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domains from BCR, and is fused to the SH, proline-rich
(PxxP), DNA- and actin-binding domains, and nuclear
localisation and entry signals from ABL1. The SH1 tyrosine
kinase region is the most studied BCR-ABL1 domain due to
its inherent role in CML pathogenesis. However, other fea-
tures such as tryrosine-177 in the Ser/Thr kinase domain are
equally integral for the function of BCR-ABL1 [31–34].

Although BCR-ABL1 contains the majority of the ABL1
gene, it lacks the sequence coding for ABL1’s N-terminal
myristoylation site. It is thought that the loss of this moiety

is in part responsible for BCR-ABL1’s constitutive kinase
activity. For the normal ABL1 protein, myristoylation of its
N-terminus and subsequent cis-binding within ABL1’s
myristoylation binding pocket causes autoinhibition of SH1
kinase activity [32]. Since BCR-ABL1 retains the
myristoylation binding pocket, compounds targeting this mo-
tif have been trialed to inhibit BCR-ABL1 kinase activity.
These compounds exhibit promising allosteric inhibition of
BCR-ABL1 activity and may enhance the capabilities of ther-
apeutic targeting of BCR-ABL1 [35].

The consequence of BCR-ABL1

The BCR-ABL1 protein gives rise to aberrant activation of
cell-signalling pathways and a shift to a cellular environment
that supports leukaemia. This atypical pathway activation has
been linked to changes in growth factor dependence, apopto-
sis, proliferation and cell adhesion. These attributes cause
hyper-proliferation of granulocytes and clinical features ob-
served in CP-CML (Fig. 2) [36]. The importance of BCR-
ABL1 signalling (particularly via the tyrosine kinase activity)
is demonstrated by the success of TKI therapy. The ability to
target BCR-ABL1 signalling has also given scientists the abil-
ity to further dissect the biology of CML.

Early CML models focused on BCR-ABL1’s primary
mechanism of disease. Reconstitution of mouse bone marrow
with BCR-ABL1 expressing haemopoietic stem cells (HSCs)
caused affected mice to display a CML-like phenotype
[36–38]. Additional work established BCR-ABL1’s ability
to transform cells, cause growth factor-independent cell
growth and block apoptosis [39–41]. Specific targeting of
BCR-ABL1 by antisense oligonucleotides [42–44] and dis-
ruption of BCR-ABL1 kinase activity [45] showed that
BCR-ABL1 was essential for maintenance of leukaemia. The-
se initial observations underpinned the function of BCR-
ABL1 and affirmed this gene as the driver of CP-CML. Since
expression of the BCR-ABL1 coding sequence in a HSC is
sufficient to generate CML-like disease, it is generally accept-
ed that BCR-ABL1 is the sole lesion required for CML. It
would be unlikely that an additional event is required to
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Fig. 1 The gene and protein structure of BCR-ABL. a The BCR-ABL
fusion gene consists of the 5′ end of the BCR gene and the 3′end of the
ABL1. The location of the translocation usually involves fusion of intron
13 or 14 of BCRwith a 140-kilobase (kb) region of ABL1 between exons
1b and 2. b The BCR-ABL protein contains the dimerisation or coiled-
coil (C-C) domain, Ser/Thr kinase domain and the Rho/GEF domain of
BCR, as well as the SH-domains, proline-rich (PxxP), nuclear localisation
signal (NLS), DNA-binding, nuclear export signal (NES) and Actin-
binding domains from ABL. The tyrosine residues in the Ser/Thr and
SH1 kinase domains have been highlighted with a Y. The diagrams in a
and b are not to scale

Important pathways hijacked in CML

Key features

• t(9;22) Formation of BCR-ABL
• Myeloid hyperplasia

(expansion of granulocytes)
• Anaemia

• Organomegaly

• Good response to TKI therapy

Activation of:

ADAR1, β-catenin, Msi2, 

MYC, SET, SIRT1, XPO1. 

Inactivation of: 

C/EBP-α, IRF-8, P53, 

PP2a

: JAK/STAT, PI3K/Akt, 

Ras/MEK, mTOR, Src kinases, 

BCL2/BCL-XL. Inhibition of pro-

apoptotic signals.

• Increased BCR-ABL expression

• Blast infiltration into the peripheral blood

• Expansion of leukaemic progenitors

• Additional cytogenetic and 

genetic abnormalities

• Very poor patient outcome

(even with therapeutic intervention)

Fig. 2 Important events in CML
outlined in this review. The colour
gradient depicts increasing acute
leukaemia burden and severity of
listed features (five) found in
accelerated phase and blast crisis
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Abstract Chronic myeloid leukaemia (CML) is a myelopro-
liferative disorder arising in the haemopoietic stem cell (HSC)
compartment. This disease is characterised by a reciprocal
t(9;22) chromosomal translocation, resulting in the formation
of the Philadelphia (Ph) chromosome containing the BCR-
ABL1 gene. As such, diagnosis and monitoring of disease in-
volves detection of BCR-ABL1. It is the BCR-ABL1 protein,
in particular its constitutively active tyrosine kinase activity,
that forges the pathogenesis of CML. This aberrant kinase sig-
nalling activates downstream targets that reprogram the cell to
cause uncontrolled proliferation and results in myeloid hyper-
plasia and ‘indolent’ symptoms of chronic phase (CP) CML.
Without successful intervention, the disease will progress into
blast crisis (BC), resembling an acute leukaemia. This ad-
vanced disease stage takes on an aggressive phenotype and is
almost always fatal. The cell biology of CML is also centred on
BCR-ABL1. The presence of BCR-ABL1 can explain virtually
all the cellular features of the leukaemia (enhanced cell growth,
inhibition of apoptosis, altered cell adhesion, growth factor
independence, impaired genomic surveillance and differentia-
tion). This article provides an overview of the clinical and cell
biology of CML, and highlights key findings and unanswered
questions essential for understanding this disease.
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Introduction

The discovery of the Philadelphia (Ph) chromosome in chron-
ic myeloid leukaemia (CML) patients marked the first time
that a chromosomal abnormality was linked to a particular
disease. The next major breakthrough for understanding
CML was the identification of the BCR-ABL1 fusion gene,
which is formed in the Ph chromosome. Subsequent function-
al studies demonstrated that BCR-ABL1 was central to driv-
ing early disease. This led to the development and success of a
BCR-ABL1-targeted therapy. Currently, the key biological
questions for CML surround the understanding of how this
leukaemia transforms from a relatively indolent chronic phase
(CP) to an aggressive blast crisis (BC), and at dissecting the
biology of the leukaemic stem cell (LSC) (where BCR-ABL1
originates) and early progenitors, which are vital for establish-
ment and maintenance of CML.

Clinical overview

Diagnosis

CML is usually diagnosed in CP [1]. The main symptoms and
signs at presentation are fatigue, anaemia, splenomegaly, ab-
dominal discomfort and episodes of infections [1]. However, a
significant proportion of patients are asymptomatic, with di-
agnosis occurring after unrelated medical examination [1].
Males show an increased incidence of CML at a male/
female ratio of 1.3–1.5:1 [1–3]. The only proven risk factor
is exposure to high-dose ionising radiation [4]. The average
age at presentation is region-dependent. For example, in Afri-
ca and Latin America, CML patients are diagnosed at least
15 years younger compared to Australia (median age
55 years), Europe and the USA [1–3]. Differences in life
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expectancy do not entirely explain the age of onset, thus future
investigation could identify additional determinants of CML.

The BCR-ABL1 gene is observed in all cases of CML and
detection of this gene, together with karyotyping to identify
the Ph chromosome, is used to confirm the diagnosis [1].
Screening for BCR-ABL1 is usually performed if a full blood
cell count reports an abnormally high granulocyte count.Mea-
surement of BCR-ABL1 transcript levels by quantitative PCR
allows for monitoring initial treatment response, and
predicting treatment failure and/or disease progression [5].
Interestingly, the BCR-ABL1 transcript can also be detected,
by specially sensitive PCR methods, in healthy individuals
without CML symptoms [6]. It is hypothesised that in these
cases, the translocation occurs in a haemopoietic cell or envi-
ronment that is unable to support leukaemia transformation.
The BCR-ABL1 signal from this phenomenon is very low and
thus does not pose a concern for diagnostic laboratories [6].

Disease evolution and prognosis

Without therapeutic intervention, CML progresses from CP
(generally after 3–5 years) to BC, often via an accelerated
phase (AP). Disease progression is defined by the blast cell
count in the peripheral blood as of 10–20 % in AP and >20 %
in BC. The phenotype of BC can be myeloid or lymphoid or,
in rare cases, both. Myeloid-BC is predominantly observed
(on a 2:1 ratio) over lymphoid-BC [7].

Leukaemic cells in advanced disease lose the ability to
undergo terminal differentiation, resulting in an expansion of
primitive cells rather than mature granulocytes. The exact
mechanism for disease progression is unknown. However,
mutations in genes other than BCR-ABL1 are commonly de-
tected following BC transformation [8], which suggests that a
second hit is important for the transformation into acute
leukaemia.

BC-CML nearly invariably leads to patient mortality from
infection, thrombosis or anaemia—a consequence of bone
marrow failure due to the lack of cell differentiation and mas-
sive infiltration with immature blasts [9]. Prior to successful
treatment, themedian survival of CML patients after diagnosis
was approximately 3 years [1, 10].

Treatment

Introduction of interferon-α therapy and stem cell transplan-
tation marked the first era when survival and quality of life
noticeably improved for a large proportion of patients [1, 10].
During the peak of interferon treatment, the median survival
doubled to 6 years [10]. Previously, cytotoxic agents (e.g.,
arsenic, radiotherapy, busulfan and hydroxyurea) were pri-
marily used to treat the symptoms of CML, but did not alter
the course of the disease. The recent development of tyrosine
kinase inhibitors (TKIs) has greatly improved patient

outcome. The TKI imatinib is currently the first-line therapy
for CML. Its inhibition of the BCR-ABL1 kinase significantly
reduces the frequency of progression to BC and eliminates the
symptoms of CP [11]. TKI treatment has led to overall surviv-
al rates of >80 % after 8 years [12]. Moreover, deep responses
achieved in some patients have allowed clinicians to consider
therapy cessation—a new goal for the treatment of CML [13].

Despite successful advances in CML treatment, imatinib
resistance is observed in approximately 25 % of patients
[14]. Of these patients, the most common known resistance
mechanism are mutations in the BCR-ABL1 protein, which
are observed in 25–30 % of early CP and 70–80 % of BC
patients [15]. Current strategies to circumvent resistance in-
clude the use of second-generation BCR-ABL1 TKIs, such as
nilotinib, dasatinib and bosutinib [16], and targeting other cel-
lular pathways. In addition, the treatment options in BC-CML
remain dismal. Therefore, there is still a necessity to refine the
treatment of CML, as discussed in detail on the subsequent
articles in this issue.

The molecular biology of CML

The t(9;22) translocation and the BCR-ABL1 gene

The Ph chromosome is fo rmed by a rec iproca l
t(9;22)(q34;q11) translocation between the long arms of chro-
mosomes 9 and 22, causing the juxtaposition of the BCR and
ABL1 genes. The BCR-ABL1 fusion gene consists of the 5′
end of the BCR (breakpoint cluster region) gene and the 3′end
of the ABL1 gene (also known as Abelson). The location of
the BCR and ABL1 genomic breakpoints is highly variable
[17], but the recombination usually involves fusion of intron
13 or 14 of BCR with a 140-kilobase (kb) region of ABL1
between exons 1b and 2 (Fig. 1a) [17]. Regardless of the
breakpoint location on the ABL1 gene, mRNA splicing gives
rise to major BCR-ABL1 transcripts with e13a2 (BCR exon
13 and ABL1 exon 2) or e14a2 junctions. These transcripts
were originally referred to as b2a2 and b3a2, respectively.
Both transcripts result in the expression of a 210-kDa BCR-
ABL1 protein. There has been much debate regarding the
consequence of a patient expressing either the e13a2 or
e14a2 transcript [18]. The position of the BCR breakpoint
has been correlated with patient prognosis [19–21], platelet
count [22–25] and response to therapy [19, 23, 26], but there
are other reports refuting the importance of the BCR
breakpoint [27–30].

Protein structure

The 210-kDa BCR-ABL1 protein observed in CML contains
more than ten protein domains (Fig. 1b). BCR-ABL1 retains
the Ser/Thr kinase, Rho/GEF and dimerisation (coiled-coil)
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Introduction

The discovery of the Philadelphia (Ph) chromosome in chron-
ic myeloid leukaemia (CML) patients marked the first time
that a chromosomal abnormality was linked to a particular
disease. The next major breakthrough for understanding
CML was the identification of the BCR-ABL1 fusion gene,
which is formed in the Ph chromosome. Subsequent function-
al studies demonstrated that BCR-ABL1 was central to driv-
ing early disease. This led to the development and success of a
BCR-ABL1-targeted therapy. Currently, the key biological
questions for CML surround the understanding of how this
leukaemia transforms from a relatively indolent chronic phase
(CP) to an aggressive blast crisis (BC), and at dissecting the
biology of the leukaemic stem cell (LSC) (where BCR-ABL1
originates) and early progenitors, which are vital for establish-
ment and maintenance of CML.

Clinical overview

Diagnosis

CML is usually diagnosed in CP [1]. The main symptoms and
signs at presentation are fatigue, anaemia, splenomegaly, ab-
dominal discomfort and episodes of infections [1]. However, a
significant proportion of patients are asymptomatic, with di-
agnosis occurring after unrelated medical examination [1].
Males show an increased incidence of CML at a male/
female ratio of 1.3–1.5:1 [1–3]. The only proven risk factor
is exposure to high-dose ionising radiation [4]. The average
age at presentation is region-dependent. For example, in Afri-
ca and Latin America, CML patients are diagnosed at least
15 years younger compared to Australia (median age
55 years), Europe and the USA [1–3]. Differences in life
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expectancy do not entirely explain the age of onset, thus future
investigation could identify additional determinants of CML.

The BCR-ABL1 gene is observed in all cases of CML and
detection of this gene, together with karyotyping to identify
the Ph chromosome, is used to confirm the diagnosis [1].
Screening for BCR-ABL1 is usually performed if a full blood
cell count reports an abnormally high granulocyte count.Mea-
surement of BCR-ABL1 transcript levels by quantitative PCR
allows for monitoring initial treatment response, and
predicting treatment failure and/or disease progression [5].
Interestingly, the BCR-ABL1 transcript can also be detected,
by specially sensitive PCR methods, in healthy individuals
without CML symptoms [6]. It is hypothesised that in these
cases, the translocation occurs in a haemopoietic cell or envi-
ronment that is unable to support leukaemia transformation.
The BCR-ABL1 signal from this phenomenon is very low and
thus does not pose a concern for diagnostic laboratories [6].

Disease evolution and prognosis

Without therapeutic intervention, CML progresses from CP
(generally after 3–5 years) to BC, often via an accelerated
phase (AP). Disease progression is defined by the blast cell
count in the peripheral blood as of 10–20 % in AP and >20 %
in BC. The phenotype of BC can be myeloid or lymphoid or,
in rare cases, both. Myeloid-BC is predominantly observed
(on a 2:1 ratio) over lymphoid-BC [7].

Leukaemic cells in advanced disease lose the ability to
undergo terminal differentiation, resulting in an expansion of
primitive cells rather than mature granulocytes. The exact
mechanism for disease progression is unknown. However,
mutations in genes other than BCR-ABL1 are commonly de-
tected following BC transformation [8], which suggests that a
second hit is important for the transformation into acute
leukaemia.

BC-CML nearly invariably leads to patient mortality from
infection, thrombosis or anaemia—a consequence of bone
marrow failure due to the lack of cell differentiation and mas-
sive infiltration with immature blasts [9]. Prior to successful
treatment, themedian survival of CML patients after diagnosis
was approximately 3 years [1, 10].

Treatment

Introduction of interferon-α therapy and stem cell transplan-
tation marked the first era when survival and quality of life
noticeably improved for a large proportion of patients [1, 10].
During the peak of interferon treatment, the median survival
doubled to 6 years [10]. Previously, cytotoxic agents (e.g.,
arsenic, radiotherapy, busulfan and hydroxyurea) were pri-
marily used to treat the symptoms of CML, but did not alter
the course of the disease. The recent development of tyrosine
kinase inhibitors (TKIs) has greatly improved patient

outcome. The TKI imatinib is currently the first-line therapy
for CML. Its inhibition of the BCR-ABL1 kinase significantly
reduces the frequency of progression to BC and eliminates the
symptoms of CP [11]. TKI treatment has led to overall surviv-
al rates of >80 % after 8 years [12]. Moreover, deep responses
achieved in some patients have allowed clinicians to consider
therapy cessation—a new goal for the treatment of CML [13].

Despite successful advances in CML treatment, imatinib
resistance is observed in approximately 25 % of patients
[14]. Of these patients, the most common known resistance
mechanism are mutations in the BCR-ABL1 protein, which
are observed in 25–30 % of early CP and 70–80 % of BC
patients [15]. Current strategies to circumvent resistance in-
clude the use of second-generation BCR-ABL1 TKIs, such as
nilotinib, dasatinib and bosutinib [16], and targeting other cel-
lular pathways. In addition, the treatment options in BC-CML
remain dismal. Therefore, there is still a necessity to refine the
treatment of CML, as discussed in detail on the subsequent
articles in this issue.

The molecular biology of CML

The t(9;22) translocation and the BCR-ABL1 gene

The Ph chromosome is fo rmed by a rec iproca l
t(9;22)(q34;q11) translocation between the long arms of chro-
mosomes 9 and 22, causing the juxtaposition of the BCR and
ABL1 genes. The BCR-ABL1 fusion gene consists of the 5′
end of the BCR (breakpoint cluster region) gene and the 3′end
of the ABL1 gene (also known as Abelson). The location of
the BCR and ABL1 genomic breakpoints is highly variable
[17], but the recombination usually involves fusion of intron
13 or 14 of BCR with a 140-kilobase (kb) region of ABL1
between exons 1b and 2 (Fig. 1a) [17]. Regardless of the
breakpoint location on the ABL1 gene, mRNA splicing gives
rise to major BCR-ABL1 transcripts with e13a2 (BCR exon
13 and ABL1 exon 2) or e14a2 junctions. These transcripts
were originally referred to as b2a2 and b3a2, respectively.
Both transcripts result in the expression of a 210-kDa BCR-
ABL1 protein. There has been much debate regarding the
consequence of a patient expressing either the e13a2 or
e14a2 transcript [18]. The position of the BCR breakpoint
has been correlated with patient prognosis [19–21], platelet
count [22–25] and response to therapy [19, 23, 26], but there
are other reports refuting the importance of the BCR
breakpoint [27–30].

Protein structure

The 210-kDa BCR-ABL1 protein observed in CML contains
more than ten protein domains (Fig. 1b). BCR-ABL1 retains
the Ser/Thr kinase, Rho/GEF and dimerisation (coiled-coil)
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domains from BCR, and is fused to the SH, proline-rich
(PxxP), DNA- and actin-binding domains, and nuclear
localisation and entry signals from ABL1. The SH1 tyrosine
kinase region is the most studied BCR-ABL1 domain due to
its inherent role in CML pathogenesis. However, other fea-
tures such as tryrosine-177 in the Ser/Thr kinase domain are
equally integral for the function of BCR-ABL1 [31–34].

Although BCR-ABL1 contains the majority of the ABL1
gene, it lacks the sequence coding for ABL1’s N-terminal
myristoylation site. It is thought that the loss of this moiety

is in part responsible for BCR-ABL1’s constitutive kinase
activity. For the normal ABL1 protein, myristoylation of its
N-terminus and subsequent cis-binding within ABL1’s
myristoylation binding pocket causes autoinhibition of SH1
kinase activity [32]. Since BCR-ABL1 retains the
myristoylation binding pocket, compounds targeting this mo-
tif have been trialed to inhibit BCR-ABL1 kinase activity.
These compounds exhibit promising allosteric inhibition of
BCR-ABL1 activity and may enhance the capabilities of ther-
apeutic targeting of BCR-ABL1 [35].

The consequence of BCR-ABL1

The BCR-ABL1 protein gives rise to aberrant activation of
cell-signalling pathways and a shift to a cellular environment
that supports leukaemia. This atypical pathway activation has
been linked to changes in growth factor dependence, apopto-
sis, proliferation and cell adhesion. These attributes cause
hyper-proliferation of granulocytes and clinical features ob-
served in CP-CML (Fig. 2) [36]. The importance of BCR-
ABL1 signalling (particularly via the tyrosine kinase activity)
is demonstrated by the success of TKI therapy. The ability to
target BCR-ABL1 signalling has also given scientists the abil-
ity to further dissect the biology of CML.

Early CML models focused on BCR-ABL1’s primary
mechanism of disease. Reconstitution of mouse bone marrow
with BCR-ABL1 expressing haemopoietic stem cells (HSCs)
caused affected mice to display a CML-like phenotype
[36–38]. Additional work established BCR-ABL1’s ability
to transform cells, cause growth factor-independent cell
growth and block apoptosis [39–41]. Specific targeting of
BCR-ABL1 by antisense oligonucleotides [42–44] and dis-
ruption of BCR-ABL1 kinase activity [45] showed that
BCR-ABL1 was essential for maintenance of leukaemia. The-
se initial observations underpinned the function of BCR-
ABL1 and affirmed this gene as the driver of CP-CML. Since
expression of the BCR-ABL1 coding sequence in a HSC is
sufficient to generate CML-like disease, it is generally accept-
ed that BCR-ABL1 is the sole lesion required for CML. It
would be unlikely that an additional event is required to
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Fig. 1 The gene and protein structure of BCR-ABL. a The BCR-ABL
fusion gene consists of the 5′ end of the BCR gene and the 3′end of the
ABL1. The location of the translocation usually involves fusion of intron
13 or 14 of BCRwith a 140-kilobase (kb) region of ABL1 between exons
1b and 2. b The BCR-ABL protein contains the dimerisation or coiled-
coil (C-C) domain, Ser/Thr kinase domain and the Rho/GEF domain of
BCR, as well as the SH-domains, proline-rich (PxxP), nuclear localisation
signal (NLS), DNA-binding, nuclear export signal (NES) and Actin-
binding domains from ABL. The tyrosine residues in the Ser/Thr and
SH1 kinase domains have been highlighted with a Y. The diagrams in a
and b are not to scale
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Fig. 2 Important events in CML
outlined in this review. The colour
gradient depicts increasing acute
leukaemia burden and severity of
listed features (five) found in
accelerated phase and blast crisis
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either fl uorescent-in-situ-hybridisation or by reverse 
transcriptase PCR. In some patients with features of 
CML, no Philadelphia chromosome or BCR-ABL 
rearrangement can be detected. These patients are 
referred to as Philadelphia negative and BCR-ABL 
negative, or atypical CML, and might represent a separate 
disease entity. Because of its high sensitivity, quantitative 
PCR is a suitable way to monitor residual disease after 
cytogenetic remission. Substantial eff orts have been 
made to standardise PCR technique by defi nition of an 
internal standard for BCR-ABL quantifi cation and of an 
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essential. Most important is accurate identifi cation of the 
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information about possible teratogenicity of imatinib in 
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Figure 1: Development of treatments for CML 
The arrows show the use of treatments over time. Treatments in red indicate commonly used treatments for 
chronic phase CML.
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Chronic myeloid leukaemia (CML) was the fi rst neoplastic disease for which knowledge of the genotype led to a 
rationally designed therapy. As a result of its well known pathophysiology, straightforward diagnosis, well established 
prognostic factors, and treatment for the cause of disease, CML has been studied to an extent that far exceeds that 
expected from its frequency, and serves as a model disease for other cancers. Imatinib, an inhibitor of BCR-ABL 
tyrosine kinase, has revolutionised treatment of this disease, and is now recommended as standard treatment for 
chronic-phase CML. Interferon alfa is an acceptable alternative treatment in the early chronic phase for patients who 
do not tolerate imatinib. If imatinib treatment fails, allogeneic stem-cell transplantation, a dose increase of imatinib, 
or new drugs are recommended. Up to 87% of patients achieve complete cytogenetic remission, therefore we provide 
guidance for monitoring disease status. Many trials of new drugs and combination therapies that include imatinib 
are underway.

Introduction
The availability of a molecular-targeted therapy has 
profoundly changed the management of chronic myeloid 
leukaemia (CML) and challenged general ideas about 
cancer treatment.1 CML was a model disease from its 
discovery: the word leukaemia was coined to describe the 
neoplastic nature of purulent matter or leucocythaemia 
seen in the blood of these patients.2,3 CML was the fi rst 
neoplasm associated with a chromosomal aberration, 
known as the Philadelphia chromosome.4 The elucidation 
of the molecular pathogenesis of this disease led to the 
development of a therapy for the cause of disease. Figure 1 
shows the important developments in the history of 
therapy for CML. In this Seminar, we review treatment 
options, summarise management recommendations 
developed by an international expert panel on behalf of 
European LeukemiaNet,5 and provide guidance for 
molecular monitoring.6 

Epidemiology
CML is a rare disease with an incidence of 1 or 2 cases 
per 100 000 people every year, and is most common in 
older people, with a median age at diagnosis of around 
65 years. Most studies7–10 enrol patients who are younger 
than those identifi ed in epidemiological surveys,11 which 
suggests that elderly patients are under-represented. Men 
are aff ected more frequently than are women, but women 
seem to have a survival advantage over men.12 No obvious 
geographical or ethnic diff erences exist, but diff erences 

in management strategies between countries could be 
dependent on the availability of expensive drugs and 
modern diagnostic technologies.

Pathophysiology
CML is a disease of haemopoietic stem cells, arising from 
a translocation t(9;22)(q34;q11),13,14 known as the 
Philadelphia chromosome.4 This translocation leads to a 
juxtaposition of the ABL gene from chromosome 9 and 
the BCR gene from chromosome 22 (fi gure 2), resulting 
in a BCR-ABL fusion gene that codes for BCR-ABL 
transcripts and fusion proteins with unusual 
tyrosine-kinase activity.15 The molecular pathogenesis of 
CML is well understood,15–17 but the mechanism that leads 
to the gene translocation is unknown. Radiation has been 
suggested as a cause, because of increased incidence of 
CML in Japan after the atomic bombing of Hiroshima 
and Nagasaki, but the eff ect of radiation, if any, is low. 

The mechanisms of disease progression, and cytogenetic 
evolution to blast crisis remain largely unknown. Genetic 
instability as a consequence of the Philadelphia 
translocation might be responsible for additional 
chromosomal aberrations or mutations frequently seen 
in blast crisis. Alternatively, mechanisms responsible for 
the translocation might also trigger the changes leading 
to blast crisis. Such a mechanism would be supported if 
blast crisis happened very early in the course of disease.

Diagnosis
Diagnosis of CML, is generally straightforward. In most 
cases, the diagnosis can be made on the basis of 
characteristic blood count and diff erential (excessive 
granulocytosis with typical left shift of granulopoiesis) if 
myelofi brosis and myelodysplasia have been excluded. 
On sedimentation, the white blood cells form a whitish 
buff y coat from which the name leukaemia is derived. 
Confi rmation of diagnosis is obtained by identifi cation of 
the Philadelphia chromosome, or the BCR-ABL 
transcripts, or both in peripheral blood or bone marrow 
cells. In about 5% of cases the Philadelphia chromosome 
cannot be detected, and confi rmation of diagnosis is 
dependent on fi nding the BCR-ABL transcript by 
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Successful translational approach in&hematology



I	TKI		hanno	modificato	il	monitoraggio	dei	
pazienti	con	CML

IS,	international	scale;	MCyR,	major	cytogenetic	response;	MR4,	molecular	response	≥	4-log	reduction;	MR4.5,	
molecular	response	≥	4.5-log	reduction;	TKI,	tyrosine	kinase	inhibitor.

Goal	of	
Therapy CHR1 CCyR2 MMR3

a Compared	with	baseline	levels.

MR4.5 and	beyond

Deeper	
molecular
responses4
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Leukemic	
Reduction5,a

≤	1%	≈	2-log

≤	10%	≈	1-log

≤	0.1%IS ≈	3-log

≤	0.0032%IS ≈	4.5-log
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Definition	of	surrogate	endpoint (NIH)	
biomarker intended to	substitute for	a	clinical endpoint

1012	secondi 31709 anni

1012	mm 106	km

109	cellule Massa	palpabile

108	cellule Diagnostica	radiologica

106	secondi 11.5	giorni



Kim et al, BJH 2013



TKIs	discontinuation

40% of patients in deep molecular response maintained this result after IM discontinuation

A significant difference in the incidence of
stable MR4.5 was observed according to
BCR/ABL1 value at 3 months



ELN	recommendations 2013
Monitoring	during	treatment



Conclusions

Monitoring BCR/ABL1 during treatment

Early molecular response (3-months BCR/ABL1 levels)

üearly identification of high risk patients with poor long-term outcome 

üit can predict the achievement of MR4.5

Deep molecular response

ümay identify a subset of patients in whom TKIs can be safely

stopped



Istituire	una	rete	di	
laboratori	

standardizzati	per	la	
diagnostica	integrata

Collaborazione	
tra	industria	e	
comunità	
scientifica

Sviluppare	
progetti	di	ricerca	
associati	alla	rete

Gli obiettivi della rete diagnostica
Forte partnership con la comunità scientifica per la CORRETTA DIAGNOSI e  

MONITORAGGIO del PAZIENTE ematologico

CML AML MPN

Lo sviluppo di Labnet in ematologia: una rete complessa a supporto del SSN

+

Altri	
sviluppi	
futuri



1) Il centro 
spedisce il 
campione

3) Il lab spedisce 
al centro il 
risultato 

dell’analisi

LABCENTER

LabNet:	Diffusione	omogenea	e	capillare	per	permettere	una	analisi	standardizzata	
per	il	corretto	trattamento	e	monitoraggio	del	paziente	con	LMC	

2) Il lab analizza 
con tecniche 

standardizzate

4) Il centro 
visualizza il 

risultato

Tot.	Labs standardizzati:	54
Tot	centri	afferenti:	164

CML



Controlli	di	Qualità	 	LabNet
Analisi	quantitativa	BCR-ABL	mediante	real	time	PCR

Campioni analizzati Fattore di
Conversione

(Bland&Altman) 

SOP

2007 - 48 RNA da Linee cellulari
- 4 RNA da SP pz selezionati. Analisi in triplicato 

0,59 Protocollo per la Standardizzazione della PCR 
qualitativa e quantitativa per l’analisi del trascritto 
BCR-ABL nel monitoraggio della  LMC
(EAC Gabert  Leukemia 2003)
Standardizzazione di tutte le fasi preanalitiche (prelievo, 
trasporto, trattamento del campione, estrazione RNA, 
retrotrascrizione) e analitiche (real time PCR)

2008 - 15 RNA da Linee cellulari
- 4 RNA da SP pz selezionati. Analisi in triplicato

0,59

2009 -15 RNA da SP pz selezionati analizzati in sede 
e presso il Centro Coordinatore di TO

1,14

2012 - 4 RNA da Linea cellulare (RNA Reference 
Nanogen) a concentrazione scalare
- 8 RNA da SP pz selezionati analizzati in sede e 
presso il Centro Coordinatore di TO
Ogni campione retrotrascritto 3 volte e analizzato 
6 volte in duplicato  

0,96 Versione 1.0 del 20-10-2011
Cross Best Practice&RCH 2009 - Foroni BJH 2011
Stabilità del Fattore di Conversione
Risposta Molecolare (completa) MR4.0 e MR4.5
Obiettivo:  raggiungere una maggior sensibilità
Introduzione RNA di riferimento (materiale secondario).

2013  - 4 RNA da Linea cellulare (Calibratori Asuragen) 
a concentrazione scalare 
- 4 RNA da SP pz selezionati analizzati in sede e 
presso il Centro Coordinatore di TO
Ogni campione retrotrascritto 6 volte e analizzato 
6 volte in duplicato 

1,26
Versione 2.0 del 06/2014
Definizione Risposta Molecolare a vari gradi di profondità
Obiettivo di implementare il numero di copie di ABL

2015 - 4 RNA da Linea cellulare (RNA Reference 
Elitech) a concentrazione scalare 
Ogni campione retrotrascritto 7 volte e analizzato 
7 volte in duplicato  

1,2473 Versione 2.1 del 03/2015 
Revisione Risposta Molecolare (criterio univoco sia per 
malattia detectabile che non detectabile) . Linee Guida 
Eutos 2015 (Cross Leukemia 2015). Limit of Detection 
BCR-ABL: 3 copie (Clin. Chem. 2009)



Analisi	quantitativa	BCR-ABL	mediante	real	time	PCR:
Volumi	di	attività	(LabNet)

Anno Ematologia 
Niguarda

Altri Enti Totale

2010 346 31+13=44 390
2011 435 55+26=81 516
2012 418 57+34=91 509
2013 506 74+37+1=112 618
2014 487 72+40+1=113 600
2015 542 87+45=132 674



• Lo	scenario:	mutazioni	e	mutanti
• La	Leucemia	Mieloide	Cronica
• Il	monitoraggio	del	paziente	con	LMC
• Le	Leucemie	Mieloidi	Acute
• Il	ruolo	della	diagnostica	molecolare	nelle	LAM

Medicina	di	precisione	e	target	in	oncologia
Un	modello	di	network	LabNet	GIMEMA



Survival&in&AML&by&Time&Period

Kantarjian(H,(et(al.(Cancer.(20103116:489694901.(
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There&were&no&interactions&between&reduced&TRM&and&age
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TRM	INDUZIONE	<	60	aa

1995-2005 6.5%

2006-2015 2.5%

TRM	INDUZIONE	>	60aa

1995-2005 6.9%

2006-2015 6.1%

TRM	CONSOLIDAMENTO

Ara-C	HD	cicli,	n. 167

Mortalità	 1.2%

Drop	out: 19%

Tossicità	d’organo,	
early	relapse,	altre	
complicazioni

Declining	rate	of	Treatment-Related	Mortality	 in	patients	with	
newly	diagnosed	AML	given	intensive	chemotherapy





1. Flow	cytometry
2. The	undisputed	molecular	confirmation

Morphologic	Diagnosis	
it	can	be	easy,	it	can	be	tough



t(15;17)	is	the	Diagnostic	Hallmark	of	AML	M3
(J	Rowley	1977)



RT-PCR	amplification	of	PML/RARα hybrid

6

bcr1 (long) transcript

bcr2 (variable) transcript

bcr3 (short) transcript



Successful translational approach in&hematology



Lo-Coco	et	al.	NEJM	2013

0406	Trial	Results



Core Binding Factor Leukemias

ü Morphology

ASH image bank

ASH image bankASH image bank

PersonaleSeminario	Niguarda	Cancer	Center



Core Binding Factor Leukemias

ü Clinical characteristics - EML

ASH image bank

Personale

N.S., 54 y.o. man, AML(M2), t(8;21)-Y, 

diagnosis 

Personale

V.M., 44 y.o. woman, AML(M2), t(8;21)-X, 

diagnosis 

Seminario	Niguarda	Cancer	Center



CBFL:	dati	di	Outcome

Blood	1998,	Blood	2000,	Leukemia	2003,	Blood	2006,	Am	J	Hemat	2013



AML	NMP1mut/FLT3wt:	dati	di	Outcome
RC	96%,	RI	48%



Acute myeloid leukemia 

Post-ASH: MDS and acute leukemia 14 14-1-2013 

Pie&chart&illustrating&the&molecular
heterogeneity&of&cytogenetically&normal&AML
Molecular	heterogeneity	of	AML	with	NK



Properties	of	most	common	mutations	in	AML-NK

NMP1 FLT3-ITD DNMT3A IDH1-2
Frequency 55-60% 25-30% 35-40% 10-15%
Specifity AML AML,	MDS,	

early	T-ALL
AML,	MDS,	

MPN
AML,	MDS,	
MPN,	T-ALL,	
gliomas

GEP Distinct No No No
Micro-RNA Distinct No No No	(only	AML	

with	R172	IDH2	
mut)

Stability yes No Yes Yes	(IDH2)
Most	features	apply	to	double-CEPBA	mut	AML	(Falini,	NEJM	2005)



Integration of cytogenetic and molecular 
markers to predict outcome in AML

t(15;17)

t(8;21)

inv(16)
CEBPA biallelic

Other intermediate

FLT3-ITD/ NPM wtOther adverse

NPM mut/ ITD neg

Smith ML, Hills RK & Grimwade D. Blood Rev 2011; 25:39-51.



Use	of	Molecolar and	Cytogenetic Markers for	Personalized
Therapy in	AML

ATRA	and	ATO	in	APL	

Risk categorization (NMP1,	CBPA,	APL,	CBFL,	KIT)

FLT3	inhibitors in	AML	with	mutated FLT3

IDH1-2	inhibitors in	AML	with	mutated IDH1-2

KIT	inhibitors in	CBFL

To predict benefit	 from	HD	daunorubicin
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Laboratori LabNet AML

Bari	

Palermo	

Nuoro	 Napoli

Perugia

Bologna	

Roma

Orbassano
Milano

Bergamo



Registrazione 
del centro 

clinico sulla 
piattaforma
LABnet AML

Assegnazione 
del laboratorio 
di riferimento

Registrazione 
del paziente

Invio 
campione

Analisi e 
refertazione  

Flusso Labnet



Alterazione 
Molecolare Metodica Riferimento

PML/RARA (bcr1-2)

RT-PCR o 
QRT-PCR

QLAMP: PML/RARA 

Van Dongen, Leukemia 1999 
o Gabert, Leukemia 2003

PML/RARA (bcr3)
BCR/ABL (p190)
BCR/ABL (p210)
RUNX1/RUNX1T1
CBFb/MYH11

FLT3-ITD PCR-EC
(cDNA o DNA) 

Noguera, Leukemia 2005 o 
Thiede, Blood 2002 

FLT3-D835 PCR-RFLP/EC Thiede, Blood 2002

Mutazione NPM1 PCR-EC
(cDNA o DNA) 

Noguera, Leukemia 2005 
o Li Lin, Leukemia 2006

Diagnostica	di	Base



• Sanger:  Kit/D816, Kit/exon8, DNMT3A, IDH1/2, CEBPA, 
NRAS/KRAS, 

• NGS: RUNX1, TET2, TP53, ASXL1, EZH2
• RT-PCR: MLL-PTD

Mutazioni 

• DEK/NUP214 t(6;9), MLL/MLLT3 t(9;11), MLL/MLLT4 t(6;11)

Traslocazioni rare (RT-PCR)

• WT1, EVI1

Espressione aberrante (QRT-PCR)

Diagnostica Avanzata
Prossimi Step 





• Lo	scenario:	mutazioni	e	mutanti
• La	Leucemia	Mieloide	Cronica
• Il	monitoraggio	del	paziente	con	LMC
• Le	Leucemie	Mieloidi	Acute
• Il	ruolo	della	diagnostica	molecolare	nelle	LAM
• Le	Sindromi	Mieloproliferative	Ph- (PV,	ET,	MF)
• Il	ruolo	della	diagnostica	molecolare	

Medicina	di	precisione	e	target	in	oncologia
Un	modello	di	network	LabNet	GIMEMA



Mutations	in	MPN	and	post	MPN-AML



Rischio	di	evoluzione	 in	AML?
Rischio	trombotico?

Associazioni	genotipo/fenotipo?
Dosaggio	allelico	JAK2	(fenotipo	MF,	rischio	evoluzione	MF)

mut	JAK2	Esone	12	:	fenotipo	eritrocitosico

MPL	(ET,	MF):	marcata	piastrinosi	 ,	alterazioni	del	microcircolo,	rischio	
trombotico
IPSET	score

ASLX1,	IDH1-2,	DNMT3,	p53	(rischio	di	s-AML)
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