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a  b  s  t  r  a  c  t

Chronic  myeloid  leukemia  (CML)  is  the paradigm  for  targeted  cancer  therapy.  RT-qPCR  is  the  gold  standard
for  monitoring  response  to tyrosine  kinase-inhibitor  (TKI)  therapy  based  on the  reduction  of  blood  or  bone
marrow  BCR-ABL1.  Some  patients  with  CML  and  very  low  or undetectable  levels  of  BCR-ABL1  transcripts
can  stop TKI-therapy  without  CML  recurrence.  However,  about  60 percent  of  patients  discontinuing
TKI-therapy  have  rapid  leukaemia  recurrence.  This  has  increased  the  need  for  more  sensitive  and  specific
techniques  to  measure  residual  CML cells.  The  clinical  challenge  is to determine  when  it  is safe  to stop  TKI-
therapy. In  this  review  we  describe  and  critically  evaluate  the  current  state  of  CML  clinical  management,
different  technologies  used  to monitor  measurable  residual  disease  (MRD)  focus  on comparingRT-qPCR
and  new  methods  entering  clinical  practice.  We discuss  advantages  and  disadvantages  of  new  methods.

© 2017  Published  by Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC BY-NC-ND  license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Chronic myeloid leukaemia (CML) was recognized as a clin-
ical entity in the early 19th century on the grounds extensive
splenomegaly and leukocytosis [1–3]. In 1960, almost 100 years
later, a consistent chromosome termed the Philadelphia (Ph) chro-
mosome was described in the cells of patients with CML  by Nowell
and Hungerford [4]. In 1973, Janet Rowley [5] reported the Ph
chromosome resulted from a reciprocal translocation between
chromosomes 9 and 22. In 1980s the fusion of two genes, BCR
and ABL1, was identified as causing CML  [6–9], BCR-ABL1 results in
constitutive activation of the ABL1 tyrosine kinase domain which
accounts for the disease phenotype [10,11]. In the late 1990s the
BCR-ABL1 protein was recognised as a potential drug-able tar-
get and led to the development of several ABL1 tyrosine kinase
inhibitors (TKI). Their introduction into clinical use has changed the
course of CML: a one-time fatal disease is now a condition asso-
ciated with a life expectancy similar to the normal age-matched
population [12].

CML  is a tri-phasic disease. It usually presents in a chronic phase
(CP) marked by over-production of mature granulocytes (with <10%
blasts in the blood and bone marrow. Untreated chronic phase CML
invariably transforms into acute phase resembling acute lymphoid
or myeloid leukaemia with >20% blasts in the blood or bone mar-
row. Many patients have in intermediate phase termed accelerated
phase which is often poorly-defined with 10–20% blasts [13].

CML  has a world-wide annual incidence of 1–2/100,000 popula-
tion with a slight male predominance and accounts for 15% of adult

leukaemia [14] in the Western hemisphere. Median age at onset is
60 years with a wide range [15].

2. The molecular features of CML

Most cases of CML  have t(9;22). Other chromosome rearrange-
ments such as complex translocations or insertions occur in some
cases [16,17]. t(9;22) is also detected in 25–30% of adults and 5–10%
of children with acute lymphoblastic leukaemia (ALL) [18–20].
Some of these patients may  have had a clinically undetected chronic
phase.

The molecular hallmark of CML  is the exchange of genetic
material between the long arms of chromosomes 9 and 22
[t(9;22)(9q34.1;22q11.2)]. This translocation joins the 5′ part of the
BCR (the gene covers ∼138.5Kbp region; 23 exons) on chromosome
22 and the 3′ part of ABL1 (the gene covers ∼174Mbp; 11 exons) on
chromosome 9 forming the BCR-ABL1 fusion oncogene [21].

The breakpoint in ABL1 is typically in the 150 kb intronic region
between exons 1a and 1b. Rarely the breakpoint is upstream
exon 1b or downstream of exon 1a [22–24] but almost invariably
upstream of exon 2.

Breakpoints in BCR are more variable but tend to occur within
three main breakpoint cluster regions: the major (M-bcr) [8], minor
(m-bcr) [25,26] and micro (�-BCR) [27] regions. Breakpoints in the
M-BCR region are associated with two major transcripts designated
e13a2 (b2a2) and e14a2 (b3a2). The exons within the M-BCR region
previously numbered b1-5 were later renamed e12-e16 after the
successful mapping of the entire BCR gene [28]. Both transcripts
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