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Abstract The BCR-ABL1 oncogenic tyrosine kinase can
transform pluripotent hematopoietic stem cells and initiate
chronic myeloid leukemia in chronic phase (CML-CP), a
myeloproliferative disorder characterized by excessive ac-
cumulation of mature myeloid cells. Patients in CML-CP
usually respond to treatment with ABL1 tyrosine kinase
inhibitors (TKIs) such as imatinib, though some patients
who respond initially may become resistant later. CML-
CP leukemia stem cells (LSCs) are intrinsically insensi-
tive to TKIs and thus survive in the long term. These
LSCs or their progeny may at some stage acquire addi-
tional genetic changes that cause the leukemia to trans-
form further, from CML-CP to a more advanced phase,
which has been subclassified as either accelerated phase
(CML-AP) or blastic phase (CML-BP). CML-BP is char-
acterized by a major clonal expansion of immature pro-
genitors, which have either myeloid or lymphoid features.
CML-BP responds poorly to treatment and is usually
fatal. This review discusses the role of genomic instability
leading to blastic transformation of CML and proposes some
novel therapeutic approaches.
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Introduction

Before the era of tyrosine kinase inhibitors (TKIs), patients
who presented with chronic myeloid leukemia in chronic
phase (CML-CP) progressed to a more accelerated phase
(CML-AP) after a median interval of about 5 years. CML-
AP patients might still respond to treatment for months or
years, but eventually they developed a very aggressive blast
phase (CML-BP), after which the median survival was
about 6 months. Some patients progressed directly to BP
without an intermediate phase of acceleration.

Although continued use of TKIs to treat CML-CP may
indeed prevent CML-BP in a large population of patients,
between 15% and 20% of patients, most of whom will have
been classified as nonresponders, may still progress to
CML-BP [1]. Additional cytogenetic aberrations such as
+Ph, +8, i(17q) and +19, if present at diagnosis, are associ-
ated with increased risk of progression to CML-AP/BC [2°].
In addition, the ability of TKIs to render residual CML-CP
cells “inactive” rather than to eradicate them entirely sug-
gests that CML-BP still may occur even in “responding”
patients [3, 4]. Moreover, it has been reported that a rare
sudden BP may occur in an unpredictable fashion in
CML-CP patients who appear to be responding to imatinib
treatment [5].

Chromosomal Aberrations Associated with CML Blast
Phase

CML-BP is associated with dramatic changes in the leukemia
cell phenotype: enhanced “stemness,” uncontrolled prolifera-
tion and invasion, abrogated differentiation, and early resis-
tance to TKIs [6, 7]. At present, the molecular mechanisms
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responsible for these extensive changes are still uncertain;
most likely, they involve activation of oncogenic factors, inac-
tivation of tumor suppressors, or both. These changes may
arise through mutagenesis in TKI-refractory CML-CP cells.

Accumulation of various chromosomal aberrations and
mutations is believed to be responsible for the transition of a
relatively benign CP to the aggressive BP [8]. The frequency
of additional chromosomal abnormalities is about 7% in
CML-CP and increases to 40—-70% in the advanced phases
of disease, as evaluated by standard cytogenetic analysis [9].
A deep-sequencing study of CML-BP patients revealed
mutations in almost 77% of cases [10]. Numeric chromo-
somal changes were detected at a 50-fold higher frequency
and structural changes at a 12-fold higher frequency in
CML-BP, compared with CML-CP. More sensitive compar-
ative genomic hybridization (CGH) and single-nucleotide
polymorphism (SNP) analyses detected multiple genetic
aberrations already in CP, but BP patients carried much
more complex karyotypes [11, 12]. This observation sug-
gests that genomic instability is an early event in CML.

Patients from the pre-imatinib and imatinib eras have
displayed similar types of genetic aberrations that mostly
involve the presence of additional chromosomes, gene dele-
tions, and insertions or point mutations [13—15, 16+]. At the
molecular level, the most common mutations (other than
these in BCR-ABLI kinase domain) in myeloid BP are
detected in 20-30% of cases in the tumor suppressor gene
p53[i(17q) and t(1;17) associated with the loss of p53, and
point mutations in p53] and in 38% of cases in the tran-
scription factor RUNXI (also known as AMLI) [t(1;21)]
[15, 17, 18]. Chromosomal aberrations are found more
frequently in lymphoid than in myeloid CML-BP and
resemble those found in B-cell acute lymphoblastic leuke-
mia (B-ALL) [9]. Deletions of the CDKN2A/B and IKZF1
(Ikaros) genes were found in 50-55% of patients with
lymphoid BP [18-21]. Moreover, BCR-ABLI-mediated
stimulation of activation-induced cytidine deaminase (4/D)
leads to a hypermutator phenotype, CML-lymphoid BP, and
imatinib resistance [22].

Other aberrations found in CML-BP patients involve
additional chromosomes (+Ph, +8, +19), t(3;21) and t(7;11)
generating AML-1/EVII and NUP98/HOXAY fusion onco-
genes respectively, translocations and inversions associated
with AML/myelodysplasia [inv(3), t(15;17)], loss-of-
heterozygosity (LOH) at 14g32, homozygous mutations/
deletions of pRB, inactivating point mutations in p53 and
in /CSBP, gain-of-function mutations in GATA-2 and RAS,
and mutations in PRDM16. Numerous SNPs have been
reported in additional genes regulating cell differentiation,
such as GATA-3 and RUNXI in myeloid CML-BP [23], but
these results await confirmation. Recently, aberrations in genes
that are mutated in BCR-ABL1-negative myeloproliferative
neoplasms (CBL, CBLB, TET2, ASXLI, IDH1/2) have been
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reported in CML-AP/BP patients [24]. However, these aberra-
tions may represent passenger mutations not affecting the
disease progression [25].

Experimental findings support the conclusion that genetic
aberrations contribute to malignant progression of CML. For
example, loss of p53 led to a CML-BP-like disorder in mice
[26]. CDKN2a gene loss enhanced oncogenicity in mouse
models of BCR-ABLI-induced ALL [27]. Co-expression of
BCR-ABLI and NUP98/HOXA9 caused CML-BP-like disease
in mice [28]. GATA-2 gain-of-function mutations, partial dele-
tions of PMRD16 and RUNXI, and expression of RUNX1/
PMRDI6 detected in CML-myeloid BP may disturb myelo-
monocytic differentiation, strongly suggesting their involve-
ment in acute myeloid transformation [23, 29].

Moreover, genetic aberrations associated with CML-BP
progression likely play a role in TKI resistance [30], causing
a high risk of treatment failure [31]. For example, additional
chromosomal aberrations, loss of p53, and CDKN2A4 and
RUNXI abnormalities may be responsible for disease per-
sistence during imatinib treatment [27, 32—34].

Role of TKI-Resistant Mutations in BCR-ABL1 Kinase
in CML-BP Progression

Point mutations in BCR-ABL 1 kinase have been detected in 50—
90% of patients displaying resistance to imatinib, including
about 23% of imatinib-naive patients [35]. Moreover, the ap-
plication of second-generation TKIs in imatinib-resistant cases
led to selection of additional resistance mutations [36]. Third-
generation TKIs such as DCC-2036 and ponatinib are currently
in clinical trials [37], but (similarly to imatinib and second-
generation TKIs) it is likely that BCR-ABLI kinase mutants
resistant to third-generation TKIs will develop, perhaps because
of the emergence of resistant clones carrying BCR-ABL 1 kinase
compound mutations [38]. Altogether, CML cells are elusive
targets even for the most advanced therapies [39].

TKI-resistant BCR-ABLI mutants exhibit altered kinase
activity, substrate utilization, and transformation potency
and are associated with clonal cytogenetic evolution, which
may affect disease progression [35, 40]. Likewise, the presence
of mutations in BCR-ABLI kinase was associated with greater
likelihood of disease progression, which suggests enhanced
genomic instability in these cells [41]. For example, frequent
EVII translocations were found in TKI-resistant BCR-ABLI
kinase mutant clones in patient who progressed to myeloid
BP [42].

The Complexity of CML-BP

Specific CML-BP-associated genetic alterations are relatively
common, but no one lesion occurs in the majority of CML-BP
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patients, so it is unlikely that any one specific secondary
genetic aberration can be defined as “the culprit” causing
disease progression. More likely, CML-BP results from the
accumulation of a critical number or combination of different
mutations. It can be speculated that CML-BP is a multistep,
time-dependent process initiated by mechanisms both depen-
dent and independent of BCR-ABL1, which cause DNA
damage associated with inefficient and unfaithful DNA repair
in CML-CP, facilitating the accumulation of additional genetic
changes that lead to the selection of CML-BP clones [7].

Because there is a direct correlation between levels of
BCR-ABLI kinase expression and the frequency of clini-
cally relevant BCR-ABL1 mutations [43, 44], unrestrained
and increasing BCR-ABL1 kinase activity may promote or
contribute to clonal evolution, thereby leading to CML-BP
[45]. This effect may occur at the level of leukemia stem
cells (LSCs) (which display innate or acquired TKI resis-
tance), leukemic progenitor cells (LPCs), or both; the LPCs
may have developed resistance and expanded during TKI
therapy [11, 46]. Thus, we can speculate that prevention or
effective treatment of CML-BP will be achieved only if
novel therapeutic strategies can be developed that are capa-
ble of interfering with the molecular networks (both depen-
dent and independent of BCR-ABL1) that allow clonal
expansion and are responsible for acquired “stemness,”
impaired differentiation, and increased genomic instability
in CML-BP.

Genomic Instability Facilitates CML-BP

Genomic instability usually results from an aberrant cellular
response to enhanced DNA damage. In CML cells, these
mechanisms can be modulated by BCR-ABLI1 kinase or can
be kinase-independent.

Enhanced DNA Damage

Much endogenous DNA damage arises from intermediates
of oxygen reduction called reactive oxygen species (ROS),
such as superoxide radical anion (*O, ), which may lead to
the production of hydrogen peroxide (H,0O,) and hydroxyl
radical (*OH). BCR-ABL I -transformed cell lines and CD34"
CML cells contain, on average, two to six times more ROS
than their normal counterparts (more than normal in CML-
CP, and even more in CML-BP) [45, 47, 48]; the mitochon-
drial respiratory chain, enhanced glucose uptake, and
NADPH oxidase may play a role in this phenomenon [49].
ROS can cause damage to all nucleobases and deoxyribose
residues in DNA, freeing nucleotides that generate oxidized
bases and DNA double-strand breaks (DSBs) [50]. The
number of oxidative “hits” to DNA (for example, 7,8-dihydro-
8-0x0-2'-deoxyguanosine, 8-0xoG) per normal human cell

per day is about 10%, and normal cells contain about 50
DSBs per cell per cell cycle. CD34" CML cells display
about three to eight times more oxidized nucleobases and
four to eight times more DSBs [45, 47, 48].

DNA damage could also be directly induced by the
ionizing radiation and genotoxic drugs used as part of a
conditioning regimen in hematopoietic transplantation for
CML patients. BCR-ABLI-positive cells accumulate more
irradiation-induced and drug-induced DNA lesions than
normal cells, thus generating chromosomal aberrations
[S1., 52].

Unfaithful and Inefficient DNA Repair

Cellular DNA repair systems act to remove DNA damage
and ultimately preserve the informational integrity of the
genome. If too much damage is inflicted, the apoptotic
pathways are activated to eliminate cells with irreparable
and potentially mutagenic DNA lesions [53]. Leukemia
cells are tolerant to DNA damage due to BCR-ABLI1-
mediated protection from apoptosis, modulation of the
response to DNA damage, or both [54]. Moreover, FOXO3a,
a critical mediator of resistance to physiologic oxidative stress,
localizes in the nuclei of LSCs in the murine model of
CML-CP, suggesting another mechanism of protection from
the toxic effects of ROS [55].

Defective or inefficient repair of ROS-induced oxidized
DNA bases and DSBs may lead to a variety of point muta-
tions and chromosomal aberrations. CD34" CML cells dis-
play a malfunctioning mismatch repair pathway, which can
facilitate accumulation of point mutations [56]. BCR-ABL1
also promotes mutagenic nucleotide excision repair (NER)
[57] and stimulates DSB repair, but the fidelity of the repair
mechanisms (homologous recombination repair [HRR],
nonhomologous end-joining [NHEJ], and single-strand
annealing [SSA]) is compromised [45, 48, 58-60]. In
BCR-ABLI1—positive cells, point mutations were introduced
during usually faithful HRR, extensive nucleobase loss was
associated with NHEJ, and enhanced SSA generated large
deletions. Overexpression and tyrosine phosphorylation of
RADS1, a key element in HRR responsible for strand inva-
sion and pairing, may result in aberrant HRR. Deregulation
of DNA ligase Illx, Werner helicase/exonuclease, DNA-
end-processing factor CtIP, and Artemis may contribute to
excessive loss of DNA bases during NHEJ in BCR-ABLI-
positive cells.

Genomic Instability in Leukemia Stem Cells and Leukemic
Progenitor Cells

The (9;22) translocation may represent a random event or

may result from pre-existing conditions associated with
genomic instability in hematopoietic stem cells. Therefore,
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additional genetic aberrations accumulated during the
course of CML may be promoted by BCR-ABLI1 kinase
and also by a pre-existing abnormality responsible for the
formation of %(9;22)(q34;q11). The former statement is sup-
ported by reports that BCR-ABL1 kinase-positive cells ac-
quire more oxidative DNA lesions (8-0xoG, DSBs) than
normal counterparts in response to endogenous ROS and
genotoxic treatment [47, 48], and that the kinase can inhibit
some DNA repair mechanisms (e.g., mismatch repair) and
stimulate other mechanisms (NER, HRR, NHEJ, and SSA)
at the cost of their fidelity [61]. However, the pre-existing
condition cannot be ruled out because chromosome abnor-
malities were detected in t(9;22)(q34;q11)-negative meta-
phases appearing during imatinib therapy in patients with
newly diagnosed CML-CP [36]. Genomic instability may
also depend, at least partially, on the presence of BCR-
ABLI protein, even if it does not express kinase activity.
This speculation is supported by the reports that survival of
CML-CP LSCs is promoted by BCR-ABLI1 protein, not the
kinase activity [62], and that BCR-ABLI1-induced adhesion
defects are tyrosine kinase-independent [63].

Genomic instability in CML-CP most likely occurs in the
LSC-enriched CD34'CD38" population and/or the LPC-
rich CD34" population, as TKI-resistant BCR-ABL mutants
and chromosomal aberrations have been detected in both
subpopulations [44, 46, 52]. CML-CP can progress to either
myeloid or lymphoid BP (or sometimes a mixed myeloid/
lymphoid phenotype), and chromosomal abnormalities are
documented in both phenotypes [64], suggesting that ge-
nomic instability may occur at the LSC level, the LPC level,
or both.

Genomic Instability in CML Cells in the Era of TKIs

Because BCR-ABLI1 kinase induces genomic instability
[8], imatinib and other TKIs should prevent the accumu-
lation of additional genetic changes in CML cells. In fact,
imatinib reduced ROS, oxidative DNA damage, point
mutations, and other genetic aberrations in BCR-ABLI1-
positive cell lines and BCR-ABLI transgenic mice [47,
48, 65]. Nevertheless, imatinib-treated CML patients con-
tinue to accumulate point mutations (including those caus-
ing resistance to other TKIs) and chromosomal aberrations
[14, 29, 36, 66].

There are several possible explanations for persistent
genomic instability during TKI treatment. First, the effect
of TKIs on BCR-ABLI kinase-induced signaling may be
obscured by growth factors, usually resulting in incomplete
inhibition or even stimulation of signaling pathways, such
as those involving STATS, AKT, and MAPK [67, 68].
Second, imatinib may exert mutagenic activity to induce
centrosome and chromosome aberrations [69]. The appear-
ance of cytogenetic aberrations in t(9;22)(q34;q11)-negative
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cells following imatinib therapy supports this hypothesis
[70]. Third, if CML-CP cells display an active, pre-
existing genomic instability responsible for the generation
of t(9;22), this process should be independent of BCR-
ABLI kinase and will continue generating errors despite
treatment [36].

Inhibition of Genomic Instability in CML-CP to Prevent
CML-BP

At diagnosis, most CML-CP patients do not have mutations
or a “critical” combination of aberrations causing either TKI
resistance or disease progression. Nevertheless, some TKI-
treated patients develop mutations and chromosomal aber-
rations, even though imatinib efficiently antagonizes ge-
nomic instability in experimental CML models. Prevention
of genomic instability may be critical for a better therapeutic
effect or even eradication of CML, given several facts: (1)
BCR-ABL-negative patients, as assessed by reverse tran-
scriptase PCR, may have up to 10° CML cells; (2) CML-
CP patients can have about 5x10” CD34" cells displaying
innate imatinib resistance [71]; and (3) CD34"CD38 LSCs
in CML-CP can expand in the presence of imatinib and
acquire TKI-resistant BCR-ABLI kinase mutations and
additional chromosomal aberrations [46].

ROS-induced oxidative DNA damage is often detected in
CML-BP, resulting in both clinically relevant BCR-ABLI
mutations and chromosomal aberrations (i.e., aneuploidy,
translocations, and truncations) [47, 51¢]. Antioxidants can
diminish ROS-mediated oxidative DNA damage and reduce
the appearance of TKI-resistant mutations and chromosomal
aberrations [45, 47, 48]. The combination of imatinib and an
antioxidant has exerted a synergistic/additive antimutagenic
effect [47], so it is possible that the combination of a TKI
and antioxidants may prevent CML-BP by reducing the
appearance of TKI-resistant clones and the accumulation
of genetic aberrations.

Conclusions

We postulate that elevated levels of DNA damage, com-
bined with defective or inefficient DNA repair in LSCs,
LPCs, or both, can generate mutations and chromosomal
aberrations in CML-CP LSCs or LPCs, causing resistance to
TKIs and progression toward CML-BP. TKI-refractory
LSCs and LPCs may be like ticking time bombs that even-
tually explode to produce a CML-BP clone. However, some
crucial questions have yet to be answered: Does malignant
progression originate from CML-CP LSCs, LPCs, or both?
What are the molecular mechanisms driving genomic insta-
bility in LSCs or LPCs? Is the acquisition of self-renewal,
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impaired differentiation, and increased genomic instability
of CML-BP stem cells or progenitor cells solely dependent
on BCR-ABL1? It is highly plausible that in CML-CP,
BCR-ABLI1-induced genomic aberrations and BCR-ABLI1-
independent pre-existing genetic lesions may function as
amplifiers of a genetically unstable phenotype, and thereby
predispose CML to blastic transformation by affecting
“stemness,” survival, proliferation, and differentiation of
the LSCs, the LPCs, or both.
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