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With the deaths of Janet Rowley and John Goldman in December
2013, the world lost two pioneers in the field of chronic myeloid
leukemia. In 1973, Janet Rowley, unraveled the cytogenetic

anatomy of the Philadelphia chromosome, which subsequently led to the
identification of the BCR-ABL1 fusion gene and its principal pathogenetic
role in the development of chronic myeloid leukemia. This work was also
of major importance to support the idea that cytogenetic changes were
drivers of leukemogenesis. John Goldman originally made seminal contri-
butions to the use of autologous and allogeneic stem cell transplantation
from the late 1970s onwards. Then, in collaboration with Brian Druker, he
led efforts to develop ABL1 tyrosine kinase inhibitors for the treatment of
patients with chronic myeloid leukemia in the late 1990s. He also led the
global efforts to develop and harmonize methodology for molecular moni-
toring, and was an indefatigable organizer of international conferences.
These conferences brought together clinicians and scientists, and accelerat-
ed the adoption of new therapies. The abundance of praise, tributes and
testimonies expressed by many serve to illustrate the indelible impressions
these two passionate and affable scholars made on so many people’s lives.
This tribute provides an outline of the remarkable story of chronic myeloid
leukemia, and in writing it, it is clear that the historical triumph of biomed-
ical science over this leukemia cannot be considered without appreciating
the work of both Janet Rowley and John Goldman. 

ABSTRACT

Introduction: the power of targeted therapy

The biology and treatment of patients with chronic myeloid leukemia (CML), a
rare heterogeneous clonal hematopoietic stem cell disorder characterized by a con-
sistent cytogenetic abnormality (the Philadelphia chromosome) and the presence of
the BCR-ABL1 fusion gene, must surely be ranked as one of the most successful
cancer medicine stories of the past century. The BCR-ABL1 fusion gene encodes the
oncoprotein BCR-ABL1 (also referred to as p210 or BCR-ABL) with a constitutive
active tyrosine kinase activity that is the primary cause of the chronic phase of
CML.1,2 The discovery in 1996 that this kinase activity could be pharmacologically
inactivated by a modified 2-phenylaminopyrimidine paved the way for the suc-
cessful introduction of imatinib (also known as STI571, glivec, or gleevec) as an ini-
tial oral treatment for newly diagnosed CML patients.3 Imatinib, now termed a 1st-
generation tyrosine kinase inhibitor (TKI), substantially and durably reduces the
number of CML cells in the chronic phase at a daily oral dose of 400 mg, and has
improved the 10-year survival rates from less than 20% to around 83% (Figure 1).4



The greatest advance is in those patients who achieve a
complete cytogenetic response (CCyR) within two years
of starting imatinib leading to life spans indistinguishable
from the general population.5 These impressive results
with imatinib therapy have had profound effects on the
natural history of CML and its prevalence. Current esti-
mates suggest that in the USA, where about 5500 new
cases are diagnosed annually, the prevalence will increase
to about 120,000 by 2020 and to about 200,000 by 2050.6

However, imatinib is far from perfect, with only approx-
imately 60% of patients remaining on the standard daily
dose of 400 mg after six years due to either lack of drug
tolerance or drug resistance.7 Imatinib is inducing respons-
es also in the more advanced phases of CML, but these
responses are not durable. There are now four newer
TKIs, three so-called 2nd-generation inhibitors and one 3rd-
generation inhibitor, all of which are more potent than
imatinib in in vitro assays. Of the 2nd-generation drugs, nilo-
tinib (also known as AMN107) and dasatinib (also known
as BMS-354825) are licensed in the US and many other
parts of the world for patients with CML in the chronic
phase as first-line and subsequent therapies, while bosu-
tinib (also known as SKI-606), is currently licensed for
CML patients resistant or refractory to first-line drugs and
is anticipated to be approved for first-line use in the near
future. The 3rd-generation inhibitor ponatinib (also known
as AP24534), is the newest and is licensed for CML
patients who either have a T315I mutation or who fail to
respond to any of the other currently approved TKIs.
Current experience suggests both nilotinib and dasatinib
achieve deeper and faster molecular responses than ima-
tinib, but the precise benefits of such responses remain an
enigma. Thus far, there is little evidence of a statistically
significant improvement in overall survival (OS), though
long-term follow up confirmed a superior rate of freedom
from progression compared with patients with less deep
molecular responses at the same time points.8

The advent of TKIs in the treatment of CML has opened
a new era of precision medicine for diverse malignancies
in which relatively non-specific and often toxic drugs are
gradually being replaced by safer and better tolerated
agents whose mechanism of action is precisely defined,
and for which the treatment algorithm is guided by indi-
vidual patient genomic information.9 Indeed, many TKIs
have activity against other tyrosine kinases and could,
therefore, be useful in treating patients whose malignan-
cies harbor these gene mutations. In this review, we dis-
cuss the various milestones in the study, diagnosis, moni-
toring and treatment of CML, and speculate on the notion
of cure and candidates for future therapy.10

Cytogenetics and molecular biology 

Claims of priority can almost always be challenged but
it is generally agreed that Alfred Velpeau in France be cred-
ited with the first detailed description of what must have
been leukemia in 1827.11 As a result of astute clinical obser-
vations, he described a 63-year old florist and lemonade
salesman who presented with gross hepatosplenomegaly
and was noted to have “globules of pus” in his blood. The
precise diagnosis, however, remained elusive. The first
plausible story of what we now know as CML probably

began in 1845 almost simultaneously by John Bennett in
Edinburgh and Rudolph Virchow in Berlin.12,13 They both
published accurate case reports and probably neither were
aware of the other’s publication until later. Major progress
in both the therapy and, indeed, the understanding of the
disease did not occur until 1960. Figure 2 depicts the prin-
cipal milestones in the study and treatment of CML.

Janet Rowley defines the cytogenetics of the
Philadelphia chromosome
Following the discovery by Joe Tjo and Albert Levan in

1956 that humans have 46 chromosomes, many efforts
were directed to the study of chromosomal abnormalities
in human cancers.14 By 1959, reports pertaining to the
presence of constitutional abnormalities related to partic-
ular phenotypes began to appear, the most well known
being the association of the gain of chromosome 21 in
patients with Down syndrome.15 The work of Peter
Nowell and David Hungerford led in 1960 to the discov-
ery of the Philadelphia (Ph) chromosome.16 These investi-
gators were tinkering with cytological techniques, which
revealed metaphase spreads in bone marrow by acciden-
tally rinsing slides with water. Among a series of bone
marrow samples from patients with leukemia were 2
males with CML, in which they observed a “minute”
chromosome. From cutting out the chromosomes from
photographs of metaphases and laying them in rows
according to centromere position and size, they deduced
that this abnormal chromosome was a deletion of the Y
chromosome. As these 2 patients had received therapy,
there was some debate that the chromosomal abnormality
had resulted from chromosomal damage induced by the
treatment. Following additional work, they speculated
that the chromosomal abnormality was probably not con-
stitutive and may well be causally associated to CML. 

At around the same time, Balkie and colleagues made
the same discovery in Edinburgh, Scotland.17 They
showed the presence of the same “small” chromosome in
bone marrow and blood samples, but not in skin cells.
With this observation, they were able to conclude that the
abnormal chromosome was an acquired abnormality
associated with the leukemia, particularly as the bone
marrow and blood samples contained a high level of
myeloblasts. In addition, a number of their patients were
untreated, thus refuting the claim that the abnormality
was therapy induced. They concluded that this small
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chromosome was derived from the group of small acro-
centric chromosomes, known as chromosomes 21 and 22.
As Down syndrome is associated with an increased risk of
developing leukemia, although not CML, they made the
assumption that the small chromosome must have arisen
from a chromosome 21 and that the most likely explana-
tion was a deletion.  The Ph chromosomal abnormality
was heralded as the first consistent cytogenetic abnormal-
ity in a human malignancy and the superscript ‘1’ was
added, Ph1, on the premise that additional abnormalities
would be discovered. This did not occur and the super-
script had been dropped by 1990. The formal recognition
that a human cancer might be caused by an acquired chro-
mosomal aberration, vindicated the hypothesis postulated
by Theodore Boveri in Germany in 1914 that cancer may
be caused by acquired chromosomal abnormalities.18 The
next important observations which established that CML
was a stem cell-derived clonal disease came from Phillip
Fialkow and colleagues in 1967.19 They applied a genetic
technique developed by Ohno et al. based on X chromo-
some mosaicism in females, and by demonstrating poly-
morphism in the X-linked glucose-6-phosphatase dehy-
drogenase locus, established the clonal nature of CML.20

With the advent of the new chromosomal banding tech-
niques in the early 1970s, it became possible to accurately
identify the individual chromosome for the first time.
Janet Rowley from Chicago used these techniques, which
she had learnt whilst on a visit to Oxford, UK. Among
samples from patients with hematologic malignancies col-
lected over previous years were those from patients with
CML in whom the Ph chromosome was present. Whilst
laboriously comparing the chromosomal preparations
made in the conventional manner with those prepared
using these novel approaches, she noted on chromosome
9 “a duly fluorescein segment resembling the end of chromosome
22, but equally other chromosomes”. This remarkable observa-
tion of the balanced reciprocal translocation of genetic
material between the long arms of chromosomes 9 and 22,
t(9;22)(q34;q11) was published with difficulty in Nature in
June 1973 (Figure 3).21 There were some valuable quota-
tions in that paper which remain unchanged to this day:
“the mechanism for the production of such a specific chromosomal
translocation (if this is the correct explanation of these findings) is
not clear”; “this would constitute the only specific translocation in

humans that has been identified”; “this abnormality is involved in
initiation rather than a consequence”. 

The Molecular Biology Story
Janet Rowley’s seminal work in deciphering the Ph

chromosome provided the framework for the unraveling
of the genomic architecture, structure and function of the
oncogene driving CML, which would become known as
BCR-ABL1. These molecular events began in 1982, when
Nora Heisterkamp et al. in Rotterdam, the Netherlands,
observed that c-Abl, the human homolog of v-Abl, the
oncogene of a murine leukemia virus first described by
Abelson in 1970, localized to human chromosome 9.21-24
This discovery rekindled interest in a possible role of c-Abl
in Ph-positive leukemia, even after attempts to demon-
strate transforming capacity for c-Abl had proven unsuc-
cessful. 

The proof that c-abl was implicated in the Ph transloca-
tion was achieved on the basis of somatic cell hybrids
generated by fusions of murine or hamster cell lines with
cells from CML patients and healthy controls. These lines
contained the rearranged chromosomes from the Ph
translocation or their normal counterparts. Southern blot
analysis was performed on DNA from the various
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Figure 2.  Milestones in the study and treatment of chronic myeloid leukemia.

Figure 1.  Survival with chronic myeloid leukemia  over time (1993-2013): the
German CML-Study Group experience. Courtesy of Prof H Kantarjian; adapted,
with permission, from Harrison’s Principles of Internal Medicine, 2014.



hybridoma lines using human c-Abl probes and unequiv-
ocally demonstrated the translocation of c-Abl sequences
to the Ph chromosome,25 and was confirmed at the cyto-
genetic level.26 While the breakpoints on chromosome 9
spanned a large genomic region, breakpoints on chromo-
some 22 localized to a relatively small genomic region
that was hence called “breakpoint cluster region” or
BCR.23 This name was later used to designate the previ-
ously unknown gene on chromosome 22 that serves as
the 5’ fusion partner for ABL1. Thereafter, the BCR-ABL
fusion mRNA was demonstrated and the proof that it
gave rise to the p210 BCR-ABL1 protein followed. By the
mid-1980s the molecular anatomy of the BCR-ABL1
oncogene had been unraveled (Figure 4).1,27,28

The next major step forward in our understanding of
CML was the demonstration that BCR-ABL1 was a tyro-
sine kinase and that tyrosine kinase activity was critical to
its ability to transform cells. v-Abl had been recognized as
a tyrosine kinase in 1980 and subsequent deletion mutage-
nesis revealed that the sequences containing the tyrosine
kinase were critical to cellular transformation.29,30 As early
as 1984, the Witte lab had identified an altered c-Abl pro-
tein in K562 cells and suspected that a structural alteration
present in the 210 kD protein had unmasked c-Abl’s tyro-
sine kinase activity, leading to cellular transformation.31
This was subsequently substantiated by experiments that
convincingly showed a correlation between the tyrosine
kinase activity of BCR-ABL1 proteins and their transform-
ing capacity.32,33

In 1990, George Daley and Rick van Etten, working
with the Nobel laureate David Baltimore, showed that
transplantation of bone marrow infected with a BCR-
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Figure 3.  Detection of the t(9;22)(q34;q11) chromosomal translocation. (A)
Karyotype from a patient with chronic myeloid leukemia depicting the translo-
cation, t(9;22)(q34;q11) (abnormal chromosomes arrowed). (B) A partial kary-
otype of the same chromosomes 9 and 22 with the relevant FISH probes for
BCR and ABL1 is shown. The red green fusion signals of the BCR-ABL1 and
ABL1-BCR on chromosomes 22 and 9, respectively, are also shown. A
metaphase counterstained with DAPI (blue) indicates their appearance under
the fluorescent microscope (C).

Figure 4.  The structure of the nor-
mal BCR and ABL1 genes and the
fusion transcripts found in Ph-posi-
tive leukemias. The ABL1 gene con-
tains two alternative 5' exons
(named 1b and 1a) followed by 10
‘common’ exons numbered a2–a11
(green boxes). Breakpoints in CML
and Ph-positive ALL usually occur in
the introns between exons 1b and 1a
or between exons 1a and a2 (as
shown by vertical arrows). The BCR
gene comprises a total of 23 exons,
11 exons upstream of the M-BCR
region, five exons in the M-BCR that
were originally termed b1–b5 and
now renamed e12–e16, and seven
exons downstream of M-BCR (orange
boxes). For convenience, only exons
e1, e12–e16 and e23 are shown.
Breakpoints in CML usually occur
between exons e13 (b2) and e14
(b3) or between exons e14 (b3) and
e15 (b4) of the M-BCR (as shown by
two vertical arrows placed centrally).
The majority of patients with Ph-posi-
tive ALL have breakpoints in the first
intron of the gene, between e1 and
e2 (arrow at left). Three possible
BCR–ABL1 mRNA transcripts are
shown below. The first two (e13a2
and e14a2, respectively) are charac-
teristic of CML. The bottom mRNA
(e1a2) is found in the majority of
patients with Ph-positive ALL.

A

B



ABL1 retrovirus into lethally irradiated syngeneic recipient
mice induced a disease that resembled human CML, pro-
viding a causal connection between the BCR-ABL1 cDNA
and the clinical disease phenotype of CML.34 This was
confirmed by work by Elephanty et al. in Australia and
Kelliher et al. in Los Angeles.35,36 The notion that the BCR-
ABL1 fusion gene could have a central role in CML was
thereafter generally accepted and established a scientific
rationale to target BCR-ABL1 kinase activity for the treat-
ment of ABL-related leukemias.37 The 1990s saw the elu-
cidation of the complex signaling network operated by
the BCR-ABL1 kinase, with contributions from many lab-
oratories. Myc, Ras, phosphatidyl inotisol 3’ kinase
(PI3K), JAK/STAT and cytoskeletal proteins were identi-
fied as pathways activated by BCR-ABL1 or as important
downstream mediators (Figure 5).38-43 However, what
proved to be very difficult was identifying transformation
critical molecules downstream of BCR-ABL1, testimony
to a high level of redundancy in the signaling network.
Moreover, the more became known about signal trans-
duction in BCR-ABL1 transformed cells, the more it
became evident that fundamental differences exist
between leukemia cell lines and primary leukemia cells,
limiting the applicability of conclusions derived from in
vitro studies. Experiments on primary cells and murine
models identified additional molecules important for

BCR-ABL1 transformation, including β-catenin,
Hedgehog, PP2A, BCL-6 and Alox5, amongst others.44-48
Involvement of these pathways in CML stem cell survival
suggests they may be excellent therapeutic targets, but
their role in the sustenance of normal hematopoiesis
and/or normal development could also limit their utility.49
Since CML stem cells are not addicted to BCR-ABL1,
unlike progenitor cells, the search for specific molecular
vulnerabilities in leukemic founder cells continues, as
does the molecular story of CML.50

Treatment options
Historical perspectives 
Efforts to improve the quality of life by controlling the

symptoms attributed to CML probably began with the use
of arsenicals by Thomas Fowler in 1865, and Arthur Doyle
in 1882, and continued in the first half of the 20th century
with radiation therapy to the spleen in 1902, antileukocyte
sera in 1932, benzene in 1935, urethane in 1950 and leuka-
pheresis in the 1960s.51 There were a number of other
notable treatment attempts, but most, if not all, were
unsuccessful. Busulfan, an alkylating agent, was intro-
duced by David Galton in London in 1953.52 Galton then
carried out the first prospective randomized study in
CML, comparing busulfan and splenic radiation, and
showed improved survival in the busulfan cohort. In the
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Figure 5.  Cytoplasmic BCR-
ABL1 activates a myriad of sig-
nal pathways. BCR-ABL1
domain structure and simplified
representation of molecular sig-
naling pathways activated in
chronic myeloid leukemia (CML)
cells. Following dimerization of
BCR-ABL1, autophosphorylation
generates docking sites on BCR-
ABL1 that facilitate interaction
with intermediary adapter pro-
teins (brown) such as GRB2.
CRKL and CBL are also direct
substrates of BCR-ABL1 that are
part of a multimeric complex.
These BCR-ABL1-dependent sig-
naling complexes in turn lead to
activation of multiple pathways
whose net result is enhanced
survival, inhibition of apoptosis,
and perturbation of cell adhe-
sion and migration. A subset of
these pathways and their con-
stituent transcription factors
(blue), serine/threonine-specific
kinases (purple), cell cycle regu-
latory protein (yellow) and apop-
tosis-related proteins (red) are
shown. Also included are a few
pathways that have been more
recently implicated in CML stem
cell maintenance and BCR-
ABL1-mediated disease trans-
formation (orange). However, it
is important to note that this is a
simplified diagram and that
many more associations
between BCR-ABL and signaling
proteins have been reported.



mid-1960s, busulfan was replaced by hydroxycarbamide
(previously hydroxyurea), a ribonucleotide reductase
inhibitor, following recognition that busulfan is mutagenic,
and a randomized study confirming the superiority of
hydroxycarbamide, though neither drug was able to
reduce the proportion of Ph positive cells or prolong overall
survival.53,54 Interferon alpha (IFN-α) was introduced into
the clinics in the mid-1980s and proved popular, despite
frequent side-effects such as flu-like symptoms and
fatigue.55 In the early 1990s, several randomized studies
comparing IFN-α or interferon-α n1 (wellferon) with
hydroxycarbamide or busulfan were undertaken and
demonstrated an improvement in overall survival by about
2-3 years with IFN-α.56-58 In addition, a French study testing
the addition of cytarabine to IFN-2b found this to result in
an increased proportion of patients achieving a cytogenetic
response.59 Thereafter, interferon, either alone or in combi-
nation with cytarabine, replaced hydroxycarbamide as the
preferred treatment for CML in the chronic phase.60 The
precise mode of action of IFN-α remains unclear, but is
probably related to its immunomodulatory properties. IFN-
α was replaced by imatinib as the preferred treatment for
patients with CML in the chronic phase in the summer of
2001 following a randomized study comparing imatinib
with IFN-α plus cytarabine.61-63 The results were very
impressive and established the firm position of imatinib,
and also constituted the final proof of the importance of
the BCR-ABL1 oncoprotein to CML. The introduction of
imatinib was rapidly followed by the development of the
next generation tyrosine kinase inhibitors (TKIs).

Prognostic and predictive factors
Various efforts have been made to establish criteria

definable at diagnosis that may help to predict response
to therapy and survival for individual patients.
Historically, the Sokal score was developed in 1984 for
patients treated with busulfan, and the Hasford (also
known as the Euro) score in 1998 for patients treated with
IFN-α.64,65 Both scoring systems have since been con-
firmed to be useful in the TKI era. Stratifying patients into
good-, intermediate-, and poor-risk categories may assist
in the decision-making process regarding appropriate
treatment options. In 2011, a simpler and TKI-specific
score, the European Treatment and Outcome Study
(EUTOS), was proposed but requires further confirmation
before it can be widely used.66 More recently, the
response to TKIs at a given time point, disease risk and
stage, BCR-ABL1 genotype, the presence of comorbidi-
ties, financial aspects and local monitoring capabilities are
all being increasingly used to personalize treatment.67

The Imatinib Story
It is remarkable how, in 1994, against a background of

considerable skepticism about any possible clinical value of
TKIs, Brian Druker in Portland, Oregan, and collaborating
scientists at Ciba-Geigy (now Novartis) in Basel,
Switzerland, developed a compound, imatinib, that could
reverse the clinical and hematologic features of CML.3,68
Imatinib, a 2-phenylaminopyrimidine, inhibits the enzy-
matic action of the activated BCR-ABL1 tyrosine kinase by
occupying the ATP-binding pocket of the tyrosine kinase
component of the BCR-ABL1 oncoprotein, thereby block-
ing the capacity of the enzyme to phosphorylate and acti-
vate downstream effector molecules that cause the
leukemic phenotype. It also binds to an adjacent part of the
kinase domain in a manner that holds the ABL-activation
loop of the oncoprotein in an inactive configuration (Figure
6).69 The International Randomized Study of Interferon and
STI571 (IRIS) demonstrated that imatinib induced ‘cumula-
tive best’ CCyR, equivalent to a 2-log reduction in BCR-
ABL1 transcripts level, in 82% of all previously untreated
patients with CML in the chronic phase.60,70 About 2% of
all patients in the chronic phase progress to advanced-
phase disease each year, which contrasts with estimated
annual progression rates of more than 15% for patients
treated with hydroxycarbamide and about 10% for
patients receiving IFN-α, either with or without cytara-
bine.4,71 The 8-year event-free survival was 83% and the
estimated overall survival was 93% (corrected for CML-
related deaths only), confirming the notion that imatinib
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Table 1. Definitions of response.
Type of response Definition

CHR Complete hematologic response Normal differential, WBC and platelets within the normal range
MCyR Major cytogenetic response 0%-35% Ph+ marrow metaphases
CCyR Complete cytogenetic response 0% Ph+ marrow metaphases
MMR Major molecular response BCR-ABL1/ABL1 ratio ≤ 0.1% (international scale)
MR4.0 BCR-ABL1/ABL1 ratio ≤ 0.01% (international scale): this is a 4-log reduction
MR4.5 BCR-ABL1/ABL1 ratio ≤ 0.003% (international scale): this is a 4.5-log reduction
CMR Complete molecular response Undetectable BCR-ABL1 (test of sensitivity  ≥ 4.5 logs)

WBC: white blood cells.

Figure 6. Imatinib binds an Inactive ABL1 conformation. Adapted, with permis-
sion, from Schindler et al. Science 2000.



substantially prolongs overall survival compared with his-
torical patients who received IFN-α or hydroxycar-
bamide.72 A substantial proportion of the patients in CCyR
also achieve a 3-log reduction or more in BCR-ABL1 tran-
scripts (referred to as MMR, or MR3), and this proportion
seems to have continued to increase steadily with time on
imatinib. A minority of patients achieve a deeper molecu-
lar response with more than 4-log or 4.5-log reduction in
BCR-ABL1 transcripts [referred to as MR4.0 and MR,4.5
respectively; MR4.5 was previously referred to as a complete
molecular response (CMR)] (Table 1).73,74 These results were
confirmed by independent single centers as well as compa-
ny-led registration studies.75 It should also be said that the
success of these and other CML treatment studies epito-
mize the critical importance of an optimal molecular mon-
itoring methodology (see below).

The standard starting daily dose of imatinib is 400 mg
for newly diagnosed patients in the chronic phase, but the
optimal dose is not known and no maximum tolerated
dose was established in the initial phase I study.60 Several
single-arm studies suggest that higher doses, up to 800 mg
daily, might give better results with a greater proportion of
patients achieving CCyR and MMR.76,77 Such studies also
suggest better PFS and transformation-free survival, but
with potentially more side-effects, particularly myelosup-
pression. Amongst randomized studies, the TOPS
(Tyrosine Kinase Inhibitor Optimization and Selectivity)
study showed imatinib 800 mg to induce MR3 more rapid-
ly than imatinib 400 mg, but at one year there was no sta-
tistically significant difference.78 In contrast, there is per-
suasive evidence from the recent randomized German
(CML IV) study that optimized high-dose imatinib allows
most patients to achieve MR4.5, and this may provide an
improved therapeutic basis for treatment discontinua-
tions.79 A subset analysis from this randomized study also
showed a greater benefit for patients over 65 years of
age.80 Another recent randomized intergroup phase II
study also demonstrated deeper molecular responses in
the 800 mg daily arm compared with 400 mg daily, with
MR4 of 25% and 10%, respectively, with a trend for
improved progression-free and overall survival, but with
substantially more grade 3 and 4 side-effects.81 There is
also some evidence that imatinib 600 mg daily is tolerated
in more than 80% of CML patients and results in superior
cytogenetic and molecular responses at 12 and 24 months
compared to the conventional 400 mg daily dose.82 It is
also of interest to note that in the German CML IV study,
the median daily dose of imatinib was actually 628 mg,
lending additional support to the 600 mg dose strategy. 

Regardless of the dose of imatinib, the current safety
analysis of imatinib is quite impressive, with very few
potentially serious long-term side-effects noted after ten
years or more continuous use.83 Table 1 depicts the relative
toxicities of all currently available TKIs for CML. When
the drug is used at the standard starting daily dose of 400
mg, most adverse effects occur within the first two years
of starting therapy, and are generally mild to moderate
(grades 1 and 2). Most of these include lethargy, nausea,
headache, various skin reactions (including Steven-
Johnson syndrome), infraorbital edema, bone pains, and
sometimes, generalized fluid retention. In general these
effects are easily manageable and potentially reversible.
Significant cytopenias, in particular neutropenia and/or

thrombocytopenia and sometimes anemia occur less com-
monly and usually in the first 6-12 months of therapy.
Liver chemistry can also be abnormal, and this may, on
rare occasions, progress to liver failure. Rare incidences of
prolongation of the QTc interval on the electrocardiograph
have also been reported. It is possible that some patients,
such as older patients and those with other co-morbidities
such as impaired cardiac function, might be more suscep-
tible to toxicity. The longer-term follow-up studies do,
however, indicate an adverse effect on the quality of life,
particularly in younger female patients, and other unique
effects, such as effects on bone growth and mineralization
and gynecomastia.84-86 Finally, although there appears to be
no definitive evidence to suggest exposure to imatinib
increases the risk of developing a second malignancy, it is
reasonable for specialists to remain cautious and follow
patients on long-term treatment carefully.87

The next generation-TKI story 
Further research into the imatinib story has shown that

only about 60% of CML patients remain on the standard
dosages of imatinib after six years, implying that about
40% have required an alternative treatment or higher
doses of imatinib.88 In addition, a population-based report
found that only half of newly diagnosed patients with
CML in chronic phase were in CCyR and receiving ima-
tinib at two years after starting treatment.89 The main rea-
sons for this are secondary (acquired) resistance which in
most cases results from the expansion of subclones with
point mutations in the BCR-ABL1 kinase domain (KD).90-92
A variety of other resistance mechanisms have also been
described, including poor adherence, amplification of the
BCR-ABL1 fusion gene, relative overexpression of BCR-
ABL1 protein, and overexpression of the multidrug resist-
ant P-glycoprotein (MDR1).

Point mutations in the kinase domain of BCR-ABL1 that
confer resistance to imatinib code for amino acid substitu-
tions that may preclude entry of imatinib into the ATP-
binding pocket or, in general, the inhibitory action of ima-
tinib. The precise position of the mutation appears to dic-
tate the degree of resistance to the drug. Some mutations
are associated with minor degrees of drug resistance, while
the T315I (also referred to as the gatekeeper) mutation con-
fers a very high level of resistance.93 The precise signifi-
cance, and indeed the kinetics, of the over 100 currently
well-characterized mutations have only partially been char-
acterized (Figure 7).94 It is also possible, though not con-
firmed in vivo, that resistant mutant clones could enhance
the fitness of sensitive clones by altering their microenvi-
ronment by generating paracrine factors, such as IL-3.95

Primary resistance to imatinib appears to be very rare,
and when observed may be related to poor drug compli-
ance, poor gastrointestinal absorption, p450 cytochrome
polymorphisms, interactions with other medications, or
abnormal drug efflux and influx at the cellular level due to
low drug influx transporter (OCT1).96 The recognition of
imatinib’s qualified success led efforts to develop the next-
generation TKIs and other alternative treatments. Initial
efforts focused on two 2nd-generation TKIs: nilotinib and
dasatinib (Figure 8).97

Nilotinib was designed as a chemical modification of
imatinib in an effort to increase its selectivity and activity.
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Indeed, nilotinib has little activity against other kinases
inhibited by imatinib, such as KIT and PDGFRA/B.98
Nilotinib is taken orally twice daily with food restrictions
due to its bioavailibity being affected adversely by high fat
intake. Like imatinib, it acts as an ATP-competitive
inhibitor by binding to the closed (inactive) conformation
of the ABL1 kinase domain, but with a much higher affin-
ity. In vitro studies suggest that nilotinib is approximately
30- to 50-fold more potent than imatinib. Nilotinib is also
active in 32 of the currently 33 imatinib-resistant cell lines
with mutant BCR-ABL1, but like imatinib has no activity
against the T315I mutation.99

Dasatinib is a thiazole-carboxamide structurally unrelat-
ed to imatinib which binds to the ABL1 kinase domain
regardless of the conformation of the activation loop (i.e.
whether open or closed).100,101 It also inhibits some of the
Src family kinases that are involved in signal transduction
in lymphoid cells and results in NK-cell expansion. Pre-
clinical studies showed that dasatinib is 300-fold more
potent than imatinib and is active against 18 of 19 tested
imatinib-resistant BCR-ABL1 mutants, with the notable
exception of the T315I mutant.99

In 2004, both drugs entered studies of patients who
were resistant or intolerant to imatinib at standard
dosages. The efficacy, but not the toxicity, of both drugs
was fairly similar, with about 45% of the imatinib-resis-
tant patients achieving CCyR and a 4-year overall survival
of 78%. The results for the imatinib-intolerant group
were slightly better for both drugs.99-109 All responses were
similar in patients with or without mutations, except for
the cohort with T315I mutation, where no responses
were noted with either drug. Though these results are
impressive, it is interesting that only one-third of the
responding patients remained on nilotinib or dasatinib at
five years, which means that two-thirds of patients
required a further change of therapy. In an analysis of a
sub-set receiving dasatinib for imatinib-resistant/intoler-
ant disease, it was noted that dasatinib maintained
durable efficacy irrespective of the presence or absence of
pre-existing KD mutations.110

The most common nilotinib treatment-related toxicity
was myelosuppression (although this was less pro-
nounced than that observed with most other TKIs) fol-
lowed by headaches, pruritus, and rashes (Table 2).
Overall, 22% of the patients in the chronic phase experi-
enced thrombocytopenia, with 19% having either grade 3
or 4 severity; 16% had neutropenia and a further 16% had
anemia; metabolic effects included hyperglycemia.
Following longer follow up, an increased incidence of car-
diovascular events, in particular peripheral arterial disease,
was noted, although many affected patients had predis-
posing risk factors.111 About 19% of all patients experience
arthralgia, and about 14% experience fluid retention, par-
ticularly pleural effusions, and rarely pericardial effusions
and other unique effects, such as panniculitis.104,112 In the
dasatinib-treated cohort, hematologic toxicity was more
common, with neutropenia and/or thrombocytopenia
occurring in one-half of all patients and anemia in 20%.108
Non-hematologic toxicity includes diarrhea, headaches,
superficial edema, pleural effusions, and occasional peri-
cardial effusions. Grades 3/4 side effects were rare; grades
3/4 pleural effusions occurred in 6% of patients. 

Following these encouraging results, both nilotinib and
dasatinib entered clinical trials for first-line therapy of
newly diagnosed patients in 2006. Nilotinib at two
dosages, either 300 mg/day or 400 mg/day, was tested
against imatinib 400 mg/day in the Evaluating Nilotinib
Efficacy and Safety in Newly Diagnosed Patients
(ENESTnd) randomized study, with the rate of MR3 at 12
months as the primary end point.113 Dasatinib was tested
at a dose of 100 mg/day in a trial known as Dasatinib ver-
sus Imatinib Study in Treatment-Naïve CML Patients
(DASISION), with confirmed CCyR at 12 months as the
primary end point.114 Both of these primary end points
were met: ENESTnd accorded higher rates of MR3 at 12
months for both doses of nilotinib compared with ima-
tinib (44% and 43% vs. 22%; P<0.001) and DASISION
showed that dasatinib resulted in more frequent con-
firmed CCyR at 12 months compared with imatinib (77
vs. 66%; P=0.007). Both drugs were licensed for first-line
use in patients with CML in the chronic phase in 2010.
Table 3 summarizes the latest updates from both trials.
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Figure 7. Mutations in the
kinase domain of ABL1
identified in tyrosine
kinase inhibitors (TKI)
resistant chronic myeloid
leukemia cells. The 10
most frequent mutations,
accounting for approxi-
mately 70% of TKI-resis-
tant CML patients are
highlighted in red.



Many of the secondary end points were also met in both
trials, and the overall results suggested that front-line ther-
apy with dasatinib or nilotinib (at either dose) achieves ear-
lier and higher molecular response rates, in particular faster
and deeper molecular responses (MR3, MR4 and beyond),
that in turn appear to decrease the rates of progression to
the advanced phases of CML.115-117 Nilotinib was associated
with hyperglycemia, hypercholesterolemia, increased
triglycerides, and an increased incidence of cardiovascular,
cerebrovascular and peripheral arterial occlusive dis-
ease.118,119 Dasatinib was associated with substantial hema-
tologic toxicity, pleural effusions and, infrequently, pericar-
dial effusions and pulmonary hypertension (Table 2).120
Discontinuation rates for disease progression or treatment
failure for any cause appears to be similar at around 33%-
38% at three years for both drugs, with the caveat that the
definitions of progression and the duration of follow up
prior to censoring in these two large studies were not uni-
form. A recent independent North American consortia trial
comparing daily dasatinib 100 mg to daily imatinib 400 mg
produced very similar results to DASISION in terms of effi-
cacy and safety.121 Collectively, neither of these two stud-
ies, nor the ENESTnd or the companion ENESTcmr stud-
ies, demonstrated a survival advantage for a 2nd-generation
TKI being used for first-line therapy of a newly diagnosed
patient with CML in chronic phase, despite the superior
early molecular responses and the subsequent MR4.5

responses.122 In addition, the associated cardiovascular tox-
icity in all three trials has been higher than that seen with
imatinib. 

The third and newest of the 2nd-generation TKIs, bosu-
tinib, an oral dual ABL1 and SRC inhibitor, is chemically
different from both dasatinib and nilotinib, and appears to
be able to overcome binding impediments conferred by

several kinase domain mutations to imatinib, nilotinib, or
dasatinib (Figure 8).123 Phase II studies of once daily bosu-
tinib 500 mg/day in CML patients who were either resist-
ant or intolerant to imatinib demonstrated a CCyR of
47%, an overall survival at two years of 88% in the ima-
tinib-resistant cohort, and a remarkable 98% in the ima-
tinib intolerant cohort; three years later, 40% of patients
remained on bosutinib.124-127 The principal side-effects
included diarrhea, abnormal liver chemistry and various
skin rashes, all of which were easily manageable with
dose reduction and/or concomitant medications (Table 2).
Based on these results, the drug was approved in 2012 for
the treatment of adult CML patients with chronic phase or
advanced phase disease who were resistant to prior TKI
therapy. The drug was then tested in the phase III
Bosutinib Efficacy and safety in CML (BELA) study, in
newly diagnosed patients with CML in the chronic
phase.128 Since the primary end point was not met, and
with the CCyR results being similar in both arms of the
study (70% for bosutinib and 68% for imatinib) the drug
was not approved for first-line use. It is, however, of inter-
est that the MR3 rates at 12 months were significantly
improved at 41% with bosutinib compared to 27% with
imatinib, and the drug discontinuation rate was 37% at
two years for bosutinib and 29% for imatinib.
Furthermore, the risk of transformation to the advanced
phases was significantly lower for bosutnib. These latest
molecular results lend some support for the drug’s future
candidacy as first-line therapy.

Ponatinib is a 3rd-generation TKI which has an interest-
ing chemical structure based on a modification of a purine
scaffold and a central triple carbon-carbon bond with a
substructure beyond the bond that is similar to imatinib
(Figure 8).129 The drug inhibits ABL1, SRC and a variety of
other kinases, including KIT, PDFGRA, FGFR1 and
FLT3.130,131 It was developed initially for patients who were
considered to have become resistant to TKIs as a result of
a T315I subclone. This feature is attributed to the com-
pound’s unique structure which allows it to bind and
inhibit ABL1 with no steric hindrance due to the T315I
mutation.132,133 The drug was tested in the Ponatinib Ph-
positive acute lymphoblastic leukemia (ALL) and CML

Table 2. Adverse events related to tyrosine kinase inhibitors in patients with
chronic myeloid leukemia.

Imatinib Dasatinib Nilotinib Bosutinib Ponatinib

Peripheral edemas ++
Pulmonary hypertension +
Effusions +++ + ++
Diarrhea + +++
Rash + + ++ + ++
Nausea + +
Hyperglycemia ++
PAOD +++ ++
Arterial thrombosis + ++ +++
Venous thrombosis ++
Asthenia ++
Skin fragility ++
Muscle cramps ++

PAOD: peripheral arterial occlusive disease.

Figure 8. Chemical structures of imatinib, nilotinib, dasatinib, bosutinib and
ponatinib.
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Evaluation (PACE) phase II study in which 449 patients
with CML in the chronic and advanced phases and Ph-
positive ALL with resistant to or intolerance from dasa-
tinib or nilotinib or with the T315I mutation were
enrolled. The patients received once daily 45 mg pona-
tinib, and the results indicated that the drug had consider-
able activity in all patients, including those in advanced
phase disease, regardless of base-line kinase domain muta-
tions and the responses seemed to be durable.134,135 The
study results showed that there were 46% CCyR (40%
without T315I; 66% with T315I) and 34% MR3 (27%
without T315I; 56% with T315I). The most common side-
effect was thrombocytopenia, rash, dry skin and abdomi-
nal pain, and platelet dysfunction was also noted (Table
2).136 Serious thrombotic events were observed in 9%, but
considered to be treatment-related in 3%. The study drug-
discontinuation rate due to toxicity was 12%. 

The Evaluation of Ponatinib versus Imatinib in CML
(EPIC) phase III randomized study of ponatinib and ima-
tinib in newly diagnosed patients began in 2012 and pre-
liminary results suggest that the drug accords high rates of
early molecular response and MR3 compared with ima-
tinib.137 The drug was licensed in December 2012 for
patients with CML in the chronic or advanced phases
resistant or intolerant to prior TKI therapy and Ph-chro-
mosome positive ALL resistant or intolerant to prior TKI
therapy. This approval constituted ponatinib to be the
only licensed TKI with activity against the T315I sub-
clone. Unfortunately, in October 2013, concerns about
excessive arterial vascular events led to the suspension of
the drug and the manufacturer elected to discontinue the
EPIC study.118,119 In early 2014, despite these serious risks,
ponatinib was re-licensed exclusively for the treatment of
adult patients with T315I-positive CML in all phases or
T315I-positive Ph-chromosome positive ALL and adult
patients with CML in all phases or Ph-chromosome posi-
tive ALL for whom no other TKI therapy was indicated.
The precise mechanisms of ponatinib-related arterial vas-
cular events, and indeed those associated with nilotinib,
which seem to occur at a considerably lower frequency,
still remain elusive. 

There is continuing interest in developing effective
treatments for T315I-positive CML, which are of addi-
tional interest given the challenges with ponatinib.
Omecetaxine (formerly called homoharringtonine) is a
semi-synthetic plant alkaloid that enhances apoptosis of
CML cells. It has actually been under investigation in CML
and other myeloid malignancies since the 1970s.138 The
results of recent studies were encouraging, with modest
activity noted in patients with CML in the chronic and
advanced phases, including some with the T315I sub-
clone. The drug was licensed in 2014 for use in patients
with CML (all phases) who were resistant or intolerant to
two or more TKIs. Another candidate drug that has
shown some activity in T315I subclone is HS-438, which
has been tested in clinical trials.139

The allogeneic stem cell transplantation story
“Thy bones are marrowless, thy blood is cold” (The Tragedy

of Macbeth: William Shakespeare, 1606).
Though the original concept of bone marrow transplan-

tation was probably first advocated by Thomas Fraser in
1894, when he famously recommended that patients eat

bone marrow “sandwiches; flavored by port-wine” (to
improve taste), sporadic attempts at marrow transplanta-
tion were taken much earlier.140 The modern era of bone
marrow transplantation [now stem cell transplantation
(SCT)]  did not begin until a basic understanding of the
histocompatibility system was gained in 1958. Much of
the pioneering work thereafter was carried out by the
Nobel laureate E. Donnall Thomas in Seattle, resulting in
the first successful allo-SCT using syngeneic donors in
1979.141,142 In 1978, John Goldman in London showed that
marrow-populating stem cells were present in the periph-
eral blood of untreated CML patients.143 This led to the use
of an autograft for patients ineligible for an allo-SCT, and
though in some patients Ph-negative hematopoiesis was
restored, very few patients remained Ph-negative for
extended periods. 

Subsequent efforts in allo-SCT using sibling and volun-
teer unrelated donors were increasingly successful, as a
result of the recognition that the graft-versus-leukemia
(GvL) effect plays a major role in eradicating CML after
allo-SCT, and improvements in the conditioning
regimens.144,145 This coupled with the availability of
hematopoietic stem cells from a variety of sources,
improvements in SCT technology, and a better under-
standing and treatment of the alloimmmune-mediated
graft-versus-host disease (GvHD) led to significantly
improved results for the majority of patients transplanted
in the chronic phase, and indeed made SCT more widely
available to higher risk and also older patients.146-148 The
potential to accord long-term survival and probable cure
for patients with CML in the chronic phase was firmly
established by the early 1990s, and an allograft was then
considered the first-line treatment for all eligible patients
in the chronic phase.149 The use of donor lymphocyte infu-
sions to treat early relapse after allograft by exploiting the
GvL effect became popular in the mid-1990s, and con-
firmed the importance of the donor derived immune sys-
tem to overcome residual leukemic cells.150,151

The major factors influencing survival are patient age,
disease phase at time of SCT, disease duration, degree of
histocompatibility between donor and recipient, and gen-
der of donor.152 The best results are achieved following a
full intensity (conventional) allograft, using an HLA-iden-
tical sibling donor or a suitable matched unrelated donor;
the 5-year leukemia-free survival is 80% and 60%, respec-
tively (Figure 9).149 The results following a reduced intensi-
ty regiment are generally inferior.153 There is a roughly
20% chance of transplant-related mortality and a 15%
chance of relapse. The possible major complications
include GvHD, reactivation of infection with
cytomegalovirus or other viruses, idiopathic pneumonitis
and sinusoidal obstruction syndrome (previously known
as veno-occlusive disease of the liver). Post-transplant
molecular monitoring studies suggest that most, but not
all, patients who are negative for BCR-ABL1 transcripts at
five years following the allograft, remain negative for long
periods, and it is likely that, in the majority of these
patients, the CML may truly have been eradicated.154,155

Since 1999, the numbers of allografts performed for
CML have dramatically decreased, interestingly, some
three years prior to the licensing of imatinib for CML. This
trend has continued, and the use of allo-SCT is now
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increasingly being restricted to patients who have failed
multiple lines of TKIs, or harbor a T315I mutation and are
either ineligible for or have failed ponatinib. Earlier expe-
rience in patients who proceed to a transplant after treat-
ment with imatinib did suggest a higher relapse incidence
compared with historical patients, but more recent experi-
ence did not confirm this.156,157 Current data also suggest
that prior treatment with any TKI does not increase the
probability of transplant-related mortality. Moreover,
patients with kinase domain mutations appear to fare as
well post transplant as those lacking such mutations.158
Current challenges include the development of clinical and
biological predictors of outcome following relapse post
allo-SCT as well as earlier recognition of TKI failures.159
The value of using a TKI after a successful allograft is
unknown, particularly as most patients come to transplant
having failed 3 or more TKIs. In this regard, it is of interest
that the National Comprehensive Cancer Network
(NCCN) recommends considering 12 months of standard
dose imatinib following allo-SCT.160,161 Finally, it is also rea-
sonable to consider an allo-SCT for patients in the
advanced phases of CML, in particular for those who
show an initial response to TKI with or without conven-
tional chemotherapy.162,163 In general, responses to TKIs for
such patients tend to be short term and the probability of
relapse to blast crisis high.

How to stop TKI treatment: the problem of the leukemia stem cells
The great success story of the treatment of CML

patients has also brought several related translational and
clinical research issues sharply into focus.164 The notion of
CML stem cells, while not perfect, has become fairly con-
vincing, and the 15 years of TKI use has confirmed our
inability to eliminate them, even with the most potent
TKIs.165 Seminal studies demonstrate how these stem cells
survive despite virtually complete inhibition of the BCR-
ABL1 kinase activity, indicating that they are probably not
dependent on BCR-ABL1 for survival.166 It, therefore, begs
the question as to whether it is necessary to eliminate
CML stem cells for a conventional cure, or whether we
should simply accept the ‘operational cure’ offered at pres-
ent. Clearly a principal goal in cancer medicine is to pro-
vide cure and discontinue medication safely and effective-

ly. An operational cure in CML can be defined by sus-
tained molecular remission upon stopping medication.
This would be of additional interest due to the impact of
TKIs on quality of life, the high cost of these drugs, and of
course, many other issues, such as pregnancy and nurs-
ing.167 Our best insights are probably provided by the pre-
liminary results from clinical studies of stopping TKIs in
patients with CML who were in MR4 or MR4.5 for at least
two years. The French Stop Imatinib (STIM), the
European Stop Kinase Inhibitor (EURO-SKI) and the
Australian CML8 trials probably represent the best efforts
so far and have yielded similar results with molecular
relapse rates of about 60% within the first six months of
stopping TKIs. Results of a smaller study of stopping first-
line nilotinib or dasatinib indicate similar findings.168,169 The
efforts so far have identified patients with a low Sokal risk
score, male sex, and longer duration of imatinib treatment
as potential prognostic factors for the maintenance of MR4

or MR4.5 after stopping medication.170

It is, therefore, reasonable to speculate that, for patients
with CML, irrespective of achieving a deeper molecular
response, additional treatment approaches targeting path-
ways that regulate the survival and maintenance of CML
stem cells might be required to eliminate residual CML
stem cells that might contribute to relapse.171 Candidate
pathways that appear to be activated by BCR-ABL1
include the JAK-STAT, mTOR, PI3K/AKT and autophagy
signaling pathways, and the mechanisms by which CML
stem cells interact with their microenvironment (Figure
10).172,173 Studies combining JAK 1/2 inhibitors with TKIs
are ongoing, specifically in patients with CML in chronic
phase who appear not to have achieved an optimal
response to TKIs alone.174 When considering bone marrow
microenvironment, it is particularly important to consider
the marrow niche, a physico-chemical space that not only
protects the stem cells, but also appears to play a major
role in the trafficking and retention of these cells via the
chemokine receptor CXCR4 and its ligand CXCL12.175-177

The monitoring story
Today, we are able to monitor the quantity of leukemia

in an individual patient, following starting treatment with
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Figure 9. Chronic myeloid
leukemia survival after allo-stem
cell transplantation. Data from
the Fred Hutchinson Cancer
Research Center, Seattle.
*Includes both matched related
and unrelated donors. Patients
receiving allografts at the Fred
Hutchinson Cancer Research
Center from 1995 to the present.
Figure is courtesy of Dr Ted
Gooley. SCT: stem cell treatment.



TKI, with considerable precision. First by an examination
of the peripheral blood we confirm normalization of the
blood count, second by bone marrow metaphase cytoge-
netic we confirm CCyR and finally by measuring numbers
of BCR-ABL1 transcripts in the blood or marrow by quan-
titative reverse transcriptase PCR (RQ-PCR) we confirm a
molecular response (MR). The use of fluorescence in situ
hybridization (FISH) to detect a BCR-ABL1 fusion gene in
interphase cells is more sensitive than metaphase cytoge-
netics but much less sensitive than RQ-PCR. 

Molecular monitoring was initially developed in 1988 as
a qualitative assay to detect early relapse following an
allograft and was thereafter replaced by quantitative PCR,
which is now generally considered the optimal method
for monitoring patients with CML during treatment.178-181
Unfortunately, there remains widespread inconsistency in
RQ-PCR results. This is mainly due to interlaboratory dif-
ferences in technology and methodology employed since
molecular monitoring was popularized in the early ima-
tinib era. The RQ-PCR standardization project was started
by John Goldman in 2006 in Bethesda, Maryland, to
address some of these challenges.182 The results are
expressed as a ratio of BCR-ABL1 copy numbers to copy
numbers of a control gene (x 100% on a log scale) or as a
log10 reduction from standardized value of 0 for untreated
patients. In practice, the recommended way of expression
is to use a laboratory-specific conversion factor to convert
the value obtained in a given laboratory to a value of the
International Scale (IS), where 100% is the value for a spe-
cific cohort of untreated patients studied in 2002, based on
30 newly diagnosed patients with CML in the chronic
phase, tested in three laboratories.183 Patients who achieve
a transcript number of 0.1% on the IS, which is equivalent
to a 3-log reduction from the baseline for untreated
patients, are said to have achieved a MR3, and those with-
out detectable transcripts have achieved a MR4.5, as dis-
cussed in the section on treatment (Table 3).184

Despite the many efforts towards harmonization of
molecular methods, widespread inconsistency remains.185
It is likely that some of the intrinsic difficulties related to
the complex time consuming methodology which
requires specialized skills and knowledge may be over-
come by the new automated BCR-ABL1 assay that is con-
tained within a single-use microfluidic cartridge, using a
specialized instrument, such as the Cepheid GeneXpert.186 It
is of interest that this specialized equipment was initially
developed for bioterrorism assays following the anthrax

attacks in the USA soon after the September 11 attacks in
2001. In this system, RNA extraction and real-time PCR is
prepared. This system incorporates conversion to the
BCR-ABL1 international reporting scale and has the same
sensitivity as usual quantitative methods. This system is
especially attractive for hospitals where only sporadic
CML cases are treated. 

Further improvements include the introduction of dig-
ital PCR; in particular with regards to the assessment of
the impact of deep molecular response, which is increas-
ingly recognized as an effective clinical strategy to allow
for discontinuing TKI therapy safely in some patients,
even in the presence of minimal residual disease.187 This
is a conceptual approach where a sample is partitioned
into thousands of separate reactions. This partitioning
can be performed either by sorting into different reaction
wells by pumps and valves (Fluidigm), or by diluting the
sample into separate micelles (BioRad). Either method
seems to increase sensitivity by over a log compared to
conventional RQ-PCR. This powerful digital tool appears
to be particularly attractive to help improve efforts to
discontinue TKI therapy safely in candidate patients who
have been in MR4, MR4.5 or MR5. It is likely that further
improvements will be made by the application of the
next generation DNA sequencing approaches.188
Conversely, many efforts are addressing suitable
methodology and technology for wider and, importantly,
more affordable use of RQ-PCR.189

Another important test in molecular monitoring of CML
patients is BCR-ABL1 kinase domain mutation analysis in
those who have acquired TKI resistance and who might
require an alternative treatment, or those who progress to
advanced phase disease. This test also helps to determine
the clinical consequences of clonal diversity of BCR-ABL1
and the co-existence of subclones. Next generation
sequencing (NGS) techniques appear to be superior to the
current Sanger sequencing, in particular for the identifica-
tion of compound mutations, which might be more fre-
quent in acquired resistance to 2nd- and 3rd-generation
TKIs.190 Compound mutations are two or more mutations
in the same BCR-ABL1 allele, and not multiple clones with
different mutations. It is of interest that while over 100
different point mutations have now been described, only
12 positions appear to be involved in compound muta-
tions, many of which include the T315I mutation. New
technologies incorporating computer modeling help us
understand how the leukemic cells develop clever tactics

T.I. Mughal et al.

552 haematologica | 2016; 101(5)

Table 3. DASISION and ENESTnd: summary of data from different studies.
Dasatinib Imatinib Nilotinib Nilotinib Imatinib 
100 mg qd 400 mg qd 300 mg bid 400 mg bid 400 mg qd
n = 259 n =  260 n = 282 n = 281 n = 283

Cumulative MR³ at 4 years 74%* 46% 77%* 77%* 60%
MR4 by 3 years 36%# 22% 50%* 44%* 26%
MR4.5 by 3 years 22%# 12% 32%* 28%# 15%
Progression to AP/BC (ITT) 8 (3.1%) 13 (5%) 9 (3.2%)‡ 6 (2.1%)§ 19 (6.7%)
Overall survival 92.9% 92.1% 95.1% 97.0% 94.0%

Progression-free survival 90% 90.2% 96.9% 98.3% 94.7%
ITT: intention to treat;*versus imatinib, P<0.0001; #versus imatinib, P<0.003; ‡versus imatinib, P=0.05; §versus imatinib, P=0.007.



to evade selective pressures of the more potent TKIs, in
particular ponatinib, and result in structural changes
which limit or exclude TKI binding.132,133

Expert panel definition of response and failure to respond 
to TKI treatment
The recommendations of an expert panel of hematolo-

gists convened under the aegis of the European
LeukemiaNet (ELN) up-dated a series of recommendations
in 2013, designed to help the clinician in optimal manage-
ment of CML and to benefit from the 15 years of experi-
ence with TKI treatment in patients with CML (Table 4).191

The panel had been providing such recommendations
since 2005 when the original consensus report was collat-
ed. They recommended as initial treatment with imatinib,
nilotinib or dasatinib, with response being assessed by
RQ-PCR and/or conventional cytogenetics at three, six
and 12 months. Optimal response was defined as BCR-
ABL1 transcript levels of less than 10% at three months,
less than 1% at six months, and less than 0.1% from 12
months onwards, whereas more than 10% at six months
and more than 1% from 12 months onward define failure
and required alternative treatment. Interestingly, the panel
also considered a partial cytogenetic response (PCyR) at
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Table 4. European LeukemiaNet 2013 Guidelines: response to first-line treatment with imatinib, nilotinib or dasatinib. 
Optimal Warning Failure

Baseline NA - HIGH  RISK, NA
- CCA/Ph+  (major   route)

3 months - BCR-ABL ≤ 10% and/or - BCR-ABL >10% - No  CHR
- Ph+ ≤ 35% and/or and/or 

- Ph +  36%-95% - Ph + > 95%
6 months - BCR-ABL < 1% - BCR-ABL 1-10% and/or - BCR-ABL > 10%  

and/or Ph + 1%-35% and/or
- Ph+ 0 - Ph + > 35%

12 months - BCR-ABL ≤  0.1% - BCR-ABL 0.1%-1 % - BCR-ABL > 1% 
and/or

- Ph + > 0%
Then, and at any time - BCR-ABL ≤ 0.1% - BCR-ABL 0.1%-1% - Loss of CHR, loss

of CCYR, confirmed loss of MMR, mutations 
and CCA/Ph+

NA: not applicable.

Figure 10. Targeting chronic
myeloid leukemia cells at dif-
ferent levels.



three months and a CCyR from six months onwards as
comprising optimal response, whereas no cytogenetic
response at three months, less than PCyR at six months,
and less than CCyR from 12 months onward define fail-
ure. This reflects the opinions of several other CML
experts, highlighting the notion of a CCyR, rather than a
deep molecular response, being associated with sur-
vival.5,192 The panel felt that despite the notion of an early
molecular response being a clear predictor of outcome and
impending risk, a change of therapy was not mandatory
since current studies do not suggest that a change of ther-
apy at three months changes the outcome. In tandem,
some experts consider that halving BCR-ABL1 transcripts
within 76 days together with the achievement of a BCR-
ABL1 less than 10% by six months, in addition to a CCyR
at one year and beyond, may be reasonable milestones for
change of therapy.193-196

Future prospects and conclusions

The CML success story has unfolded over a relatively
short period of time and the efforts of Janet Rowley and
John Goldman have been crucial to our understanding of
the biology of what is now considered a genetically simple
cancer. Their work has provided vital insights that have
resulted in the success of molecularly targeted therapy, not
only for CML patients, but also for other malignancies.197
Two decades since Brian Druker’s initial studies with ima-
tinib, a personalized treatment algorithm is available for the
newly diagnosed patient with CML. Treatment involves a
choice of three first-line orally administered drugs and two
effective next-line therapies that should be used based on
risk stratification, co-morbidities, the side-effects profile
and the BCR-ABL1 genotype. Furthermore, drug access and
the cost of TKI therapy are significant issues on the agenda
of world-wide healthcare, given the increased prevalence of
CML across the globe.165,198 Currently, there is little differ-
ence in the pricing structure of the licensed first-line drugs,
but this should change dramatically now that generic ima-
tinib becomes available as the patent for Gleevec (imatinib
mesylate) expired in the US in 2015 and in Europe expires
in 2016. Regardless of the initial choice of TKI, the vast
majority of patients achieve a durable CCyR, with a lifes-

pan approaching that of the general population. In most
instances the medication must be continued indefinitely,
and a principal challenge now is to develop strategies to
stop TKIs safely and effectively. For the moment, it is prob-
ably best to discontinue the TKI therapy only within the
framework of a clinical trial.

It seems crucial to improve our understanding of the var-
ious resistance mechanisms, in particular the emerging role
of the bone marrow microenvironment and stem cell niche,
and to assess the importance of the persistence of BCR-
ABL1 by PCR, even in patients who have confirmed MR4.5

and beyond.199 Challenges also remain in the optimal mon-
itoring of patients with CML on treatment, in particular
with regard to the interlaboratory discrepancy in results,
and indeed, harmonizing results to the international stan-
dard. The monitoring technology would also benefit from
being further simplified, and importantly, by being more
affordable. Last, but not least, the ELN 2013 recommenda-
tions should be up-dated to harmonize expert opinions. A
recent French report expressed some concern in not being
able to validate the current recommendations with regards
to identifying optimal response, though treatment failure
was confirmed for a cohort of 180 patients being treated
with imatinib.200 Our understanding of the mechanisms and
treatment of patients with advanced phase disease remains
limited. In addition, questions remain with regard to the ini-
tiating biological event, at least in some patients with CML
in chronic phase.201 Clearly, the CML story is richly studded
with insight, innovation and scientific breakthroughs.
Arguably, however, there is much work to be done in order
to pay tribute to, and to continue the story that was initiat-
ed by Janet Rowley and John Goldman.
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