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A B S T R A C T

Recent genetic analysis using next-generation sequencing (NGS) vastly improved the understanding of molecular
mechanism of hematological malignancies. Many molecular targeting drugs have since been used in the clinic,
which is timely as clinical outcomes using conventional chemotherapy and hematopoietic stem cell transplan-
tation (HSCT) reached a plateau. The first memorable success in this field was imatinib, a first-generation tyr-
osine kinase inhibitor (TKI), which has been applied in chronic myeloid leukemia (CML) since 2001. Imatinib
drastically changed CML treatment and many CML patients no longer require HSCT. Recently, the second
generation TKIs, dasatinib, nilotinib, and ponatinib, have also been available for CML patients. Acute lym-
phoblastic leukemia (ALL) is sub-categorized based on cytogenetic or molecular genetic abnormalities.
Chemotherapy and HSCT combined with TKI improved the event-free survival rate from 20% to 80% in
Philadelphia (Ph) chromosome-positive ALL. Reportedly, another Ph-like ALL subgroup with poor prognosis can
also be treated by TKIs; additionally, cell therapies that include bispecific T-cell engagers or chimeric antigen
receptor (CAR)-T therapy are emerging. Acute myeloid leukemia (AML) is a heterogenous disease and FMS-like
related tyrosine kinase-3 (FLT3)-internal tandem duplication, is the most robust marker for poor prognosis.
Several first-generation TKIs have been studied for clinical use. Notably, chemotherapy plus midostaurin im-
proved survival compared with chemotherapy alone. Therefore, midostaurin was approved to treat adult AML
patients with FLT3-ITD in 2017. Gemtuzumab ozogamicin, a selective anti-CD33 antibody–calicheamicin con-
jugate, is approved for clinical practice. Many molecular targeting agents are now being used for hematological
malignancies.

1. Introduction

Recently, great advances have been observed in molecular targeting
therapy for almost all hematological malignancies, including chronic
myeloid leukemia (CML), acute lymphoblastic leukemia (ALL), acute
myeloid leukemia (AML), myeloproliferative neoplasm (MPN), chronic
lymphoblastic leukemia (CLL), malignant lymphoma, and multiple
myeloma. These successful advances were obtained based on the in-
vestigation of genetic/epigenetic alterations in hematological malig-
nancies over several decades using high through-put genetic/epigenetic
analysis technologies including next-generation sequence (NGS).
Importantly, neoplasms and cancers, including hematological malig-
nancies, have been shown to develop and grow through the accumu-
lation of many genetic/epigenetic events, in what has come to be called
“multistep tumorigenesis” (Chaffer and Weinberg, 2015). If we find the
“driver mutations” rather than “accompanying mutations” in each
disease, we will have good targets for innovative molecular targeting
therapy. For example, a recent study of lung cancer revealed that more
than 60% of non-small cell lung carcinomas express the epidermal
growth factor receptor (EGFR), a transmembrane protein with

cytoplasmic kinase activity that transduces important growth factor
signaling from the extracellular milieu to the cell (Chapman et al.,
2016). Notably, tyrosine kinase inhibitors (TKIs) are especially effective
in patients whose tumors harbor activating mutations in the tyrosine
kinase domain of the EGFR gene (Zhang et al., 2016). Therefore, if we
are going to use an EGFR inhibitor, analysis of EGFR gene mutations is
recommended. This is called “companion diagnostics” (Jørgensen and
Hersom, 2016). Subsequently, in an initial “umbrella trial,” several
subgroups of the disease were divided according to biomarkers such as
prognostic and genetic information and treated differently to conven-
tional therapy (Simon, 2017).

TKIs, such as imatinib or dasatinib, drastically improved outcomes
of CML, which had previously been treated with hydroxylurea, inter-
feron and hematopoietic stem cell transplantation (HSCT). However,
treatments for ALL and AML are still based on older chemotherapeutic
drugs, and have not greatly changed for a few decades. For example,
steroids (predonisolone or dexamethasone), vincristine, L-aspar-
agninase and anthracycline are used in induction therapy, and 6-mer-
captopurine and methotorexate were crucial maintenance therapies for
ALL; and antracycleine (idarubicine or daunorubicine), cytarabine, and
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etoposide were basic therapies for AML. Combining these drugs with
HSCT boosted patients’ outcomes for a few decades but improvements
plateaued. Therefore, new drugs, especially molecular targeting
agents—including TKIs, bispecific antibodies (blinatumomab, etc.),
antibody–drug conjugates (ADC; inotuzumab ozogamicine, gemtu-
zumab ozogamicine, etc.) and bromodomain and extra-terminal protein
(BET) inhibitor—are expected to improve clinical outcomes.

To use molecular targeting agents including TKIs, there are two
major methods; TKIs alone or in combination with conventional che-
motherapeutic drugs. Notably, severe myelosuppression is found when
using a combination of TKIs with chemotherapies. Furthermore, com-
binations with TKIs, inotuzumab ozogamicine, blinatumomab and
chemotherapy have been proposed for relapsed/refractory adult ALL. In
this review article, we will discuss the recent advances and future di-
rections in molecular targeting therapy for hematological malignancies,
especially in CML, ALL, AML, and MPN.

2. Chronic myeloid leukemia and tyrosine kinase inhibitors

Chronic myeloid leukemia (CML) is a representative myeloproli-
ferative neoplasm (MPN) caused by a translocation between chromo-
somes 9 and 22, t(9; 22)(q34; q11.2), involving a fusion of the Abelson
oncogene (ABL) from chromosome 9q34 with the breakpoint cluster
region (BCR) gene on chromosome 22q11.2 leading to a chimeric gene
product known as BCR-ABL (Bhatia, 2017). The BCR-ABL fusion protein
has constitutively activated Abl tyrosine kinase activity which is re-
sponsible for the uncontrolled proliferation in CML (Fig. 1). The ex-
istence of leukemic stem cells (LSCs) in CML is suspected and their
persistent existence explains disease relapse (Holyoake and Vetrie,
2017). The natural history of CML has three clinical phases, a chronic
phase (CP, elevated WBC and platelet counts without subjective
symptoms after 3–5 years from diagnosis), an accelerated phase (AP,
accelerated differentiation abnormalities in granulocytes) and blast
crisis (BC, increased undifferentiated blasts, similar to acute leukemia)
(Hehlmann, 2012). Patients frequently have leukocytosis or spleno-
megaly. The TKIs, imatinib, dasatinib, and nilotinib, are the current
first-line TKIs approved by the United States Food and Drug Adminis-
tration (US FDA) for CML treatment. Treatment outcome is defined in
terms of hematological response, cytogenetic response (CyR), and

molecular response (MR) (Baccarani et al., 2013). European Leukemia
Net recommended that the response is assessed with standardized real-
time quantitative polymerase chain reaction (qPCR) and/or cytoge-
netics at 3, 6, and 12 months. BCR-ABL transcript levels ≤10% at 3
months,< 1% at 6 months, and ≤0.1% from 12 months onward define
an optimal response, whereas> 10% at 6 months and> 1% from 12
months onward define treatment failure, mandating a change in
therapy (Baccarani et al., 2013, 2015). Similarly, partial cytogenetic
response (PCyR) at 3 months and complete cytogenetic response
(CCyR) from 6 months onward define an optimal response, whereas no
CyR (Philadelphia chromosome-positive [Ph+]>95%) at 3 months,
less than PCyR at 6 months, and less than CCyR from 12 months onward
define failure. Recently, MR was defined to measure the ratio of BCR-
ABL1 transcript/ABL1 transcript by qPCR, which will be adjusted by an
International Scale and reported as BCR-ABL1IS (Table 1).

Before the imatinib era, CML was a MPN, therefore CML patients
were treated with hydroxyuria, interferon-α, or hematopoietic stem cell
transplantation (HSCT). Imatinib became the first choice of therapy for
CML-CP because the treatment outcome of imatinib was superior to that
of interferon-α with low dose cytarabine (Druker et al., 2006). How-
ever, the inhibition of ABL1 kinase by imatinib is less effective than that
of the 2nd generation TKIs dasatinib or nilotinib. Therefore, newer TKIs
were brought into use for imatinib-refractory CML patients. A com-
parative study of each TKI with imatinib confirmed their efficacy as 1st
line therapy for CML-CP (Saglio et al., 2010; Kantarjian et al., 2010). If
resistance or intolerance to a 1st line TKI was observed, the TKI should
be changed in accordance with genetic information on the ABL1 kinase
mutation. The 2nd generation TKI bosutinib or the 3rd generation TKI
ponatinib are recommended for patients with TKI resistant CML. Bo-
sutinib is effective for several kinase domain mutations in the ABL1

gene, except for T315I (Cortes et al., 2018a). In contrast, ponatinib is
effective even in CML patients with T315I (Cortes et al., 2018b).

The clinical outcome of CML patients has been dramatically im-
proved due to the introduction of TKI therapy. Therefore, allogeneic
HSCT (allo-HSCT) is not recommended for CML-CP patients, because of
the possibility of early death due to therapy-related toxicities of allo-
HSCT. However, CML-BC or AP patients who demonstrate TKI re-
sistance are still recommended to receive allo-HSCT.

Recently the goal of CML treatment changed. Interestingly, in CML-
CP patients who stopped imatinib therapy after they achieved complete
MR (CMR) there was no relapse. Discontinuation of imatinib in patients
with CML who have maintained CMR for at least 2 years was in-
vestigated in the prospective, multicenter Stop Imatinib (STIM) trial
performed in France (Etienne et al., 2017). 100 patients were enrolled
between July 9, 2007, and December 17, 2009. Median follow-up was
17 months (range 1–30), and 69 patients had at least 12 months follow-
up (median 24 months, range 13–30). At 12 months, the rate of per-
sistent CMR was 41% (95% CI 29–52). Surprisingly, all patients who
relapsed responded to reintroduction of imatinib. Sixteen of the 42
patients who relapsed showed a decrease in their BCR-ABL levels, and
26 achieved CMR that was sustained after imatinib rechallenge. With a
long-term follow-up with a median of more than 6 years after treatment
discontinuation, the STIM1 study demonstrates that imatinib can be
safely discontinued in patients with a sustained deep molecular re-
sponse with no late MR (Etienne et al., 2017). This concept was sup-
ported by another study. In contrast, several CML patients relapsed
after discontinuation of imatinib, this suggests the persistence of LSCs
with BCR-ABL1. CML-CP LSCs are believed to be quiescent and re-
fractory to apoptosis, because several activated signals, including the
Janus kinase (JAK) signal transducer and the activator of transcription
(STAT) pathway protect CML LSCs (Holyoake and Vetrie, 2017). Fur-
thermore, several cytokines in the bone marrow microenvironment,
and direct interaction with this niche, protect the CML LSCs. Therefore,
novel combinations of drugs to kill these LSCs, such as TKI plus JAK
inhibitors, may be needed in the future (Gleixner et al., 2017; Yagi
et al., 2018). The eradication of LSCs is challenging in most CML

Fig. 1. BCR-ABL fusion gene product detected in CML patients, which results in
uncontrolled cell proliferation in CML. BCR-ABL fusion product constitutively
activates ABL kinase, which sticks to ATP in the kinase pocket and phosphor-
ylates the substrate, then interacts with other downstream effector molecules.
Small molecule tyrosine kinase inhibitors, such as imatinib, competitively stick
to the ATP pocket and stop the proliferative signaling. (P: phosphate, Y:
Tyrosine).
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patients, even with few BCR–ABL copy numbers.
However, the long-term efficacy and well-established safety profile

of dasatinib in imatinib-resistant or -intolerant CML-CP patients has
already been reported (Shah et al., 2016). The DASISION trial further
demonstrated that dasatinib 100mg once daily was a safe and effective
first-line for CML-CP (Cortes et al., 2016).

3. Acute lymphoblastic leukemia and molecular targeting therapy

Acute lymphoblastic leukemia (ALL) is a frequent hematological
malignancy in the pediatric population compared with adults. Since the
1960s, overall survival (OS) rates for children with ALL have risen from
10% to nearly 90% (Margolin, 2011; Pui et al., 2015). This marked
improvement in clinical outcome was due to the combination of multi-
agent chemotherapeutic drugs as induction chemotherapy, which in-
cluded steroid (prednisolone or dexamethasone), vincristine, L-aspar-
agine and anthracycline, followed by risk stratified consolidation che-
motherapy (Pui and Evans, 2006). Although relapse still occurs in
15%–20% of patients, if patients relapse, allo-HSCT is needed and re-
commended. However, all patients are not rescued by allo-HSCT. For
example, ALL patients who were hypodiploid by karyotype analysis,
especially with a chromosome number less than 43, have a poor
prognosis. Therefore, allo-HSCT at the 1st CR is recommended for these
patients (Nachman et al., 2007). Recently, allo-HSCT was also re-
commended according to the presence of minimal residual disease
(MRD) after induction chemotherapy (Inbar et al., 2017). It is true that
clinical outcome such as good prognosis or bad prognosis would be
changed according to the treatment protocol, however, MRD is the
strongest independent prognostic factor in both children and adults
with ALL (Béné and Eveillard, 2018; Brüggemann and Kotrova, 2017).
A recent advance in targeted therapy in ALL was in Philadelphia
chromosome-positive ALL (Ph-ALL), in which the BCR-ABL1 chimera
was found in 20%–30% of adults ALL and 3%–4% of children with ALL.
The OS using only conventional chemotherapeutic drugs with allo-
HSCT was 30%, however, the Children's Oncology Group (COG)
AALL0031 study revealed that imatinib add-on chemotherapy with
allo-HSCT reached an OS of 80% (Schultz et al., 2009). The long-term
outcome of chemotherapy with TKI was similar to the result of related
or unrelated HSCT (Schultz et al., 2014). Furthermore, the COG
AALL0622 study demonstrated that the clinical outcome of che-
motherapy combined with dasatinib was similar to that of che-
motherapy combined with imatinib, even in adolescents and young
adults (Slayton et al., 2018). In contrast, chemotherapy combined with
imatinib showed a high complete remission (CR) rate and improvement
of OS in the Japan Adult Leukemia Study Group (JALSG) 208 study and
another adult leukemia study (Fujisawa et al., 2017; Fielding et al.,
2014).

However, some Ph-ALL patients are resistant or refractory to im-
atinib, in such cases, dasatinib or nilotinib is recommended. A recent
COG study revealed that dasatinib used in pediatric Ph-ALL showed
better outcomes (Hunger, 2011). Our previous study revealed that ABL
kinase mutation in diagnostic samples is rarely detected, although a
ABL kinase mutated clone was found in a relapsed sample after TKI
treatment (Aoe et al., 2018). However, the NGS-analysis revealed that
IKZF1 deletions were simultaneously found in the majority of first

diagnostic samples with other coding mutations, indel, and copy
number variations. Ph-ALL patients can be divided into subgroups ac-
cording to their risk classification, such as IKZF1 deletion and whether
allo-HSCT is evadable or not, which is a matter of concern for many
pediatric study groups. Furthermore, it should be noted that the com-
bination of conventional chemotherapeutic drugs with TKI results in
deep bone marrow repression, therefore the recovery of hematopoiesis
is delayed. Thus, these patients require intensive supportive care
(Fujisawa et al., 2017).

Similarly, Ph-like ALL, also referred to as BCR-ABL1-like ALL, is a
high-risk subset with a gene expression profile that shares significant
overlap with that of Ph-ALL, which is suggestive of activated kinase
signaling (Roberts et al., 2014; Tasian et al., 2017; Reshmi et al., 2017).
These alterations can be grouped into major subclasses that include
ABL-class fusions involving ABL1, CSF1R, and PDGFRβ with alterations
of CRLF2, JAK2, and EPOR that finally activate JAK/STAT signaling.
Therefore, a current COG study separates these patients and treats each
with a specific kinase inhibitor add-on chemotherapy (Fig. 2) (Tasian
et al., 2017). Diagnostic leukemia cells from children with high risk B-
ALL are first screened for the Ph-like ALL gene expression signature
using an 8-gene low density microarray that includes CRLF2 as one of
the 8 assessed genes. Specimens with the Ph-like ALL signature that lack
BCR-ABL1 fusion undergo additional genetic testing. Those with high
CRLF2 expression are assessed for P2RY8-CRLF2 and IGH-CRLF2 re-
arrangements by RT-PCR and FISH, respectively, and for JAK1, JAK2
and IL7R mutations by PCR. If these mutations are found, patients are
treated with ruxoltinib combined with chemotherapy (A). Ph-like ALL
specimens without CRLF2 overexpression undergo multiplex RT-PCR

Table 1

European Leukemia Net definition of the response to TKIs, first-line.

Time Optimal Warning Failure

Baseline NA High risk or CCA/Ph+, major route NA
3months BCR/ABL1 ≤ 10% or Ph + ≤35% BCR-ABL1 > 10% or Ph + 36–95% Non CHR or Ph+ >95%
6months BCR-ABL1 ≤ 1% or Ph + 0 (CCyR) BCR-ABL1 1–10% or Ph + 1–35% (PCyR) BCR-ABL1 > 10% or Ph+ >35%
12months BCR-ABL 1≤ 0.1% (MMR) BCR-ABL1 0.1–1% BCR-ABL1 > 1% or Ph + ≥1%

NA: not applicable, Reference; Baccarani, M. et al. (2013, 2015).

Fig. 2. Current Ph-like ALL genetic testing algorithm used by the Children's
Oncology Group. Diagnostic leukemia cells from children with high risk BCP-
ALL are first screened for the Ph-like ALL gene expression signature using an 8-
gene low density microarray that includes CRLF2 as one of the 8 assessed genes.
Specimens with the Ph-like ALL signature that lack BCR-ABL1 fusion
(Ph + ALL) undergo additional genetic testing. Those with high CRLF2 ex-
pression are assessed for P2RY8–CRLF2 and IGH–CRLF2 rearrangements using
RT-PCR and FISH, respectively; and for JAK1, JAK2 and IL7R mutations using
PCR. Ph-like ALL specimens without CRLF2 overexpression undergo multiplex
RT-PCR fusion testing to detect ABL-class, JAK2, and EPOR rearrangements.
Not all Ph-like fusions will be detected by this algorithm. Complete assessment
may require alternative assays for identification, such as RNA-sequencing or
unbiased fusion testing capable of identifying new 5′ partners (modified Figure
in Tasian, SK., et al. Blood, 2017, 130, 2064–2072).
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fusion testing to detect ABL-class, JAK2, and EPOR rearrangements. If
ABL-class kinase fusion genes are found, patients are treated with da-
satinib combined with chemotherapy (B).

Another type of molecular targeting agent is blinatumomab, the first
FDA-approved bi-specific antibody used in targeted immunotherapy for
the treatment of B-cell malignancies. Its novel mechanism of action
involves in vivo engagement of the patient's CD3-expressing T cells and
CD19-expressing tumor cells in BCP-ALL (Fig. 3) (Topp et al., 2011,
Kantarjian et al., 2017). Treatment with blinatumomab results in sig-
nificantly longer OS than chemotherapy among adult patients with
relapsed or refractory BCP ALL. Furthermore, in not relapsed/refractory
BCP-ALL, on March 29, 2018 the US FDA granted accelerated approval
for blinatumomab for the treatment of adults and children with BCP-
ALL in first or second CR with MRD greater than or equal to 0.1% (Jen
et al., 2019; Gökbuget et al., 2018). Despite intensive induction/con-
solidation chemotherapy with CR rates of 80%–90%, approximately
30%–50% of adult ALL and 10%–20% of pediatric ALL patients with CR
exhibit MRD (Bassan et al., 2009; van Dongen et al., 1998). MRD per-
sistence or recurrence indicates resistance to standard chemotherapy
and is the strongest risk factor for hematological relapse in BCP-ALL
(Borowitz et al., 2008; Berry et al., 2017). However, cytokine release
syndrome and neurotoxicity remain significant risks to the use blina-
tumomab. Therefore, the US FDA requires confirmation of clinical
benefit in a randomized trial. Among adults with MRD-positive ALL in
hematological remission after chemotherapy, 78% achieved a complete
MRD response with blinatumomab which was associated with sig-
nificantly improved OS.

Another promising target in B-ALL is CD22. Inotuzumab ozogamicin
(INO) is an ADC that consists of a humanized anti-CD22 monoclonal
antibody linked to a cytotoxic agent, calicheamicin, which can cause
double-strand DNA breaks and lead to apoptosis (Kantarjian et al.,

2012). A phase-3 trial randomly assigned adults with relapsed or re-
fractory ALL to receive either INO or standard therapy. The rate of
complete remission was higher in the INO group than in the standard-
therapy group, and a higher percentage of patients in the INO group
had results below the threshold for MRD. Both progression-free and
overall survival were longer with INO group. However, veno-occlusive
liver disease occurred more commonly in the INO group than in the
standard-therapy group (Kantarjian et al., 2016). Another rising cell
therapy is CAR-T, chimeric antigen receptor (CAR) modified T cells
targeting CD19 (Maude et al., 2014; Lee et al., 2015; Frey and Porter,
2016). It has shown effectiveness in a case series of patients with BCP-
ALL and B-cell lymphomas (Schuster et al., 2017). Unexpectedly, re-
mission rates of 67%–90% were observed in adult and pediatric pa-
tients with relapsed and refractory BCP-ALL. Remissions have been
sustained in many patients without further treatment, a phenomenon
that often correlates with CAR T-cell persistence (Maude et al., 2014;
Lee et al., 2015). Specifically, remission was sustained from 2 to>24
months in 19 patients from the initial cohort, including 15 patients who
received no further treatment. The durable remissions observed in pa-
tients not bridged to allo-SCT correlated with CAR T-cell persistence
and the biological correlates of ongoing CAR T-cell activity and con-
sequent B-cell aplasia. Major treatment-related toxicities include B-cell
aplasia, neurologic toxicities, and potentially severe cytokine release
syndrome (Maude et al., 2014; Frey and Porter, 2016). Cytokine release
syndrome is a systemic inflammatory response which correlates with in

vivo activation and proliferation of CAR T-cells. Its clinical features are
associated with high levels of inflammatory markers and cytokines,
including C-reactive protein, ferritin, interferon-ɤ, and interleukin-6.
Many patients show high fever and require intensive care (Lee et al.,
2015).

Apart from BCP-ALL, remarkable progress has been made in eluci-
dating the genomic landscape of T-ALL over the past few years, in-
cluding the discovery of activating mutations in NOTCH1 and FBXW7 in
the majority of T-ALL patients (Litzow and Ferrando, 2015). The use of
pediatric intensive combination chemotherapy regimens in adolescents
and young adults has significantly improved the outcome of patients
with T-ALL (Marks and Rowntree, 2017). For relapsed and refractory T-
ALL, based on observations in patients with purine nucleoside phos-
phorylase deficiency, a guanosine nucleoside analogue, arabino-
sylguanine (ara-G) was developed that provided T-cell specificity. Ne-
larabine was developed as the water-soluble, clinically useful-prodrug
of ara-G and based on its activity was approved for the treatment of
relapsed or refractory T-ALL. The use of nelarabine for relapsed and
refractory T-ALL results in partial effectiveness, with neurotoxicity re-
sponses in a minority of patients (Kadia and Gandhi, 2017).

4. Acute myeloid leukemia and molecular targeting therapy

AML is dominant in adults and the frontline therapeutic strategy for
AML has not substantially changed in 40 years. An initial intensive
induction with 7-days of cytarabine plus 3 days of an anthracycline
treatment (7 + 3 regimen) is commonly used to produce CR and re-
presents the backbone of AML treatment (Döhner et al., 2017; De
Kouchkovsky and Abdul-Hay, 2016). The CR rate is 60%–80% in
younger adults and 40%–60% in AML patients older than 65 years. A 5-
year relapse free survival (RFS) of approximately 40% was obtained
using the following consolidation chemotherapy of anthracycline
(idarubicin or daunorubicin), and cytarabine with or without allo-HSCT
according to the risk classification. AML prognosis is clearly different in
each subgroup of age, performance status, chromosomal abnormalities,
and genetic abnormalities. Recent advances in the understanding of
genetic abnormalities in AML were significant and correlated well with
the cytogenetic abnormalities and prognosis (Table 2). The re-
presentative genetic abnormalities are in fms-related tyrosine 3 kinase
(FLT3), nucleophosmin 1 (NPM1), CCAAT/enhancer-binding protein
alpha (CEBPA), runt-related transcription factor 1 (RUNX1), and TP53

Fig. 3. Construction of a bispecific T-cell engagers (BiTE) is shown. The single
chain fragment variables (Fab-binding domains) of the two desired antibodies
are joined via amino acid linkage. The BiTE binds CD3, a T-cell coreceptor, and
the tumor-associated antigen, CD19. The linkage forces the formation of an
immunological synapse by drawing the two together, causing recognition of the
TAA and activation of the T-cell, which trigger cytotoxic granules and cyto-
kines, and T cell proliferation. (Modified Figure in Baeuerle, P. A., and
Reinhardt, C. (2009) Cancer Res. 69, 4941-4.).
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(Moarii and Papaemmanuil, 2017). In pediatric AML, the treatment is
similar to than in adults, however, it has an 80%–90% induction rate
and 60%–70% RFS (Tsukimoto et al., 2009; Creutzig et al., 2012). AML
is believed to be a relatively difficult disease to treat because of its high
level of heterogeneity and the presence of LSCs. Improved genetic
analyses found several subclones in the first diagnostic samples from
individual AML patients. After relapse, a few subclones expanded under
therapy pressure, which is called “clonal evolution” or “clonal selec-
tion.” Bachas C. et al. showed that immunophenotypically defined cell
subpopulations that were prominent at relapse could be traced back as
very minor immature (CD34+/CD38−/dim) subpopulations of cells at
diagnosis, which indicates LSCs (Bachas et al., 2012). Therefore, intra-
tumor heterogeneity caused by clonal evolution is a major problem in
cancer treatment; and the most effective LSCs-directed therapy will
probably differ between individual patients.

Although, standard chemotherapy with allo-HSCT is performed,
high relapse rates are still observed in both adult and pediatric studies
(Tsirigotis et al., 2016). Thus, the final clinical outcome in AML has not
vastly improved for over a decade. Notably, FLT3 and v-kit Hardy-
Zuckerman 4 feline sarcoma viral oncogene homolog (KIT) are the
major membrane tyrosine kinases which affect hematopoietic cell
proliferation due to stimulation by FLT3 ligand or stem cell factor. In-
ternal tandem duplication (ITD) of FLT3 is found in approximately 30%
of adults and 15% of children with AML. The intracellular FLT3 signal
transduction pathways including the Phosphoinositide 3-kinase (PI3K)-
AKT, mitogen-activated protein kinase kinase (MEK)-mitogen-activated
protein kinase (MAPK), JAK-STAT pathways are autonomously acti-
vated, and AML blasts having FLT3-ITD can proliferate without stimu-
lation by FLT3 ligand (Fig. 4) (Small, 2006). Clinically, AML patients
with FLT3-ITD demonstrate marked leukocytosis and a higher blast
percentage, therefore, FLT3-ITD is a strong poor prognostic factor in
AML. Furthermore, although OS is 20%–30% in adults and 40% in
children, recent findings revealed that the prognosis is changed ac-
cording to accompanying mutations, such as those in the NPM1 gene
(Gale et al., 2008; Döhner et al., 2017; Shimada et al., 2018). High
allelic ratio of FLT3-ITD vs FLT3-wild type display a poor prognosis
(Whitman et al., 2001). First-generation FLT3 inhibitors are relatively
nonspecific for FLT3 and usually inhibit other receptor tyrosine kinase
such as KIT and platelet derived growth factor receptor (PDGFR)

(Lancet, 2015). Off-target inhibition may therefore be associated with
increased toxicity and only modest clinical benefit. First-generation
FLT3 inhibitors include tandutinib, sunitinib, sorafenib, midostaurin,
and lestaurtinib. Several first-generation FLT3-inhibitors have been
investigated in clinical trials in AML. For example, sorafenib is a Raf
kinase inhibitor which also inhibits several cell surface membrane

Table 2

Prognostic-risk group according to the cytogenetic profile and molecular abnormalities.

Prognostic-risk group Cytogenetic profile alone Cytogenetic profile and molecular abnormalities

Favorable t(8:21)(q22; q22) t(8:21)(q22; q22) with no c-KIT mutation
inv(16)(p13; 1q22) inv(16)(p13; 1q22)
t(15; 17)(q22; q12) t(15; 17)(q22; q12)

Mutated NPM1 without FLT3-ITD (CN-AML)
Mutated biallelic CEBPA (CN-AML)

Intermediate CN-AML t(8:21)(q22; q22) with mutated c-KIT
t(9; 11)(p22; q23) CN-AML other than those included in the favorable or adverse prognostic

group
Cytogenetic abnormalities not included in the favorable or adverse
prognostic risk groups

t(9; 11)(p22; q23)

Cytogenetic abnormalities not included in the favorable or adverse
prognostic risk groups

Adverse inv(3)(q21q26.2) TP53 mutation, regardless of cytogenetic profile
t(6; 9)(p23; q34) CN with FLT3-ITD
11q abnormalities other than t(9; 11) CN with DNMT3A
−5 or del(5q) CN with KMT2A-PTD
−7 inv(3)(q21q26.2)
Complex karyotype t(6; 9)(p23; q34)

11q abnormalities other than t(9; 11)
−5 or del(5q)
−7
Complex karyotype

Abbreviations: AML, acute myeloid leukemia; ITD, internal tandem duplications. CN, cytogenetically normal, Reference; De Kouchkovsky, I. et al. (2016).

Fig. 4. Cartoon of FMS-related tyrosine kinase (FLT3)—wild type and mutated
structures. Shown in schematic fashion are the 5 immunoglobulin-like folds that
make up the ligand-binding extracellular domain, single transmembrane do-
main, and cytoplasmic domain made up of a kinase domain interrupted by a
kinase insert. Internal tandem duplication (ITD) (3-400bps) is found mainly in
the juxtamembrane domain. FLT3-ITD is constitutively activated without the
stimuli of FLT3 ligand. It causes the uncontrolled proliferation of AML blasts.
Kinase domain mutation is also found.
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kinases, including vascular endothelial growth factor receptor
(VEGFR)-1/2/3, KIT, PDGFR-β, and FLT3. The addition of sorafenib
versus placebo to standard therapy in patients aged 60 years or younger
with newly diagnosed AML (SORAML study) revealed improved 3-year
EFS in the sorafenib group vs placebo (40% and 22%, respectively;
P=0.013); however, there was no difference in OS (Röllig et al.,
2015). However, sorafenib add-on treatment also demonstrated an in-
crease in toxicity, especially diarrhea and skin rash.

In contrast, midostaurin add-on chemotherapy showed an im-
provement in clinical outcome. The RATIFY study (CALGB 10603), a
Phase III, randomized, controlled trial, has shown that midostaurin,
added to intensive induction and consolidation therapy followed by 1-
year maintenance, leads to a significant improvement in OS (median OS
74.7 vs 25.6 months, P=0.009) and EFS, although CR rates were not
different between the midostaurin and placebo arms. The US FDA ap-
proved this drug for use in AML in 2017 (Stone et al., 2017).

Another recent advance was the development of second generation
TKIs, such as quizartinib, crenolanib, and gilteritinib, which have high
selectivity for FLT3 and are now in clinical trials (Fig. 5). Specifically,
quizartinib is a selective inhibitor of FLT3-ITD but is not active against
the kinase domain mutation variants such as D835. Several patients
who showed relapse after CR from quizartinib acquired kinase domain
mutations, which could be heterogenous even within a single patient
(Smith et al., 2017).

Midostaurin has been studied for a different use, for combination
with hypomethylating agents such as azacitidine and decitabine, and as
a single-agent maintenance therapy. MRD of FLT3-ITD-positive AML
before or after HSCT will be an indicator of relapse, therefore, FLT3-
inhibitors will be recommended for use in AML patients with FLT3-ITD
after allo-HSCT (Stone et al., 2017; Stansfield and Pollyea, 2017).

Similar to FLT3-ITD, AML patients with c-KIT mutations show poor
prognosis, especially those with core binding factor-leukemia including
t(8; 21) or inv(16) (Shimada et al., 2006). Therefore, it is also re-
commended to develop KIT-specific inhibitors, although dasatinib is
currently under investigation (Kampa-Schittenhelm et al., 2018).

Another molecular targeting agent for AML is gemtuzumab ozoga-
micin (GO), which is a recombinant, humanized anti-CD33 monoclonal
antibody covalently attached to the cytotoxic antitumor antibiotic ca-
licheamicin via a bifunctional linker (Godwin et al., 2017). Past studies
showed a high frequency of deep myelosuppression and sinusoidal

obstruction syndrome (SOS), formerly known as hepatic VOD, which is
a serious and life-threatening complication of HSCT. A new clinical trial
with a reduced dose of GO has been started and showed both a clinical
response and the reduction of SOS/VOD (Appelbaum and Bernstein,
2017).

Other new candidate agents for AML include CPX-351, IDH1/2 in-
hibitors, and a BCL-2 antagonist. CPX-351 is a new liposomal for-
mulation that encapsulates cytarabine and daunorubicin in a fixed
5:1 M ratio, and showed superior antileukemic activity compared to
free-drug cocktails in vivo (Tardi et al., 2009). Isocitrate dehydrogenase
1 and 2 (IDH1 and IDH2) are metabolic enzymes located in the cyto-
plasm, peroxysomes, and mitochondria, respectively, and they catalyze
the oxidative decarboxylation of isocitrate to α-ketoglutarate. IDH1 and
IDH2 mutations were found in approximately 20% of all adult AML
cases, affecting 7%–14% and 8%–19% of patients, respectively, but are
rarely reported in children (Montalban-Bravo and DiNardo, 2018). The
specific inhibitor of IDH1 ivosidenib (AG-120) and the selective in-
hibitor of IDH2 enasidenib (AG-221) have presented an acceptable
tolerability profile and are now under investigation.

Venetoclax (ABT-199) is a mimetic of the B-cell lymphoma-2 (BCL-
2) homology 3 domain-only proteins that specifically antagonizes BCL-
2 activity; therefore it blocks the anti-apoptotic Bcl-2 protein, leading to
programmed cell death. In 2016, the US FDA approved venetoclax for
use in patients with CLL who have the 17p deletion. In vitro and ex vivo

preclinical studies demonstrated that AML cells are very sensitive to
treatment with this agent (Pan et al., 2014).

Apart from the genetic alterations, epigenetic modification such as
DNA methylation and histone modification, alters DNA accessibility
and chromatin structure, thereby regulating gene expression patterns.
Therefore, it will be an interesting and important target for AML
treatment, as secondary AML develops from myelodysplastic syndrome
(MDS). High risk groups of patients with MDS who are not applicable
for allo-HSCT are recommended azacitidine, a hypomethylating agent,
as a first line therapy (Fenaux et al., 2010; Odenike, 2017). Further-
more, azacitidine is used for bridge therapy for HSCT (Voso et al.,
2017). Recently, azacitidine was used for advanced MDS in children or
before allo-HSCT (Cseh et al., 2016; Waespe et al., 2016). Especially, in
older patients (> 65 years old) who were not applicable for induction
chemotherapy, azacitidine increased median OS by 3.8 months vs
current commonly used AML treatments, and its safety profile was

Fig. 5. Second-generation FLT3 inhibitors: quizartinib, crenolanib, and gilteritinib. IC50, structures, and kinase dendrograms (Figs in https://oncohemakey.com/flt3-
inhibitors/).
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consistent with those of other trials (Fenaux et al., 2010).
BET protein also seems to be a candidate for a novel epigenetic

approach (Fu et al., 2015). BET proteins have multiple functions, in-
cluding the initiation and elongation of transcription, and cell-cycle
regulation. Recently, BET protein inhibitors have been developed as
anticancer agents, but they appear to have limited efficacy as single
agents. Pericole et al. reported that BRD4 inhibition enhances azaciti-
dine efficacy in AML and MDS (Pericole et al., 2019).

5. Myeloproliferative neoplasm and molecular targeting therapy

Myeloproliferative neoplasms (MPNs) are hematopoietic stem cell
diseases, the classical BCR-ABL1-negative MPNs include essential
thrombocythemia (ET), polycythemia vera (PV), and myelofibrosis
(MF), which are all characterized by expansion of one or more myeloid
lineages with cellular differentiation (Patel et al., 2016). MPN patients
are at 5- to 7-fold higher risk for thrombosis compared with the general
population. These clonal disorders share certain clinical and genetic
features, and sometimes evolve into acute leukemia. Somatic mutation
of JAK2 V617F was first found in these diseases in 2005, which re-
volutionized MPN diagnosis. The JAK2 V617F mutation is found in 95%
of PV, 55% of ET, and 65% of MF (Geyer and Mesa, 2014). Other
mutations were also found in the CALR and MPL genes in the adult
population (Jeromin et al., 2016). However, the number of pediatric
MPN patients is very limited, and the JAK2 V617F was only found in
30% of ET patients and no other gene mutations were found in our
previous study (Sekiya et al., 2016). MPN patients were treated with
low-dose aspirin, phlebotomy, and cytoreductive medicines such as
hydroxyuria, and the only curative treatment is allo-HSCT. If MPN
patients have JAK2 mutations, they can be treated with JAK inhibitors.
Several reports suggest that the JAK1/2 inhibitor ruxolitinib prolongs
the OS of adult PV, ET, and MF patients (Geyer and Mesa, 2014;
Griesshammer and Sadjadian, 2017). Ruxolitinib is approved for MF
based on the two COMFORT studies, which successfully demonstrated
its effects on splenomegaly, symptom improvement, and survival
(Harrison et al., 2012). In a 3.5-year follow-up analysis of the COM-
FORT-II data, ruxolitinib was associated with a 42% reduction in risk of
death compared with best-available therapy (BAT). At 3.5 years, the
probability of survival was 54% and 71% in the BAT and ruxolitinib
arms, respectively (Harrison et al., 2016). Unfortunately, the informa-
tion in pediatric MPN remains very limited.

Other types of MDS/MPN included chronic myelomonocytic leu-
kemia (CMML) in adults and juvenile myelomonocytic leukemia
(JMML) in children. Many molecular findings have been observed in
CMML, but there remains a lack of molecular targeting agents (Solary
and Itzykson, 2017). In contrast, JMML is a difficult disease to treat,
being mainly diagnosed under 5 years old (mainly infant), and having
leukocytosis and hepatosplenomegaly (Hasle, 2016; Locatelli and
Niemeyer, 2015). Notably, a high relapse rate is observed even after
allo-HSCT. The molecular mechanism in this disease is mutation of the
RAS pathway including N-/K-RAS, PTPN11, and CBL. Some mutations
are somatic but some are germline. MEK inhibitors were hypothesized
to be candidates to repress the proliferation of JMML cells, which will
hopefully be evident in current clinical trials (Tasian et al., 2019).

6. Conclusion

Several molecular targeting therapies have been developed and
achieved great success in hematological malignancies. Their improve-
ment is ongoing as knowledge of dysregulation of signal transduction in
tumor cells by NGS technology accumulates. However, whether mole-
cular targeting therapy alone could cure hematological diseases is un-
clear. Therefore, precise use of these agents combined with conven-
tional chemotherapy or HSCT should be analyzed in future studies.
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