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The emergence of additional chromosome abnormalities (ACAs) in chronic myeloid leukemia (CML) patients during treatment with a tyrosine kinase inhibitor (TKI) regime is generally associated with resistance to treatment and a sign of disease progression to accelerated phase or blast phase. We report the type, frequency, and differential prognostic impact of stratified ACAs with treatment response in 251 Malaysian CML patients undergoing TKI therapy. ACAs were observed in 40 patients (15.9%) of which 7 patients (17.5%) showed ACAs at time of initial diagnosis whereas 33 patients (82.5%) showed ACAs during the course of IM treatment. In order to assess the prognostic significance, we stratified the CML patients with ACAs into four groups, group 1 (+8/+Ph), group 2 (hypodiploidy), group 3 (structural/complex abnormalities); group 4 (high-risk complex abnormalities), and followed up the disease outcome of patients. Group 1 and group 2 relatively showed good prognosis while patients in group 3 and group 4 had progressed or transformed to AP or blast phase with a median survival rate of 12 months after progression. Novel ACAs consisting of rearrangements involving chromosome 11 and chromosome 12 were found to lead to myeloid BP while ACAs involving the deletion of 7q or monosomy 7 led toward a lymphoid blast phase. There was no evidence of group 2 abnormalities (hypodiploidy) contributing to disease progression. Compared to group 1 abnormalities, CML patients with group 3 and group 4 abnormalities showed a higher risk for disease progression. We conclude that the stratification based on individual ACAs has a differential prognostic impact and might be a potential novel risk predictive system to prognosticate and guide the treatment of CML patients at diagnosis and during treatment.
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Introduction

Chronic myeloid leukemia (CML) is a myeloproliferative disorder characterized by the presence of a cytogenetic marker known as the Philadelphia chromosome, resulting from the reciprocal translocation between chromosomes 9 and 22 t(9;22) (q34;q11). This translocation leads to the generation of a BCR::ABL1 chimeric gene that results from the fusion of the ABL1 gene on chromosome 9 with the BCR gene on chromosome 22. The BCR::ABL1 fusion gene is an oncogene which encodes a constitutively activated tyrosine kinase protein with a molecular weight of p190, p210, or p230 kDa depending on the breakpoint located within the BCR gene that is fused together with ABL1 on exon a2 to form subtypes e1a2, e19a2, and e14a2 respectively. This oncogenic tyrosine kinase protein is responsible for the leukemic phenotype, through the constitutive activation of multiple signaling pathways (1). At diagnosis, most of the CML patients show the classical t(9;22) (q34;q11) translocation or its variant, as the sole abnormality. However, in a small proportion of CML cases, additional chromosome abnormalities (ACAs) in Ph+ cells may appear. ACAs are chromosomal abnormalities observed, in addition to the Ph′ chromosome in CML patients, seen at the time of diagnosis or during the course of treatment.

In the era of tyrosine kinase inhibitor (TKI) therapy, most patients with chronic-phase (CP) CML can have normal-life expectancy (2). However, ~5% of patients will progress to blast transformation with an annual incidence of 1% to 1.5% (3). Although TKI may exhibit some degree of activity in the blast phase (BP), the rate and duration of response are less favorable than in patients whose disease is in CP and can lead to resistance and relapse (4–6). Intensive chemotherapy in BP can be effective but is less successful than in de novo acute leukemia. Overall, the median survival in patients with BP-CML is usually less than 1 year, even in the TKI era (5, 7–11). This high fatality of blast-phase patients warrants the need for early identification of high-risk patients who are likely to progress to blast phase and thus to prevent the onset of BP.

Even though the molecularly targeted TKI drug Imatinib Mesylate (IM) has become the gold standard drug for the treatment of chronic myeloid leukemia (CML), development of resistance in nearly 20%–35% of CML patients on IM therapy is a daunting problem (12). Resistance to IM could be due to a heterogeneous array of factors. Besides mutation and amplification of the BCR::ABL1 gene being the major risk factors for resistance, pharmacokinetic variability as a result of genetic polymorphisms in pharmacogenes related to IM binding, metabolism, and transport may also influence the intracellular delivery, bioavailability, and effectiveness of IM and hence modulate the clinical response to IM. The various mechanisms of resistance do not fall within the scope of this article.

In CML, the emergence of additional chromosome abnormalities (ACAs) subsequent to the initial t(9;22) translocation or during the course of treatment is considered as a hallmark of multistep disease progression. The appearance of ACAs during IM treatment commonly known as clonal evolution (CE) has also been reported to play an important role in IM resistance (13, 14).

Based on their frequency, ACAs had been earlier stratified into major (trisomy 8, i(17q), trisomy 19, and extra copy of the Ph chromosome) and minor route abnormalities (15). However, the stratification of ACAs into major and minor route does not necessarily reflect the underlying biology or their impact on disease progression. According to Arber etal. (16), major-route ACAs at initial diagnosis and any ACAs in Ph+ cells acquired during therapy are considered as a criteria for defining AP (16). Additional chromosomal abnormalities in Ph chromosome-positive cells are important in the determination of disease progression and patient’s outcome. Even though the association between major-/minor-route ACAs is known, not many reports are available on the differential prognostic impact of individual ACAs on disease progression. This study aimed to investigate the ACAs observed in Malaysian CML patients at the time of initial diagnosis as well as during the course of IM treatment and to determine the differential prognostic impact of ACAs on disease progression.



Methodology


Patient selection

This study has approval from the Human Research and Ethics Committee of USM (USM/JEPeM/18110664–14/02/2019) and Ministry of Health (MOH) Malaysia. A total of 251 CML patients were recruited based on two criteria: a) CML patients who were presented with t(9;22)(q34;q11) or a variant Ph chromosome, detected by conventional cytogenetic analysis and confirmed by fluorescence in situ hybridization (FISH) and/or molecular testing for BCR::ABL1 fusion transcripts, and b) CML patients who were treated orally with 400/600 mg of IM as frontline treatment for at least 12 months. Chronic-phase patients received first-line treatment with imatinib 400 mg orally once daily whereas accelerated-phase patients received 600 mg once daily as per European Leukemia Net guidelines (17). We excluded atypical CML cases, CML patients who were previously on other type of treatment and who had undergone bone marrow transplant. The patients were recruited from Hospital Universiti Sains Malaysia (HUSM) and various other hospitals under the Ministry of Health Malaysia, such as Hospital Ampang, Hospital Pulau Pinang, and Hospital Umum Sarawak.



Karyotype analysis

Fresh bone marrow aspirate of the recruited CML patients was cultured overnight in RPMI 1640 medium at 37˚C and 5% CO2. Synchronized cell cultures were carried out, and the GTG-banded metaphases prepared were analyzed using an automated karyotyper (Cytovision 4.2 and MetaSystems Software) (18). A minimum of 20 GTG-banded metaphases were analyzed for each sample. The clonality of ACAs present in Ph-positive CML patients at the diagnosis stage or during treatment with TKI and also clonal chromosome abnormalities in patients who achieved a Ph-negative status as a result of a complete cytogenetic response (CCyR) were defined according to the International System for Human Cytogenomic Nomenclature (19).



Assessment of response/resistance


Hematological response

A complete hematological response was recorded when there was normalization of peripheral blood counts with leukocyte count <10 × 109/l, platelet count <450 × 109/l, and no immature cells in peripheral blood. The assessment of CHR is one of the first steps in measuring treatment efficacy in CML patients (20).



Cytogenetic response

Cytogenetic response (CyR) was evaluated at month 6 of the TKI treatment, every 6 months until CCyR response was achieved, every 12 months since CCyR, and at any time on clinical suspicion of progression as per European Leukemia Net (ELN) guidelines (21). An optimum response was recorded when there was <35% of Ph+ chromosome at 3 months and no Ph+ at 6 months. Failure was denoted when there was presence of >95% Ph+ in 3 months, >35% Ph+ in 6 months, and >1% in 12 months after TKI treatment. Loss of cytogenetic response at any time was considered as treatment failure. Both molecular and cytogenetic tests are recommended particularly in cases where the response is borderline or fluctuating (22).

Based on the type and frequencies of ACAs encountered in CML patients, they were categorized into four groups following Gong et al.’s (23) four-tier risk stratification valid for ACAs detected at diagnosis of CML with slight modifications. Group 1 comprised the presence of either trisomy 8 or double Ph, and group 2 comprised the presence of a hypodiploid karyotype. Karyotypes with structural abnormalities were categorized under group 3, and high-risk complex karyotypes were categorized under group 4. These patients were followed up for a period of 6–171 months with the median of 54.5 months to evaluate their prognostic significance. For assessing the prognostic risk of ACAs, Ph-positive CML patients with ACAs and Ph-negative CML patients ACAs were grouped separately and analyzed, following Issa etal. (24).



Statistical analysis

A univariate analysis was carried out to assess the risk of clinical parameters at diagnosis and the stratified ACA subgroups with disease progression. A multivariate analysis for risk of disease progression could not be carried out as some of the clinical parameters were not uniformly available for some of the patients during the course of treatment. The Kaplan–Meier method was used to analyze the overall survival (OS), and the differences in OS between the four groups (group 1, group 2, group 3, and group 4) were evaluated by the log-rank test using IBM SPSS statistics 26 software. The OS was calculated from two different start points: (1) date of initial CML diagnosis and (2) date of emergence of first ACAs. The end point was the date of last follow-up or death.





Results

A total of 251 CML patients were included in this study (consisting of 130 men and 121 women) aged between 15 and 86 years with a median age of 42.0 years. ACAs were encountered in 40 patients (15.9%), of which seven (17.5%) were observed in patients who showed complete cytogenetic response and attained a Ph-negative status whereas in the remaining 33 patients (82.5%) ACAs were observed when the patients were still Ph positive. The ACAs in this study were seen almost in equal proportions among male (45.5%) and female (54.5%) patients. Among these 33 patients, 22 (66.7%) were in CP, six (18.2%) were in AP, and five (15.2%) were in BP at the diagnosis stage. Out of these 33 patients, eight (24.2%) had shown additional abnormalities at the time of initial diagnosis while the remaining 25 patients (75.8%) had shown ACAs during IM treatment. Out of these eight patients with ACAs at time of diagnosis, six are still alive and two had deceased. Follow-up of these 33 patients with ACAs showed that 20 (50.0%) had progressed to accelerated or blast phase, of which 15 patients (37.5%) had transformed to myeloid blast phase, three (7.5%) to lymphoid blast phase, and another two (5.0%) to accelerated phase with blast counted less than 10% in bone marrow or peripheral blood. Nine patients (22.5%) in the group 1 with presence of trisomy 8 and double Ph (Table 1A) and another nine (22.5%) in the group 2 had hypodiploid karyotype (Table 1B). Among 40 patients, 31 patients (77.5%) had complex karyotypes involving structural abnormalities (Figures 1A, B).




Figure 1 | (A) Complex karyotype (patient #26) showing 46,XX,t(9;22)(q34;q11),t(3;15;21)(q25;q22;q22) pattern. (B) Complex karyotype (patient # 37) showing 44,X,-Y,t(9;22)(q34;q11),del(12)(p12),der(13;21)(q10;q10) pattern.




Table 1 | (A): Karyotype pattern, disease progression, and outcome of four groups of CML patients with ACAs.




Table 1 | (B): Group 2 (Hypodiploidy).



With regard to the types of abnormalities in these 33 patients, three (9.1%) showed monosomy 7/del (7q) in group 4 (patients #29, #36, and #38 in Table 1D) and three (9.1%) (patients #19 and #25 in group 3 and #30 in group 4) showed structural chromosome rearrangements involving chromosomes 1, 2, and 11 (Tables 1C, D). Among these three patients, patient #30 showed der(11) as a result of translocation of segment p14 of chromosome 2 to chromosome 11 at p15 and patient #25 showed a translocation between chromosomes 1 and 11 involving segments 1q22 and 11p12. The third patient (patient #19 in Table 1C) showed a deletion of a short arm of chromosome 11 at p13. Another three (9.1%) patients showed structural abnormalities involving chromosomes 9, 12, and 17, as shown in Tables 1C, D. Patient #23 (Table 1C) showed der(9) as a result of translocation between chromosomes 9 and 12 involving 9p24 and 12p13 segments, and patient #21 (Table 1C) showed translocation between chromosomes 12 and 17 involving 12p13 and 17q21 segments. Two of our patients (patient #26 and #31) showed abnormalities involving chromosome 15. Patient #26 (Table 1C) showed a three-way translocation involving chromosomes 3, 15, and 21 with rearrangement of breakpoints at 3q25 of chromosome 3, 15q22 of chromosome 15, and 21q22 of chromosome 21. The other patient (#31 Table 1D) showed a deletion of chromosome 15 at q24 and an additional subclone involving translocation t(3;15) (q21;q15). Complex abnormalities involving i(17)(q10) along with trisomy 8 and/or double Ph chromosome were observed in three patients. Yet another three patients showed addition of trisomy 19 along with trisomy 8 or additional der(22) t(9;22). All these abnormalities are shown in Table 1D (patients #33, #34, and #40).


Table 1 | (C): Group 3 (structural abnormalities involving chromosomes 1, 3, 6, 9, 10, 11, 12, and 17).




Table 1 | (D): Group 4 (complex karyotype).



To determine the differential prognostic significance of ACAs, these 40 patients were divided into four groups based on the type of individual ACAs observed, as described previously. Trisomy 8 or double Ph chromosome were included in group 1. Group 2 included hypodiploid karyotypes where the commonly missing chromosomes were monosomies of chromosomes 4, 8, 15, 16, 18, 19, 21, and 22 and loss of the Y chromosome. Group 3 abnormalities comprised single or multiple structural rearrangements predominantly involving chromosomes 1, 3, 6, 9, 10, 11, 12, and 17. Group 4 included complex karyotypes with abnormalities involving a combination of three or more chromosomes such as tetrasomy 8, trisomy 19, iso(17q), and double Ph chromosome as ACAs.

Among the 33 Ph-positive patients with ACAs, 26 patients (78.8%) showed no cytogenetic response, four (12.1%) encountered loss of cytogenetic response whereas three (9.1%) achieved a complete cytogenetic response. During the follow-up period of 171 months of these 33 patients with ACAs, 13 (39.4%) did not enter into disease progression and remain in the chronic phase. In the remaining 20 patients, it was observed that 18 (54.5%) had transformed to blast phase and another two (6.1%) had progressed to accelerated phase. Among the 18 patients who progressed to blast phase, 15 (45.5%) had transformed to myeloid blast phase and three (9.1%) had transformed to lymphoid blast phase. Patients in groups 3 and 4 had poor outcome with occurrence of disease progression within 14 to 32 months from the emergence of ACAs and deceased within 6 to 12 months. Out of the total 33 Ph-positive patients with ACAs, 15 (45.5%) patients transformed to myeloid blast phase and another 3 (9.1%) transformed to lymphoid blast phase with median survival rates less than 1 year (Table 2). Sixteen (48.5%) patients with structural abnormalities showed poor survival when compared with the patients who showed numerical abnormalities of either trisomy or hypodiploid (Figure 3A). However, three patients in group 1 with trisomy 8 or double Ph had transformed to myeloid blast phase but showed good prognosis (Figure 3A). When the association of various clinical parameters at diagnosis (age, gender, spleen size, and platelet count) with disease progression was assessed (Table 3), none of these emerged as having significant impact. Among all patients, 16 (40%) had passed away of which 8 (50%) was due to septicemia shock, four (25%) due to intracranial bleeding from leukemia infiltration, and another four (25%) due to other causes (Table 2). For determining the risk association of the four stratified groups of ACAs with disease progression, Ph-positive patients with ACAs (33) and Ph-negative patients with ACAs (7) were analyzed separately. Table 4 shows the risk association of the four groups of ACAs with disease progression in Ph-positive and Ph-negative cases. In the Ph-negative CML patients with ACAs, the differential risk of stratified ACAs on disease progression could not be carried out because none of the patients in this group developed disease progression (Figures 2B, 3B). In the group of Ph-positive CML patients with ACAs, those patients harboring group 3 and group 4 abnormalities showed significantly highest risk for disease progression. For group 2, the differential risk could not be assessed as none of them showed disease progression. Figures 2A, 3A represent the progression -free survival and overall survival rates in Ph- positive patients and Figure 2B, 3B in the Ph- negative patients.




Figure 2 | (A, B) CML patients with different groups of ACAs (group 1, group 2, group 3, and group 4) and their overall survival rate.






Figure 3 | (A, B) CML patients with different groups of ACAs (group 1, group 2, group 3, and group 4) and their respective of progression-free survival.




Table 2 | Clinical characteristics, disease progression, and prognosis of four groups of CML patients with ACAs at diagnosis and during treatment.




Table 3 | Risk association of clinical parameters at diagnosis with the disease progression in CML patients.




Table 4 | Risk association of the four stratified groups of ACAs with disease progression among Ph+ positive and Ph- negative  CML patients.





Discussion

Definite protocols for evaluating the response of CML patients to treatment have been developed during the TKI era. Accordingly, monitoring of CML patients on TKI treatment for emergence of any ACAs, both at the time of diagnosis and during the course of treatment, is very important. This could be indicative of patients’ transformation to advance stage (accelerated or blast) or treatment failure. In the present study, we analyzed the types and frequencies of ACAs present at diagnosis and during the course of IM treatment in CML patients who were Ph positive and who became Ph negative as a result of CCyR to IM treatment and the differential impact of stratified ACAs on treatment response and disease progression. To the best available knowledge, this is the first and one of the largest studies describing the differential prognostic impact of stratified ACAs in 251 Malaysian CML patients undergoing imatinib treatment.

Although in CML, a male predominance had been documented, our patients showed almost an equal proportion of male and female (1.1:1). This finding is contradictory with other reports (25) in which the occurrence of CML was reported to be slightly higher in men than in women. It is presumed that Malaysian women may be having almost the same degree of risk for CML susceptibility as Malaysian men. However, further studies involving a higher sample size are warranted to confirm this finding. The median age of Malaysian CML patients was 42 years. This is a little bit early age of onset of the disease compared to a median age of 57 years for CML patients in the Western population (26). Nevertheless, our finding is in concordance with Au etal. (27) who reported that the occurrence of CML in Asia Pacific countries tends to afflict the younger population. When the impact of other clinical parameters at diagnosis on disease progression was assessed, none of them emerged as having a significant impact. This is not in agreement with Racil etal. (28) and other researchers (29, 30) who reported that enlarged spleen correlated with grade of leukocytosis and also with progression of CML to advanced stages and with the prognosis of CML patients. In our study, the presence of ACAs was predominantly in younger patients with low incidence of mortality compared to older-age patients. Resistance to IM had been reported to be higher in advance-phase patients who presented with ACAs (clonal evolution) in a Philippine population (27). Lu (31) had reported a primary resistance rate of 16% in AP and an increased rate up to 45% in blast phase in a Chinese population, due to drug resistance. Patients with disease progression to advanced stage are switched to the second generation of TKIs (32).

Resistance to IM and disease progression had been reported to be due to evolution of the disease with occurrence of additional numerical or structural chromosomal aberrations that lead to BCR::ABL1-independent proliferation of leukemic cells (33). The emergence of ACAs during disease progression has been implicated to be due to the environment of genomic instability (34). Enhanced DNA damage from accumulation of reactive oxygen species followed by compromised DNA repair due to long-standing BCR-ABL1 expression has been reported to lead to genomic instability (14). However, the precise etiology of these ACAs or the pathologic link between these abnormalities and CML disease progression has not been fully elucidated.

Clonal cytogenetic evolution with ACAs has been linked with decreased response to the TKI group and worse survival. Despite ACAs being considered as a sign of disease progression, the differential prognostic impact of individual ACAs remains unclear. So far, there is no classification system for a differential prognostic indication of specific ACAs in CML patients undergoing treatment with TKIs. The European Leukemia Net recommendations (2013) for the management of CML considers major-route but not minor-route ACAs, emerging during therapy as defining criteria for AP (21). Meanwhile, all ACAs emerging during therapy are considered defining criteria for AP by the 2016 update of WHO classification of tumors of hematopoietic and lymphoid tissue (16). However, Wang etal. (35) classified ACAs into two groups. Group 1 consisted of those with a relatively good prognosis including those with trisomy 8, -Y and an extra copy of Ph chromosome, whereas group 2 included those with relatively poor prognosis including i(17) (q10), -7/del(7q), and 3q26.2 rearrangements. Patients in group 1 had better treatment response and survival than those in group 2. When compared to cases with no ACAs, patients with group 2 ACAs had worse survival irrelevant of the emergence phase and time. However, patients with group 1 ACAs had no adverse impact on survival when they emerged from chronic phase at the time of diagnosis. Among these 40 patients, only eight patients showed ACAs at the time of diagnosis and in the remaining ACAs that emerged during treatment. Our report confirmed that ACAs are not frequently detected in CP of CML. Out of these eight patients with occurrence of ACAs in chronic phase and at the time of diagnosis, only two progressed to blast phase and deceased. The other six are still alive. It is presumed that CML patients in whom the ACAs emerged while in chronic phase at the time of diagnosis (as in the case of these six cases) might be associated with comparatively longer progression-free survival and overall survival. This is slightly in disagreement with Jabbour etal. (36) who reported that clonal evolution or its presence at diagnosis is predictive of shortened progression-free survival and overall survival whereas its occurrence during treatment is considered as marker of treatment failure. Reports on the outcome of CP CML patients with ACAs during therapy are limited to few other studies worldwide (15, 23–25, 35, 37, 38). The frequency of clonal ACAs in the present study (15.9%) was almost consistent with the previous reports.

In the present study, hypodiploidy was associated with achievement of complete cytogenetic response. None of the patients with hypodiploid karyotypes transformed to blast phase, including patients with loss of Y chromosome which has been classified under major-route chromosomal abnormalities. This is in agreement with Bozkurt etal. (39). Transformation from chronic phase to lymphoid blast crisis phase in our study was commonly accompanied by ACAs involving either monosomy or deletion 7q. This is in agreement with a previous study by Gong etal. (23) on 2326 CML patients treated with TKIs.

The coexistence of two or more ACAs in patients with CML had been reported to have inferior survival and been categorized into a poor prognostic group (35). In the present study, it was observed that trisomy 8 was a good prognostic sign when occurring alone whereas it was detrimental when associated with other chromosome changes at initial diagnosis as described in other studies (35, 40). A few of our cases who showed complex karyotype abnormalities involving trisomy of chromosome 8, trisomy of chromosome 19, double Philadelphia chromosome, and isochromosome 17 had transformed to myeloid blast phase of CML. Gong etal. (23) observed no significant difference in median duration from emergence of ACAs to blast phase in CML patients with +8, +Ph, or other single ACAs. As a major route abnormality, trisomy 8 has been reported to confer relatively better prognosis (40), whereas minor-route ACAs with 3q26.2 rearrangement or monosomy7/7q deletion conferred a poor treatment response to TKI and dismal survival (35, 40). Gong etal. (23) reported that 3q26.2 rearrangement, i(17q), and complex ACAs were associated with a higher risk of developing myeloid blast phase, whereas monosomy 7 or deletion of 7q was associated with a higher risk of developing lymphoid blast phase. Myeloid and lymphoid blast phases were equally distributed among patients with trisomy 8 and +Ph. Three of our patients who presented with either monosomy 7 or deletion of 7q had transformed to lymphoid blast phase within 6 months from the emergence of ACAs, and two of them had poor survival rate too. This is in agreement with Gong etal. (23). Among all the 40 patients, 15 patients had transformed from chronic phase to myeloid blast crisis in a 20-month time frame. The overall survival of these patients was within 11 months after disease progressed.

Patients with isolated 3q26.2 rearrangement, -7/7q-, or i(17q) and patients with complex ACAs were reported to have a significantly shorter time interval to blastic transformation (23). In the current study, one patient showed a complex karyotype with involvement of 3q25 rearrangement, and this patient progressed to AML within a time duration of 3 months and succumbed to death soon. Out of three other patients with complex abnormalities involving iso(17q) chromosome, two patients who also had coexistence of der(22)t(9;22) had progressed to AML and had a short survival period of 34 months. One patient with i(17q) and trisomy 8 did not progress to blast crisis. The poor prognosis in i(17q) is likely to be related to p53 deletion resulting from loss of a p arm of chromosome 17 which harbors the p53 gene. As a tumor suppressor, p53 plays a critical role in regulating cell-cycle arrest and apoptosis (41). The inactivation of p53 causes genomic instability, neoplastic transformation, and disease progression. Loss of p53 has been associated with a poor prognosis in patients with AML and MDS also (42–44). Additionally, two of our patients who had aberrations involving chromosome 15 had also transformed to AML. The abnormalities in these patients involved the long arm between 15q15 and 15q24 regions. Chromosome 15 abnormalities are identified as minor-route abnormalities (45). The tumor-suppressor gene CCNDBP126 which is downregulated in different cancers is located on chromosome 15q. Although its role in CML is unknown, it is presumed that rearrangement involving 15q might be disrupting its function adversely (46).

Our three CML patients with ACAs consisting of complex abnormalities involving a short arm of chromosome 11 had transformed to AML. A study by Sarova etal. (47) in newly diagnosed AML reported that a complex karyotype rearrangement of chromosome 11 involved tumor-suppressor genes located at 11p15.5, such as MIR210, MUC6, MUC2, and CDKNIC. MPPED2, DCDC5, DCDC1, and DNAJC24 located in the 11p14.1-p13 and 11p13 regions. There are no potential protein or RNA-coding genes at the 11p12, NUP98 gene located at 11p15.4 which encodes for nucleoporin protein that has a role in RNAs and protein transport to the nuclear membrane. Chromosome rearrangement involving NUP98 has also been reported to be associated with a poor outcome in de novo AML (48, 49). Meanwhile, the anti-apoptotic signaling pathway was reported to be involved in the rearrangement of the mixed lineage leukemia (MLL) gene on chromosome 11q23, which occurs in up to 10% of AML and was frequently associated with a poor prognosis (50). This MLL gene has been linked to a variety of translocation partners, the most common of which is AF9 in AML (51), resulting in a variety of genetic and epigenetic abnormalities and enhanced cell survival (52). Meanwhile, MLL gene rearrangement resistance is linked to Bcl-2 family protein mutations (53).

Structural rearrangements involving chromosome 12 were also encountered in three of our CML patients with ACAs. Abnormalities comprised either translocation with another chromosome or purely deletion at breakpoint 12p12~p13. In our study, all the cases with chromosome 12 rearrangements had transformed to myeloid BP. Penas etal. (54) had reported translocation involving t(12;17)(p13;p13) in secondary AML. Chromosome 12p changes in AML, according to Walter etal. (55), have been implicated as significant adverse abnormalities similar to other complex cytogenetic abnormalities and should be considered as a high-risk cytogenetic marker for AML. Even treatment with HSCT has not been likely to change this dismal outcome, thereby warranting the need for considering other therapeutic approaches (55, 56). On chromosome 12p13 is located the ETV6 gene which encodes a protein containing two major domains, HLH and ETS. ETV6 has been reported to mediate carcinogenesis by various mechanisms such as activation of the kinase activity at the partner protein, modification of the original functions of a transcription factor, loss of fusion gene function, and activation of a proto-oncogene in the breakpoint of chromosome translocation (57). ETV is a critical transcriptional regulator involved in hematopoiesis, vascular development, and chromosomal translocations linked with hematological malignancies (58). Meanwhile, it has been reported that the ETV6 mutations collaborate with other mutations to build their own network structure, which would stimulate the self-renewal of leukemia stem cells (59).

Additional cytogenetic alterations often appear with ETV6 mutations, which contain various fusion genes and play a vital role in obtaining information about leukemia genesis and influencing the progression of leukemia. The rearrangement of ETV6-LPXN associated with progression of leukemia through regulating the microenvironment of blasts and involved in the relapse of leukemia has been reported (60). Our results prompt us to suggest that ACAs involving structural abnormalities of chromosome 12 could be used as a potential marker in predicting CML patients who are at a higher risk for disease progression and get transformed to myeloid blast phase. A recent study by Li etal. (61) on a K562 cell line demonstrated that ETV6 regulates hemin-induced erythroid differentiation and that mechanistically ETV6 overexpression inhibits the fibrosarcoma/mitogen-activated extracellular signal-regulated kinase/extracellular-regulated protein kinase (RAF/MEK/ERK) pathway. This finding is of great importance because the inhibitory role that ETV plays in the regulation of K562 cell erythroid differentiation via the RAF/MEK/ERK pathway highlights ETV6 as a potential therapeutic target for dyserythropoiesis. Further studies are warranted to elucidate the mechanisms of ETV6 mutations and their role in the processes of differentiation and proliferation in the early progression of leukemic alteration and whether they may also be relevant in the induction of chromosomal variability, finally prompting the development of clones with other molecular mutations and leading to myeloid blast transformation in CML patients.

Increased genetic instability and incomplete DNA repairment have been reported to generate chromosomal anomalies in CML (62). Earlier studies have clearly documented that in an already unstable genome as a result of BCR::ABL1 in CML, the emergence of ACAs might result in further genetic instability, aberrant cellular processes, and altered metabolism (25, 62, 63). Genetic instability generates reactive oxygen species (ROS), disruption of DNA repair pathways, and inhibition of DNA damage-induced apoptosis that may result in point mutations (63). According to Bravaro et al. (63), point mutations inhibit critical contact residues between the TKIs and the target CML cells or induce a shift to a confirmation that makes TKIs unable to bind to target cells, thereby causing the development of resistance to TKIs and disease progression. Recurrent mutations and copy number alterations involving transcription factors that regulate myeloid or lymphoid differentiation might also contribute to disease progression. Additionally, in an environment of genomic instability, a number of pathways/molecules including altered DNA methylation and aberrant expression of several microRNAs (miRNAs) in association with stem cell survival and self-renewal might also be acting in concert mediating resistance to TKI therapy and subsequently disease progression. Hence, the emergence of specific ACA and the subsequent synergic activity of some or all of these cellular processes might be adversely affecting the hematologic and cytogenetic response of TKI, thereby favoring the aggressiveness of disease progression.

It is well documented that the emergence of ACAs can complicate CML pathobiology with therapy failure and disease progression as strong possibilities. In the present study, 60.6% of the Ph+ positive CML patients with ACAs showed disease progression. Among these patients, those with high-risk ACAs belonging to group 3 and group 4 showed disease progression and a reduction in overall survival. Earlier studies on ACAs in CML reported that clonal evolution was normally allied with an increased risk of hematological relapse and a decreased cytogenetic response to IM and subsequent reduction in overall survival (7, 64, 65). Our results are in agreement with the above reports, although the above studies were on clonal evolution in general and not on specific ACAs as in the present study. The present study results are also supportive of the data from the German/Swiss CML 4 trial which suggested that certain ACAs at diagnosis might identify patients at high risk of disease progression (66, 67). Despite the fact that the BCR::ABL gene plays a critical role in the pathogenesis of chronic-phase CML and that its sustained expression is essential for cell proliferation in the acute phase, the molecular mechanisms that lead to blast crisis are still unclear. ACAs, or molecular abnormalities, are frequent in CML cells before blast crisis (68).

Apoptosis can be considered a protective mechanism against cancer, and its disruption has significance in various malignancies. Multiple pathways lead to resistance to apoptosis in CML. Phosphorylation and activation of the PI(3)-K/Akt pathway are two primary mechanisms by which BCR::ABL prevents apoptosis (69, 70). PI(3) kinase activation also through protein kinase B results in the phosphorylation and inactivation of the pro-apoptotic protein BAD which is a member of the Bcl-2 family (71). BCL-2, a member of the BCL family of antiapoptotic proteins, has been found to be overexpressed in cell types harboring the BCR-ABL oncogene that contributes to reduced apoptosis (72, 73).

In chronic-phase CML, resistance to apoptosis is minimal; however, there is evidence that BCR::ABL causes resistance to apoptosis in a dose-dependent mechanism (74). A higher BCR::ABL mRNA expression, which is commonly linked to disease progression, could contribute to increased apoptosis to the accelerated phase and blast crisis (74, 75). Despite being a hallmark of CML, reduced apoptosis is insufficient for disease progression and it likely requires additional abnormalities such as deletion of a tumor-suppressor gene (68).

The accelerated phase and blast crises had a lower response rate than the chronic phase of CML, demonstrating the development of drug resistance in vivo. The presence of additional genetic aberrations that can activate the malignant clone in the absence of BCR::ABL is another possibility to consider (68). The resistance to therapy is caused by a variety of factors that may have an impact on disease progression. These include MDR-1 gene expression, AGP-1 expression, BCR::ABL reduplication or overexpression, reduced apoptosis, and possibly defective drug transport (76–78).

The p53 gene is found on chromosome 17 and has been proven to play a role in the progression of CML to blast crisis (79). Mutations, deletions, and rearrangements can cause p53 function loss, which is seen in 25% of myeloid blast crises (80, 81). In addition to loss-of-function mutations, mutant p53 proteins can function as a dominant negative isoform or combine with BCR::ABL to induce cell proliferation (82). The loss of function of the remaining p53 allele caused the rapid progression from chronic phase to blast crisis. Similarly, p53-deficient bone marrow cells transduced with BCR-ABL cDNA caused a fast blast crisis when transplanted (83).

Increased BCR::ABL mRNA and protein levels are associated with disease progression and can be caused by Philadelphia chromosome duplication, the most common cytogenetic alteration preceding disease transformation (84). The CML blast crisis has investigated into the activation of oncogenes other than the Ph chromosome. c-MYC appears to have a role in BCR::ABL-mediated transformation, and it could mediate its effects by either antagonizing p53’s activity or serving as a cooperative oncogene with BCR::ABL (85, 86). MYC expression is normal in chronic-phase CML; however, it is elevated in blast crisis patients (83). The overexpression of c-MYC can develop as a result of increased transcription or trisomy 8, which is common during disease progression, or polyadenylation of c-MYC m-RNA (85, 87).

In view of the latest guidelines, imatinib, dasatinib, nilotinib, and bosutinib are the FDA- and EMA-approved TKI class drugs administered as first-line standard treatment for CML (88). According to Ciftciler and Haznedaroglu (89), the choice of a primary TKI therapeutic strategy is dependent on the identification of CML patients who are at a higher risk for disease progression or TKI resistance. Therefore, they suggested that optimized integrations of the best available evidence, individual patient characteristics, physician clinical experience, and pathobiological basis are essential in order to select the best TKI for CML management. In this regard, our results prompt us to suggest that risk stratification of CML patients on the basis of the specific ACA(s) emerged could be integrated as an individual novel patient characteristic in order to select the best TKI for the treatment of CML.

However, the present study has few limitations. The results presented are from a single-center experience. Therefore, more results from the CML database have not been included. The relatively small number of patients with ACAs in the present study was also another limitation of this study: After stratifying the CML patients with ACAs into four groups, each group has a small number of patients and this has made over interpreting the analysis challenging. Hence, caution is advised in overinterpreting the data on defining the predictive significance of specific ACAs on disease progression. Further prospective studies involving a large cohort of CML patients in each group and data from the CML database are warranted to derive better significant results. In order to elucidate whether specific ACAs observed in the present study and further ACAs likely to be observed in the future might also confer useful information about disease progression and outcome, additional studies and meta-analysis across several studies would be of considerable interest.



Conclusion

In this study on Malaysian CML patients, we demonstrated that the detection of specific ACAs and stratification of these into risk groups has a differential prognostic impact. It is reasonable to suggest that the presence of specific ACAs especially those involving complex cytogenetic abnormalities at diagnosis and during TKI treatment could be a warning sign of disease progression or treatment failure that constitutes an adverse prognostic factor in CML management. Rather than the overly simplified categorization of ACAs as major- and minor-route abnormalities, our results suggest that differential categorization based on individual ACAs could be a novel potential risk stratification system to prognosticate and guide induvial CML patients at diagnosis and during TKI treatment.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

RA designed the research study, interpreted and reported the cytogenetic results, corrected and revised the manuscript. AH was involved in contributing the patient samples and in the treatment of CML patients. SI, NR, and ZA collected the patient samples and carried out the conventional cytogenetic analysis. SI wrote the manuscript, NM and SS critically evaluated the manuscript. RH was involved in the haematological assessment of CML patients and AG performed the statistical analyses. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by Universiti Sains Malaysia Research University Grant (RUI) (1001/PPSP/8012243).



Acknowledgments

The authors acknowledge the facilities extended by the Cytogenetic Laboratory Human Genome Centre, Universiti Sains Malaysia (USM), for carrying out this research work. The authors also thank the patients included in his study for their utmost cooperation.



Conflict of Interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

1. Quintás-Cardama, A, and Cortes, J. Molecular biology of bcr-abl1–positive chronic myeloid leukemia. Blood (2009) 113(8):1619–30. doi: 10.1182/blood-2008-03-144790

2. Bower, H, Björkholm, M, Dickman, PW, Höglund, M, Lambert, PC, and Andersson, TM-L. Life expectancy of patients with chronic myeloid leukemia approaches the life expectancy of the general population. J Clin Oncol (2016) 34(24):2851–7. doi: 10.1200/jco.2015.66.2866

3. Druker, BJ, Guilhot, F, O'Brien, SG, Gathmann, I, Kantarjian, H, Gattermann, N, et al. Five-year follow-up of patients receiving imatinib for chronic myeloid leukemia. N Engl J Med (2006) 355(23):2408–17. doi: 10.1056/NEJMoa062867

4. Ottmann, OG, Druker, BJ, Sawyers, CL, Goldman, JM, Reiffers, J, Silver, RT, et al. A phase 2 study of imatinib in patients with relapsed or refractory Philadelphia chromosome–positive acute lymphoid leukemias. Blood (2002) 100(6):1965–71. doi: 10.1182/blood-2001-12-0181

5. Sawyers, CL, Hochhaus, A, Feldman, E, Goldman, JM, Miller, CB, Ottmann, OG, et al. Imatinib induces hematologic and cytogenetic responses in patients with chronic myelogenous leukemia in myeloid blast crisis: results of a phase II study: Presented in part at the 43rd annual meeting of the American society of hematology, Orlando, FL, December 11, 2001. Blood (2002) 99(10):3530–9. doi: 10.1182/blood.V99.10.3530

6. Soverini, S, Martinelli, G, Rosti, G, Bassi, S, Amabile, M, Poerio, A, et al. ABL mutations in late chronic phase chronic myeloid leukemia patients with up-front cytogenetic resistance to imatinib are associated with a greater likelihood of progression to blast crisis and shorter survival: a study by the GIMEMA working party on chronic myeloid leukemia. J Clin Oncol (2005) 23(18):4100–9. doi: 10.1200/jco.2005.05.531

7. Cortes, J, Kim, DW, Raffoux, E, Martinelli, G, Ritchie, E, Roy, L, et al. Efficacy and safety of dasatinib in imatinib-resistant or -intolerant patients with chronic myeloid leukemia in blast phase. Leukemia (2008) 22(12):2176–83. doi: 10.1038/leu.2008.221

8. Hehlmann, R. How I treat CML blast crisis. Blood (2012) 120:8. doi: 10.1182/blood-2012-03-380147

9. Kantarjian, H, Giles, F, Wunderle, L, Bhalla, K, O'Brien, S, Wassmann, B, et al. Nilotinib in imatinib-resistant CML and Philadelphia chromosome-positive ALL. N Engl J Med (2006) 354(24):2542–51. doi: 10.1056/NEJMoa055104

10. Silver, RT, Cortes, J, Waltzman, R, Mone, M, and Kantarjian, H. Sustained durability of responses and improved progression-free and overall survival with imatinib treatment for accelerated phase and blast crisis chronic myeloid leukemia: long-term follow-up of the STI571 0102 and 0109 trials. Haematologica (2009) 94(5):743–4. doi: 10.3324/haematol.2009.006999

11. Talpaz, M, Shah, NP, Kantarjian, H, Donato, N, Nicoll, J, Paquette, R, et al. Dasatinib in imatinib-resistant Philadelphia chromosome-positive leukemias. N Engl J Med (2006) 354(24):2531–41. doi: 10.1056/NEJMoa055229

12. Jabbour, EJ, Cortes, JE, and Kantarjian, HM. Resistance to tyrosine kinase inhibition therapy for chronic myelogenous leukemia: a clinical perspective and emerging treatment options. Clin Lymphoma Myeloma Leuk (2013) 13(5):515–29. doi: 10.1016/j.clml.2013.03.018

13. Melo, JV, and Barnes, DJ. Chronic myeloid leukaemia as a model of disease evolution in human cancer. Nat Rev Cancer (2007) 7(6):441–53. doi: 10.1038/nrc2147

14. Perrotti, D, Jamieson, C, Goldman, J, and Skorski, T. Chronic myeloid leukemia: mechanisms of blastic transformation. J Clin Invest (2010) 120(7):2254–64. doi: 10.1172/JCI41246

15. Fabarius, A, Leitner, A, Hochhaus, A, Müller, MC, Hanfstein, B, Haferlach, C, et al. Impact of additional cytogenetic aberrations at diagnosis on prognosis of CML: long-term observation of 1151 patients from the randomized CML study IV. Blood (2011) 118(26):6760–8. doi: 10.1182/blood-2011-08-373902

16. Arber, DA, Orazi, A, Hasserjian, R, Thiele, J, Borowitz, MJ, Le Beau, MM, et al. The 2016 revision to the world health organization classification of myeloid neoplasms and acute leukemia. Blood (2016) 127(20):2391–405. doi: 10.1182/blood-2016-03-643544

17. Steegmann, JL, Baccarani, M, Breccia, M, Casado, LF, García-Gutiérrez, V, Hochhaus, A, et al. European LeukemiaNet recommendations for the management and avoidance of adverse events of treatment in chronic myeloid leukaemia. Leukemia (2016) 30(8):1648–71. doi: 10.1038/leu.2016.104

18. Swansbury, J. Methods in molecular BiologyTM-cancer cytogenetics methods and protocols. New Jersy, USA: Humana Press (2004).

19. McGowan-Jordan, J, Simons, A, and Schmid, M ISCN 2016: an international system for human cytogenomic nomenclature.  Karger Publisher (2016)

20. Vigil, CE, Griffiths, EA, Wang, ES, and Wetzler, M. Interpretation of cytogenetic and molecular results in patients treated for CML. Blood Rev (2011) 25(3):139–46. doi: 10.1016/j.blre.2011.02.001

21. Baccarani, M, Deininger, MW, Rosti, G, Hochhaus, A, Soverini, S, Apperley, JF, et al. European LeukemiaNet recommendations for the management of chronic myeloid leukemia: 2013. Blood (2013) 122(6):872–84. doi: 10.1182/blood-2013-05-501569

22. Baccarani, M, Castagnetti, F, Gugliotta, G, and Rosti, G. A review of the European LeukemiaNet recommendations for the management of CML. Ann Hematol (2015) 94 Suppl 2:S141–147. doi: 10.1007/s00277-015-2322-2

23. Gong, Z, Medeiros, LJ, Cortes, JE, Chen, Z, Zheng, L, Li, Y, et al. Cytogenetics-based risk prediction of blastic transformation of chronic myeloid leukemia in the era of TKI therapy. Blood Adv (2017) 1(26):2541–52. doi: 10.1182/bloodadvances.2017011858

24. Issa, GC, Kantarjian, HM, Gonzalez, GN, Borthakur, G, Tang, G, Wierda, W, et al. Clonal chromosomal abnormalities appearing in Philadelphia chromosome–negative metaphases during CML treatment. Blood (2017) 130(19):2084–91. doi: 10.1182/blood-2017-07-792143

25. Krishna Chandran, R, Geetha, N, Sakthivel, KM, Suresh Kumar, R, Jagathnath Krishna, KMN, and Sreedharan, H. Impact of additional chromosomal aberrations on the disease progression of chronic myelogenous leukemia. Front Oncol (2019) 9:88(88). doi: 10.3389/fonc.2019.00088

26. Hoffmann, VS, Baccarani, M, Hasford, J, Lindoerfer, D, Burgstaller, S, Sertic, D, et al. The EUTOS population-based registry: incidence and clinical characteristics of 2904 CML patients in 20 European countries. Leukemia (2015) 29(6):1336–43. doi: 10.1038/leu.2015.73

27. Au, WY, Caguioa, PB, Chuah, C, Hsu, SC, Jootar, S, Kim, DW, et al. Chronic myeloid leukemia in Asia. Int J Hematol (2009) 89(1):14–23. doi: 10.1007/s12185-008-0230-0

28. Racil, Z, Klamova, H, Voglova, J, Faber, E, Razga, F, Zackova, D, et al. Persistent splenomegaly during imatinib therapy and the definition of complete hematological response in chronic myelogenous leukemia. Am J Hematol (2010) 85(5):386–9. doi: 10.1002/ajh.21689

29. Kamada, N, and Uchino, H. Chronologic sequence in appearance of clinical and laboratory findings characteristic of chronic myelocytic leukemia. Amsterdam, Netherlands: Elsevier (1978).

30. Sokal, JE. Prognosis in chronic myeloid leukaemia: biology of the disease vs. treatment. Baillière's Clin Haematol (1987) 1(4):907–29. doi: 10.1016/S0950-3536(87)80032-X

31. Lu X, ZJ, and Li, Y. Imatinib in treatment of advanced stagechromosome positive chronic myelocytic leukaemia. ZhongguoXinyao Yu Linchuang Za Zhi (2005) 24(7):542–6.(7),542-546.

32. Hochhaus, A, Baccarani, M, Silver, RT, Schiffer, C, Apperley, JF, Cervantes, F, et al. European LeukemiaNet 2020 recommendations for treating chronic myeloid leukemia. Leukemia (2020) 34(4):966–84. doi: 10.1038/s41375-020-0776-2

33. Hochhaus, A. Cytogenetic and molecular mechanisms of resistance to imatinib. Semin Hematol (2003) 40:69–79. doi: 10.1053/shem.2003.50045

34. Duesberg, P, Stindl, R, and Hehlmann, R. Origin of multidrug resistance in cells with and without multidrug resistance genes: Chromosome reassortments catalyzed by aneuploidy. Proc Natl Acad Sci (2001) 98(20):11283–8. doi: 10.1073/pnas.201398998

35. Wang, W, Cortes, JE, Tang, G, Khoury, JD, Wang, S, Bueso-Ramos, CE, et al. Risk stratification of chromosomal abnormalities in chronic myelogenous leukemia in the era of tyrosine kinase inhibitor therapy. Blood (2016) 127(22):2742–50. doi: 10.1182/blood-2016-01-690230

36. Jabbour, EJ, Hughes, TP, Cortés, JE, Kantarjian, HM, and Hochhaus, A. Potential mechanisms of disease progression and management of advanced-phase chronic myeloid leukemia. Leukemia Lymphoma (2014) 55(7):1451–62. doi: 10.3109/10428194.2013.845883

37. Crisan, AM, Coriu, D, Arion, C, Colita, A, and Jardan, C. The impact of additional cytogenetic abnormalities at diagnosis and during therapy with tyrosine kinase inhibitors in chronic myeloid leukaemia. J Med Life (2015) 8(4):502–8.

38. Farag, S, Ruppert, A, Mrózek, K, Carroll, A, Pettenati, M, Le Beau, M, et al. Prognostic significance of additional cytogenetic abnormalities in newly diagnosed patients with Philadelphia chromosome-positive chronic myelogenous leukemia treated with interferon-α: A cancer and leukemia group b study. Int J Oncol (2004) 25(1):143–51. doi: 10.3892/ijo.25.1.143

39. Bozkurt, S, Uz, B, Buyukasik, Y, Bektas, O, Inanc, A, Goker, H, et al. Prognostic importance of additional cytogenetic anomalies in chronic myeloid leukemia. Med Oncol (2013) 30(1):443. doi: 10.1007/s12032-012-0443-1

40. Wang, W, Cortes, JE, Lin, P, Khoury, JD, Ai, D, Tang, Z, et al. Impact of trisomy 8 on treatment response and survival of patients with chronic myelogenous leukemia in the era of tyrosine kinase inhibitors. Leukemia (2015) 29(11):2263–6. doi: 10.1038/leu.2015.96

41. Vousden, KH, and Lu, X. Live or let die: the cell's response to p53. Nat Rev Cancer (2002) 2(8):594–604. doi: 10.1038/nrc864

42. Horiike, S, Kita-Sasai, Y, Nakao, M, and Taniwaki, M. Configuration of the TP53 gene as an independent prognostic parameter of myelodysplastic syndrome. Leuk Lymphoma (2003) 44(6):915–22. doi: 10.1080/1042819031000067620

43. Seifert, H, Mohr, B, Thiede, C, Oelschlägel, U, Schäkel, U, Illmer, T, et al. The prognostic impact of 17p (p53) deletion in 2272 adults with acute myeloid leukemia. Leukemia (2009) 23(4):656–63. doi: 10.1038/leu.2008.375

44. Wattel, E, Preudhomme, C, Hecquet, B, Vanrumbeke, M, Quesnel, B, Dervite, I, et al. p53 mutations are associated with resistance to chemotherapy and short survival in hematologic malignancies. Blood (1994) 84(9):3148–57. doi: 10.1182/blood.V84.9.3148.bloodjournal8493148

45. Yin, CC, Abruzzo, LV, Qiu, X, Apostolidou, E, Cortes, JE, Medeiros, LJ, et al. del(15q) is a recurrent minor-route cytogenetic abnormality in the clonal evolution of chronic myelogenous leukemia. Cancer Genet Cytogenetics (2009) 192(1):18–23. doi: 10.1016/j.cancergencyto.2009.02.017

46. Jain, P, Kantarjian, HM, Ghorab, A, Sasaki, K, Jabbour, EJ, Nogueras Gonzalez, G, et al. Prognostic factors and survival outcomes in patients with chronic myeloid leukemia in blast phase in the tyrosine kinase inhibitor era: Cohort study of 477 patients. Cancer (2017) 123(22):4391–402. doi: 10.1002/cncr.30864

47. Sarova, I, Brezinova, J, Zemanova, Z, Bystricka, D, Krejcik, Z, Soukup, P, et al. Characterization of chromosome 11 breakpoints and the areas of deletion and amplification in patients with newly diagnosed acute myeloid leukemia. Genes Chromosomes Cancer (2013) 52(7):619–35. doi: 10.1002/gcc.22058

48. Hollink, IHIM, van den Heuvel-Eibrink, MM, Arentsen-Peters, S. T. C. J. M., Pratcorona, M, Abbas, S, Kuipers, JE, et al. NUP98/NSD1 characterizes a novel poor prognostic group in acute myeloid leukemia with a distinct HOX gene expression pattern. Blood (2011) 118(13):3645–56. doi: 10.1182/blood-2011-04-346643

49. Lundin, C, Horvat, A, Karlsson, K, Olofsson, T, Paulsson, K, and Johansson, B. t(9;11)(p22;p15) [NUP98/PSIP1] is a poor prognostic marker associated with de novo acute myeloid leukaemia expressing both mature and immature surface antigens. Leuk Res (2011) 35(6):e75–76. doi: 10.1016/j.leukres.2010.11.022

50. Krivtsov, AV, Figueroa, ME, Sinha, AU, Stubbs, MC, Feng, Z, Valk, PJ, et al. Cell of origin determines clinically relevant subtypes of MLL-rearranged AML. Leukemia (2013) 27(4):852–60. doi: 10.1038/leu.2012.363

51. Neff, T, and Armstrong, SA. Recent progress toward epigenetic therapies: the example of mixed lineage leukemia. Blood (2013) 121(24):4847–53. doi: 10.1182/blood-2013-02-474833

52. de Boer, J, Walf-Vorderwulbecke, V, and Williams, O. In focus: MLL-rearranged leukemia. Leukemia (2013) 27(6):1224–8. doi: 10.1038/leu.2013.78

53. Del Poeta, G, Bruno, A, Del Principe, MI, Venditti, A, Maurillo, L, Buccisano, F, et al. Deregulation of the mitochondrial apoptotic machinery and development of molecular targeted drugs in acute myeloid leukemia. Curr Cancer Drug Targets (2008) 8(3):207–22. doi: 10.2174/156800908784293640

54. Penas, EMM, Cools, J, Algenstaedt, P, Hinz, K, Seeger, D, Schafhausen, P, et al. A novel cryptic translocation t(12;17)(p13;p12–p13) in a secondary acute myeloid leukemia results in a fusion of the ETV6 gene and the antisense strand of the PER1 gene. Genes Chromosomes Cancer (2003) 37(1):79–83. doi: 10.1002/gcc.10175

55. Walter, CU, Almhareb, F, Chaudhri, NA, Zahrani, HA, Chebbo, W, Ibrahim, K, et al. Rearrangements of 12p in acute myeloid leukemia (AML) remain a significant adverse prognostic marker when patients are treated with stem cell transplantation. Blood (2011) 118(21):4464–4. doi: 10.1182/blood.V118.21.4464.4464

56. Hirsch, B, Alonzo, TA, Gerbing, RB, Kahwash, S, Heerema-McKenney, A, Aplenc, R, et al. Abnormalities of 12p are associated with high-risk acute myeloid leukemia: A children’s oncology group report. Blood (2013) 122(21):612–2. doi: 10.1182/blood.V122.21.612.612

57. De Braekeleer, E, Douet-Guilbert, N, Morel, F, Le Bris, M-J, Basinko, A, and De Braekeleer, M. ETV6 fusion genes in hematological malignancies: A review. Leukemia Res (2012) 36(8):945–61. doi: 10.1016/j.leukres.2012.04.010

58. Nishii, R, Baskin-Doerfler, R, Yang, W, Oak, N, Zhao, X, Yang, W, et al. Molecular basis of ETV6-mediated predisposition to childhood acute lymphoblastic leukemia. Blood (2021) 137(3):364–73. doi: 10.1182/blood.2020006164

59. Zhou, F, and Chen, B. Acute myeloid leukemia carrying ETV6 mutations: biologic and clinical features. Hematology (2018) 23(9):608–12. doi: 10.1080/10245332.2018.1482051

60. Abe, A, Yamamoto, Y, Iba, S, Kanie, T, Okamoto, A, Tokuda, M, et al. ETV6-LPXN fusion transcript generated by t(11;12)(q12.1;p13) in a patient with relapsing acute myeloid leukemia with NUP98-HOXA9. Genes Chromosomes Cancer (2016) 55(3):242–50. doi: 10.1002/gcc.22327

61. Li, Z, Sun, M-Z, Lv, X, Guo, C, and Liu, S. ETV6 regulates hemin-induced erythroid differentiation of K562 cells through mediating the Raf/MEK/ERK pathway. Biol Pharm Bull (2022) 45(3):250–9. doi: 10.1248/bpb.b21-00632

62. Slupianek, A, Poplawski, T, Jozwiakowski, SK, Cramer, K, Pytel, D, Stoczynska, E, et al. BCR/ABL stimulates WRN to promote survival and genomic instability. Cancer Res (2011) 71(3):842–51.

63. Bavaro, L, Martelli, M, Cavo, M, and Soverini, S. Mechanisms of disease progression and resistance to tyrosine kinase inhibitor therapy in chronic myeloid leukemia: An update. Int J Mol Sci (20196141) 20(24):12.

64. O'Dwyer, ME, Gatter, KM, Loriaux, M, Druker, BJ, Olson, SB, Magenis, RE, et al. Demonstration of Philadelphia chromosome negative abnormal clones in patients with chronic myelogenous leukemia during major cytogenetic responses induced by imatinibmesylate. Leukemia (2003) 17(3):481–7.

65. Luatti, S, Castagnetti, F, Marzocchi, G, Baldazzi, C, Gugliotta, G, Iacobucci, I, et al. Additional chromosomal abnormalities in Philadelphia-positive clone: adverse prognostic influence on frontline imatinib therapy: a GIMEMA working party on CML analysis. Blood (2012) 120(4):761–7. doi: 10.1182/blood-2011-10-384651

66. Hehlmann, R, Voskanyan, A, Lauseker, M, Pfirrmann, M, Kalmanti, L, Rinaldetti, S, et al. High-risk additional chromosomal abnormalities at low blast counts herald death by CML. Leukemia (2020) 34(8):2074–86.

67. Clark, RE, Apperley, JF, Copland, M, and Cicconi, S. Additional chromosomal abnormalities at chronic myeloid leukemia diagnosis predict an increased risk of progression. Blood Adv (2021) 5(4):1102–9.

68. Shet, AS, Jahagirdar, BN, and Verfaillie, CM. Chronic myelogenous leukemia: mechanisms underlying disease progression. Leukemia (2002) 16(8):1402–11. doi: 10.1038/sj.leu.2402577

69. Skorski, T, Kanakaraj, P, Nieborowska-Skorska, M, Ratajczak, MZ, Wen, SC, Zon, G, et al. Phosphatidylinositol-3 kinase activity is regulated by BCR/ABL and is required for the growth of Philadelphia chromosome-positive cells. Blood (1995) 86(2):726–36.

70. Harrison-Findik, D, Susa, M, and Varticovski, L. Association of phosphatidylinositol 3-kinase with SHC in chronic myelogeneous leukemia cells. Oncogene (1995) 10(7):1385–91.

71. Franke, TF, Kaplan, DR, and Cantley, LC. PI3K: downstream AKTion blocks apoptosis. Cell (1997) 88(4):435–7. doi: 10.1016/s0092-8674(00)81883-8

72. Sánchez-García, I, and Grütz, G. Tumorigenic activity of the BCR-ABL oncogenes is mediated by BCL2. Proc Natl Acad Sci United States America (1995) 92(12):5287–91. doi: 10.1073/pnas.92.12.5287

73. Korsmeyer, SJ. BCL-2 gene family and the regulation of programmed cell death. Cancer Res (1999) 59(7 Suppl):1693s–700s.

74. Cambier, N, Chopra, R, Strasser, A, Metcalf, D, and Elefanty, AG. BCR-ABL activates pathways mediating cytokine independence and protection against apoptosis in murine hematopoietic cells in a dose-dependent manner. Oncogene (1998) 16(3):335–48. doi: 10.1038/sj.onc.1201490

75. Gaiger, A, Henn, T, Hörth, E, Geissler, K, Mitterbauer, G, Maier-Dobersberger, T, et al. Increase of bcr-abl chimeric mRNA expression in tumor cells of patients with chronic myeloid leukemia precedes disease progression. Blood (1995) 86(6):2371–8.

76. Gambacorti-Passerini, C, Barni, R, le Coutre, P, Zucchetti, M, Cabrita, G, Cleris, L, et al. Role of alpha1 acid glycoprotein in the in vivo resistance of human BCR-ABL(+) leukemic cells to the abl inhibitor STI571. J Natl Cancer Inst (2000) 92(20):1641–50. doi: 10.1093/jnci/92.20.1641

77. Weisberg, E, and Griffin, JD. Mechanism of resistance to the ABL tyrosine kinase inhibitor STI571 in BCR/ABL-transformed hematopoietic cell lines. Blood (2000) 95(11):3498–505.

78. Bedi, A, Barber, JP, Bedi, GC, el-Deiry, WS, Sidransky, D, Vala, MS, et al. BCR-ABL-mediated inhibition of apoptosis with delay of G2/M transition after DNA damage: a mechanism of resistance to multiple anticancer agents. Blood (1995) 86(3):1148–58.

79. Lanza, F, and Bi, S. Role of p53 in leukemogenesis of chronic myeloid leukemia. Stem Cells (1995) 13(4):445–52. doi: 10.1002/stem.5530130416

80. Foti, A, Bar-Eli, M, Ahuja, HG, and Cline, MJ. A splicing mutation accounts for the lack of p53 gene expression in a CML blast crisis cell line: a novel mechanism of p53 gene inactivation. Br J Haematol (1990) 76(1):143–5. doi: 10.1111/j.1365-2141.1990.tb07849.x

81. Fioretos, T, Strömbeck, B, Sandberg, T, Johansson, B, Billström, R, Borg, A, et al. Isochromosome 17q in blast crisis of chronic myeloid leukemia and in other hematologic malignancies is the result of clustered breakpoints in 17p11 and is not associated with coding TP53 mutations. Blood (1999) 94(1):225–32.

82. Bi, S, Barton, CM, Lemoine, NR, Cross, NC, and Goldman, JM. Retroviral transduction of Philadelphia-positive chronic myeloid leukemia cells with a human mutant p53 cDNA and its effect on in vitro proliferation. ExpHematol (1994) 22(1):95–9.

83. Skorski, T, Nieborowska-Skorska, M, Wlodarski, P, Perrotti, D, Martinez, R, Wasik, MA, et al. Blastic transformation of p53-deficient bone marrow cells by p210bcr/abl tyrosine kinase. Proc Natl Acad Sci USA (1996) 93:13137–42.

84. Mitelman, F. The cytogenetic scenario of chronic myeloid leukemia. Leuk Lymphoma (1993) 11(Suppl 1):11–5. doi: 10.3109/10428199309047856

85. Dahéron, L, Salmeron, S, Patri, S, Brizard, A, Guilhot, F, Chomel, JC, et al. Identification of several genes differentially expressed during progression of chronic myelogenous leukemia. Leukemia (1998) 12(3):326–32. doi: 10.1038/sj.leu.2400923

86. Ceballos, E, Delgado, MD, Gutierrez, P, Richard, C, Müller, D, Eilers, M, et al. C-myc antagonizes the effect of p53 on apoptosis and p21WAF1 transactivation in K562 leukemia cells. Oncogene (2000) 19(18):2194–204. doi: 10.1038/sj.onc.1203541

87. Blick, M, Romero, P, Talpaz, M, Kurzrock, R, Shtalrid, M, Andersson, B, et al. Molecular characteristics of chronic myelogenous leukemia in blast crisis. Cancer Genet Cytogenet (1987) 27(2):349–56. doi: 10.1016/0165-4608(87)90018-5

88. Hehlmann, R. Chronic myeloid leukemia in 2020. Hemasphere (2020) 4(5):e468. doi: 10.1097/hs9.0000000000000468

89. Ciftciler, R, and Haznedaroglu, IC. Tailored tyrosine kinase inhibitor (TKI) treatment of chronic myeloid leukemia (CML) based on current evidence. Eur Rev Med Pharmacol Sci (2021) 25(24):7787–98. doi: 10.26355/eurrev_202112_27625



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Siti Mariam, Norhidayah, Zulaikha, Nazihah, Rosline, Kausar, Sarina, Azlan and Ankathil. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/table1d.jpg
Patient/
sex/age at
diagnosis

29(F/19)

30(M/59)

31(M/54)

32(F/14)
33(F/54)

34(M/60)
35(F/49)

36(M/20)
37(M/39)
38(M/40)

39(F/27)
40(M/32)

Karyotype

43~45XX, 1(9;22)(q34911),-10,-22[cp3]/45,XX,-7,i(9)(q10),t
(9:22)(q34:q11)[3]/46,XX[2]

46,XY,t(9;22)(q34;q11),der(11)t(2;11)(p14;p15)[1]/46,sl,der(13)t
(13:17)(p11;p12)[14]/47,sd11,+der(22)t(9;22)[5]/48,sd12,+8[4]/47,
sdll1,+8[1]

46,XY,1(9;22)(q34:q11)[20]/46,idem,del(15)(q24)[2]/46,idem, t
(3;15)(q21;q15),del(15)(q24),del(17)(q22)[2]/47,idem,+8 [1]
46,XX,(9;22)(q34:q11)[2]/49,idem, +8,+13,+19[18]

46.XX,(9:22)(q34:q11)[10]/48,idem, +8, i(17)(q10),+der(22)t
(9:22) (17)

48,XY, +8,1(9;22)(q34:q11),+der(22)t(9;22)[3]/48,XY,t(9:22)(q34;
q11),+19,+der(22)t(9;22) [2]/49,XY,+8,t(9;22)(q34;q11),+19,+der
(22)1(9:22) (18]

47,XX,4(9;22)(q34:q11), i(17)(q10),+der(22)t(9:22)[9]
45,XY,-7,der(9)t(7:9;22)(q11:q34;q11.2)[15]/46,idem,+8(7]
45.X,-Y,(9:22)(q34;q11)[27]/44,idem,-20(4]/38~44,idem,-8[3],-
14(4],-16[4],-18[3] [cp13]/44,idem,del (12) (p12),der(13;21)(q10;
q10)(3)/44,idem,-13,-19,+der(22)t(9;22)(1]
46,XY,t(9;22)(q34:q11)[14]/39 ~ 45,idem,-6[3],2del(7)(q33)[2],-
18[3],-21(3][cp13]/46,XY[1]
46,XX,1(4:9:22)(q32:934:q11)[18]/47,idem, +19[15]/46,XX[1]
46,XY,(9;22)(q345q11)[22]/47 ~ 50,idem, +8[2],i(17)(q10)[3],
+19[2] [cp3]
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Group 1 n=9 Group 2n=9 Group 3 n =10 Group 4 n =12

Patients

Ph+ with ACAs 8 (88.9%) 4 (44.4%) 9 (90%) 12 (100%)
Ph- with CCA 1 (11.1%) 5 (55.6%) 1 (10%) 0
Sex

Male 3 (33.3%) 6 (66.7%) 3 (30.0%) 7 (58.3%)
Female 6 (66.7%) 3 (33.3%) 7 (70.0%) 5 (41.7%)
Age at Dx,y

Median 44 42 57 57
Range 25-60 15-60 21-65 21-65
“Interval 1, mo

Median NR NR 32 14
Range 0-70.5 2.1-259
“Interval 2, mo

Median NR NR 12 6.0
Range 4.0-20.0 0.5-11.5
Emergence of ACAs

Diagnosis 1 (11.1%) 2 (22.2%) 3 (30%) 2 (16.7%)
After treatment 8 (88.9%) 7 (77.8%) 7 (70%) 10 (83.3%)
Disease progression

No 6 (66.7%) 9 (100%) 4 (40%) 1 (8.3%)
AP 0 0 2 (20%) 0

BP 3(33.3%) 0 4 (40%) 11 (91.7%)
BP phenotype

Myeloid 3 (100%) 0 4(100%) 8 (72.7%)
Lymphoid 0 0 0 3 (27.3%)
Cytogenetic response

CCyR 1 (11.1%) 5 (55.6%) 2 (20%) 1 (8.3%)
No CyR 8 (88.9%) 2 (22.2%) 7 (70%) 10 (83.4%)
Loss CyR 0 2 (22.2%) 1(10%) 1(8.3%)
Status of last follow-up

Alive 8 (88.9%) 9 (100%) 4 (40%) 3 (25%)
Dead 1 (11.1%) 0 6 (60%) 9 (75%)
Allo-SCT 1 1 0 0

“INTERVAL 1—from emergence of ACAs to disease progression.
“INTERVAL 2—disease progression to last follow up/death.
NR:notreached: M/o, months: ACAs additional:chromosome abnormalities: GCA. ‘donal:dhromosome abnormalities.
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ACAs groups Progression (n = 34)% No progression (n = 215)% OR (95% CI) P-value

No ACAs 14 (41.2) 195 (90.8) 1 (reference)

Ph*-positive CML with ACAs

Group 1 3(8.8) 5(2.8) 8.61 (1.86-39.80) 0.006*
Group 2 0(0.0) 4(1.0) N/A N/A
Group 3 6(17.6) 3(1.4) 28.71 (6.48-127.16) 0.001*
Group 4 11 (32.4) 1(0.5) 157.93 (19.00-1312.58) 0.001*
Ph negative CML with ACAs

Group 1 0(0.0) 1(0.5) N/A N/A
Group 2 0(0.0) 5(2.3) N/A N/A
Group 3 0(0.0) 1(0.5) N/A N/A
Group 4 0(0.0) 0(0.0) N/A N/A

Bold is statistically significant (p<0.05).
N/A - Not applicable.





OEBPS/Images/table3.jpg
Clinical characteristic OR (95% CI) P-value Adjusted OR (95% CI) P-value

Age 0.16 (0.987-1.083) 0.16
Gender Male 1 (reference) 1 (reference)
Female 2.79 (0.77-10.04) 0.12 3.79 (0.74-19.53) 0.13*
Spleen size <12 cm 1 (reference) 1 (reference)
12-20 cm 0.28 (0.04-1.89) 0.19 0.22 (0.02-2.07) 0.054*
>20 cm 0.16 (0.02-1.001) 0.05 0.11 (0.12-1.04) 0.054*
Platelet count 150-450 x 103/pL 1 (reference) 1 (reference)
<150 x lOS/pL 7.20 (0.62-83.34) 0.11 11.26 (0.49-259.23) 0.13*
>450 x 103/pL 1.98 (0.49-7.94) 0.34 2.65 (0.56-12.65) 0.22*

*Statistically not significant (P > 0.05).
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Patient/ Karyotype Spleen % blast  Platelet Disease CyR  Interval* Last

sex/age at size(cm) in PB count(x10%/ progression in months status

diagnosis uL)

19(F/32)  46XX,t(9:22)(q34q11),del(11)(p13)[17] 17 4 221 Myeloid blast ~ No 32 Dead

20(F/24) 46,XX,(922)(q34:q11)[5]/46,XX,+1,del(1)(p13),der(7)t 24 40 594 No No 19 Alive
(157)(q315p22),del(9)(q13),1(9;22)(q345q11),-19[2]

21(F/50) 46,XX,(9:22)(q34:q11)[9]/46,idem,t(12;17)(p133421) [6] 23 5 1477 AP No 42 Dead

22(F/52) 46.XX,(922)(q34:911)[20]/46,idem,ins(10)(p15q25q26) 4 No 101 AP No 13 Dead
(2]/46,XX[3]

23(F/46) 46,XX,(922)(q34:11)[2]/46,XX,1(9:22)(q345q11),der(9) 10 No 112 Myeloid blast ~ No 9 Dead
(9512)t(p24;p13)(15]

24(F/37) 46,XX,del(1)(p32) [11]/46,idem,(9;22)(q34;q11)[2] 13 No 457 Myeloid blast ~ No 83 Dead

25(M/18) 46, XY,t(1;11)(q22;p12),(9;22)(q34,q11)[23] 27 No 331 No Complete 0 Alive

26(F/63) 46,XX,(9:22)(q34:q11)[8)/46,idem,t(3;15:21)(q25:q22; 6 No 132 Myeloid blast ~ No 0 Dead
q22) 13]

27(M/57)  46,XY,del(3)(q27)(15] 11 2 436 No Complete 8 Alive

28(M/20)  43~46XY.del(6)(p21)[4]:1(9:22)(q34:q11)[4], -19[4],+22 25 No 611 No No 0 Alive
[31lcp4]

“Interval (month) between CML diagnosis and emergence of ACAs.
PB, peripheral blood; CyR, cytogenetic response; AP, accelerated phase.
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Patient/sex/age Karyotype Spleen % blast Platelet Disease CyR  Interval®* Last

at diagnosis size(cm) in PB  count(x10?/ progression in months status
uL)

1(F/33) 46,XX,(922)(q34:q11)[20]/47,XX,+8(2] 19 No 323 No No 46 Alive

2(M/30) 46,XY,(922)(q34:q11)[17]/47,XY idem,+der 24 2 463 No No 90 Alive
(22)(9;22)[2]/46,XX[6]

3(F/39) 46,XX,(9:22)(q34:q11)[16)/47,XX,+8[3)/46, 14 No 227 No No 26 Alive
idem,del(5)(q31),del(13)(q31)[2]/46,XX[2]

A(F/40) 46,XX,1(9:22)(q34:q11) [8]/47,XX,+8(7]/46,XX 11 No 167 Myeloid blast ~ No 12 Alive
[2]

5(F/43) 47,XX,+8(5] 14 No 444 No Complete 14 Alive

6(M/49) 46,XY,(922)(q34:911)[20]/47,idem, +der(22)t 12 No 553 Myeloid blast ~ No 20 Dead
(9522)[11]

7(M/41) 47,XY,+8,1(9:22)(q34:q11)[18)/ 25 No 648 No No 7 Alive

8(F/41) 46,XX,1(9;22)(q34;q11)(12]/47,XX,+8 [3] 20 No 893 No No 37 Alive

9(F/21) 46,XX,(9:22)(q34:11)[26]/92,XXXX,1(9:22) 26 27 440 Myeloid blast ~ No 0 Alive
(g34:q11)x2[4]

“Interval (month) between CML diagnosis and emergence of ACASs.
PB, peripheral blood; CyR, cytogenetic response.
Group 1 (Trisomy 8 and double Philadelphia chromosome).





OEBPS/Images/fonc-12-720845-g002.jpg
O3S after emergences of ACAs

OS after emergences of ACAs

Ph + patients

10 ACAs Groups
~1"1Group 1(n=8)
~Group 2 (n=4)
—Group 3 (n=9)
08 —MGroup 4 (n=12)
4 Group 1-censored
Group 2-censored
—Group 3-censored
06 ~+ Group 4-censored
Ph+ patients 95%Cl
04 ~ Group! 26(8-44)
' Group 2 101
Group 3 13(0-27)
Group 4 1(4-17)
. P=0031
00
60 80 100 120
Months
Ph -ve patients
P=0453
10 ACAs Groups
~I"1Group 1(n=1)
~MGroup 2 (n=5)
+ —Group 3 (n=1)
08
~+- Group 1-censored
= Group 2-censored
—+= Group 3-censored
06
04
02
00
60 80 100 120

Months





