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ABSTRACT

Background: In chronic myeloid leukaemia (CML), clonal evolution with resistance to tyrosine
kinase inhibitors (TKIs) is often triggered by BCR/ABL1 mutations. However, in the context of
the complex pro-oncogenic signalling networks which ultimately lead to clonal expansion
and disease progression, the exact contribution of BCR/ABL1 mutants remains uncertain.
Recent data indicate that detection of BCR/ABL1 mutant subclones does not permit predic-
tion of their expansion dynamics and their potential to become drivers of resistant disease.
Methods: To determine the patterns of clonal evolution and the distinct proliferation kinetics
of individual BCR/ABL1 mutants during treatment, we employed ligase-dependent polymer-
ase chain reaction (LD-PCR) analysis for quantitative surveillance of CML subclones with var-
ious tyrosine kinase domain (TKD) mutations including M244V, L248V, G250E, E255K, T315]I,
F317L-A/G, M351T and F359V.
Findings: Inadequate treatment responses were observed in 27 of 100 patients investigated
and 16 were found to bear one or more BCR/ABL1 TKD mutations in separate subclones. Rapid
subclone expansion upon onset or switch of TKI treatment was common and sometimes pre-
ceded corresponding changes in BCR/ABL1 transcript levels. Mutant subclones were found to
respond differentially and sometimes unexpectedly to various treatment modalities. Decline
and persistent depletion of specific mutation-bearing subclones in response to treatment
could be documented by LD-PCR surveillance.
Interpretation: The observations show that quantitative monitoring of mutant BCR/ABL1 sub-
clones by LD-PCR is a powerful tool for detection of clonal evolution, subclone-expansion and
subclone-depletion and can contribute to optimised management of patients with CML.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

nism of resistance to tyrosine kinase inhibitors. Although
more than 100 different mutations have been described to

Point mutations within the BCR/ABL1 tyrosine kinase domain date, a subset of 15 common mutations are observed in a great
(TKD) are currently regarded as the most important mecha- majority (>85%) of instances.'® Recent data indicate that the
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identification of TKD mutations in patients treated with imati-
nib may be the first sign of impending onset of resistant
disease, preceding other indicators of impaired response by
several months.”® Moreover, patients harbouring BCR/ABL1
TKD point mutations were reported to have inferior progres-
sion-free survival on imatinib to patients without point
mutations.”'° By contrast, detection of mutant subclones,
especially by highly sensitive technical approaches, did not
necessarily imply impending onset of clinically resistant dis-
ease,'! and identification of mutations before therapy did not
predict insensitivity to imatinib.'**3 Certain mutations are fre-
quently associated with the onset of resistant disease (‘driver
mutations’), but a number of other mutations (‘bystander’ or
‘passenger’ mutations) may be biologically neutral with regard
to tyrosine kinase inhibitor (TKI) resistance.**** However, even
mutant subclones commonly associated with resistance to TKI
treatment have been described to disappear spontaneously
below the limit of detection and to remain undetectable.*®
Although mutational screening is most commonly performed
by direct sequencing of the entire BCR/ABL1 TKD amplified by
polymerase chain reaction (PCR), which does not reveal the
presence of mutant subclones below the level of 10-20% of
the Ph-positive cell pool, the detection of mutations may still
be difficult to interpret with regard to clinical relevance and
therapeutic consequences.

We hypothesised that somewhat more sensitive detection
of mutant subclones, and close monitoring of their prolifera-
tion kinetics could permit in vivo assessment of their biologi-
cal behaviour and indicate resistance to ongoing treatment.
To address this question, we have employed a quantitative
PCR-based technique (ligase-dependent (LD)-PCR) permitting
the detection of individual mutations with a detection limit
of >1%, and facilitating highly reproducible and accurate
assessment of changes in the size of mutant subclones
exceeding +5%."” Prospectively collected serial blood speci-
mens derived from CML patients displaying a variety of muta-
tions were investigated, and the results provide intriguing
new insights into the evolution of point-mutated subclones
during the course of therapy. The findings presented reveal
a way to improved surveillance and treatment of CML pa-
tients carrying BCR/ABL1 TKD point mutations.

2. Patients and methods

2.1.  Clinical specimens

During the study period from 01/2003 to 12/2010, 100 patients
diagnosed with CML were treated in the Department of
Hematology at the Medical University Vienna (MUV), Austria.
Suboptimal responses to TKI therapy according to ELN criteria
and/or rise of BCR/ABL1' >1% triggered mutational analysis in
27 instances, and point mutations in the BCR/ABL1 TKD were
identified by direct sequencing in 16 patients. Serial peripheral
blood specimens from nine individuals who mostly displayed
multiple mutant subclones during the course of treatment
were subjected to detailed quantitative analysis of clonal
evolution upon approval of the institutional ethics committee.
For the investigation of mutant subclone kinetics, residual
archived cDNA was employed, which had been prepared for

expression analysis of BCR/ABL1 transcripts and for muta-
tional screening with informed consent of the patients.

2.2. Molecular testing

Quantification of BCR/ABL1 transcripts was performed by
real-time PCR according to the International Scale in our
ELN-certified laboratory. Screening for mutations in the BCR/
ABL1 TKD was carried out using bidirectional sequencing of
amplicons generated by semi-nested PCR amplification of
the entire kinase domain. Prior to LD-PCR analysis, the cDNA
concentration was determined by the Nanodrop 1000 instru-
ment, and 5 ug cDNA was used as template for amplification
of the BCR/ABL1 TKD by semi-nested PCR.'® Sensitive detec-
tion of mutant subclones and quantitative monitoring of their
relative size within the total BCR/ABL1 positive clone during
treatment were performed by LD-PCR in triplicate analyses,
as described in detail elsewhere.’” The percentage of point-
mutated cells was expressed in relation to non-mutated cells
within the BCR/ABL1-positive CML clone.

3. Results and discussion

In the cohort of CML patients studied, quantitative monitor-
ing of subclones carrying a number of common point muta-
tions in the BCR/ABL1 TKD including M244V, 1248V, G250E,
E255K, T315I, F317L-A/G, M351T, and F359V was performed
by LD-PCR.Y” During a median observation period of
48 months (range 10-109), an average of 18 consecutive
peripheral blood specimens (range 5-27) were analysed in
each patient. In the select series of CML patients presented,
a number of important principles were demonstrated:

Different mutant subclones appeared concomitantly or
sequentially in individual patients during treatment, as illus-
trated in two exemplary cases (Figs. 1 and 2). Changes in the to-
tal BCR/ABL1 transcripts assessed by RQ-PCR mostly occurred
in parallel to corresponding kinetics of mutant subclones.
However, increases in the size of mutant subclones in relation
to the entire CML cell pool were also observed when BCR/ABL1
transcripts were still decreasing (Fig. 1), and documentation of
expanding mutant subclones occasionally preceded the rise in
BCR/ABL1 transcripts by several weeks (mean 9 weeks; range
2-19 weeks) (Figs. 1 and 2). The expansion kinetics was unpre-
dictable and the time span until mutant leukaemic cells be-
came the dominant BCR/ABLI-positive clone was highly
variable, rangingbetween 1 month and more than 2 years after
first detection by LD-PCR. Particularly rapid achievement of
subclone dominance, within 1 or 2 months, was observed in
two patients with leukaemic cells displaying the highly resis-
tant T315I mutation. Conversely, disappearance of a T315I-po-
sitive mutant subclone below the detection limit of LD-PCR was
also observed in a patient during treatment with hydroxyurea,
indicating that even the detection of mutations known to con-
fer a high level of resistance does not necessarily herald immi-
nent refractory disease.

Our study revealed expected findings, such as rapid appear-
ance and expansion of subclones exhibiting the G250E or
M244V mutation during treatment with imatinib, the E255K
mutation on nilotinib or the F317L-G mutation on dasatinib,*®
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Fig. 1 - Monitoring of molecular response and kinetics of
different mutant subclones: exemplary case 1. The prolifer-
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ation dynamics of two mutant subclones over a period of
9 months is plotted against the BCR/ABL1 transcript levels
(black dotted line). The time points of investigation and the
treatment modalities are displayed on the X-axis, while the
Y-axis shows the BCR/ABL1 expression according to the
international scale (IS) and the relative sizes of mutant
subclones within the Ph+ cell pool. A G250E-positive sub-
clone appeared and increased in size during the first months
of treatment with imatinib (IM) in the presence of decreasing
BCR/ABL1 transcripts, and remained at a high level during the
entire observation period. An additional subclone carrying
the T315I mutation appeared ata later point of treatment, and
showed a rapid increase in size while the BCR/ABL-1 tran-
scripts and the G250E mutant cells were decreasing. Expan-
sion of the T315I-positive subclone preceded the increase in
the BCR/ABL1 transcripts by about 4 months. Following
consecutive treatment attempts with dasatinib (DAS), che-
motherapy with FLAG [Fludarabine, Cytosine Arabinoside,
Granulocyte colony stimulating factor (GCSF)] and allogeneic
haematopoietic stem cell transplantation (HSCT), the patient
died in blast crisis about 2 months later.

which mostly decreased in size upon administration of an-
other TKI, and ultimately disappeared below the detection le-
vel of LD-PCR. However, rather unexpected observations were
alsomade, including the documentation of a rapidly proliferat-
ing subclone carrying the L248V mutation on nilotinib (not
shown), which was anticipated to be effective in this instance
based on data obtained in vitro. Such findings indicate that
point mutations in the BCR/ABL1 TKD with expected sensitiv-
ity to certain TKIs may be unresponsive in vivo or may merely
represent markers of subclones displaying independent mech-
anisms of resistance. It is therefore important to emphasise
that the potency of individual TKIs observed in vitro may be
insufficient to predict clinical responses and to guide optimal
choice of treatment.

Our data demonstrate that the quantitative LD-PCR ap-
proach used permits early detection of relevant mutant sub-
clones and accurate surveillance of subclone evolution.
Furthermore, the technique facilitates monitoring of the re-
sponse of individual subclones to treatment. The rapid
appearance of mutant cells following changes of treatment
supports the notion that CML is composed of various sub-

Fig. 2 - Monitoring of molecular response and kinetics of
different mutant subclones: exemplary case 2. The prolifer-
ation dynamics of three mutant subclones over a period of
2.8 years is plotted against the BCR/ABL1 transcript levels
(black dotted line). Following an initial treatment course
with hydroxyurea (HU), a T315I-positive subclone appeared
after about 4 months of subsequent treatment with dasat-
inib (DAS), reached a maximum size of 50-60% of the total
BCR-ABL1 positive cell pool and, upon onset of treatment
with hydroxyurea, disappeared below the detection limit of
the LD-PCR technique during the remaining course of
disease. A G250E-positive subclone increased steadily dur-
ing the first 15 months of treatment with hydroxyurea and
dasatinib to a maximum of 85%, and ultimately disappeared
below the detection limit of the assay after haematopoietic
stem cell transplantation (HSCT). Another subclone with the
p-loop mutation E255K increased during the first 12 months
of treatment to a maximum of >80%, subsequently
decreased below the LD-PCR detection limit on hydroxy-
urea, and expanded rapidly again after HSCT, preceding the
rise in BCR/ABL1 transcripts by a few weeks. It has
remained the dominant (apparently resistant) subclone
during the subsequent treatment with hydroxyurea and
nilotinib (NIL), while BCR/ABL1 transcripts decreased on
nilotinib to levels of 0.053% according to the International
Scale. Following a rise of the BCR/ABL1 levels to 0.25% (not
discernable on the scale presented), which corresponded to
loss of major molecular response (MMR), the patient died in
October, 2010, in chronic phase CML.

clones, many of which carry point mutations in the TKD, indi-
cating a non-linear, branching clonal architecture of the
disease.??

Quantitative monitoring during treatment permits reliable
assessment of mutant subclone evolution, including both
expansion and depletion. Surveillance of mutant subclones
by LD-PCR therefore provides information on their actual
responsiveness to therapy and the imminent onset of resis-
tant disease. Implementation of quantitative approaches for
the monitoring of mutant subclones in the surveillance of
CML patients can improve our current options for timely
treatment decisions, and may help optimising disease man-
agement in patients displaying point mutations in the BCR/
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ABL1 TKD or other sites of potential relevance. In view of the
emerging knowledge on the multiclonal architecture of leu-
kaemias,?>?? the intriguing insights derived from the moni-
toring of individual subclones in CML could serve as a
paradigm for different types haematologic malignancies.
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