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Cytogenetics of Chronic Myeloid
Leukemia (CML)
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1.1 The Discovery
of the Philadelphia

Chromosome (Ph)

Telling the story of the advances in chronic
myeloid leukemia (CML), seen from a historical
perspective, one cannot deny the extraordinary
role of cytogenetics. When John Hughes Bennett
and Rudolf Virchow reported what is thought to
be the first descriptions of CML in 1845, nothing
was known about the mechanism and the under-
lying genetics. Therefore, it was a quantum leap
when the Philadelphia chromosome was discov-
ered by Peter Nowel and David Hungerford in
1960 [1, 2]. By that time, they still used very
basic chromosome staining techniques. The cells
were grown on slides using short-term cell cul-
tures [3], rinsed with tap water, and stained with
Giemsa [4, 5]. Investigating acute leukemia they
initially did not find consistent genetic abnormal-
ities, but eventually they identified a characteris-
tic small chromosome in two patients with
CML. Together with other scientists like Paul
Moorhead they were able to improve their prepa-
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ration technique and report a series of seven
patients all displaying a minute chromosome. In
accordance with the Committee for the
Standardization of Chromosomes, Tough and
colleagues called this minute chromosome
Philadelphia chromosome after the city it was
first detected [4]. As cytogenetic techniques
improved in the 1970s, Rowley discovered that
the Philadelphia chromosome is the result of a
translocation t(9;22)(q34;ql1) between the long
arms of chromosomes 9 and 22 with the deriva-
tive chromosome 22, der(22)t(9;22), being the
Philadelphia chromosome [6]. de Klein et al.
were then able to demonstrate that a small seg-
ment of chromosome 9 was translocated back to
chromosome 22, providing evidence for the
reciprocal nature of the translocation t(9;22) [7].
Later, Bartram and co-workers could show that
the tyrosine kinase gene ABLI (abelson) on chro-
mosome 9 and the BCR (breakpoint cluster
region) gene on chromosome 22 are fused and
generate the BCR-ABLI fusion gene on the
Philadelphia chromosome [8—10]. This was the
basis for the characterization of the BCR-ABL1
fusion protein, the development of the first BCR-
ABLI1 tyrosine kinase inhibitor (TKI) imatinib in
1996 and the success story of CML treatment
[11-13]. Currently, the life expectancy of patients
with newly diagnosed CML in chronic phase
(CP) is very close to that of age-matched indi-
viduals [14, 15].
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1.2 The Translocation t(9;22)
Prakash and Yunis located the breakpoints in
CML to the sub-bands 22q11.21 and 9q34.1 [16].
A scheme and a picture of a karyogram are shown
in Fig. 1.1. The rearrangement of the BCR and
ABL]I gene can also be visualized by fluorescence
in situ hybridization (FISH) in interphase nuclei
and on metaphase chromosomes using dual-color
dual-fusion probes (Fig. 1.2).

The so-called standard translocation t(9;22)
(q34;q11) is found in about 85-90% of all CML
patients via the banding technique. In addition
variant translocations or cytogenetically cryptic
rearrangements occur.

Variant translocations are defined by the
involvement of one or more additional chromo-
somes besides the chromosomes 9 and 22. They
can be found in 5-10% of newly diagnosed CML
cases [18-21]. Various chromosomes can be
involved in a variant translocation, but there
seems to be a non-random pattern. Marked break-
point cluster to chromosome bands 1p36, 3p21,
5ql13, 6p21, 9922, 11q13, 12p13, 17p13, 17921,
17925, 19q13, 21q22, 22ql12, and 22ql13 [22].
Most cases can be explained by a one-step or
two-step mechanism. For the one-step mecha-
nism chromosome breakage occurs simultane-
ously on three or even more chromosomes and
leads to a three-way or more-way translocation,
respectively. The two-step mechanism consists of
sequential translocations including a standard
translocation t(9;22) followed by a second trans-
location with another chromosome [20].
However, there are also rare variant transloca-
tions that are more complex and even include loss
of small chromosomal regions. Moreover, Fisher
et al. observed a significant positive correlation
between breakpoint locations and CG composi-
tion [23], suggesting that repetitive elements or
chromatin structure might cause genomic insta-
bility that promotes these areas for being involved
in the variant translocations.

The prognostic impact of variant translocations
has been frequently discussed. However, variant
translocations are not frequent, and the numbers of
patients included in these studies are small. In the
pre-imatinib era it was suggested that patients with

variant translocations do have adverse outcomes
[24], whereas other studies with patients treated
with chemotherapy and interferon-alpha revealed
no differences compared to the standard transloca-
tion t(9;22) [25-27]. Studies with patients treated
with imatinib showed no significant prognostic dif-
ference between patients with standard and variant
translocations [20, 22, 28, 29]. The latter is also
supported by a large systematic study performed
within prospective trials that showed that time to
complete cytogenetic response (no Ph-positive cell
in 20 metaphases, CCyR) and time to major molec-
ular response (MMR, < 0.1% BCR-ABLI/ABLI
using quantitative polymerase chain reaction
(PCR)) [30] do not differ significantly. Furthermore,
event-free survival (EFS), failure-free survival,
progression-free survival (PES), and overall sur-
vival (OS) display no significant variation [20].
Besides that, no striking difference regarding the
response rates and the survival rates between one-
step or two-step variant translocations or the num-
ber of involved chromosomes was discovered [20].
Thus, it is generally agreed that variant transloca-
tions no longer have any prognostic significance.

Another aspect that has provoked contro-
versy is that 10—15% of all patients with CML
have a deletion of a sizable portion on the deriv-
ative chromosome 9 [28, 31-35]. These small
deletions cannot be detected by classical cyto-
genetics, but only by FISH or molecular genetic
methods. Huntly et al. and Reid et al. suggested
for these patients, treated with hydroxyurea and
interferon-alpha, respectively, a poor prognosis
and inferior survival [36]. Sinclair et al. and
Huntly et al. reported that these deletions are
more frequent in patients with variant translo-
cations compared to patients with standard
translocation t(9;22). However, studies particu-
larly in the imatinib era demonstrated that there
is only a trend that variant translocations more
frequently show deletions at the derivative
chromosome 9 [20, 28, 37, 38] and that these
deletions do not influence response or outcome
of CML patients in CP treated with imatinib
[20, 28, 39-41]. In summary, deletions in the
breakpoint region of BCR and ABLI do not
have any prognostic significance in the era of
TKI treatment [38].
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Fig. 1.1 (a) Karyogram and (b) scheme of the translocation t(9;22)(q34;q11) generated with CyDAS [17]



Fig. 1.2 (a) Interphase FISH using dual-color dual-
fusion probes, with BCR labelled in green and ABLI in
red to detect the BCR-ABLI rearrangement that leads to

Cryptic BCR-ABLI-rearrangements, which
can only be detected by FISH or molecular
genetic techniques such as RT-PCR, are found in
about 1-5% of patients [42, 43]. The BCR-ABLI
fusion signal can be found either on chromosome
9, 22, or even another chromosome. Two differ-
ent mechanisms have been postulated, which are
either the insertion of ABLI into the BCR region
(or less frequent vice versa) or by a multi-step
mechanism that starts with the standard translo-
cation t(9;22) followed by additional transloca-
tions [44]. Considering that the BCR-ABLI
rearrangement in these cases cannot be identified
by chromosome banding analysis, as the cytoge-
netic correlate, the Philadelphia chromosome, is
missing, either FISH or a PCR-based technique is
necessary to establish the diagnosis of BCR-
ABLI-positive CML. Cryptic BCR-ABLI-
rearrangements seem to have no prognostic
relevance compared to the standard BCR-ABLI-
rearrangement [42].

Relevance of Additional
Cytogenetic Aberrations
in a Ph-Positive Clone

1.3

At diagnosis, 80-90% of patients with CML in
CP show the standard or a variant translocation as
a sole cytogenetic change. The remaining patients
display additional cytogenetic aberrations
(ACAs) [45]. The percentage of patients with
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two yellow fusion signals. (b) Metaphase FISH with the
BCR-ABLI probes. (¢) Scheme of the BCR and ABLI
probes binding to the chromosomes

ACA:s is relatively low in CP, but increases dur-
ing the course of disease to 30% in the acceler-
ated phase (AP) [46] and 60-80% in blast crisis
(BC) [22, 47, 48]. These secondary changes
accompany or precede the transformation into a
more malignant form for a few months [45,
48-50].

ACAs clearly follow a non-random pattern
and according to their frequency, they were sep-
arated into major and minor route aberrations
referring to the major and minor route of clonal
cytogenetic evolution. However, the major or
minor route only relates to the frequency of
these aberrations. Most frequently observed are
trisomy 8 (+8), which is depicted in Fig. 1.3a,
an additional Philadelphia  chromosome
(+der(22)t(9;22)) or an isochromosome of the
long arm of the Philadelphia chromosome
(ider(22)(q10)t(9;22)), an isochromosome of
the long arm of chromosome 17 (i(17)(q10)) as
shown in Fig. 1.3b and trisomy 19 (+19). These
aberrations are considered as major route aber-
rations [51]. The frequencies are quite similar
for patients with standard and variant transloca-
tions. If both groups are combined the following
frequencies were found: +8 (34%), +der(22)
t(9;22) (31%), i(17)(q10) (20%), and + 19
(13%) [22]. It should be mentioned that accord-
ing to Fioretos et al. the majority of i(17)(q10)
are dicentric [52] and should rather be desig-
nated idic(17)(p11). All other ACAs occur in
less than 10% of cases, the most frequent being
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Fig. 1.3 (a) Karyogram of the translocation t(9;22)(q34;q11) with trisomy 8 and (b) i(17)(q10) as additional chromo-
somal aberrations (ACAs), respectively
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loss of Y-chromosome, trisomy 21 (+21), tri-
somy 17 (+17), monosomy 7 (—7), and mono-
somy 17 (—17), which were then regarded as
minor route aberrations [51]. It was suggested to
expand the major evolutionary route to all aber-
ration with a frequency higher than 5 % [22] and
therefore include —Y, —7, +17 and +21 as major
route aberrations.

Besides these unbalanced aberrations, also
certain balanced ACAs occur, which are rather
typical for acute myeloid leukemia (AML) and
myelodysplastic syndrome (MDS). About 1% of
patients gain a translocation t(3;21)(q26;q22) in
addition to t(9;22) and this is usually a sign of
transformation into BC although the t(3;21) can
also be found in CML prior to the onset of BC
[48, 49, 53-55]. Likewise, the AML-typical aber-
rations like t(15;17)(q24;q21) with PML-RARA
fusion transcript, inv(3)(q21q26)/t(3;3)(q21;q26)
involving the MECOM locus, t(7;11)(p15;pl5)
with NUP98-HOXA9, t(8;21)(q22;q22) with
RUNXI1-RUNXITI, rearrangements involving the
KMT2A gene at 11q23, and inv(16)(p13q22) with
CBFB-MYH]11 can occur during disease progres-
sion [22, 54, 56-62]. These AML-specific aberra-
tions can be seen as a warning sign and they have
been related to quite specific phenotypic features.
For example, the blasts of a CML patient in BC
with additional t(15;17)(q24;921) had morpho-
logical features of promyelocytes. Upon treat-
ment with all-frans retinoic acid and arsenic
trioxide this patient achieved CCyR with no evi-
dence of PML-RARA by FISH and low levels of
BCR-ABLI by RT-PCR [63].

It is hard to tell whether these cytogenetic
changes appear just due to the increasing genomic
instability during the transformation from CP to
BC or whether these ACAs are drivers of this pro-
cess. It also needs to be mentioned that some
clones already undetectable in remission under
treatment can reappear within the course of dis-
ease and that new clones with additional muta-
tions can overgrow the original clones [22, 50,
64]. The impact of unbalanced ACAs on the
pathobiology of CML is hardly understood.
Trisomy cannot be reduced to an increased copy
number of a certain gene, as global expression
studies of hematologic malignancies have dem-
onstrated that +8 and trisomy of other chromo-

somes lead to a general up-regulation of a large
fraction of genes located on such additional chro-
mosomes [65-67]. Furthermore, genes on a chro-
mosome can be differentially silenced. For
example, the effects of +8 cannot be cut down to
an increased copy number of the MYC transcrip-
tion factor gene at 8q24 because many other
genes are also up-regulated as shown for +8 in
AML [68]. It is also assumed that the effects of
i(17)(q10) are due to reduced copy number of
tumor suppressor gene TP53 ([69, 70]; [22, 52]).
So far it is still unclear whether the expression of
BCR-ABLI is increased for patients with an addi-
tional Philadelphia chromosome [45]. It was
reported that a patient in lymphoid BC displayed
three Philadelphia chromosomes and strongly
increased BCR-ABLI levels in blasts compared to
granulocytes [71]. A case with multiple copies of
BCR-ABLI fusion gene on two isodicentric
Philadelphia chromosomes was described in an
imatinib-resistant patient [72]. Moreover, Gaiger
et al. report increased BCR-ABLI mRNA expres-
sion during disease progression [73], whereas
Andrews et al. report rather heterogeneous
expression levels in BC [74]. Therefore, the
genomic imbalance as such demonstrated by an
additional Philadelphia chromosome might be
more important and more relevant for the patho-
logical mechanism than the additional fusion
gene. Besides that, overexpression of EVII fre-
quently occurs in CML in BC, but also in cases
without cytogenetically detectable involvement
of the MECOM locus at 3q26 [75]. Intriguingly,
it was demonstrated in 14 CML patients with +21
that six of them had mutations within the DNA-
binding domain of RUNXI at 21922, of which
two also displayed a translocation t(1;21)
(p36;q22) leading to biallelic RUNX1 aberrations
[76]. This phenomenon has also been reported by
Preudhomme and colleagues. They showed that
myeloid leukemia patients with +21 had a high
frequency of biallelic point mutations in RUNX1,
and they even found patients with no functional
RUNXI allele left [77]. Thus, a + 21 is not neces-
sarily associated with an increased copy number
of functional RUNXI alleles. Hence, transforma-
tion to BC involves many different genetic
changes not only cytogenetically detectable ones
[78, 79].
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As mentioned above, the pattern of ACAs is
not random and follows certain patterns with-
out therapy [22, 50]. It was described that this
pattern of secondary aberrations during AP or
BC can be influenced by the type of treatment
during CP. Trisomy 8 was more common after
busulfan treatment as compared to hydroxyurea
treatment [22]. As most patients are now treated
with TKI these differences seem to be less
important. Cytogenetic changes that appear in
Ph-positive clones under TKI treatment seem to
follow the same cytogenetic evolution pattern
as before [45, 80].

The question was raised whether certain aber-
rations are more frequently found in myeloid BC
compared to lymphoid BC. Trisomy 8, 3q26 rear-
rangements, i(17)(q10), and + 19 were more com-
mon in myeloid BC, and — 7 more common in
lymphoid BC. +Ph and + 21 were equally distrib-
uted in myeloid and lymphoid BC [22, 56]. Most
common ACAs like +8, +Ph, —7,1(17)(q10), +19,
or + 21 were associated with other chromosomal
alterations and rarely detected as sole ACA in BC.

So what is the prognostic impact of these
ACAs? The type of cytogenetic aberration needs
to be considered. Although the differentiation
between major and minor route ACAs is just
based on the frequency of these ACAs, studies
used this differentiation as the numbers of indi-
vidual ACAs at that time were too low for dis-
tinct analyses. Whereas major route ACAs (+8,
i(17) (q10), +19 and +der(22)t(9;22)) seemed to
have a significant prognostic impact, minor route
aberrations (all other ACAs) seemed to be less
concerning [29, 81]. It is difficult to predict the
prognostic impact of certain individual ACAs as
the total numbers are still small and as these
ACAs can occur in various combinations.
However, more data is emerging about the prog-
nostic impact of individual ACAs. A study on
2015 CML patients treated with TKIs was trying
to shed light on the impact of +8 [82]. Patients
with +8 as a sole ACA showed a significantly
worse OS than patients without ACAs but a sig-
nificantly better OS than patients with other
ACAs in addition to +8 (most commonly
+der(22)t(9;22) and i(17)(q10)). Another study
revealed that 5.8% of patients showed abnormal-
ities at chromosome 3 and about 50% of these

aberrations were at the MECOM locus (3926),
which is a rather AML typical aberration. These
patients with 3q26 rearrangements displayed a
marginal response to TKI treatment, and no
long-term remission on a cytogenetic or molecu-
lar level was achieved. Moreover, the OS of
patients with chromosome 3 abnormalities was
significantly poorer compared to patients with
no ACAs and other ACAs not involving chromo-
some 3 [55]. Patients with -Y were also specifi-
cally investigated as -Y frequently occurs in
healthy elderly men [83]. Comparing the OS of
patients without ACAs at diagnosis to patients
with -Y as a sole ACA, it was found that -Y alone
had no significant impact [29, 82]. It was also
depicted that in some patients the aberrant
Ph-positive clone with -Y disappeared during
therapy, whereas a clone with just -Y was still
detectable despite CCyR.

Wang et al. proposed risk stratification of
ACAs in CML for patients treated with TKI by
focusing on the six most common ACAs that
appeared as single ACAs in their study cohort.
According to the OS of patients after ACA
emerge, these ACAs were divided into two
groups. -Y, +8, and + Ph were combined in group
1 with relatively good prognosis whereas i(17)
(q10), =7, deletion in the long arm of chromo-
some 7 (7g-), and 3g26 rearrangements com-
prised group 2 with relatively poor prognosis.
Patients with two or more ACAs (complex aber-
rant karyotype) were categorized into the poor
prognostic group 2 as they showed inferior sur-
vival, which was consistent with previous data
[84]. Group 2 patients showed worse treatment
response and OS irrelevant of the time and phase
they emerged. Conversely, ACAs in group 1 had
no adverse impact on survival if they were
detected in CP or at the time of CML diagnosis
[85]. Using the same cohort of patients Gong
et al. worked out that the time interval from ACA
emerge to onset of BC is dependent on the type of
ACA. Based on the risk of developing BC associ-
ated with each ACA, patients were stratified into
four risk groups. Patients without ACAs formed
the standard-risk group and patients with 3q26.2
rearrangement, —7/7q- or i(17q) as isolated
ACAs or in a complex setting formed the high-
risk (HR) group. Patients with +8, +Ph, or other
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single ACAs formed the intermediate-1 (Int-1)
risk group. Patients with complex aberrant karyo-
type and no HR ACA formed the intermediate-2
(Int-2)-risk group. For patients of Int-1, Int-2,
and HR groups the time interval from ACA
emerge to onset of BC the median duration was
unreached, 19.2 months, and 1.9 months, respec-
tively. The overall 5-year cumulative probability
of BC was 9.8%, 28.0%, 41.7%, and 67.4% for
these four groups, respectively. Loss of
Y-chromosome was not regarded as an ACA. It
was concluded that ACAs play a crucial role in
determining the risk of transformation into BC
and that patients with HR ACAs may benefit
from timely alternative treatment to prevent pro-
gression to BC [49]. Furthermore, Hehlmann
et al. monitored 1536 CML patients in CP and
analyzed ACAs and transformation to BC. ACAs
were grouped according to their impact on sur-
vival. 3q26 rearrangements, —7, +8, 11q23 rear-
rangements, i(17)(q10), +17, +19, +21, +Ph, and
complex aberrant karyotypes were classified as
“high-risk” ACAs and all others as “low-risk.”
Prognosis of +8 alone was better than +8 accom-
panied with other ACA but was worse than low-
risk ACA. They concluded that “high-risk” ACAs
herald death by BC already at low blast levels,
and more intensive therapy might be indicated at
the emerge of “high-risk” ACAs [48].

All these data was taken into account in the
latest version of the European LeukemiaNet
(ELN) 2020 recommendations for CML. 3q26
aberrations, —7/7q-, +8, 11q23 aberrations,
i(17)(q10), +19, +Ph, and complex aberrant
karyotypes were classified as ‘“high-risk”
ACAs, which predict poorer response to TKI
and a higher risk of progression. The panel rec-
ommends classifying ACAs and treating
patients with “high-risk” ACAs as high-risk
patients [15].

What is known about the time point ACAs
appear? Most ACAs are detected during the
course of disease, but there are also cases that
show ACAs at the initial diagnosis. Although the
type of ACA present at diagnosis and acquired
during the course of disease are similar [80],
“high-risk” ACAs at diagnosis are regarded as a
warning sign according to the ELN recommenda-

tions [15]. Though, “high-risk” ACAs arising at
any other time point are seen as a sign of disease
progression. They define therapy failure and indi-
cate a change in therapy [15]. CML patients with
emergence of “high-risk” ACAs should be
observed closely and an intensification of treat-
ment should be considered.

1.4 Ph-Negative Clones

So far, the appearance of ACAs in Ph-positive
clones has been addressed. However, new clones
with cytogenetic aberrations, which do not show
a translocation t(9;22), have also been found in
patients in partial or complete cytogenetic remis-
sion during treatment. These clones are termed
Ph-negative clones. They have to be clearly dis-
tinguished from clonal evolution with ACAs in
the Ph-positive clone, which is a sign of disease
progression.

Ph-negative clones carrying cytogenetic
aberrations have already been described during
CML treatment with interferon-alpha [45, 86,
87], but could be more carefully investigated in
patients treated with imatinib, as these clones
become obvious only in complete or at least par-
tial cytogenetic remission of the Ph-positive
clone, which was basically only achieved by the
introduction of TKI. The incidence of
Ph-negative clones is in the range of 2—-10% and
is mostly similar across TKI groups [88-95].
The median interval from the start of therapy to
the first observation of a Ph-negative clone was
5-24 months and these clones might also just
appear transiently [88, 91, 92, 96, 97]. The most
common aberrations found are +8, —7, deletions
in the long arm of chromosome 20, monosomy
5, 79-, and loss of Y-chromosome, whereby +8
can also be found in addition to other aberra-
tions [88, 89, 91, 92]. Unsurprisingly, loss of
Y-chromosome occurred mainly in older
patients. Besides that, various other rare aberra-
tions in single cases [89] and even cases with
complex aberrant karyotype (> 3 chromosomal
abnormalities) were reported [91]. Most patients
show CCyR or major cytogenetic response
regarding the Ph-positive clone [98], but few
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cases with minor cytogenetic remission were
described [88]. Interestingly, cases were pub-
lished with clonal evolution in the Ph-positive
clone and emergence of a Ph-negative clone as
well [88, 91].

How do Ph-negative clones arise? One argu-
ment is the general genomic instability in CML
patients. Likewise, it is discussed that TKIs cause
aberrant Ph-negatives clones more frequently.
However, this might be due to the limited number
of studied patients with interferon-alpha treat-
ment and the far better cytogenetic response rates
with TKI treatment. It is probably not dependent
on the type of treatment, but rather a process of
selection. By suppressing CML-cells, a small
pre-existing clone could gain a growth advantage
and become detectable or new arising clones are
not suppressed by the Ph-positive clone. This is
supported by findings of Terre et al., who found
Ph-independent clonal aberrations in 4 out of 15
patients before the start of the imatinib therapy
[95]. Noteworthy, it was demonstrated that 38%
of patients with Ph-negative clones had at least
one mutation in a panel of genes known to be
mutated in other myeloid malignancies, whereas
for randomly selected patients in MMR it was
only 4% [99, 100]. The most frequently mutated
genes were ASXLI, DNMT3A, RUNXI, NRAS,
and TET2. In comprehensible cases, a few of
these mutations were already detectable at a low
level at CML diagnosis, but in most cases, these
mutations were first detected during treatment
with TKIs. Mutation levels were inversely related
to BCR-ABLI expression. It is proposed that
these chromosomal aberrations in Ph-negative
clones are an indicator for genomic instability,
also at the molecular level [99, 100]. However, it
cannot be ruled out that the constant inhibition of
the ABLI1 kinase and its down-stream partners,
which are also involved in DNA repair, does not
have an impact on genomic stability [101].

How about the prognostic impact of these
Ph-negative clones? Generally, the arising aber-
rations are similar to those observed in MDS and
AML and some patients developing MDS or even
AML were described [88, 93, 98]. Thus, it was
proposed that these patients might have a worse
outcome and might tend to develop therapy-

associated MDS or AML. As the number of
patients with Ph-negative clones is low and the
number of patients developing MDS or AML is
even lower, it is hard to find statistically signifi-
cant correlations. It was found that in 17 cases
with MDS or AML reported in the literature,
eight had a — 7 in the Ph-negative clone whereas
nine cases showed other aberrations [98]. Groves
et al. performed a more systematically and
detailed literature search and were able to study
53 patients of which 29 displayed —7 as a sole
aberration, 14 showed —7 and + 8, and 10 patients
had a 7g-. Out of these, 32% developed MDS or
AML, but among them none with 7q-. They also
revealed that if —7 is found later than 15 months
after start of TKI treatment, patients had a higher
risk of developing MDS or AML [102].
Furthermore, they detected that the transforma-
tion most likely takes place during the first
6 months after detection of —7. The authors do
not recommend preventive therapeutic strategies
as more than half of the patients do not develop
MDS or AML although the outcome of patients,
particularly for the patients that develop AML is
very poor [45, 102]. More recently, Bidet et al.
monitored 102 patients with Ph-negative clones
and reported 26 patients with —7 or 7q-. These
patients had a lower EFS and PFS after 3 years of
starting TKI treatment compared to patients with
Ph-negative clones other than —7 or 7q- [103].
Issa et al. examined 598 patients with CML in CP
and described that -Y as a sole aberration had no
significant influence on survival. On the other
hand, patients with Philadelphia-negative clones
with aberrations other than just -Y had worse
EFS and OS compared to patients with no
Philadelphia-negative clones. Two patients in this
study developed AML or MDS and deceased,
both with —7, confirming the risk of this occur-
rence. They concluded that Ph-negative clones
other than just -Y are associated with decreased
survival when emerging in patients with CP CML
across various TKIs [91]. Regarding the appear-
ance of clonal chromosome aberrations in a
Ph-negative clone, constant monitoring is not
recommended, just if there is any hint of myelo-
dysplasia or a Ph-negative clone with involve-
ment of chromosome 7 [30].
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1.5 Significance of Cytogenetics
for Current and Future
Diagnosis and Monitoring

of CML

Although chromosome banding analysis (CBA)
is a comparably old technique that needs cultiva-
tion of viable proliferating bone marrow (BM) or
peripheral blood (PB) cells, it is still very impor-
tant and recommended by the ELN for CML
diagnosis together with quantitative PCR and
FISH in case of Philadelphia chromosome nega-
tivity [15]. Cytogenetics provide evidence of a
BCR-ABLI-fusion by detection of the
Philadelphia chromosome. This is of particular
importance if the patient was initially not sus-
pected to have CML. CBA can provide a warning
sign or reveal disease progression by emerge of
ACAs or even a complex aberrant karyotype.
According to the ELN, cytogenetics should be
part of the diagnostic work-up at CML diagnosis.
Additionally, cytogenetics should be performed
in patients with atypical translocations and rare
or atypical BCR-ABLI transcripts, which cannot
be measured by quantitative PCR. Cytogenetics
are also recommended to exclude ACAs in
patients with treatment failure, resistance, or dis-
ease progression to AP or BC. FISH might be
needed for monitoring patients with atypical
transcripts [15]. However, cytogenetics became
less important for monitoring TKI response rate.
CCyR is defined as no Ph-positive cell in at least
20 metaphases of BM or PB. Equivalently, <1%
BCR-ABLI-positive nuclei of at least 200 nuclei
evaluated by FISH using a double-color double-
fusion probe can be used for the assessment of
CCyR as a substitute if chromosome banding
analysis cannot be performed [30, 104]. CCyR
correlates to a molecular remission of <1% BCR-
ABLI/ABLI by quantitative PCR [105].
Therefore, the ELN recommends monitoring
TKI response by quantitative PCR whenever pos-
sible due to a higher sensitivity of this diagnostic
method [15]. How about the future of cytogenet-
ics? As the molecular methods improve, BCR-
ABLI-positive cells can also be diagnosed and
monitored using quantitative PCR, which pro-
vides more accurate and much more sensitive

data. Deep molecular responses are defined as
MR 4 (<£0.01% BCR-ABLI/ABLI), MR4.5
(£0.0032% BCR-ABLI/ABLI), and MRS5S
(<0.001% BCR-ABLI/ABLI) [106, 107] and are
important for the decision of treatment
discontinuation.

Although quantitative PCR is a very useful
tool for CML monitoring and for the decision
about therapy discontinuation [108, 109], it can-
not completely replace cytogenetics. CBA will
still be necessary for CML diagnosis to assess
“high-risk” ACAs and complex aberrant karyo-
types. Furthermore, it should be performed if
there is any risk of disease progression into AP or
BC and if there is any suspicion of myelodyspla-
sia that indicates the appearance of a Ph-negative
clone.

At some point in the future, whole-genome
sequencing (WGS), but not whole-exome
sequencing, will be able to replace conventional
cytogenetics. For the detection of translocations,
the intronic regions are also of importance. At the
moment, however, WGS is still by far more
expensive and more labor-intensive compared to
conventional cytogenetics and, therefore, not
applicable in routine diagnostics.
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