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Simple Summary: Chronic myeloid leukemia (CML) is a blood cancer currently well managed with
drugs that inhibit the protein responsible for the disease. However, some patients are resistant to
these drugs and can progress to fatal phases of CML. This review focuses explicitly on genomic
mechanisms that contribute to drug resistance in CML. The ability to predict how patients will
respond to treatment at the early stages of the disease is important for selecting optimal therapy and
administering more potent drugs before the disease progresses. Currently, only mutations that affect
drug binding are included in routine monitoring in drug-resistant patients. This review illustrates
other genomic mutations and sequence rearrangements that may impact treatment response and
contribute to drug resistance and disease progression. We highlight the potential future role of
expanded genomic testing for managing patients with CML.

Abstract: Chronic myeloid leukemia (CML) represents the disease prototype of genetically based
diagnosis and management. Tyrosine kinase inhibitors (TKIs), that target the causal BCR::ABL1
fusion protein, exemplify the success of molecularly based therapy. Most patients now have long-
term survival; however, TKI resistance is a persistent clinical problem. TKIs are effective in the
BCR::ABL1-driven chronic phase of CML but are relatively ineffective for clinically defined advanced
phases. Genomic investigation of drug resistance using next-generation sequencing for CML has
lagged behind other hematological malignancies. However, emerging data show that genomic
abnormalities are likely associated with suboptimal response and drug resistance. This has already
been supported by the presence of BCR::ABL1 kinase domain mutations in drug resistance, which
led to the development of more potent TKIs. Next-generation sequencing studies are revealing
additional mutations associated with resistance. In this review, we discuss the initiating chromosomal
translocation that may not always be a straightforward reciprocal event between chromosomes 9 and
22 but can sometimes be accompanied by sequence deletion, inversion, and rearrangement. These
events may biologically reflect a more genomically unstable disease prone to acquire mutations. We
also discuss the future role of cancer-related gene mutation analysis for risk stratification in CML.

Keywords: BCR::ABL1; chronic myeloid leukemia; next-generation sequencing; TKI resistance

1. Introduction

Chronic myeloid leukemia (CML) is a hematological malignancy that is a prototype for
genetically based diagnoses in cancer. This is due to the BCR::ABL1 fusion (HUGO Gene
Nomenclature Committee recommended nomenclature [1]), which is an activated tyrosine
kinase that forms as a result of a reciprocal t(9;22)(q34;q11) translocation, known as the
Philadelphia (Ph) chromosome. The BCR::ABL1 fusion is the only event necessary to induce
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CML [2]. Current diagnosis involves detecting BCR::ABL1 transcripts using qualitative or
quantitative reverse transcriptase–polymerase chain reaction (qRT–PCR) or cytogenetic
analysis to detect the Ph chromosome [3,4]. Most patients are diagnosed in chronic phase
CML, but if left untreated, CML can progress to the more aggressive accelerated phase
or terminal blast crisis after 3–5 years [5] which is invariably fatal. The demonstration
that BCR::ABL1 induces CML [6] led to the development of tyrosine kinase inhibitors
(TKIs) that target and inhibit the fusion oncoprotein. These drugs have revolutionized the
treatment landscape of CML. Front-line TKIs were approved for use in the early 2000′s and
include (with increasing potency) imatinib, dasatinib, nilotinib, bosutinib, and finally, the
third-generation TKI ponatinib, which was developed to target the pan-resistant BCR::ABL1
kinase domain mutation T315I. A number of novel BCR::ABL1 inhibitors are also in the
development pipeline or under investigation in clinical trials [7].

Close monitoring throughout treatment is essential to determine the response. It
includes blood counts to assess the hematologic response, cytogenetic assessments of bone
marrow to determine the percentage of metaphases that contain the Ph chromosome, and
molecular monitoring of peripheral blood BCR::ABL1 transcripts. Most patients rapidly
achieve a complete cytogenetic response (no detectable Ph chromosomes in a minimum of
20 metaphases). Molecular monitoring of peripheral blood BCR::ABL1 transcripts is the
gold-standard recommended monitoring strategy, as opposed to bone marrow cytogenetics,
due to its higher sensitivity and less invasive nature [3,4]. Rapid treatment intervention is
mandated for failure to achieve time-dependent treatment milestones.

A major molecular response is defined as BCR::ABL1 levels of ≤0.1% on the inter-
national reporting scale (IS), while a complete cytogenetic response is approximately
equivalent to ≤1% BCR::ABL1 IS [3,4]. While most patients achieve optimal responses
when treated with TKIs and remain in the chronic phase of CML long-term, 10–20% develop
drug resistance and some even progress to blast crisis CML where the median survival is
12 months [8]. Most patients who achieve optimal responses will remain on TKI therapy
indefinitely. Some patients who meet strict treatment response criteria will be able to
safely cease therapy and achieve treatment-free remission. This can minimize the toxicity
burden of TKI therapy while maintaining the quality of life [3]. However, only 20–30%
of all patients will achieve treatment-free remission, and of those who attempt to stop
therapy, approximately 50% will experience molecular relapse rapidly [9]. Identifying
the factors associated with treatment response and successful treatment-free remission
is a long-standing active research area. Despite the dramatic advances in CML, there is
currently no reliable diagnostic biomarker that can predict patient outcomes and guide
therapy choices for optimal treatment response.

This review explores genomic mechanisms that may influence response to therapy and
patient outcome. The detection of these genomic events at different time points, such as
diagnosis, drug resistance, and blast crisis, has the potential to aid clinical risk stratification
and to identify drug targets. TKI resistance is a significant issue that has been found to have
a genomic cause in mutations in the BCR::ABL1 kinase domain that interfere with drug
binding. This finding resulted in the development of TKIs with increased potency that can
overcome most of the known imatinib-resistant mutations. BCR::ABL1 mutation analysis
is now routine for monitoring patients with treatment failure. However, these mutations
are only detected in approximately 50% of resistant patients [10]. Advances in sensitive
sequencing technologies, such as next-generation sequencing (NGS), have uncovered
further genomic events that could also contribute to resistance. These include mutations in
known cancer-related genes and a novel mechanism of genomic heterogeneity that occurs
at the time of formation of the Ph chromosome, which we have termed Ph-associated
rearrangements [11]. Other genomic mechanisms that have previously been found to
contribute to outcomes include the BCR::ABL1 transcript type, derivative chromosome
9 deletions and variant Ph translocations.
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2. BCR::ABL1 Kinase Domain Mutations and Their Role in Drug Resistance

While imatinib therapy revolutionized the treatment of CML, reports of imatinib
resistance emerged. The best known genomic mechanism contributing to resistance is a
mutation within the BCR::ABL1 kinase domain [12–19], which prompted the development
of more potent second and third-generation inhibitors to overcome resistance. These
TKIs adhere to the ATP-binding site of BCR::ABL1, inhibiting ATP from binding and
preventing tyrosine kinase activation. It thereby inactivates BCR::ABL1 and its subsequent
downstream signalling pathways that drive the uncontrolled growth and proliferation of
leukemic cells [20]. Thus, kinase domain mutations confer resistance to TKIs by interfering
with TKI binding to the ATP-binding site of BCR::ABL1 [12]. More than 70 imatinib-resistant
BCR::ABL1 kinase domain mutations have been described thus far. Mutations conferring
resistance to second-generation TKIs may also develop, although these mutations are
less frequent. Therefore, BCR::ABL1 mutation analysis is recommended for patients with
suspected treatment failure as defined by clinical guidelines [3,4] in order to select the most
appropriate TKI to rescue response. TKI selection is based on the known TKI sensitivity
profile of the various mutations [3,4].

Kinase domain mutations are detected in about half of all patients with acquired
resistance [10]. However, they are more frequently identified in either accelerated phase
or blast crisis patients, being implicated in 70–80% of resistance cases [21]. It is thought
that these mutations arise due to selective pressure of TKI treatment, wherein clones with
survival advantages are more likely to proliferate [16,22]. Second and third-generation
TKIs, which have increased potency compared with the first-generation TKI imatinib,
can overcome resistance conferred by select mutations. However, different mutations
confer varying levels of TKI sensitivity, and a substantial proportion of resistant patients
treated with more potent inhibitors fail to achieve optimal responses and experience disease
progression [23–25]. In particular, the T315 residue was predicted to confer resistance [26],
and this hypothesis was confirmed in clinical studies where the T315I mutation was
associated with a significantly inferior prognosis and overall survival compared with
other mutations [12,27,28]. The T315I mutation is particularly resistant to first and second-
generation TKIs due to their reliance on a hydrogen bond forming between the threonine
at amino acid 315 of ABL1 and the TKI [29]. Isoleucine at this position disrupts drug
binding. Ponatinib, the third-generation TKI, forms a triple bond ethynyl linker with
T315, bypassing the reliance on the crucial hydrogen bond [29]. Mutations located in
the P-loop of BCR::ABL1 are also associated with poor outcomes and more advanced
disease [10,17,19,30,31]. A previous study from our laboratory found that 12 (92%) of
13 patients with P-loop mutations died at a median of 4.5 months (range 0.5–12 months)
post detection of the mutation in comparison with 3 (21%) of 14 patients with mutations
external to the P-loop [17]. It has also been observed that patients with multiple mutations
have a poorer prognosis than those with single mutations [32]. Using NGS, it was found
that none of the nine patients that harbored multiple mutations achieved cytogenetic
remission, and five of these patients had disease progression [33]. A study from our
laboratory observed that multiple low-level mutations conferred lower rates of complete
cytogenetic response in comparison with those with a single mutation, even if they had
been treated with an appropriate TKI based on the sensitivity profile [34]. Patients with
multiple mutations also had a poorer response to ponatinib, which generally suppresses
other resistant mutations in addition to T315I [35,36].

With the advent of more sensitive sequencing technologies, the impact of single
low-level BCR::ABL1 kinase domain mutations could be analyzed. A study from our
laboratory used mass spectrometry to detect low-level dasatinib and nilotinib-resistant
mutations in patients who failed imatinib therapy [37]. More sensitive detection identified
mutations in 32% of 220 patients, while conventional Sanger sequencing found only 23%
with mutations in the same cohort. Mass spectrometry detected an additional 132 mutations
in 64 patients, 50 of which were nilotinib or dasatinib resistant. It was found that these low-
level resistant mutations predicted lower complete cytogenetic responses when treated with
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second-generation TKIs, and low-level mutations that were sensitive to a particular second-
generation TKI did not expand when that TKI was administered. These findings have
been substantiated using NGS [38,39]. NGS detected BCR::ABL1 mutations 6–9 months
earlier than Sanger sequencing in patients who failed second-line TKI therapy, and found
that low-level mutations can persist even when good outcomes were achieved [40,41].
Mutations associated with resistance detected using NGS were independent predictors of
disease progression and loss of cytogenetic response [33]. This is of clinical utility since
early detection of mutations can aid treatment decisions and interventions to ensure the
appropriate TKI is selected to prevent clonal expansion [39].

There is an ongoing development of TKIs to circumvent TKI resistance and to over-
come the toxicity associated with the second and third-generation TKIs. One such TKI is
Specifically Targeting the ABL Myristoyl Pocket (STAMP) inhibitor asciminib, which is
currently in clinical trial. Asciminib allosterically binds to BCR::ABL1 at the myristoyl-
binding pocket, and as a result, the conformation of the ATP-binding domain is altered,
and inhibition occurs [7,42]. Thus, asciminib has had success in overcoming resistance
due to kinase domain mutations, even in patients with T315I using combination therapy.
Significantly, asciminib has reduced toxicity compared with other TKIs due to its high level
of target specificity [43,44]. However, in in vitro studies, asciminib-resistant mutations
were predicted, especially occurring at the myristoyl-binding pocket that would prevent
allosteric inhibitors from binding [7,45]. These mutations have not been identified with
clinical resistance to ATP-competitive TKIs.

Nevertheless, in a phase 1 dose-escalation study, myristoyl pocket mutations over-
lapping the BCR::ABL1 kinase domain have developed in asciminib-treated patients, as
detailed in Table 1 [46]. However, current clinical guidelines have not yet included any
mutations where asciminib would be contraindicated but will likely be added with the
availability of further clinical data [4]. These data indicate the potential relevance of using
an ATP-competitive inhibitor in combination with asciminib to reduce the emergence of
BCR::ABL1 mutations. Studies have already found that combination treatment with other
TKIs has higher efficacy than single-agent treatment [47–50]. In vitro studies found that
primary CML patient cells treated with asciminib and ponatinib demonstrated decreased
BCR::ABL1 activity and colony formation compared with asciminib monotherapy [47].
Mouse models have substantiated these findings with combination therapy showing de-
creased tumor burden after 21 days compared with a single treatment. Adverse events of
ponatinib were also minimized [47]. Similar results have been found in cell lines [50]. As
asciminib is a relatively new TKI, further research and clinical trials are required to provide
long-term therapeutic data in addition to further insight on the role of BCR::ABL1 kinase
domain mutations for asciminib resistance [44].

Table 1. BCR::ABL1 kinase domain mutations, which include overlapping myristoyl-binding pocket
mutations, that confer resistance to asciminib as predicted in preclinical studies and identified in
patients treated with asciminib in a clinical trial.

Study
BCR::ABL1 Kinase Domain

Mutations Detected in
Preclinical Studies

BCR::ABL1 Kinase Domain
Mutations Detected in Patient
Samples (Hughes et al. [46])

Lee and Shah [51]
A337V

A337T
G463D
P465S
V468F
I502L

P465S
V468F

Wylie et al. [7]

A337V
P465S
V468F
I502L

Eide et al. [47]
A344P
Y353C
P465S
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To summarize, different mutations confer different degrees of resistance to specific
TKIs. Therefore, TKIs must be carefully selected based on their BCR::ABL1 mutation
sensitivity profile, as outlined in clinical guidelines [3,4]. The selection of the appropriate
TKI is a process that requires careful consideration as inappropriate TKI use can lead to the
selection and expansion of a resistant mutation. Hence, early detection of low-level kinase
domain mutations can aid this decision.

3. Rearrangements Associated with the Formation of the Ph Chromosome

At the formation of the BCR::ABL1 fusion, genetic variation occurs in the breakpoints
involved in the initiating translocation on chromosomes 9 and 22. Furthermore, additional
genomic rearrangements accompanying the formation of the BCR::ABL1 gene fusion are also
a source of genetic heterogeneity in CML. These can take the form of variant translocations
due to the participation of one or more chromosomes in addition to 9 and 22 in the Ph
chromosome, which are detectable by bone marrow cytogenetic analysis. In the 1980s,
Southern Blot analysis of DNA detected sequence deletions adjacent to the translocation
breakpoint that were thought to be of no clinical consequence. In the 1990s, fluorescence in
situ hybridization (FISH) techniques detected large sequence deletions at the breakpoint on
the derivative chromosome 9 that spanned several hundred kilobases. The deletion status
was found to be an independent predictor of poor patient outcomes. With the advent of
advanced sequencing technologies in the 2000s, the genomic complexity accompanying the
formation of the Ph chromosome became evident with the detection of novel gene fusions
and complex rearrangements that included sequence inversion and fragmentation. As
technology has advanced, the resolution of the detection of complex genomic events has
been enhanced. Cytogenetic and FISH analysis are still used in the management of CML,
particularly at diagnosis and resistance assessment, since molecular analysis has largely
replaced these techniques for long-term monitoring of treatment response. In this section,
we discuss the clinical impact of additional rearrangements and how NGS has significantly
expanded our understanding of the complex nature of these rearrangements.

3.1. The Influence of BCR::ABL1 Transcript Type and Treatment Response

The most common breakpoint in CML occurs in the 5.8kb major breakpoint region
of BCR (M-BCR) and a 140kb region between exons 1b and 2 of ABL1. This event results
in a 210 kDa BCR::ABL1 protein and common BCR::ABL1 transcripts where either BCR
exon 13 or 14 are fused to ABL1 exon 2. These transcripts are termed e13a2 (previously
known as b2a2) and e14a2 (previously known as b3a2), and a proportion of patients express
both transcripts due to alternative splicing [52]. These common BCR::ABL1 transcripts
occur in >98% of CML patients [53]. The e14a2 transcript is more common than e13a2
(62.1% [including patients expressing both transcripts] versus 37.9%). Coexpression of both
transcripts ranged between 1.1% and 26.9% [53].

Atypical BCR::ABL1 transcripts are rare and occur in 1.93% of patients [53]. These
include the e1a2 transcript that occurs in 0.91% of patients. This is formed as a result of the
breakpoint lying in a 72kb region of intron 1 of BCR, known as the minor breakpoint region
(m-BCR) and generates a 190 kDa BCR::ABL1 protein. A third transcript type generates a
p230 kDa BCR::ABL1 protein and an e19a2 BCR::ABL1 transcript. The breakpoint usually
occurs within BCR intron 19 in the µ-BCR region [54] and are rarer, with incidences of the
e19a2 transcript found to be 0.31% [53]. Other atypical transcripts include e13a3, e14a3,
e1a3, e6a2, e8a2, e1a1, e8a1, e8a3, e15a2, and e23a1 [53].

There are conflicting findings as to whether this genetic variation in transcript type
impacts treatment outcome [55–57]. Studies in the pre imatinib era were conflicting, and
therefore this could not be used as a reliable prognostic factor. Higher rates of major
cytogenetic response (≤35% Ph chromosome levels) were reported in patients with e14a2
and a trend for poorer outcome with e13a2, while several studies found no significant
difference between the two transcript types [58–60] as reviewed by Molica et al. and
Sharma et al. [55,56]. In the TKI era, studies have found that patients with e14a2 had a
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better imatinib response than those with e13a2 [61–63], whereas some studies found that
e13a2 had higher rates of major cytogenetic response and ten-year overall survival [55,64].
However, other studies found no difference in cytogenetic and molecular response between
transcript types [61,65]. We have not found differences in response according to transcript
type for most responses, except for a higher rate of deep molecular response for patients
with the e14a2 transcript [57]. Second and third-generation TKIs have been reported to
produce similar response rates for both transcript types, and responses may be superior in
patients with e13a2 compared with responses for imatinib-treated patients [62,66]. However,
as these findings have not yet been validated on larger prospective cohort studies, current
treatment guidelines do not include transcript type for treatment decisions. Furthermore,
careful monitoring of patients and rapid treatment intervention for failure to achieve
milestone molecular responses can overcome any differences in outcome [3,4].

The BCR::ABL1 transcript type has also been found to influence the success of treatment-
free remission. Studies reported that patients with the e14a2 transcript had a higher proba-
bility of achieving sustained MR4.5 (BCR::ABL1 ≤ 0.0032% IS), which is a deep molecular
response and a prerequisite for stopping therapy in an attempt to achieve treatment-free
remission [66,67]. This finding is substantiated by studies showing that patients with e14a2
were more likely to maintain treatment-free remission [68–70]. Work from our laboratory
found that 67% of patients with the e14a2 transcript maintained treatment-free remission
at 12 months after cessation compared with 40% with the e13a2 transcript [68]. Therefore,
determination of transcript type could be of clinical utility in determining the probability of
treatment-free remission. The reason for this potential difference in treatment outcome due
to transcript type remains unknown, although the e14a2 transcript is more immunogenic
and could elicit a T-cell response that aids the elimination of BCR::ABL1 transcripts [71,72].
Furthermore, Lucas et al. found elevated levels of phosphorylated CrKL in patients with
the e13a2 transcript, which indicates higher tyrosine kinase activity of BCR::ABL1 [63].
However, the molecular basis for this activity is still poorly understood [63]. The impact
of atypical transcripts on outcome remains unclear due to the rarity of their occurrence.
Patients with atypical transcripts are currently not recommended for attempting treatment-
free remission due to lack of standardized monitoring; however, preliminary data have
suggested that this may become a possibility conditional to more effective molecular mon-
itoring for these patients [73,74]. In summary, the impact of transcript type on patient
outcomes is an area of debate in the pre and post-TKI era; however, there has been no
observed impact on responses to second and third-generation TKIs. Studies have found
that transcript type impacts treatment-free remission and therefore could be a factor in risk
stratification of patients attempting treatment-free remission.

3.2. Variant Translocations

In most patients, the BCR::ABL1 fusion is formed when the terminal sequence of the q
arm of chromosome 9 is swapped with the terminal sequence of the q arm of chromosome 22.
The genomic breakpoints usually occur within the BCR gene on chromosome 22 and the
ABL1 gene on chromosome 9. Beginning with the initiating translocation event, genetic
heterogeneity in CML is detectable cytogenetically in some patients by observing variant
translocations (Figure 1). Genetic events involving other chromosomes in addition to
9 and 22 in the formation of the BCR::ABL1 fusion are termed variant translocations [75].
These occur in 5–10% of newly diagnosed CML patients [76,77]. It has been debated
whether variant translocations are formed simultaneously with BCR::ABL1 formation in
a single genomic event or in a two-step process wherein BCR::ABL1 is formed first, and
other translocations occur subsequently [78]. Studies showed evidence for a one- or two-
step mechanism of variant translocation formation in CML patients using FISH [76,77,79].
A study by Calabrese et al. found the third breakpoint on the derivative chromosome
9 that was separate from the one involved in the formation of the Ph chromosome [80].
Material from chromosome 22 translocated into a third partner chromosome, including
a sequence from the derivative 9 breakpoint, suggesting a second translocation [80]. The
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most common partner chromosome involved in variant translocations is chromosome 17;
however, chromosomes 3, 6, 7, 8, 9, 11, 12, 16, and 19 have also been reported [75–77,81–83].

It has also been debated whether patients with variant translocations have inferior
outcomes. Deletions on the derivative chromosome 9 adjacent to ABL1 were found more
frequently in patients with a variant translocation and occurred in 40.4% of these patients
compared with 12% in patients with a classical translocation [76,82,84,85]. Derivative
9 deletions were predictive of adverse outcomes (explored subsequently in this review),
suggesting that variant translocations would confer a poorer prognosis. In the pre-TKI
era, patients with variant translocations did indeed have a poorer outcome and shorter
survival in some studies than those with a classical translocation [85–87]. However, studies
in multiple large international cohorts of imatinib-treated patients found no significant
difference in molecular outcomes, cytogenetic response or overall survival between patients
with variant or classical translocations [83,88–91]. The mechanism of variant translocation
formation was also irrelevant to predict imatinib response [92]. In contrast, Stagno et al.
showed that patients with a variant translocation had poorer cytogenetic and molecular
responses at 6–18 months from starting imatinib or nilotinib compared with patients
without variant translocations [93]. However, these observations were derived from only
ten cases, preventing definitive conclusions. Gorusu et al. further compared patients with a
derivative 9 deletion in addition to a variant translocation and found that these patients had
a poorer cytogenetic response to imatinib than those with only a variant translocation [76].

Another form of genetic heterogeneity in the formation of BCR::ABL1 is Ph-negative
CML. The Ph chromosome is not cytogenetically detectable in these patients due to re-
arrangements such as insertions of ABL1 into BCR or subsequent translocations that re-
store the Ph chromosome to normal morphology [94]. In cases of Ph-negative CML, the
BCR::ABL1 fusion is still detectable using methods such as FISH [75,95], and BCR::ABL1
transcripts are detectable. Ph-negative CML is rare, occurs in about 1–2% of patients, and
has no prognostic impact [96–98]. To summarize, although early research found that variant
translocations conferred poorer outcomes in the pre-TKI era, with the introduction of TKIs
and good clinical guidance for treatment intervention, variant translocations no longer
have prognostic implications [99].

3.3. Derivative Chromosome 9 Deletions

Further genetic heterogeneity in CML is evident by deletions on the derivative chro-
mosome 9 adjacent to the translocated ABL1 and BCR genes [84]. These were first detectable
using FISH analysis (Figure 1). The deletions spanned the translocation breakpoints and
involved several megabases of chromosome 9 and 22 sequences. They are believed to
occur during the formation of the Ph chromosome rather than disease progression and
were detected in 9–15% of CML patients [100,101]. They were consistently associated with
rapid disease transformation and shorter survival and were a more powerful predictor of
outcomes than clinical scoring systems when first identified [84]. The size of the deletion
was a factor for outcome, but some technologies could not adequately distinguish size.
Underpinning earlier research, array-comparative genomic hybridization could also detect
these deletions. Five of the 49 patients tested in one study had copy number variations
that were cryptic deletions on the derivative chromosome 9 [102]. All 49 patients had
no cytogenetically detectable chromosomal anomalies other than the Ph chromosome. In
the pre-TKI era, studies found that patients with a derivative 9 deletion had significantly
shorter median overall survival and faster time to disease progression [82,84,101,103]. This
difference has been largely overcome by introducing TKIs, and most studies did not find
a significant difference in outcomes or overall survival between patients with or without
derivative 9 deletions when treated with imatinib and second-generation TKIs [101,104,105].
Contradictorily, a study by Huntly et al. found that imatinib-treated patients with deriva-
tive 9 deletions had lower hematological response rates and major cytogenetic response and
faster time to disease progression than those without these deletions [100]. The relevance
of derivative 9 deletions was still debated in the early years after the introduction of TKIs,
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and the 2006 European LeukemiaNet guidelines for the management of CML suggested
that derivative 9 deletions were candidate prognostic factors [106]. However, the current
consensus, supported by the majority of studies, is that derivative 9 deletions are of no
prognostic significance [99].

Figure 1. Increasing resolution of techniques for detecting rearrangements associated with the
formation of the Ph chromosome. (A) Karyotype of a patient with a 3-way variant Ph chromosome.
Using chromosome banding, this large-scale chromosomal rearrangement was detectable. The arrows
indicate the chromosomes involved in the translocation. The Ph chromosome is the visibly shortened
chromosome 22, where the end of the q arm was translocated to chromosome 1. This fragment usually
translocates to the derivative chromosome 9. The end of the q arm of chromosome 1 was translocated
to the derivative chromosome 9. The resolution of chromosome banding is limited, and the specific
genes involved in these rearrangements are undetectable. (B) i. FISH analysis using a BCR/ABL
dual color dual fusion probe and metaphase spread confirmed the presence of the BCR::ABL1 fusion
signal (red and green signal on the derivative (der) 22) but the absence of the reciprocal ABL1::BCR
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fusion signal on the der 9. The BCR gene locus (green signal) was translocated to the der 1. The FISH
analysis is not able to define the exact location of the fused sequence of chromosome 22 within the
der 1 or any genes that may be associated with a gene fusion involving BCR. ii. Derivative 9 deletions
are also detectable by FISH analysis. The figure represents an ABL1 deletion of an interphase nucleus
derived from Figure 2D from Švabek et al. [107]. These are below the size resolution for detection using
chromosome banding. The deletion is indicated by the lack of a red ABL1 signal joined to a green BCR
signal. The FISH analysis will only detect the regions targeted by the fluorescent probes and cannot
identify novel fusion gene partners. The image is reproduced through the terms of the Creative
Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/
accessed on 2 January 2022).

Figure 2. Fusion transcripts and the corresponding genomic breakpoints at base-pair resolution are
detectable using next-generation sequencing. Shown is a segment of the BCR gene on chromosome 22
for a patient with the BCR::ABL1 fusion gene and CML where paired-end sequencing reads are visu-
alised using the Integrative Genomics Viewer (IGV). RNA-seq using total RNA was performed [11].
Bioinformatic tools identify the rearrangements, and IGV allows a composite view of all fusions asso-
ciated with the translocation between chromosomes 9 and 22. The multicoloured regions (chimeric
reads) indicate that the sequence is derived from another location in the genome. The color-coded
reads indicate that the sequence is derived from chromosome 9. Zooming into the BCR intronic
region reveals the fusion breakpoints at base-pair resolution. Alignment of the chimeric reads using
the BLAT function indicates the genomic coordinates of the partner read. Fusions include the primary
disease-causing BCR::ABL1 oncogenic fusion transcript (BCR exon 13 fused to ABL1 exon 2) and
the corresponding intronic BCR::ABL1 genomic fusion. These rearrangements are located on the
Philadelphia chromosome. The reciprocal rearrangements located on the derivative chromosome 9
are also detectable in the IGV composite view: the reciprocal ABL1::BCR fusion transcript (ABL1 exon
1 fused to BCR exon 14) and the reciprocal ABL1::BCR genomic fusion. Genome build hg19.

3.4. Ph-Associated Rearrangements

We have recently identified a novel mechanism of genetic heterogeneity in the for-
mation of the Ph chromosome using higher resolution NGS analysis that we have termed

http://creativecommons.org/licenses/by/4.0/
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Ph-associated rearrangements [11]. Typically, the translocation generates the BCR::ABL1
fusion, and in about 50% of patients, the reciprocal ABL1::BCR transcript is also generated
(Figure 2). In patients with Ph-associated rearrangements, the BCR::ABL1 fusions were
formed as usual, but the ABL1::BCR fusions were absent. Instead, BCR or ABL1 were
fused to other genes on chromosome 9 or 22, or genes adjacent to BCR or ABL1 formed
gene fusions. Sequence deletions and inversions were also evident. In some cases, fusion
involving genes on other chromosomes were detected and were consistent with variant
translocations identified by cytogenetic analysis. These rearrangements were detectable
at diagnosis and did not emerge at blast crisis, indicating they likely occurred at the time
of formation of the Ph chromosome. Importantly, Ph-associated rearrangements were
associated with a poor outcome where 33% of patients who progressed to blast crisis on
first-line TKI treatment had a Ph-associated rearrangement compared with 11% of patients
who achieved an optimal response [11]. Outcome prediction may improve with further
classification of deletions and complex chromosomal rearrangements associated with the
initiating translocation using new technology, revealing further genomic complexity in
some patients. Future studies will determine whether Ph-associated rearrangements are
prognostic markers that could guide up-front treatment decisions.

Additional rearrangements have been reported with fusion transcript generating
translocations in other malignancies, and some may indicate an inferior patient out-
come. In acute leukemia, rearrangements such as submicroscopic deletions and inver-
sions have been associated with known and novel fusions, including KMT2A (MLL),
ETV6::RUNX1, CBFB::MYH11 and RUNX1::RUNX1T1 [108–111]. In patients with AML,
the RUNX1::RUNX1T1 fusion is generated by a translocation between chromosomes 8 and
21 and confers a favorable prognosis. However, the prognosis can be altered when the
translocation involves complex rearrangements with additional chromosome involvement
or cryptic rearrangements where the sequence is inverted [112]. These events may indicate
larger-scale genomic instability associated with a poorer outcome.

Childhood KMT2A rearranged acute lymphoblastic leukemia (ALL) is associated with
a poor prognosis, and there are multiple different KMT2A fusion partners. More than half of
the rearrangements are complex, involve three or more chromosomes, and are accompanied
by large deletions or inversions adjacent to the breakpoints [113]. These are similar to the
Ph-associated rearrangements that we have reported in CML [11]. Interestingly, one
study reported a relatively favorable outcome for KMT2A-rearranged childhood ALL for
a subset of patients where the reciprocal rearrangements were detected [114], analogous
to the reciprocal ABL1::BCR fusions identified in CML patients. The ALL patients that
lacked the reciprocal fusion exhibited complex translocations or carried a single KMT2A
rearrangement [114]. We found that the reciprocal ABL1::BCR fusion was not detected in
patients with Ph-associated rearrangements [11]. The Ph-associated rearrangements were
an indicator of more complex rearrangements and were associated with a poor outcome [11].
They could be a marker of a genetically unstable disease prone to acquire additional disease
transforming mutations. Whether ALL patients with KMT2A-rearrangements lacking
reciprocal fusion are also markers of a genetically more unstable disease is unknown.

Similarly, complex gene fusion generating rearrangements have been reported in solid
tumors, such as EWSR1::ERG and some EWSR1::FL11 fusions in Ewing sarcoma, wherein
the rearrangements involve inversions and other complex rearrangements rather than
simple reciprocal translocations [115]. These complex rearrangements involved multiple
genes on different chromosomes rearranged in closed loops. This type of rearrangement
is known as chromoplexy, defined as a series of interdependent rearrangements among
multiple chromosomes [116,117]. Notably, the chromoplectic rearrangements were a marker
of aggressive disease, and patients were more likely to relapse in comparison with patients
with fusions that were formed by simple rearrangements.

Chromoplexy was first discovered in patients with prostate cancer involving fusions
such as TMPRSS2::ERG [117]. These can involve complex chains of rearrangements and
sequence deletion where DNA sequence is shuffled after breakage and re-ligation of genes
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or DNA segments in a random configuration. We identified similar rearrangements in
some patients with CML, although only two chromosomes were involved [11]. Figure 3
shows an example of chromoplexy-like rearrangements in a CML patient at diagnosis [11].
Whole exome sequencing, copy number variation analysis and RNA-seq identified multiple
deletions on chromosomes 9 and 22 in the region of the BCR and ABL1 genes, and multiple
novel gene fusions in addition to the BCR::ABL1 fusion. Some of the novel fusions involved
inversions that brought genes into the same transcriptional orientation. Furthermore, the
unusual positioning of the fusion partners as either the 5′ or 3′ gene, relative to their
original locations on chromosome 9 or 22, indicates that sequence fragmentation and
random reassembly of genes likely occurred. The incidence of complex rearrangements
in multiple cancers and a noticeable impact on outcome in some cases align with our
finding of a poorer outcome for CML patients with Ph-associated rearrangements with the
chromoplexy-like mechanism of action.

Figure 3. Representation of Ph-associated rearrangements formed as a result of chromoplexy-like
events. (A) Representation of the q arms of normal chromosomes (chr) 9 and 22. (B) Classical
Ph chromosome and derivative (Der) chromosome 9 formed by a reciprocal translocation in CML.
(C) Representation of Ph-associated rearrangements observed for patient 24 of our whole exome
sequencing, RNA-seq and copy number variation analysis [11] where multiple novel gene fusions
were detected. The location and orientation of the gene fusions suggest that segments of chromosome
9 (orange) and chromosome 22 (blue) fragmented during the formation of the Ph chromosome, which
resulted in the loss of genetic material (indicated in black), inversion (indicated by arc arrows and
denoted with (*), and random reassembly of sequence that generated novel fusions. Using ST13:ASS1
as a model, the fusion was formed following the deletion of sequence adjacent to ST13 on chromosome
22 and ASS1 on chromosome 9, and complex rearrangement involving inversion (denoted with (*)
and reassembly of sequence that brought the genes into the same transcriptional orientation. The
arrows in the lower box indicate the original transcriptional direction of the genes on their respective
chromosomes and the transcriptional direction after deletion, inversion, and sequence reassembly.
Consistent with other patients with Ph-associated rearrangements, the reciprocal ABL1::BCR transcript
on derivative 9 was not detected due to disruption and deletion of adjacent sequence. The complete
sequence of events is not fully resolved, but the positioning of the fusion partners of the novel
fusions suggests that sequence fragmentation may have occurred on both the derivative 9 and the Ph
chromosome, and the novel fusions may be located on derivative 9 or the Ph chromosome.
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To summarize, genomic events similar to Ph-associated rearrangements have been
found in other hematological and solid tumor malignancies. These may adversely impact
outcomes, which supports our findings in CML. Further studies focusing on the impact of
the Ph-associated rearrangements on treatment outcome could potentially enhance clinical
risk prediction for patients with CML and aid the selection of first-line TKI treatment.

4. Role of Potentially Pathogenic Variants in Cancer Genes, Including Fusions
and Deletions

Our understanding of the mechanisms of drug resistance and treatment failure be-
yond BCR::ABL1 mutations has recently improved. NGS studies have confirmed the role of
mutations in cancer-related genes [11,118–122]. Early studies first observed that RUNX1,
a regulator of hematopoietic cell differentiation [123], was mutated in some patients in
blast crisis CML [124]. Studies in the last decade have confirmed the role of RUNX1 muta-
tions, including gene fusions, in the transformation to blast crisis [11,118,119,121,125,126].
Downregulation of DNA repair genes has been demonstrated in the RUNX1-mutated blast
crisis [127]. Roche-Lestienne et al. conducted an initial study using genomic DNA of
four cancer genes that had been commonly reported in BCR::ABL1 negative hematological
cancers: TET2, IDH1, IDH2, and ASXL1. This study found no IDH1 or IDH2 mutations
and TET2 and ASXL1 in only a few patients [128]. A more sensitive and more extensive
analysis was conducted by our laboratory using integrative genomic analysis [11]. We
found that cancer gene mutations were detectable at diagnosis in 50% of the 46 patients
treated with first-line TKIs; 70% of 27 patients who did not achieve a significant molecular
response had a cancer gene mutation in comparison with 21% of 19 patients who did
achieve this response [11]. Furthermore, cancer gene mutations were found in all patients
diagnosed in blast crisis. We found ASXL1 to be the most frequently mutated gene. These
findings have been validated by other studies, which found that cancer gene mutations
were more frequent at diagnosis in patients who progressed to blast crisis and were there-
fore associated with inferior outcomes [119,126]. ASXL1 was also found to be one of the
most frequently mutated genes [119,120,126]. There were discrepancies in the frequency of
mutations detected at diagnosis in chronic phase patients between studies with frequencies
ranging from 29% to 50% [129].

A study by Wu et al. observed an increased frequency of ASXL1 associated with
BCR::ABL1 kinase domain mutations [120]. This study also investigated the frequency of
mutations in patients with TKI intolerance. They reported that mutations in CUX1, KIT, and
GATA2 may play a role in TKI intolerance as these mutations were found at higher rates in
intolerant patients than TKI resistant patients. The authors found that these genes were
myelodysplastic syndrome-related genes and mutations affected hematopoiesis, especially
in relation to cytopenias, which are associated with intolerance [120]. The most commonly
mutated cancer genes are ASXL1, RUNX1, IKZF1, BCORL1, KMT2D, DNMT3A, JAK2, TP53
and TET2. IDH1 and IDH2 were rare, consistent with earlier studies [130].

Recent research by Zhang et al. and Xue et al. have confirmed that ASXL1 is the
most frequently mutated gene in CML [131,132]. Zhang et al. found that 87% of the
169 CML patients in the chronic phase or accelerated phase treated with a third-generation
TKI for drug resistance harbored one or more cancer gene mutations [131]. Mutated ASXL1
occurred in 69% of patients. The poorest response and outcome to third-generation TKIs
occurred for those patients with three or more cancer gene mutations. Furthermore, cancer
gene mutations and additional chromosomal abnormalities were independently associated
with progression-free survival. Certain additional chromosomal abnormalities acquired
during therapy are currently considered a criterion for treatment failure [3], and future
guidelines may incorporate cancer gene mutations into the treatment failure algorithm.
Importantly, Zhang et al. identified patient risk groups (favorable, intermediate, and high)
based on the ASXL1 mutation status and variant allele frequency, which demonstrates the
potential power of genomic testing for risk stratification. Complementary to these findings,
Xue et al. [132] found that cancer gene mutations were detectable in all disease phases, and
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the highest frequency occurred in accelerated and blast phase at ≥85%. ASXL1 mutations
were the most common in each disease phase. Furthermore, in vitro modelling of an ASXL1
mutation in BCR::ABL1-transformed cells found that this mutation conferred a significant
degree of resistance to first and second-generation TKIs. Further studies are warranted
to assess the TKI sensitivity of other common mutations reported in CML. These future
findings could influence treatment decisions.

There are currently no clinical guidelines for diagnostic monitoring of cancer gene mu-
tations [3] or guidance on therapeutic intervention if a pathogenic mutation is identified [4].
The U.S.-based National Comprehensive Cancer Network Clinical Practice Guidelines in
Oncology for CML suggest that NGS using a myeloid mutation panel should be consid-
ered for patients who present in advanced disease phases or have disease progression to
advanced phases with no identifiable BCR::ABL1 kinase domain mutation [4]. However,
lymphoid gene mutations may also be relevant for lymphoid phenotype blast crisis CML
and BCR::ABL1 mutations frequently co-occur with mutated cancer genes [11,125]. In blast
crisis, 85% to 100% of patients with BCR::ABL1 kinase domain mutations also had cancer
gene mutations, including gene fusions and deletions [11,125,133]. Known and novel gene
fusions in CML have now been described in multiple studies of CML resistance [11,121,126].
Furthermore, deletions involving the IKZF1 gene are among the most frequently detected
in lymphoid blast crises [11,125,133]. Therefore, restricting mutation analysis to single
nucleotide variants and small insertions and deletions in myeloid genes may fail to detect
a substantial proportion of relevant mutation types.

There is a growing body of evidence indicating that the detection of cancer gene
mutations has the potential to be utilized for risk stratification and could guide treatment
decisions [130]. Further validation of NGS results on larger unselected cohorts will provide
sound evidence for future clinical practice guidelines for managing cancer gene mutation-
driven resistance in CML. An area of research that remains incomplete is the functional
impact of the various cancer gene mutations in a CML context. Some research has already
been conducted on mutant ASXL1 as mentioned above [132], as well as mutated RUNX1
and UBE2A that have been recurrently mutated in CML. Studies using Ba/F3 transfected
with BCR::ABL1 and the K562 CML cell line found that UBE2A mutations contributed to the
downregulation of myeloid differentiation pathways [122]. RUNX1 mutations contributed
to the downregulation of DNA repair machinery and promoted genomic instability [127].
This indicates the potential for further functional work on other cancer genes in CML to
direct future therapeutic targets independent of BCR::ABL1. Hence, cancer gene mutations
could potentially assist in guiding a more personalized medicine approach to treating CML.

5. Conclusions

It is abundantly evident that despite the consistent genetic signature of BCR::ABL1,
CML is a genetically heterogeneous disease. Many years of research on BCR::ABL1 kinase
domain mutations have demonstrated the importance of monitoring TKI resistance and the
appropriate TKI selection. TKI therapy has overcome the poor risk previously associated
with derivative chromosome 9 deletions and variant translocations. There remains contro-
versy regarding the impact of specific BCR::ABL1 transcript types on treatment outcomes.
The advent of large scale and sensitive sequencing technologies has revealed a more ge-
nomically complex and heterogeneous disease in select CML patients, especially those with
inferior outcomes. This genetic heterogeneity may yield potential future biomarkers of
treatment outcomes. The novel discovery of Ph-associated rearrangements already demon-
strates a previously unknown genomic mechanism that has the potential to impact patient
outcomes. Recent studies of complex rearrangements in other leukemias and solid tumors
have also reported an association with poorer outcomes. The co-occurrence of BCR::ABL1
kinase domain mutations and cancer gene mutations in a high proportion of resistant
patients indicates that we should not consider resistance as either BCR::ABL1-dependent
or BCR::ABL1-independent. Rather, resistance mechanisms may act interdependently to
drive disease progression. We predict that expanded NGS testing for rearrangements and
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cancer gene mutations will enhance risk prediction, more reliably classify TKI resistance,
and identify novel future targets for therapy.
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