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Acute myeloid leukemia (AML) overview

AML is the most frequent form of leukemia, representing 
approximately 33% of all leukemia cases in the United 
States (1). The incidence rate of AML increases with age, 
and the medium age at diagnosis is 67 years. In 2016, there 
are 19,950 estimated new cases and 10,430 deaths as a 
result of the disease (2). A major clinical feature of AML is 
the presence of myeloblasts in the peripheral blood. These 
cells infiltrate multiple organs including lung and brain 

thereby leading to functional abnormalities and even fatality 
in some cases (3). Anemia and thrombocytopenia are also 
common features of AML, which lead to weakness, pallor, 
palpitations, fatigue and various bleeding symptoms (4). 
Cytochemical and phagocytotic defects in mature myeloid 
cells can also appear in AML patients, although major 
infections are uncommon since their absolute counts are 
usually stable before chemotherapy (5). 

Some s igns  and  symptoms re la ted  to  anemia , 
neutropenia, and thrombocytopenia may suggest that a 
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person could have AML (6), but various laboratory tests 
are required to confirm the diagnosis. Having at least 20% 
blasts in the marrow is usually required for a diagnosis 
of acute leukemia (3). A diagnosis can also be made if the 
blasts are found to have an AML-specific chromosomal 
abnormality even if blast contents are less than 20%. In 
most cases, the diagnosis of AML can be achieved by the 
morphological assessment of peripheral blood and bone 
marrow samples. But sometimes, especially in the poorly 
differentiated acute leukemia, cell numbers and morphology 
may not be enough to distinguish AML from acute 
lymphoid leukemia (ALL). In these cases, additional tests 
including cytochemical stains (7) and multi-parametric flow 
cytometry (8) are required to reach a clear diagnosis.

The therapeutic decision for AML treatment is 
between the standard and the investigational therapies. 
Standard therapy follows the so-called “3+7” induction 
protocol that most often includes three days of idarubicin 
or daunorubicin and seven days of cytarabine (9). These 
treatment combinations have been the mainstay of AML 
treatment for more than 40 years. Investigational therapies 
include anti-CD33 agents, tyrosine kinase inhibitors 
(TKIs), hypomethylating agents, and immunotherapies (10). 
Considering the investigational therapies are under clinical 
trials and their results are unclear, the standard therapies 
are usually applied first especially when the successful rate is 
predicted to be high. 

The role of FLT3 in hematopoiesis and AML

The human  FLT3  gene is located on chromosome  
13q12 (11). The encoded protein FLT3 belongs to a type 
III receptor tyrosine kinase whose family members include 
KIT, FMS and PDGF-receptor  (12). The structure of 
FLT3 consists of five immunoglobulin-like domains in 
the extracellular region, a juxtamembrane (JM) domain, a 
tyrosine kinase (TK) domain separated by a kinase insert 
and a C-terminal domain in the intracellular region (12) 

(Figure 1). Human FLT3 have two forms: a 158–160 kDa 
glycosylated form and a 130–143 kDa non-glycosylated 
form (13,14). Under normal conditions, FLT3 is only 
expressed in CD34+ hematopoietic stem/progenitor 
cells and play a well-defined role in the development 
of hematopoietic stem cells, dendritic cell progenitors, 
B-cell progenitors, and natural killer cells (15). Knockout 
of FLT3 in mice led to deficiencies in B-cell progenitors, 
and subsequent transplantation studies further revealed 
defects in T cells and myeloid cells (16). In colony-forming 
assays with human CD34+ bone marrow cells, FLT3 high 
expressers gave rise to colony-forming unit granulocyte-
monocyte (CFU-GM) colonies, while FLT3 low expressers 
produced erythroid colonies (17).

In the inactive state, FLT3 stays in the monomeric form 
on the cell membrane. Upon stimulation with FLT3 ligand 
(FLT3L), FLT3 dimerizes and trans-phosphorylates exposed 
tyrosine residues (18), which results in the activation of 
multiple downstream signaling pathways (19,20). In this 
process, a series of signaling and adaptor proteins are 
involved, including Janus kinase (JAK), signal transducer 
and activator of transcription (STAT), extracellular-signal 
regulated kinase (ERK1/2), phosphatidylinositol 3 kinase 
(PI3K), Src-homology 2 containing inositol phosphatase 
(SHIP), phospholipase Cγ (PLC-γ), CBL, growth factor 
receptor-bound protein 2 (Grb2), SHC, Src-homology 
2 containing protein tyrosine phosphate (SHP-2).  
Activation of this signaling events leads to the increased 
cell proliferation, inhibition of apoptosis, and induction of 
differentiation (Figure 2) (21-23). 

Although the expression of FLT3 is limited to the CD34-
positive population in the normal human bone marrow, 
its aberrant expression can be found in nearly all cases of 
primary cells from AML, pre-B ALL, T-cell ALL, blast 
phase CML, and CLL patients (14). It is also expressed in 
most pre-B ALL and AML cell lines (24). Co-expression 
of FLT3 and FLT3L was found in ~36% (40 out of 110) of 
human leukemia cell lines, indicating autocrine signaling in 

Figure 1 The domain structure of FLT3. The extracellular domain contains five Ig-like domains. Following the transmembrane domain 
(TM), the intracellular domain contains the juxtamembrane domain (JM) and the kinase domain that is divided into two parts by the kinase 
insert domain (KID).
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these cells (24). Over-expression of FLT3 failed to make Ba/
F3 cells cytokine-independent, but the cells over-expressing 
FLT3 caused leukemia in a mouse engrafted model, 
suggesting that the leukemogenic role of FLT3 over-
expression may need the signaling through FLT3L (23).  
However, gain-of-function mutant forms of FLT3 are 
capable of making Ba/F3 cells cytokine-independent, 
indicating their oncogenic potential without ligand 
engagement (25). 

The activating mutations of FLT3 were firstly identified 
in AML in the year of 1996 (26). They now represent 
the most frequent molecular abnormalities in AML, 
making FLT3 an excellent therapeutic target. There are 
two different types of FLT3 mutations: internal tandem 
duplications (ITD) and point mutations in the tyrosine 
kinase domain (TKD) (Figure 3). In newly diagnosed AML 
patients, the prevalence is 20% to 30% for FLT3-ITD 
and 7% for FLT3-TKD, both of which can lead to the 
constitutively activated FLT3 signaling pathway. 

FLT3-ITD happens in the form of replicated sequence 
in the JM domain of FLT3. The duplication varies in their 
location and length, but always occurs in replicates of three 

nucleotides and therefore do not affect other regions of 
FLT3 due to the intact reading frame (26). The in vitro 
transduction studies indicated that ITD mutations in JM 
domain promote FLT3 ligand-independent dimerization, 
autophosphorylation and activation of the receptor (27). 
In a normal situation, JM domain represses the activation 
of FLT3 by preventing its dimerization. The presence of 
ITD disrupts the structure and normal function of JM 
domain, which leads to the constitutive activation of FLT3. 
There is evidence showing that FLT3-ITD plays a role in 
leukemic stem cells (LSCs) since the presence of ITD is 
found in CD34+ CD38− LSCs (28). Knock-in of FLT3-ITD 
in murine models results in the enhanced proliferation and 
survival of multipotent progenitors cells and depletion of 
long-term hematopoietic stem cells (LT-HSCs) (29). When 
treated with small molecule FLT3 inhibitor sorafenib, 
these effects can be reversed, suggesting that the aberrant 
FLT3-ITD signaling is related to the dysregulation of 
LSCs in leukemogenesis. FLT3-ITD has significant clinical 
consequence in AML. The results from a number of studies 
have revealed that this mutation is associated with disease 
progression, increased risk of relapse and shorter overall 

Figure 2 FLT3 signaling pathway. The figure shows the downstream signaling occurs after activation of FLT3. Binding of FLT3 ligand 
(FLT3L) to FLT3 triggers the dimerization, followed by the activation of the JAK-STAT pathway, the PI3K pathway and the MAPK 
pathway. These pathways lead to increased cell proliferation/survival and the inhibition of apoptosis.
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survival (30). In addition, the homozygous expression of 
FLT3-ITD due to loss of heterozygosity (LOH) in the 
patients leads to a particularly poor outcome, indicating 
the prognostic significance of FLT3-ITD gene dosage. 
Although the ITD mutation was mainly found in the JM 
domain of FLT3, it occurs in another part of the kinase (31). 
In a study involving 241 AML patients with FLT3-ITD, the 
ones with ITD in the FLT3 TKD have a significantly worse 
prognosis, including disease free survival, overall survival 
and remission rate, compared with the ones with ITD in 
the JM domain. This indicates ITD location is another 
important factor related to clinical outcomes (32). In 
addition, the ITD mutations vary not only in their location 
but also in their length, and whether their length has 
clinical significance is still under debate. One study showed 
that patients with an ITD more than 40 base pairs had a 
5-year OS of 13%, compared to 26% in those with an ITD 
shorter than 40 base pairs (33). It was hypothesized that 
longer ITDs might had enhanced the ability to interrupt 
the negative regulatory function of the JM domain. But 
another study drew an opposite conclusion that shorter 
ITDs have worse prognosis (34). Therefore, further studies 
are needed to verify the clinical significance of the length of 
the ITD mutation.

The aberrant activation of signaling pathways led by 
FLT3-ITD has been reported extensively (35,36). The 
presence of the ITD in the JM domain leads to constitutive 

activation of the FLT3, resulting from disruptions of the JM 
domain structure that normally has a negative regulatory 
role by keeping FLT3 in the inactive conformation (35). 
The activation of FLT3 can lead to the activation of the 
anti-apoptotic PI3K/AKT pathway by phosphorylation 
of SHP-2, CBL and Gab2. This pathway has been shown 
constitutively activated in 32D cells transfected by FLT3-
ITD (37). The MAPK pathway is also constitutively 
activated by aberrant FLT3-ITD signaling. Both 32D and 
Ba/F3 cells stably expressing FLT3-ITD show activation 
of MAPK, which is demonstrated by the phosphorylation 
of ERK1/2 (37). As another important signaling protein, 
STAT5 is also constitutively phosphorylated and activated 
in cells expressing FLT3-ITD, including leukemic cell 
lines and blast cells from AML patients. This transcription 
factor is actively involved in the regulation of self-renewal 
and differentiation of hematopoietic progenitor cells 
and it is only partially activated in FLT3 wild type cells, 
indicating the alternative signaling pathway induced by  
FLT3-ITD  (38). Besides the over-activation of the 
above signaling components, suppression of SHP-1 is 
another potential mechanism underlying ITD-induced 
leukemogenesis. The SHP-1 phosphatase has a negative 
regulatory function in multiple growth factors and 
cytokine signaling pathways. The FLT3-ITD-transfected 
cells have a threefold decrease in SHP-1 expression, 
while inhibition of FLT3 by small molecule inhibitor 
results in the restoration of SHP-1. These data suggest  
SHP-1 as a tumor suppressor gene in AML containing 
FLT3-ITD  (39).  In addition to over-activation of 
proliferative signaling pathways, FLT3-ITD is also involved 
in blockage of cell differentiation. Expression of FLT3-ITD  
prevents the maturing differentiation of 32D cells into 
granulocytes when they are stimulated with G-CSF. In these 
cells, genes facilitating myeloid differentiation are shown 
to be down-regulated in the presence of FLT3-ITD. As 
expected, treatment of the cells with a small molecule FLT3 
inhibitor restores expression of these genes and leads to the 
maturing differentiation (40). Even though a great number 
of evidence supporting FLT3-ITD as a transforming factor 
in several cytokine-dependent cell lines, it is not sufficient 
to cause AML in mouse models. Transfection of FLT3-ITD 
results in cytokine-independent transformation with Ba/
F3 and 32D cells, and immunodeficient mice injected with 
these transformed cells develop the phenotypes resembling 
human acute leukemia. However, in FLT3-ITD-expressing 
retrovirus-infected bone marrow transplantation model, 
only a myeloproliferative neoplasm phenotype is observed 

Figure 3 Locations of activating mutations of FLT3. Internal 
tandem duplication (ITD) occurs in exons 14 or 15 of the JM 
domain. Point mutations are found in exon 20 of the kinase 
domain.
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instead of acute leukemia (41). Similarly, the FLT3-ITD 
knock-in mouse model develops symptoms resembling 
human CMML, featured by leukocytosis, splenomegaly, 
and myeloid expansion (42). Interestingly, FLT3-ITD 
knock-in mice develop acute leukemia when combined with 
other molecular lesions, including mutant NPM1, NUP98-
HOXD13D, MLL-AF9 and mutant CEBPα  (43-45).  
These molecular lesions are found in AML patients and co-
exist with FLT3-ITD sometimes, supporting the model of 
“multiple hitting” in leukemogenesis. As described above, the 
gene dose of FLT3-ITD has significant clinical relevance in 
human AML. Accordingly, homozygous FLT3-ITD knock-
in mice display a more severe phenotype than heterozygous 
littermates. In addition, the phenotypes of homozygous mice 
are irrespective of the presence of FLT3L, supported by 
crossing FLT3-ITD knock-in mice with FLT3L knockout 
mice. In contrast, heterozygous mice have decreased severity 
in their symptoms without FLT3L (46).

FLT3-TKD mutations were firstly reported in the year 
of 2001, which included mainly missense point mutations 
on aspartic acid residue D835 and less commonly, 
isoleucine I836 (47). These TKD mutations can be found 
in ~7% of de novo AML patients independently of FLT3-
ITD mutations, and these mutations do not have the same 
prognostic significance of FLT3-ITD in AML. FLT3-
TKDs are believed to change the conformation of the 
TKD of the “inactive state” to the “active state” (48). In 
wild-type FLT3, the catalytic loop within kinase domain is 
usually under the “closed” conformation, which prevents 
binding of ATP. The presence of TKD mutations change 
the structure into the open conformation and result in the 
constitutive activation of FLT3. Studies show that the stable 
expression of FLT3-D835 mutations in 32D and Ba/F3 
cells confers these cells cytokine independency (49). The 
presence of FLT3-D835 mutations leads to constitutive 
activation of FLT3 and downstream signaling proteins 
AKT and ERK1/2 in the absence of FLT3L, which is 
similar to what occurs with FLT-ITD mutants. However, 
phosphorylation of STAT5 is not as significant as found 
with FLT3-ITD-transfected cells, indicating the different 
signaling components are affected by the ITD and TKD 
mutations (50). Interestingly, in the retrovirus transfected 
bone marrow transplant model, the TKD mutation leads to 
lymphoid disorder instead of MPN observed with ITD (50).  
The leukocytosis and splenomegaly are not present in these 
mice, but the myeloid expansion was observed. Recently, a 
knock-in mouse model for the D835Y mutation has been 
generated (51). Instead of lymphoid disorder, these mice 

developed MPN phenotypes milder than those found 
in FLT3-ITD knock-in mice. The survival time is also 
longer for D835Y knock-in mice compared with FLT3-
ITD mice. The STAT5 is less phosphorylated in D835Y 
knock-in mice, which is consistent with the results from 
cell-based assays. These studies indicate that differential 
STAT5 signaling may explain the different phenotypes seen 
between FLT3-TKD and FLT3-ITD leukemia.

FLT3 inhibitors in targeted anti-AML therapies 

FLT3 is an obvious therapeutic target for the development 
of anti-AML drugs. On the one hand, its gain-of-function 
mutations frequently occur in AML. On the other hand, 
the presence of FLT3 mutations confers resistance to 
conventional chemotherapy and poor prognosis. Therefore, 
novel therapeutic methods targeting FLT3 are hopeful 
in improving survival and life quality of AML patients. 
Small molecule TKIs are the most sought-after targeted 
therapeutic drugs (52). They are highly effective in 
treating many types of cancers including chronic myeloid 
leukemia (CML), non-small cell lung cancer, myelofibrosis, 
gastrointestinal stromal tumor, renal cell carcinoma, 
melanoma, hepatocellular carcinoma, and sarcoma (52). 
Many TKIs for FLT3 have been developed or are under 
development. It is conceivable that effective low-molecular-
weight anti-AML drugs will emerge in the near future. 

Sorafenib

Sorafenib is a multi-target TKI that is active against 
different kinases, including RAF kinase, VEGFR, PDGFR 
and c-KIT (53). It has been approved for hepatocellular 
carcinoma, renal cell carcinoma and differentiated thyroid 
carcinoma. Several studies show that sorafenib is also a 
potent FLT3 inhibitor with a greater activity against FLT3-
ITD than the wild type enzyme (54). Phase I clinical trials 
showed a clinical response in some patients with FLT3-
ITD when treated with sorafenib as the monotherapy 

(55,56). The combination of sorafenib with chemotherapy 
has also been studied in several clinical trials. Although one 
study reported 93% FLT3-ITD-positive patients achieved 
complete remission (57), another phase II trial showed that 
sorafenib did not benefit AML patients with the overall 
survival or the event-free survival in combination with 
“7+3” induction chemotherapy (58). The combination of 
sorafenib and azacitidine also showed beneficial effects on 
FLT3-ITD patients in a phase II study (59). Despite the 
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mixed results from clinical trials, off-label use of sorafenib 
for the treatment of FLT3-ITD-positive AML is a common 
practice in clinics. 

Midostaurin

Midostaurin is another multi-target kinase inhibitor (60). 
It is a semi-synthetic derivative of staurosporine that was 
developed originally as a protein kinase C (PKC) inhibitor 
but later demonstrated with activity against a member 
of class III receptor tyrosine kinase including VEGFR, 
PDGFR, c-KIT and FLT3. In a phase II clinical trial,  
20 FLT3-mutation-positive patients with relapsed/
refractory AML or high-grade myelodysplastic syndrome 
were evaluated for midostaurin monotherapy (61), the 
clinical response was seen in 70% patients. In another 
phase II midostaurin monotherapy study (62), 42% patients 
with wild-type FLT3 and 71% patients with mutant FLT3 
showed a clinical response, suggesting the antileukemic 
activity of midostaurin in AML patients, especially ones 
with mutant FLT3. The same group evaluated midostaurin 
combined with chemotherapy in a phase 1b clinical trial (63). 
The complete remission rate was 74% for patients with 
wild-type of FLT3 and 92% for patients with mutant FLT3. 
In a recently reported phase III trial, midostaurin combined 
with standard chemotherapy improved overall survival (OS) 
and event-free survival (EFS) of patients significantly, and 
the study suggests the use of midostaurin as a component of 
therapy in patients at a younger age (64).

Lestaurtinib

Lestaurtinib is also a kinase inhibitor with a broad spectrum 
of inhibitory activity. Like midostaurin, lestaurtinib is 
structurally related to staurosporine. It has potent activity 
against FLT3, JAK2, TrkA, TrkB and TrkC. Lestaurtinib has 
been shown to inhibit wild-type and mutant FLT3 in vitro 
and prolongs survival in the mouse xenograft model (65).  
In a phase I/II clinical trial, lestaurtinib as a single-agent 
led to a reduction of blasts in both peripheral blood and 
bone marrow in 36% AML patients with mutant FLT3 (66).  
This study was followed by a phase 2 trial by the same 
group, in which the clinical response was observed in 
AML patients irrespective of FLT3 mutation status (67). 
The clinical effects of lestaurtinib plus chemotherapy 
were assessed in a randomized phase III clinical trial (68).  
Unfortunately, no difference was detected between 
patients treated with chemotherapy alone or followed 

by lestaurtinib in term of complete remission or overall 
survival. This indicates that lestaurtinib treatment after 
chemotherapy does not benefit AML patients with 
mutant FLT3, which may be due to pharmacokinetic 
properties of the compound. In another clinical study 
of lestaurtinib combined with chemotherapy (69),  
no significant differences were seen in either 5-year overall 
survival or 5-year relapse-free survival, but the subgroup 
of patients showing >85% FLT3 inhibition had improved 
survival, suggesting sustained FLT3 inhibition is important. 

Sunitinib

Sunitinib is an oral-available small molecule TKI that 
is approved for the treatment of renal cell carcinoma, 
g a s t r o i n t e s t i n a l  s t r o m a l  t u m o r  a n d  p a n c r e a t i c 
neuroendocrine tumor (70). Its targets include FLT3, 
PDGFR, VEGFR and c-KIT. In preclinical studies, 
sunitinib was shown to have potent antileukemic activity 
in multiple xenograft mouse models and the bone marrow 
transplant model (71). Two phase I clinical trials assessing 
sunitinib as monotherapy in AML patients were performed 

(72,73). In both studies, clinical responses including short 
duration of partial remissions were observed. Following 
these phase I studies, one group undertook a phase II study 
to evaluate the combination of sunitinib with induction 
chemotherapy in FLT3-mutant AML patients older than 
60 years. The rate of complete remission was 59% in all 
patients enrolled, 53% in FLT3-ITD positive patients and 
71% in patients with FLT3-TKD mutations (74). This 
suggests the treatment combination benefits AML patients 
and further studies involving more patients are warranted. 

Quizartinib

Quizartinib was specifically designed as an FLT3 inhibitor 
with high potency and selectivity. In mouse xenograft 
model, quizartinib significantly extends the life span at 
a dose as low as 1 mg/kg daily and eradicates tumors at 
10 mg/kg (75). In a phase I clinical trial, 30% patients 
irrespective of FLT3 mutant status showed clinical  
response (76). In patients with FLT3-ITD, 53% showed a 
clinical response compared with 14% in patients with wild-
type FLT3. Furthermore, the complete inhibition of FLT3-
ITD was observed based on in vitro plasma inhibitory assays. 
A subsequent phase II study was performed. A total of 333 
patients were included in this study. Promisingly, 44% 
patients with FLT-ITD and 34% patients with wild-type 
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of FLT3 achieved the composite complete remission (77).  
Phase III trial designated QuANTUM is ongoing to test 
quizartinib monotherapy and in combination with the 
standard induction chemotherapy (78). 

Crenolanib

Crenolanib is a small molecule TKI originally developed 
as PDGFR inhibitor. In the preclinical studies including 
in vitro binding assays, cell lines and mouse xenograft 
models, crenolanib showed potent activity against both 
FLT3-ITD and FLT3-TKD. This property is promising 
considering some FLT3-TKD mutants such as D835 
resist the inhibition of most currently available FLT3 
inhibitors (79). In the previous clinical trials evaluating 
crenolanib as PDGFR inhibitor, its safety, tolerability and 
pharmacokinetics have been well described, which facilitates 
clinical trials of crenolanib as an FLT3 inhibitor in AML 
patients (80). In one study, Mark Levis and colleagues 
have demonstrated the concentration of crenolanib in the 
plasma of patients collected from clinical trials is sufficient 
to inhibit both FLT3-ITD and resistance-conferring 
FLT3-D835 mutants (81). In a recent phase II clinical trial, 
41% patients enrolled achieved response (82). Other phase 
I/II studies assessing the combination of crenolanib with 
induction chemotherapy are undergoing.

Gilteritinib

Gilteritinib is a pyrazinecarboxamide derivative with the 
properties of selectivity, potency, and activity against various 
FLT3-activating mutations (83). In a phase I/II study, 46% 
patients achieved complete remission irrespective of FLT3 
mutation status. Importantly, 29% of patients with FLT3/
TKD mutations also achieved complete remission (84,85). 
Other clinical trials assessing the combination of gilteritinib 
and chemotherapy are ongoing (86). 

Novel FLT3 inhibitors in preclinical stages

Studies from clinical trials above suggest that newer 
generation of FLT3 inhibitors produced more promising 
results compared with the first generation FLT3 inhibitors. 
This is due to their improved properties including potency, 
selectivity and extended activity against FLT3-TKD. Adding 
excitement to the development, several novel inhibitors 
against FLT3 have been developed and investigated in 
preclinical stages. These small molecules are more specific 

and potent, and some of them effectively target additional 
FLT3 mutations, especially FLT3 D835 in vitro and in 
vivo (87-95). JI6 represents such an example. It inhibits 
both FLT3-ITD and FLT3-D835 mutants with equal 
high potency, and oral administration of the compound 
into xenograft mouse models significantly inhibited tumor 
cell growth and expanded the lifespan of the mice (93). 
Therefore, clinical trials of these novel inhibitors may be 
warranted. One should expect better clinical efficacy and 
less toxicity from newer FLT3 inhibitors. 

Mechanisms of drug resistance

During clinical studies, resistance to the treatment with 
FLT3 inhibitors has been observed in a great number of 
patients. There are two potential mechanisms underlying 
the drug resistance. One comes from the inherent nature 
of leukemic blasts and the drugs used, and the other is 
caused by the acquired feature of the cancer cells during 
the drug treatment. Both inherent and acquired resistance 
mechanisms will be discussed below. 

Inherent mechanisms

Existing FLT3 inhibitors exhibit a different spectrum 
of activities against FLT3 mutants. Preclinical studies 
have demonstrated that certain FLT3-TKD mutants are 
inherently resistant to FLT3 inhibitors (96). For instance, 
Ba/F3 cells transformed by the FLT3-D835Y mutant are 
resistant to the treatment with sorafenib and quizartinib. 
This phenomenon was also observed in clinical trials. 
Patients with FLT3-TKD mutations on D835 indeed 
had a reduced response to these two drugs (48,97). 
Furthermore, within patients containing FLT3-ITD 
mutations, the location and length of ITD also affect the 
sensitivity to FLT3 inhibitor treatment of FLT3 inhibitors 

(32,33,98,99). Patients with ITD reaching to the TKD 
away from the JM domain are known to have a poor 
prognosis for the induction chemotherapy (32,33). Further 
studies demonstrated that this type of ITD mutations also 
conferred resistance to FLT3 inhibitor therapies, at least 
due to up-regulation of MCL-1 (98,99). The length of ITD 
correlates with resistance to FLT3 inhibitors as well, since 
longer ITDs are more likely to invade the TKD. This up-
front type of drug resistance due to the narrow activity of 
inhibitors can presumably be overcome by the generation 
of FLT3 inhibitors with broader inhibitory activities 
toward various types of FLT3 mutants. However, persistent 
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activation of FLT3 downstream signaling pathways also 
contributes to inherent resistance to FLT3 inhibitors since 
constitutive activation of MAPK and STAT5 pathways was 
observed even when FLT3 was completely inhibited in 
some cases (100). Whether this is caused by other molecular 
lesions in addition to FLT3 mutations awaits further 
investigation.

Insufficient drug concentrations in the plasma may 
represent another reason conferring the drug resistance (68).  
Some FLT3 inhibitors can be rapidly metabolized in the 
liver by specific enzymes. Although there are drugs that 
can slow down the metabolism of FLT3 inhibitors, the 
subsequent side effects are hard to predict. In addition, some 
FLT3 inhibitors are sequestered serum proteins such as an 
alpha-1 acid glycoprotein, and their free concentrations are 
reduced in plasma. Finally, the microenvironment or niche 
where leukemia cancer stem cells reside also contributes to 
the development of drug resistance (101). While blasts in 
the circulation are readily susceptible to FLT3 inhibitors, 
those in the bone marrow may be protected by stromal cells. 
This is supported by the fact that quizartinib has cytotoxic 
effects on peripheral blasts but only induces differentiation 
of bone marrow blasts (102). 

Acquired resistance

Some FLT3-TKD mutations arise in response to the 
treatment of FLT3 inhibitor (48). These mutations mainly 
involve D835 and F691L, which may be pre-existing as a 
small subclone and selected upon the treatment with FLT3 
inhibitors targeting FLT3-ITD mutations. This type of 
emerging inhibitor-resistant mutations is also seen in many 
other types of cancers and represents a common mechanism 
underlying resistance to targeted therapies. For instance, 
T315I mutation of BCR-ABL confers resistance to imatinib 
treatment in CML patients. But the next generation of 
BCR-ABL inhibitor ponatinib can overcome this resistance 
since it effectively inhibits BCR-ABLT315I. Therefore, 
identifying novel inhibitors that can effectively target known 
resistance-conferring mutations in FLT3 is important in the 
development of targeted drug therapies to treat AML. 

Autocrine FLT3L stimulation is another resistance 
mechanism (103). In cell-based assays, the increased 
expression of FLT3L was revealed in FLT3 mutant MV-
4-11 cells treated with FLT3 inhibitors. In clinical trials, 
it was observed that chemotherapy could also result in 
increased concentrations of FLT3L, which potentially 
decrease the effectiveness of subsequent treatment FLT3 

inhibition therapies. This has brought a major challenge 
to the combination therapy involving FLT3 inhibitors and 
cytotoxic chemotherapy.

Acquisition of other gene mutations and activation 
of alternative signaling pathways are also seen during 
treatment with FLT3 inhibitors (104,105). When treated 
with increasing concentrations of lestaurtinib, FLT3-ITD-
positive Molm-14 cells gained an NRAS mutation that 
constitutively activates AKT and MAPK pathways. RAS 
mutations have been found in relapsed patients with FLT3-
mutant-positive AML. In addition, mutations or aberrant 
expressions of genes including BCL2, NF-kB and MCL-1 
have also been reported and are believed to be responsible 
for the FLT3 inhibitor resistance. Therefore, combinations 
of FLT3 inhibitors with other targeted therapies are 
interesting topics to be explored in the future (106,107). 

Conclusions

Mutated in a significant portion of AML cases and 
representing a primary cause of leukemogenesis, FLT3 is an 
obvious target for therapeutic drug development. However, 
after many years of intensive studies, challenges remain in 
the development of FLT3 inhibitors as therapeutic anti-
AML drugs. More potent FLT3 inhibitors with broader 
inhibitory effects on multiple FLT3 mutations are highly 
desirable. Combination drug therapies targeting multiple 
pathways especially those related to cancer stem cells 
are required to eradicate AML. In this regards, further 
studies on the involvement of various gene mutations in 
the pathogenesis of AML are warranted. Above all, for the 
development of effective anti-AML therapies, FLT3 can be 
targeted and has to be targeted. It will be a matter of time 
before a highly effective anti-AML drug targeting FLT3 
emerges.
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