it is generally well tolerated.
Imatinib has been evaluated in patients with
advanced phases of Ph+ CML, and a temporary
295
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Table I - Cytogenetic (metaphases) and FISH (interphase)
follow-up at 3 and 6 months
Percentage of cytogenetic and FISH response
Complete / partial = major
(no. patients)

Cytogenetics
(metaphases)
FISH
(interphase cells)

3 mo

6 mo

42.5 / 15 = 57.5
(17) (6) (23)

50 / 25 = 75
(20) (10) (30)

12.5 / 30 = 42.5
(5) (12) (17)

27.5 / 37.5 = 65
(11) (15) (26)

results.
After 3 months of imatinib therapy, metaphase
analysis showed that 23 out of the 40 patients we
examined (57.5%) had achieved major cytogenetic
response, and 17/40 (42.5%) showed complete cytogenetic response. At 6 months of therapy these percentages increased to 75% (30/40) for major cytogenetic response, and 50% (20 patients) for complete
cytogenetic response. None of the patients had an
increase in Ph + cells.
FISH analysis performed on cases that achieved
major cytogenetic response demonstrated that the
number of patients with major FISH response is
lower; i.e. 42.5% at 3 months and 65% at 6 months.
The discrepancy between the two techniques in evaluating the residual Ph+ clone is particularly evident
by comparing how many patients achieved complete
cytogenetic and FISH response at 3 and 6 months: 17
patients (42.5%) and 20 (50%) respectively as evaluated by the cytogenetic technique, compared to 5
patients (12.5%) and 11 (27.5%) by the FISH technique.
Moreover, four patients showed Ph+ metaphases
alone at 3 and 6 months (and consequently they were
not examined by FISH); one patient had the variant
t(3;9;22) .
On the contrary, the two cases with additional
abnormalities besides the Ph- add(17p) and inv(7)achieved major cytogenetic and FISH response.
During imatinib therapy no additional chromosomal abnormalities were found either in residual Ph+
cells or in normal Ph- cells.

All 40 patients, including the four showing persistently Ph+cells, obtained good hematological
response: white cell count below 15,000 per cubic
millimeter without blasts in the peripheral blood, normalization of platelet count, and disappearance of
clinical signs of CML. Currently, all patients are still
receiving imatinib.
Discussion
Standard cytogenetic analysis is presently the
most accepted method for evaluating the presence
and spread of Ph, even though this technique does
have some limits.
The first is low sensitivity: only 20-25 metaphases are routinely checked, and therefore chromosomal
abnormalities may be detected only when they are
present in at least 4-5% of the metaphases that are
observed.
A second, important limit is that cytogenetic
analysis only examines cells in mitotic division and
excludes interphase cells which make up the greater
portion of the marrow cellular population.
Moreover, it is common knowledge that BM cell
cultures obtained from patients treated with
chemotherapeutic agents or IFNα provide a limited
number of metaphases, which are often of poor quality. In our experience, imatinib treatment also produces this disadvantage .
The more expensive FISH, on the contrary, allows
us to examine interphase cells as well, thus an expert
examiner can control a high number of cells (usually
100-500).
An important limitation of FISH is the probability
that one BCR hybridization signal and one ABL could
be co-incidentally so close as to simulate a BCR/ABL
fusion signal, and therefore a false Ph presence (1112).
Nevertheless, testing Ph negative BM samples
which are processed and analyzed the same way as
the imatinib samples, the percentage of error may be
estimated. We believe that BM samples retaining
more than 5% of cells with the BCR/ABL fusion signal actually bear a residual Ph + clone. Similar results
have recently been reported (10).
However, standard cytogenetic analysis remains
the milestone for evaluating the efficacy of an agent
that is active against a Ph+ hematological disorder.
The new BCR/ABL tyrosine kinase inibitor, imatinib
mesylate, is usually tested by analyzing metaphase
cells as well. Major cytogenetic response is achieved
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in a high percentage of Ph+ CML patients in the
chronic phase. Nevertheless, a discrepancy between
clinical and cytogenetic response has been noted ,i.e.,
a number of patients (20/25% of cases) achieved
hematological remission without Ph disappearance.
Our study confirms this finding: satisfactory
hematological response was obtained in all 40
patients, including the 10 with Ph persistence in more
than 35% of the metaphases we examined. Comparing cytogenetic (metaphases) and FISH (interphase
cells) analysis performed at 3 and 6 months of therapy suggests that some comments can be made. Firstly, the greater ability of FISH to identify the presence
of the Ph+ clone is clear. We think that the noteworthy difference we observed between the two techniques, in particular with regards to complete cytogenetic and complete FISH response at three months
(42.5% versus 12.5%), is not the result of false positives obtained by FISH, but rather due to the action of
imatinib which inhibits Ph+ cell proliferation, promotes their arrest in interphase, and then leads to
apoptosis (4,13). The FISH technique alone can
detect the Ph harboured in these cells. On the other
hand, the normal Ph negative, polyclonal
hematopoiesis which is not sensitive to imatinib,
resumes proliferation, thus giving rise to a great deal
of Ph negative metaphases. We also noticed that after
the first 6 months of therapy, evaluation of residual
Ph+ cells using the two techniques is substantially
equivalent, confirming that the higher percentage of
Ph+ cells seen at 3 and 6 months by the FISH technique is not due to a methodological error.
The second observation is that both cytogenetic
and FISH analysis confirm the progressive reduction
of Ph+ cells. Imatinib gradually decreases the
leukemic clone for months, without exhausting its
action during the first weeks of therapy. An alternative explanation could be that the normal, highly proliferating Ph negative hematopoiesis progressively
"dilutes" the residual (and resistant) Ph positive
hematopoiesis.
After more than 6 months of therapy 10 out of 40
patients (25%) showed a high percentage of Ph+
cells, and in 4 (10%), only Ph+ metaphases persist,
thus indicating possible drug resistence. None of
these patients have so far shown any karyotype evolution.
Lastly, it is noteworthy that the two cases with
chromosomal abnormalities other than the t(9;22) add (17p) and inv(7)-, achieved major cytogenetic
and FISH response, thus indicating that the additional structural rearrangements provided no proliferative

advantage which did not depend on BCR/ABL
derived oncoproteins.
In conclusion we suggest that Ph+ CML patients
treated with imatinib should not only be monitored by
the classical cytogenetic technique, but also by FISH
utilizing the same BM samples, since correlations
among the speed of Ph disappearance, clinical outcome, drug resistance, and relapse are still to be identified.
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Although the only curative therapy for chronic myeloid
leukemia remains allogeneic stem cell transplantation
(allo-SCT), early to mid-term results of imatinib in
newly diagnosed patients are sufficiently impressive
to have displaced allo-SCT to second- or third-line
treatment. Patients now arrive at a decision for
transplantation in a variety of disease situations:
failing to achieve certain hematological, cytogenetic
and molecular milestones by some pre-determined
timepoint, having lost a previous best response or by
progression to advanced phase. The decision, therefore, is not simply whether to transplant or not, but

also how to transplant. Evolving transplant technology
requires that the individual circumstances of each
patient should be considered when recommending the
procedure. Attempts to improve the safety of transplant are generally associated with a reduction in longterm disease control and patient monitoring, and
management is life-long. The treatment of recurrent
disease is no longer straightforward, with the choices
being donor lymphocytes or tyrosine kinase inhibitors
alone or in combination. This section will review the
evidence supporting some of these decisions and
highlight current controversies.

Prior to the introduction of the tyrosine kinase inhibitors
(TKI) into clinical practice chronic myelogenous leukemia (CML) in chronic phase was the most common single
indication for allogeneic stem cell transplantation (alloSCT). From 1999 there was a considerable reduction in the
numbers of transplants reported to the European Group for
Blood and Marrow Transplantation (EBMT) (Figure 1).1
This change in activity reflected the increased use of
imatinib and antedated any demonstrable survival benefit.
Subsequently, of course, the initial impressive results from
the use of imatinib in newly diagnosed patients were confirmed in the 5-year follow-up of the IRIS study2 and have
resulted in the recommendation to treat all newly diagnosed patients with imatinib unless exceptional circumstances prevail.3 The place of allo-SCT is now as a secondline strategy for patients “failing” therapy with imatinib
and with the introduction of the second-generation TKI,
the use of allo-SCT may be delayed further in the course of
the patients’ disease.
For a patient who satisfies certain predefined criteria
for failure of imatinib,3 the current treatment choices include a second-generation TKI, conventional chemo-

therapy, autologous transplantation or allo-SCT. In attempting to define the optimal timing of allo-SCT it is important
to remember that CML, although traditionally considered
to be a homogeneous disease due to a single molecular
aberration, is highly heterogeneous with respect to individual patients. For instance, the duration of chronic phase
can be as short as a few weeks or as long as 20 years, with no
apparent differences identifiable at diagnosis between patients with such variable prognoses. It is possible that modern molecular techniques, such as gene expression profiling,4 will help distinguish such patients but until that time
we must use surrogate markers to try to predict patients
who should receive early allo-SCT and those who might
reasonably delay transplant and instead undertake a trial of
a second-generation TKI.
Resistance to imatinib is itself a heterogeneous situation. Resistance can be defined as failure to achieve hematological, cytogenetic and/or molecular responses by certain timepoints, loss of a previously established hematological, cytogenetic and/or molecular response, or progres-
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Figure 1. Trends in transplant practice in Europe since
1990—transplant for chronic myeloid leukemia (derived
from the EBMT annual activity survey, 2005 data not yet
complete).
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translated into a poorer survival. The effect was particularly marked in patients deemed to have “good risk” disease at the time of transplant.28
In summary the previously reported advantages of
PBSC over BM may not be sustained in the longer term
with the higher incidence of chronic GVHD resulting in
late deaths with no obvious benefit in terms of preventing
disease recurrence. Attempts to abrogate GVHD such as Tcell depletion are likely to result in a higher incidence of
relapse and to require additional intervention with donor
lymphocyte infusions and/or TKI.

relapse could be identified as early as day 100 post transplant.33 The presence of residual leukemia late (> 18 months)
after transplant is also predictive.34 In a study of 379 CML
patients, of 90 patients (24%) who had at least one assay
positive for BCR-ABL, 13 (14%) relapsed. Only 3/289 patients who were persistently BCR-ABL–negative relapsed
(hazard ratio of relapse = 19).
A recent study from the Hammersmith has further attempted to quantify the risk of relapse. This group has defined disease recurrence as requiring intervention if the
BCR-ABL/ABL ratio exceeded 0.02% on three occasions or
reached 0.05% on two occasions. Two-hundred forty-three
Monitoring Patients after Transplant
patients were classified by serial quantitative RT-PCR into
The definition of remission of CML has evolved over the 4 groups: (1) 36 patients were “durably negative” or had a
last 15 years. It has been recognized for some time that single low-level positive result; (2) 51 patients had more
morphological remission of CML is an inadequate end- than one positive result but never more than two consecupoint for long-term disease control. In the interferon era tive positive results (“fluctuating positive,” low-level (BCRcytogenetic remissions were the therapeutic goal and were ABL/ABL ratio not satisfying definition of relapse); (3) 27
associated with prolongation in survival. Complete cyto- patients had persisting low levels of BCR-ABL transcripts
VeryPDFgenetic
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remissions
imatinib are also associ- but never more than three consecutive positive results (“perated with excellent durability of response.2 After alloge- sistently positive, low level”); and (4) 129 patients relapsed.
neic transplant complete cytogenetic remission is the norm, In 107 of these 129 patients, relapse was based initially
and instead the detection of the chimeric BCR-ABL mRNA only on molecular criteria; in 72 (67.3%) patients the leutranscript by RT-PCR is used as a powerful predictor of kemia progressed to cytogenetic or hematologic relapse
subsequent leukemic relapse. Increasingly, molecular re- either prior to or during treatment with DLI. The study not
sponses are being used as a surrogate for remission dura- only confirmed the value of their definition of relapse but
tion with imatinib therapy.29
indicated that the probability of disease recurrence was
Early data relating to the incidence and risk of relapse 20% and 30% in groups 2 and 3, respectively. In this series
after allografting were derived from qualitative RT-PCR relapse occurred up to 8 years post transplant confirming
assays for BCR-ABL transcripts. The highest risk of relapse the need for long-term monitoring strategies.35
occurred in patients who were BCR-ABL–positive “early”
In view of the importance of the detection of residual
(≤ 12 months) after transplant. Minimal residual disease disease at a time of low tumor burden when DLI are likely
(MRD) can be detected by RT-PCR for years post-trans- to be most effective we recommend monitoring by RT-PCR
plant. BCR-ABL has been detected in 25-50% of patients at intervals no greater than 3 monthly for the first 2 to 3
more than 3 years post transplant, with subsequent relapse years post transplant, 6 monthly until 5 years after grafting
rates of approximately 10-20%.30 These data suggest that and annually thereafter. Any patient with a positive result
low levels of BCR-ABL transcripts identified some years should be monitored more frequently (approximately 4
after transplant for CML may not be an absolute harbinger weekly) until the course of their disease can be defined
of relapse.
more precisely. It is essential for each laboratory to estabThe predictive value of MRD detection is strength- lish their own quantitative definition of relapse as it is not
ened by BCR-ABL quantification. Several studies have dem- possible to extrapolate the results achieved in one instituonstrated that the molecular burden of BCR-ABL mRNA, tion with those obtained elsewhere. This situation is unsatand the kinetics of increasing BCR-ABL, predict relapse. isfactory but will hopefully benefit from a global attempt
Low (or no) residual BCR-ABL was associated with a very at harmonization of RT-PCR standards for the detection of
low risk of relapse (1%), compared to a 75% relapse rate in BCR-ABL transcripts.36
patients with increasing or persistently high BCR-ABL levels.31 Olavarria et al studied 138 CML patients “early” (3-5 Management of Persistent or
months) post transplant and showed that the BCR-ABL level Relapsed Disease Post Transplant
was highly correlated with relapse.32 Patients with no evi- DLI have become the treatment of choice for patients who
dence of BCR-ABL had a 9% risk of subsequent relapse, relapse after allogeneic SCT, and durable molecular remiswhereas patients defined as having a “low” burden of dis- sions are achieved in the majority of patients relapsing
ease (< 100 BCR-ABL transcripts/µg RNA) or “high” level into chronic phase.9,10,12 GVHD and marrow aplasia remain
of transcripts (>100 copies/µg) had cumulative relapse rates the two most important complications of DLI, but when an
of 30% and 74%, respectively. The importance of high lev- escalating dose schedule is used these problems are greatly
els of transcripts early after transplant was recently con- reduced. In a recent EBMT study, survival after relapse
firmed by Asnafi et al, who found that patients likely to (defined as cytogenetic or hematological relapse) was re230
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lated to five factors: time from diagnosis to transplant, disease phase at transplant and at relapse, time from transplant
to relapse and donor type.37 The effects of individual adverse risk factors were cumulative, so that patients with
two or more adverse features had a significantly reduced
survival (35% vs 65% at 5 years). Furthermore, DLI was
less effective in patients who developed GVHD after transSoftware
Demo Version
(http://www.verypdf.com)
plant. However,
for patients
transplanted in and relapsing
in chronic phase, the efficacy of escalating dose DLI was
exceptionally high at > 90%with a 5% procedure-related
mortality, rendering DLI the gold standard for the management of relapse in this group.
Imatinib is now an alternative to DLI as it could potentially be used to achieve remission without GVHD and
could be effective when DLI has failed. It could also be
used in combination with lower doses of DLI to maximize
responses while minimizing the risk of GVHD. A number
of groups have now used imatinib in the management of
patients relapsing after allogeneic transplantation. Most of
these patients were treated for relapse into advanced-phase
disease, as DLI are of limited value in this situation. Other
patients were treated for cytogenetic relapse or hematological relapse into chronic phase, often in the presence of
ongoing immunosuppression for GVHD and/or after failure of DLI. Recently, the Chronic Leukemia Working Party
of the EBMT has reported a retrospective analysis of 128
patients treated with imatinib for relapse after allogeneic
transplant.38 The overall hematological response rate was
84% (98% for patients in chronic phase). The complete
cytogenetic response was 58% for patients in chronic phase,
48% for advanced phase and 22% for patients in BC. Complete molecular responses (defined as absence of BCR-ABL
transcripts by RT-PCR assays) were obtained in 25 patients
(26%) of whom 21 were in chronic phase or advanced phase.
With a median follow-up of 9 months the estimated 2-year
survivals for chronic phase, advanced phase and BC patients were 100%, 86% and 12%, respectively. Of 79
evaluable patients, 45 (57%) achieved full donor and 11
(14%) mixed chimerism after imatinib therapy. Thus,
imatinib appeared to have significant activity against relapsed CML after allogeneic transplant. However, Weisser
et al have recently compared the use of DLI or imatinib in
31 patients. Twenty-one patients were treated for disease
recurrence (14 with cytogenetic and 7 with hematological
relapses) with DLI, and 10 (9 with cytogenetic and 1 with
hematological relapse) received imatinib because of lack
of availability of the original donor. Complete molecular
remissions were observed in 20 of the 21 patients (95%)
who received DLI and 7 of 10 (70%) who were given
imatinib. However, 6 of the 10 patients treated with imatinib
lost their best response whilst receiving the drug. Imatinib
had been discontinued in 4 patients with confirmed molecular remission and disease recurred 2-4 months later in
all but one of these individuals. Seven of the patients who
failed imatinib subsequently received DLI and 6 achieved
a molecular remission. Only 3 of the 20 patients who ini-
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tially responded to imatinib experienced disease relapse.
The authors concluded that imatinib, unlike DLI, cannot
induce durable response in the majority of patients.39
Of course, future practice will involve patients who
have received allo-SCT largely as a consequence of having failed imatinib and perhaps also second-line TKI in
which case the efficacy of targeted therapy for disease recurrence will have to be re-established.
In summary, allo-SCT has the potential to be a highly
effective treatment for CML responding poorly to imatinib.
Careful selection of suitable patients is necessary not only
to avoid the high risks of allografting in patients likely to
do well with second-generation TKI but also to ensure that
patients whose disease is best treated with high-dose therapy
gain rapid access to transplantation. Once the decision has
been made for transplant, consideration must be given to
the best technology for each individual. Follow-up of patients transplanted for CML is life-long and necessitates a
program of monitoring for minimal residual disease and
prompt intervention with appropriate therapy at the time
of confirmation of disease recurrence.
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CHRONIC MYELOID LEUKEMIA: A GUIDE FOR PATIENTS
PATIENT INFORMATION BASED ON ESMO CLINICAL PRACTICE GUIDELINES
This guide for patients has been prepared by the Anticancer Fund as a service to patients, to help
patients and their relatives better understand the nature of Chronic Myeloid Leukemia (CML) and
appreciate the best treatment choices available according to the subtype of CML. We recommend
that patients talk to their doctors about the tests or treatments that are needed for their type and
stage of disease. The medical information described in this document is based on the clinical practice
guidelines of the European Society for Medical Oncology (ESMO) for the management of Chronic
Myeloid Leukemia. This guide for patients has been produced in collaboration with ESMO and is
disseminated with the permission of ESMO. It has been written by a medical doctor and reviewed by
two oncologists from ESMO including the lead author of the clinical practice guidelines for
professio als. It has also ee re ie ed y patie ts represe tati es fro E“MO s Ca er Patie t
Working Group.

More information about the Anticancer Fund: www.anticancerfund.org
More information about the European Society for Medical Oncology: www.esmo.org

For words marked with an asterisk, a definition is provided at the end of the document.
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WHAT HAPPENS NEXT?
Today, patients with CML require lifelong treatment with tyrosine kinase
inhibitors*. Research is ongoing to understand if treatment can be
discontinued and which patients may be allowed to discontinue the
treatment. No treatment discontinuation is recommended outside clinical
trials*.

Why and how do I need to be followed up by doctors?
After the treatment has been initiated, doctors will propose a follow-up* aiming to:
 detect possible progression, relapse, or return of leukemia, as soon as possible
 evaluate adverse effects of the treatment and treat them
 provide psychological support and information to enhance returning to normal life.
Follow-up visits with the doctor should include:
 History-taking, eliciting of symptoms and physical examination
 Routine evaluation of the complete blood count
 A repeat bone marrow biopsy, only in case of treatment failure, or in case of unexplained
thrombocytopenia*, or if a reliable molecular test cannot be obtained*.
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In general,
from
the third
month of the treatment initiation, cytogenetics* will be repeated every 6
months until complete cytogenetic response* has been achieved and confirmed, and PCR* every 3
months until achievement of major molecular response*. Once a complete cytogenetic response has
been achieved and confirmed, a cytogenetic test is recommended every 12 months, but it is not
necessary if molecular testing is available and reliable. Once a major molecular response has been
achieved and confirmed, a molecular test is recommended at least every six months. If the patient
was high risk according to the risk score, or responded subobtimally to the therapy, more frequent
monitoring may be advised. Screening for BCR-ABL mutations* should be proposed only in the case
of treatment failure or suboptimal response.

Returning to normal life
It can be hard to live with the idea that the leukemia can come back. From what is known today, no
specific way of decreasing the risk of recurrence* exists. As a consequence of the cancer itself and of
the treatment, return to normal life may not be easy for some people. Questions related to bodyimage, sexuality, fatigue, work, emotions or lifestyle may be a concern to you. Discussing these
questions with relatives, friends, other patients or doctors may be helpful. Support from patients
organisations providing advice e.g. on managing effects of treatments, as well as psycho-oncologist
services, or telephone info-lines are available in many countries.

How important is it that I take my medicine?
Only treatments that are taken can actually work. It is very important you take your medication as
prescribed.
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