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Abstract 

Background  Chronic myeloid leukaemia is characterised by genetic instability which results in additional cytoge-
netic aberrations that have been linked to progression to advanced phase. Genomic study linked amplified genes 
in the form of c-MYC and/or the rare BCR::ABL1 genes amplification to chronic myeloid leukaemia. The effect of these 
genes’ amplification on patients’ characteristics and disease progression still needs further study.

This cross-sectional study aimed to investigate the frequency of additional chromosomal aberrations in addition 
to c-MYC and BCR::ABL1 genes amplification in chronic myeloid leukaemia patients and their impact on patient’s 
characteristics, disease progression, and level of remission. The study included cytogenetic analysis of 49 Philadelphia 
positive chronic myeloid leukaemia patients and investigation of c-MYC and BCR::ABL1 genes amplification by fluores-
cence in situ hybridization.

Results  Patients with additional chromosomal aberrations represented 36.7% and had significantly lower platelet 
count (P = 0.003) and higher blast count (P = 0.008). The acquisition of additional chromosomal aberrations was signifi-
cantly higher in chronic myeloid leukaemia patients with advanced stages (P = 0.014). Follow-up of the patients for 6 
months revealed significant higher frequency of additional chromosomal aberrations in patients with failure of remis-
sion (P < 0.0001). A highly significant association between cases with failure of molecular remission (P = 0.001) and co-
existing additional chromosomal aberrations.

Amplification of the c-MYC gene was detected in 6 cases. The cases with c-MYC amplification showed significantly 
higher peripheral blood and bone marrow blasts (P = 0.029 and P = 0.008, respectively) and significantly lower platelet 
count (P = 0.044). Amplification of c-MYC was significantly associated with additional chromosomal aberrations 
(P = 0.011). Molecular remission was not achieved in any of the instances with c-MYC amplification. A highly significant 
association between c-MYC amplification and poor patient outcome was detected (P = 0.002). BCR::ABL1 amplification 
was detected in three cases, and ABL amplification was detected in four cases. Patients with BCR::ABL1 amplification 
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Background
Chronic myeloid leukaemia (CML), a subtype of myelo-
proliferative neoplasm (MPN), is characterized by the 
translocation t(9;22)(q34;q11), the Philadelphia (Ph) 
chromosome [1]. The resulting breakpoint cluster region 
(BCR)::Abelson (ABL) chimeric protein which stimulates 
high levels of protein kinase activity is a hallmark of the 
leukemogenesis in CML patients [2, 3].

The course of CML is characterised by genetic instabil-
ity which results in acquisition of additional cytogenetic 
aberrations (ACA) and clonal evolution [4]. A complex 
karyotype due to co-existing ACAs has been linked to the 
progression of CML to a more advanced phase [5].

According to genomic research, amplification of 
c-myelocytomatosis oncogene product (c-MYC) (located 
in 8q24) has been detected in myeloid malignancies [6]. 
Furthermore, a rare condition known as BCR::ABL1 
intrachromosomal amplification has been linked to a 
poor prognosis and a poor response to imatinib therapy 
[7]. We believe further studies are still needed to identify 
the effect of ACAs and associated amplification of these 
genes on CML patients’ characteristics and outcome.

Objective
This study aimed to investigate frequency for ACA in 
addition to c-MYC and BCR::ABL1 genes amplification in 
CML patients and their impact on CML patient’s charac-
teristics, disease progression, and level of remission.

Subjects and methods
The study protocol was approved by the Research Ethics 
Committee, Faculty of Medicine, Ain Shams University 
(FMASU R 195/2022), and written informed consent was 
obtained from all participants.

This is a cross-sectional study that had been con-
ducted on a convenient sample of 49 patients diagnosed 
with CML. The study included 26 females and 23 males. 
Inclusion criteria of recruited patients were as follows: a) 
Patients more than 18 years, b) CML patients who were 
newly diagnosed with t(9;22)(q34;q11) detected by con-
ventional cytogenetic analysis, confirmed by fluorescence 
in situ hybridization (FISH) and/or molecular testing for 

BCR::ABL1 fusion transcripts. Exclusion criteria were 
as follows: a) Patients less than 18 years old and b) CML 
patients who received treatment.

The study investigated the frequency of additional 
chromosomal aberrations (ACAs). In addition, we inves-
tigated c-MYC and BCR::ABL1 amplification by FISH 
analysis for studied CML patients. All patients were reas-
sessed after 6 months for haematological, cytogenetic, 
and molecular levels of remission.

Patients either attended the haematology clinic or 
admitted to the University Hospital’s Haematology 
Department over 2022–2023. Patients were diagnosed 
with CML based on clinical features, complete blood 
count, peripheral blood smear examination, bone mar-
row smear findings, conventional cytogenetic analy-
sis (CCA) by G-banding and FISH. After diagnosis, all 
patients were investigated for the presence of ACAs, as 
well as amplification of c-MYC and BCR::ABL1 genes. 
The stage of the disease was clearly defined as follows: 
a) Chronic phase (CP), b) CML with high-risk features 
associated with progression and resistance to targeted 
tyrosine kinase inhibitors (TKI), and c) Blast phase (BP). 
All studied patients were exposed to the CML protocol 
of therapy in the form of TKI. The studied patients were 
re-assessed at 6 months to detect the outcome of haema-
tological, cytogenetic, and molecular levels of remission.

Sampling
Two millilitres of blood in sterile K2-EDTA vacutainers 
were used for complete blood count (CBC) and periph-
eral blood film preparation. Patients had CBC and blood 
film examination for counts of peripheral blood blasts. 
Bone marrow examination was carried for the disease 
phase. Three millilitres of heparinized bone marrow sam-
ples (2-3mL) were collected for karyotyping and FISH 
analysis.

According to Nardi et  al. [8], conventional cytoge-
netic analysis was performed on at least 20 G-banding 
metaphases collected from unstimulated cultures from 
bone marrow aspirates. Interphase FISH analysis for 
the BCR::ABL1 fusion gene using LSI BCR::ABL1 dou-
ble fusion probe was carried. Established procedures as 
described in Nardi et  al. [8] were mounted using fixed 
cell suspensions acquired by direct or unstimulated 

showed significantly higher blast count. BCR::ABL1 amplification was significantly associated with disease progression 
and failure of molecular remission (P = 0.002).

Conclusion  Additional chromosomal aberrations, c-MYC amplification, and BCR:ABL1 amplification in chronic 
myeloid leukaemia stratify patients with disease progression, which may lead to better interventions and improved 
outcome in the future chronic myeloid leukaemia patients.
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overnight cultures of bone marrow [9]. The BCR::ABL1 
translocation probe was an Abbott Molecular-Vysis LSI 
dual-colour, dual-fusion model. The LSI c-MYC (8q24) 
was an Abbott Molecular-Vysis LSI dual colour break 
apart rearrangement probe. Two independent observers 
examined each sample. Examination included a mini-
mum of 200 interphase cells for each sample in addition 
to any accessible metaphases. Microscope  imaging soft-
ware of Leica microsystems with combined microscope, 
digital camera, and accessories was integrated in one sys-
tem that was used.

Data were collected and analysed using the Statisti-
cal Package for Social Science (IBM SPSS) version 23. 
Quantitative data were shown as median and interquar-
tile range. The comparison between Philadelphia positive 
(Ph +) CML patients with ACAs and other with no ACAs 
was studied using Chi-square test. The same was applied 
on comparing CML patients with c-MYC amplification, 
BCR::ABL1 amplification and ABL amplification and the 
other who do not have amplification of genes. Values less 
than 0.05 were appraised as significant. Qualitative data 
were displayed as number and percentages, and the com-
parison between groups was carried by using Chi-square 
test and/or Fisher exact test. The comparison between 
two independent groups with quantitative data and para-
metric distribution was settled using independent t test 
while with non-parametric distribution was settled by 
using Mann–Whitney test.

Results
The study included 49 Philadelphia positive CML 
patients (26 females and 23 males) with a mean age of 
46.8. Out of 49 cases, 31 (63.3%) were diagnosed with CP, 
eight (16.3%) had CML with high-risk features associ-
ated with progression and resistance to targeted tyrosine 
kinase inhibitors (TKI) according to WHO 2022, and ten 
(20.4%) were in BP [9]. Out of the ten cases diagnosed 
with BP, nine cases revealed an immunophenotyping 
(IPT) of myeloblastic pattern, while only one case had 
lymphoblastic pattern.

After 6 months of follow-up, 12 of the 49 patients in 
the study achieved complete haematological, cytogenetic, 
and molecular remission (CHR-CCR-CMR) (Table  1), 
and all were diagnosed with CP. Six patients out of 
49 failed to achieve any remission (NHR-NCR-NMR) 
(Table 1), three of whom had BP and the other three were 
in progression and resistance to TKI.

Karyotyping was successful in 43 patients; 32 patients 
had translocation t(9;22)(q34;q11) as a sole abnormality 
and 11 cases had ACAs in addition to t(9;22)(q34;q11). 
FISH analysis revealed t(9;22)(q34;q11) in all studied 
CML patients and confirmed co-existing ACAs in 18 
patients only.

When we compared CML patients with ACAs (n = 18) 
to CML patients who have Philadelphia as a sole cytoge-
netic abnormality (n = 31), we found that CML patients 
with ACAs had significantly lower platelet count 
(P = 0.003) and higher blast count in the bone marrow 
(P = 0.008).

The acquisition of ACAs was significantly higher in 
CML patients with advanced stages (P = 0.014). ACAs 
were significantly associated with poor outcome in the 
form of failure of remission (NHR-NCR-NMR) with a 
highly significant association between cases with failure 
of molecular remission (NMR) and acquisition of ACAs 
(P < 0.0001 and P = 0.001, respectively).
c-MYC gene amplification represented as three com-

posite signals or more (Fig.  1). The amplification of the 
c-MYC gene was found in six cases. Out of those six 
cases, five cases had associated + 8. BCR::ABL1 ampli-
fication was detected in three cases (Fig.  1), while ABL 
amplification was observed in four cases. None of the 
cases with BCR::ABL1 amplification or ABL amplification 
had associated double Ph chromosome.

The cases with c-MYC amplification showed signifi-
cantly higher peripheral blood and bone marrow blasts 
(P = 0.029 and P = 0.008, respectively) and significantly 
lower platelet count (P = 0.044) (Table  2). CML cases 
with c-MYC amplification had a statistically significant 
higher frequency of ACAs (P = 0.011), with + 8 being 
the most common (p = 0.0001) (Table 3). Three out of 
the six cases with c-MYC amplification did not achieve 
any level of remission (NHR-NCR-NMR). Although 
haematological and cytogenetic remission was 

Table 1  Haematological, cytogenetic, and molecular levels of 
remission of CML patients after 6-month monitoring period

CHR: Complete haematological remission; CCR: Complete cytogenetic remission; 
CMR: Complete molecular remission; NHR: No haematological remission; NCR: 
No cytogenetic remission; NMR: No molecular remission; MMR: Major molecular 
remission

Patient outcome No. = 49

CHR-CCR-CMR 12 (24.5%)

CHR-CCR-MMR 5 (10.2%)

CHR-CCR-NMR 4 (8.2%)

CHR-MCR-CMR 2 (4.1%)

CHR-MCR-MMR 1 (2.0%)

CHR-MCR-NMR 7 (14.3%)

CHR-NCR-NMR 9 (18.4%)

NHR-CCR-MMR 1 (2.0%)

NHR-MCR-NMR 2 (4.1%)

NHR-NCR-NMR 6 (12.2%)

Outcome; molecular 
remission

NMR 28 (57.1%)

MMR 7 (14.3%)

CMR 14 (28.6%)
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achieved in the other three cases, molecular remission 
was not achieved in any of the instances with c-MYC 
amplification. Follow-up for 6 months revealed a 
highly significant association between c-MYC amplifi-
cation and poor patient outcome (P = 0.002).

The cases with BCR::ABL1 and ABL amplification 
revealed significantly higher peripheral blood blasts 
(p = 0.03) (Table 4). This study reported no significant 
association between BCR::ABL1 or ABL amplification 
and presence of ACAs or patient outcome.

Discussion
The studied patients in the current study had a mean age 
of 46.8 which is consistent with the age of CML reported 
at middle eastern centres in 2019 [10]. It has been noted 
that the age of CML has dropped to the fifth decade. The 
reasons behind this early incidence of CML, however, are 
unclear [11, 12]. This appears to be at odds with studies 
conducted in the West that described CML in older age 
groups [13]. This may be attributed to the growth of pop-
ulation in developing countries and the increase of ageing 

Fig. 1  A LSI c-MYC (8q24) dual colour break apart rearrangement probe hybridized to abnormal interphase cells showing 6–7 orange/ green 
(yellow) fusion signal pattern; B LSI BCR::ABL1 amplification signal pattern; LSI dual-colour, dual-fusion model

Table 2  The relation between the c-MYC amplification and other clinical features and haematological parameters

P value > 0.05: Nonsignificant; P value < 0.05: Significant; P value < 0.01: Highly significant
* : Chi-square test; •: Independent t test; ≠ : Mann–Whitney test. TLC: total leucocytic count; Hb: haemoglobin; Plat: platelet; PB blast: peripheral blood blast; BM blasts: 
bone marrow blasts; Sig: significancy; NS: nonsignificant; S: significant

c-MYC amplification Test value P value

Negative c-MYC amplification

No. = 43 No. = 6

Age Mean ± SD 46.7 ± 15.2 47.3 ± 13.5 − 0.083• 0.934

Range 20–75 28–61

Sex Female 24 (55.8%) 2 (33.3%) 1.068* 0.301

Male 19 (44.2%) 4 (66.7%)

Spleen Moderate 17 (39.5%) 1 (16.7%) 1.185* 0.276

Huge 26 (60.5%) 5 (83.3%)

TLC Median (IQR) 105 (51–200) 76 (48–91) − 1.175 ≠  0.240

Range 29–283 33–116

Hb Mean ± SD 8.7 ± 1.3 7.9 ± 0.8 1.315• 0.195

Range 6.3–11.1 7.1–9.6

Plat Median (IQR) 456 (92–550) 89 (63–93) − 2.013 ≠  0.044

Range 34–900 45–498

PB blasts Median (IQR) 4 (3–10) 15 (8–20) − 2.180 ≠  0.029

Range 1–25 3–36

BM blasts Median (IQR) 8 (6–15) 25 (16–51) − 2.653 ≠  0.008

Range 5–61 9 – 51
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in developed countries [14]. In developed countries, age-
ing is a risk factor related to a decrease in haematopoietic 
stem cell function and leukemogenesis and negatively 
affects therapy [15, 16]

In CML, ACAs are continuously acquired and have 
been described to be associated with progression to more 
advanced phases and/or CML BP [17]. In our study, 18 

of 49 CML patients (36.7%) had ACAs by FISH analysis. 
Azzazi et al., in 2018, reported ACAs in CML patients at 
a lower rate [17]. In 2011, Hsiao et  al. reported a lower 
percentage in newly diagnosed CML subjects had ACAs 
[18]. This may be explained by our lower sample size.

In the current study, patients with ACAs had a sig-
nificantly higher blast count and more advanced stages. 

Table 3  The relation between the c-MYC amplification and other ACAs by FISH analysis

P value > 0.05: Nonsignificant; P value < 0.05: Significant; P value < 0.01: Highly significant
* : Chi-square test. FISH; Fluorescence in situ hybridization; Double Ph: double Philadelphia; Sig: significancy; NS: nonsignificant; S: significant

c-MYC amplification Test value* P value

Negative c-MYC amplification

No. = 43 No. = 6

FISH Ph only 30 (69.8%) 1 (16.7%) 6.388 0.011

Ph with other abnormali-
ties

13 (30.2%) 5 (83.3%)

Double ph Negative 40 (93.0%) 6 (100.0%) 0.446 0.504

Positive 3 (7.0%) 0 (0.0%)

8 +  Negative 40 (93.0%) 1 (16.7%) 22.472 0.000

Positive 3 (7.0%) 5 (83.3%)

9 +  Negative 42 (97.7%) 5 (83.3%) 2.766 0.096

Positive 1 (2.3%) 1 (16.7%)

Del 9q Negative 37 (86.0%) 6 (100.0%) 0.954 0.329

Positive 6 (14.0%) 0 (0.0%)

Table 4  The relation between the BCR::ABL1 and ABL amplification and other clinical features and haematological parameters

P value > 0.05: Nonsignificant; P value < 0.05: Significant; P value < 0.01: Highly significant
* : Chi-square test; •: One-Way ANOVA test; ≠ : Kruskal–Wallis test. TLC: total leucocytic count; Hb: haemoglobin; Plat: platelet; PB blast: peripheral blood blast; BM 
blasts: bone marrow blasts

BCR::ABL1 and ABL amplification Test value P value

Negative ABL BCR::ABL 1

No. = 42 No. = 4 No. = 3

Age Mean ± SD 47.2 ± 15.2 39.5 ± 16.0 51.6 ± 5.5 0.645• 0.529

Range 20–75 20–58 46–57

Sex Female 24 (57.1%) 1 (25.0%) 1 (33.3%) 2.014* 0.365

Male 18 (42.9%) 3 (75.0%) 2 (66.7%)

Spleen Moderate 16 (38.1%) 1 (25.0%) 1 (33.3%) 0.285* 0.867

Huge 26 (61.9%) 3 (75.0%) 2 (66.7%)

TLC Median (IQR) 101.5 (54–199) 64 (35–149) 57 (41–109) 2.252 ≠  0.324

Range 32–283 29–211 41–109

Hb Mean ± SD 8.7 ± 1.3 9.0 ± 1.3 7.2 ± 0.5 1.885• 0.163

Range 6.3–11.1 8–11 6.9–7.9

Plat Median (IQR) 410.5 (93–545) 310 (84–547) 54 (34–82) 5.502 ≠  0.064

Range 45–900 78–564 34–82

PB blast Median (IQR) 4 (3–9) 7.5 (3.5–15.5) 23 (12–25) 6.983 ≠  0.030

Range 1–36 3–20 12–25

BM blasts Median (IQR) 8 (6–15) 10 (6.5–22) 35 (18–61) 4.861 ≠  0.088

Range 5–53 6–31 18–61
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These findings are completely consistent with previous 
research [19, 20]. In 2019, a study by Chandran and 
his colleagues came to a similar conclusion when they 
reported a considerably greater incidence of ACAs in 
patients diagnosed with BP and accelerated phase (AP) 
of CML [4].

According to the findings of the present study, 
patients with failure of remission (NHR-NCR-NMR) 
have a considerably greater incidence of ACAs with a 
highly significant association between cases with failure 
of molecular remission (NMR) and frequency of ACAs. 
Our results tie well with previous studies [21, 22]. Boz-
kurt et  al., study reported progression to advanced 
phases and/or BP in 58% of CML patients with ACAs 
and most did not have a cytogenetic remission (CR) 
[21].

Cellular effects of the proto-oncogene c-MYC on cell 
cycle dynamics, apoptosis, DNA damage response, and 
haematopoiesis are extensive. Its expression is controlled 
on several different levels due to its multifunctionality 
[23]. Although the expression of the BCR::ABL1 kinase 
is the molecular hallmark of CML [24], earlier research 
reported additional processes at various levels, such as 
JAK2, which is discovered to boost c-MYC expression 
and is driven by BCR::ABL1 [25] and collaborates with 
c-MYC for transformation [26].

In this study, we investigated the amplification of 
c-MYC in CML subjects. We detected c-MYC amplifica-
tion in 6 of our 49 studied subjects. A significant asso-
ciation between the presence of c-MYC amplification and 
ACAs was also detected. Patients with amplification of 
c-MYC had a significant lower platelet count and a signif-
icantly higher peripheral blood and bone marrow blasts. 
These findings are consistent with earlier research show-
ing high expression of c-MYC in CML patients in BP [27, 
28].

In our study, all the studied cases with c-MYC ampli-
fication failed to achieve molecular remission. A highly 
significant association between the presence of c-MYC 
amplification and failure of remission (NHR- NCR-NMR) 
was reported. These findings are consistent with most of 
previous studies, which found that amplified c-MYC was 
associated with disease progression and poor progno-
sis in patients with myeloid malignancies [29, 30]. Our 
results support the role of c-MYC in genomic instability 
and differentiation arrest [31].
c-MYC amplification was significantly associated 

with + 8. Previous studies disclosed low-level amplifica-
tion of c-MYC in number of patients with + 8 acute mye-
loid leukaemia (AML), + 8 myelodysplastic syndrome and 
CML in BP [32, 33]. Some authors elaborated that the 
expression of other gene(s) included in 8q24 amplicon is 
a pathogenetically important consequence [34].

This interrelationship between trisomy 8 and c-MYC 
amplification in myeloid leukemogenesis has been of 
concern, where the biological mechanism of the + 8 cell 
clones’ onco-proliferative activity was explained by a 
gene dosage effect [35].

Furthermore, a previous comparative genomic 
hybridization ratio measurement revealed that a gain 
of 8q24 is associated with mutation of the p53 tumour 
suppressor gene. The association between the gain at 
8q24 and the p53 mutation might be responsible for the 
transactivation of the c-MYC gene by the p53 promoter 
[36]. Our results together with the previously reported 
results call attention to amplification of c-MYC and tri-
somy 8 as evolution events in CML advanced phases 
with ACAs.

Three CML patients in the study group had BCR::ABL1 
amplification, all were in BP, and all three cases failed 
to achieve molecular remission. BCR::ABL1  fusion gene 
amplification was associated with advanced stages of 
CML. Similarly, a previous study published in 2019 by 
Chandran and his colleagues reported multiple cop-
ies of the BCR::ABL1 fusion gene in advanced stages of 
CML and IM resistant CP patients. In accordance with 
our results, Chandran et  al. study recommended using 
FISH to detect BCR::ABL1 fusion gene amplification in 
the future CML patients in order to improve their out-
comes [37]. Other studies have found that BCR::ABL1 
fusion gene amplification associated BP is highly resistant 
to chemotherapy, with a response rate < 30% and a 5-year 
survival rate of only 6% [38, 39].

Interestingly, our studied patients with ABL amplifi-
cation had higher bone marrow and peripheral blood 
blast and failed to achieve molecular remission. Though 
amplification of  ABL  alone is rare, sixfold and 15-fold 
amplification of the gene have been described in the 
CML-derived cell line, K562 [40] and in a patient with 
CML in lymphoid blast crisis, respectively [41]. The only 
other FISH report of amplification involving ABL was in 
three cases of secondary AML [42] which still needs fur-
ther study.

Limitation of the study
One limitation of this study is the small sample size. This 
study examined the frequency of ACAs in CML patients 
and its relation to clinical features, haematological 
parameters, and patient outcome. In addition, the study 
revealed preliminary results of the infrequent c-MYC and 
BCR::ABL1 genes amplification detected in the studied 
CML patients. We recommend further studies on larger 
scale investigating c-MYC and BCR::ABL1 amplification 
in CML patients for clinically relevant and conclusive 
results.
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Conclusion
The study reported the frequency of ACAs in CML patients 
and described the considerably greater frequency of ACAs 
in patients diagnosed with disease progression. This study 
reported higher frequency of ACAs in CML patients with 
poor outcome and failure of remission.

The study described c-MYC and BCR::ABL1 genes ampli-
fication in CML patients. The CML studied patients with 
genes amplification showed co-acquisition of ACAs, dis-
ease progression and failure of remission. These results 
call the attention to the impact of c-MYC and BCR::ABL1 
amplification on CML and recommend further studies on 
larger scale investigating c-MYC and BCR::ABL1 amplifica-
tion in CML patients
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