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Introduction

Acute myeloid leukemia (AML) accounts for approximately 
30% of leukemia’s but >40% of leukemia-related deaths (1).  
AML is highly diverse and cytogenetic analysis of metaphase 
cells reveals that approximately 40-50% of patients with 
de novo AML have a normal karyotype. The clinical 
outcomes for these AML patients with a normal karyotype 
are heterogeneous. Mutations in key genes involved in 
AML pathogenesis lead to large inter patient variability in 
prognosis and outcomes (2-4). Some of these mutations 
like the internal tandem duplication (ITD) in the FMS-
like tyrosine kinase receptor-3 (FLT3) gene, partial tandem 
duplication in the mixed lineage leukemia gene (5), Wilm’s 
tumor gene mutations (6) and overexpression of the BAALC 
gene (7) are associated with poor prognosis in AML (8). 
On the other hand, CCAAT/enhancer-binding protein 
α (CEBPA) and nucleophosmin 1 (NPM1) mutations (in 
FLT3-ITD-negative patients) have been associated with 
improved prognosis (8,9). In this review, we discussed FLT3 

mutations and the latest advances reported in 2012-2013 
regarding emerging approaches using FLT3 inhibitors for 
the treatment of AML.

FLT3 receptor 

Mutations in FLT3 are one of the most common and 
clinically relevant mutations in patients with AML (Figure 1). 
FLT3 is a trans-membrane tyrosine kinase receptor expressed 
on the leukemic blasts of 70-100% of patients with AML 
(10,11). FLT3 dimerizes and undergoes a conformational 
change when it binds to the FLT3 ligand (FL). This opens up 
the activation loop (AL) and reveals the ATP-binding pocket. 
The receptor becomes auto phosphorylated and stimulates 
cell proliferation and inhibits apoptosis through the activation 
of a signaling cascade including PI3K/Akt, MAPK/ERK, 
and STATs (12). The FLT3 receptor is restricted primarily 
to hematopoietic and neural tissues 21 but the ligand is 
ubiquitously expressed (13,14).
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FLT3 mutations

The exact frequency of FLT3 varies with age with mutations 
being present in approximately 20 percent of patients with 
cytogenetically normal AML (15,16). There are two major types 
of FLT3 mutations. The most common is an ITD on exon 14 
of the FLT3 gene, which varies from 3 to >400 base pairs. It 
is typically in frame and occurs in the juxta-membrane region 
of the receptor (17). This ITD disrupts the auto inhibitory 
function of the juxta-membrane domain and results in ligand-
independent activation of the FLT3 receptor. This leads to a 
proliferative signal via activation of its downstream effectors 
(18,19), and produces growth factor-independent proliferation 
in leukemia cell lines and a fatal myeloproliferative syndrome in 
murine models. Thus, the ITD leads to gain of function mainly 
by inducing hyper-responsivity of the FLT3 (2,3) receptor to 
FL rather than through auto-activation of the receptor (20). 
Alternatively, point mutations in the activating loop of the kinase 
domain of FLT3 may result in tyrosine kinase activation of 
FLT3 in 5 to 10 percent of patients (21,22). The most common 
of these activating mutations is the aspartate 835 (D835) 
mutation, which occurs in approximately 7% of patients with 
AML (22,23).

The impact of FLT3-ITD on prognosis and long term 
outcomes has been studied in several analysis and trials 
(24-29). Patients with FLT3-ITD AML achieve complete 
remission rates comparable to those of patients with wild-
type disease, but have significantly higher rates of relapse 
and shorter durations of disease-free and overall survival 
(OS). In contrast, the mutations of the tyrosine kinase 
domain of FLT3 do not appear to be associated with the 
same poor outcome as FLT3/ITD (21). Recently it has 
also been suggested both the length (30) and location (31) 

of ITD insertions can negatively affect the prognostic 
outcome of patients, as can the absence of the wild-type 
allele in FLT3-ITD-positive patients (32), whereas stem cell 
transplantation can improve patient survival.

FLT3-ITD-expressing murine and human myeloid cell 
lines are resistant to cytosine arabinoside. Additional, in 
vitro evidence also suggests that FLT3-ITD may contribute 
to drug resistance (33). This has led to intensive research 
to identify therapeutic inhibitors of FLT3. Several of 
these agents are currently in clinical trials and have shown 
promising anti-leukemic activity. The presence of FLT3-
ITD, however, is not the only relevant factor in determining 
patient outcome. AML is a complex disease characterized by 
multiple genetic abnormalities that likely interact with one 
another. Understanding how the myriad signaling pathways 
underlying the pathogenesis of AML interact with one 
another will be critical in determining how particular genetic 
abnormalities affect prognosis and response to therapy.

FLT3 inhibitors in clinical trials 

A variety of novel agents targeting FLT3 have been developed 
and reported in 2012-2013. These are undergoing clinical 
trials (Table 1).

Quizartinib

Li et al. recently reported at ASH 2012 on the absorption, 
metabolism and excretion of quizartinib in six healthy 
volunteers (49). All volunteers received a single oral dose of 
60 mg quizartinib as a solution. Quizartinib was extensively 
metabolized mainly by phase I biotransformation, with 
the metabolites excreted primarily in feces. It was well 

Figure 1 FLT3 receptor structure and common FLT3 mutations in AML. FLT3, FMS-like tyrosine kinase receptor-3; AML, acute myeloid leukemia.
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tolerated. Two out of six volunteers experienced adverse 
events. Grade 1 dry skin in one subject was considered to 
be unrelated to study treatment, and grade 1 diarrhea in one 
subject was considered to be possibly related to treatment. 

Quizartinib has also been studied in a phase II monotherapy 
trial in patients with FLT3-ITD positive or negative 
relapsed/refractory AML after second-line chemotherapy 
or hematopoietic stem cell transplantation. This was an 
efficacy and safety analysis. The study comprising of two 
cohorts has been completed but only preliminary results 
are available. It has not yet been reported in its entirety. 
They included 333 patients in two cohorts. All patients 
received quizartinib at a starting dose of 90 mg/day (females) 
or 135 mg/day (males and one female), and were treated 
continuously during 28-day cycles. The two cohorts were 
analyzed separately. The composite complete remission 
(CRc) rate was calculated which included complete 
remission (CR), complete remission with incomplete 
platelet recovery (CRp), and complete remission with 
incomplete hematologic recovery (CRi). 

Cohort 1 included patients aged ≥60 years with AML 
relapsed in <1 year or refractory to 1st-line chemotherapy. 
A total of 154 patients were included in this cohort. These 
patients included 110 (71%) who were FLT3 ITD (+), 44 
(29%) who were FLT3-ITD (–). Of 110 FLT3-ITD (+) 
patients, 63 (57%) had a CRc and 16 of 44 FLT3-ITD (–) 
patients had a CRc. Median OS in FLT3-ITD (+) patients 
was 25.3 weeks and 16 out of 110 survived >52 weeks. The 
median age of patients surviving >52 weeks was 69.5 years. 
Median OS in FLT3-ITD (–) patients was 19.1 weeks and 
six out of 44 FLT3-ITD (–) patients (14%) survived >52 weeks. 
The median age of these patients was 70.0 years (34).

At ASH 2012 Cortes et al. had reported the preliminary 
results of this trial in 134 patients. The most common 
(≥20%) treatment-related adverse events (AEs) were nausea, 
fatigue, anemia, QT interval prolongation, diarrhea, 
vomiting, dysgeusia and febrile neutropenia (50).

Cohort 2 included 137 patients aged more than/equal to 
18 years with AML relapsed or refractory to 2nd-line, salvage 
chemotherapy or relapsed after hematopoietic stem cell 
transplantation (HSCT). Ninety-nine (72%) were FLT3-
ITD (+) and 38 (28%) were FLT3-ITD negative. The 
FLT3-ITD (+) patients had a median age of 50 years and 
the FLT3-ITD (–) patients had a median age of 55 years. 
For FLT3-ITD (+) patients the CRc rate was 44% (4% CR, 
0 CRp and 40% CRi), median duration of response was 
11.3 weeks and median OS was 23.1 weeks. Patients who 
were refractory to their last AML therapy had a 47% CRc 

with quizartinib. FLT3-ITD (–) patients had a CRc rate of 
34% (3% CR, 3% CRp and 29% CRi), a median duration 
of response of 5.0 weeks and median OS of 25.6 weeks. 
Patients who were refractory to their last AML therapy had 
a 31% CRc with quizartinib. The most common (≥20%) 
treatment-related adverse events (AEs) were nausea, anemia, 
QT interval prolongation, vomiting, febrile neutropenia, 
diarrhea and fatigue. Thus, this phase II study confirmed 
the activity of quizartinib monotherapy in FLT3-ITD (+) 
and FLT3-ITD (–) AML patients relapsed/refractory to 2nd 
line therapy or HSCT (35).

At ASCO 2013, Cortes et al. reported on the response rates 
and bridging to hematopoietic stem cell transplantation 
with quizartinib (AC220) in patients with FLT3-ITD 
positive or negative relapsed/refractory AML after second-
line chemotherapy or previous bone marrow transplant (51).  
They included 136 FLT3-ITD (+) and 40 FLT3-ITD (–) 
patients. Quizartinib was discontinued for HSCT in 47 out 
of 136 patients and 44/47 patients at least had a PR (2 CRp, 
24 CRi, 18 PR). Among FLT3-ITD (–) patients, quizartinib 
was discontinued for HSCT in 14/40 and 13 out of 14 
had achieved at least a PR (one CR, one CRp, seven CRi, 
four PR). The median OS for FLT3-ITD (+) patients with 
CRc prior to HSCT was 41.5 weeks and 1-year survival was 
39%. If the patients were in PR prior to HSCT, median OS 
was 29 weeks and 1-year survival was 39%. Patients with a 
CRc (n=36) or PR (n=20) but no HSCT, respectively, had a 
median OS of 24.5 and 20.9 weeks and 1-year survival rates 
of 25% and 5%. For FLT3-ITD (–) patients, median OS 
with CRc was not reached, 1-year survival rate was 78%. 
The median OS with PR was 40.7 weeks and 1-year survival 
rate was 50%. The authors concluded that 33% patients who 
had failed HSCT or salvage chemotherapy were successfully 
bridged to HSCT with encouraging 1-year survival.

Perl et al. reported a study of quizartinib in patients 
age ≥70 years with FLT3-ITD positive or negative 
relapsed/refractory AML (36). They reported CRc of 32 
(53%) in FLT3-ITD (+) (60 patients). In FLT3-ITD (–) 
(23 patients), CRc was 10 (43%) (two CR, one CRp, seven 
CRi). Interestingly, 44% FLT3-ITD (+) and 50% FLT3-
ITD (–) patients refractory to prior therapy responded to 
quizartinib. Thus, elderly patients with chemotherapy-
resistant AML had preserved high response rates and 
promising survival on quizartinib.

Midostaurin (PKC412)

PKC412 is another potent orally bioavailable FLT3 



Stem Cell Investigation, March 18, 2014

© Stem Cell Investigation. All rights reserved. Stem Cell Investig 2014;1:7 www.sci-online.org

Page 5 of 10

inhibitor. Stone and co-workers recently reported on a 
phase Ib trial that evaluated several doses and schedules 
of midostaurin in combination with daunorubicin and 
cytarabine induction and high-dose cytarabine post-remission 
therapy in newly diagnosed patients with AML (37). The 
discontinuation rate on the 50-mg twice-daily dose schedule 
was lower than 100 mg twice daily, and no grade 3/4 nausea 
or vomiting was seen. The CR rate for the midostaurin 
50-mg twice-daily dose schedule was 80% [FLT3-wild-
type: 20 of 27 (74%), FLT3-mutant: 12 of 13 (92%)]. OS 
probabilities of patients with FLT3-mutant AML at one and 
two years (0.85 and 0.62, respectively) were similar to the 
FLT3-wild-type population (0.78 and 0.52, respectively). 
They concluded that midostaurin in combination with 
standard chemotherapy demonstrated high complete 
response (CR) and OS rates in newly diagnosed younger 
adults with AML, and was generally well tolerated at  
50 mg twice daily for 14 days. A phase III prospective trial 
is ongoing (CALGB 10603, NCT00651261).

At ASH 2012, Nazha et al .  presented a phase I/
II trial of midostaurin (PKC412) and 5-azacytidine 
(AZA) for the treatment of patients with refractory or 
relapsed AML or myelodysplastic syndrome (MDS) (38).  
Patients were eligible if they were more than/equal to 
18 years with MDS, chronic myelomonocytic leukemia 
or AML, who failed prior therapies. In phase I, patients 
were included regardless of their FLT3 mutation status; 
in phase II, only patients with FLT3 mutations were 
included. Five patients had FLT3-ITD and one patient 
had FLT3-D835 mutation only. All patients received 
a daily dosage of 5-AZA at 75 mg/m2 subcutaneously 
or intravenously for seven days on days 1-7 of each 
cyc le  and  midos taur in  a t  25  mg (cohor t  1 )  and  
50 mg (cohort 2; target dose) orally and twice daily for  
14 days (Days 8-21) of each cycle. Patients were planned 
to receive up to 12 cycles if benefit from treatment. A total 
of 20 patients were included in the study. Thirteen patients 
were enrolled during phase I and six patients during phase 
II. Overall response rate (ORR) in phase I was 3/13 (21%) 
and in phase II was 2/6 (33%). For patients with FLT3-
ITD mutations, 1/4 (25%) achieved Cri during phase I. In 
total, the ORR among patients with FLT3-ITD mutations 
was 3/9 (33%). All toxicities were grade 1 and 2 with no 
difference between the two dose schedules of midostaurin. 

Cooper and colleagues reported a similar phase I study 
at ASCO 2013 in relapsed and elderly AML patients (39). 
Over a 28-day cycle in untreated elderly/relapsed AML, 
AZA 75 mg/m2 was given for seven days and then started on 

gradual increasing dose of midostaurin to 75 mg BID. They 
included 17 patients with median age of 73. All patients 
were FLT3 negative. There were no dose limiting toxicities. 
Fourteen out of seventeen patients were evaluable and 
included two CR’s and one PR. Thus, the combination of 
midostaurin/AZA is safe and well tolerated.

Sunitinib 

Sunitinib is a multi-targeted FLT3 inhibitor approved 
for the treatment of advanced/metastatic renal cancer, 
advanced pancreatic neuro-endocrine tumors and 
metastatic/unresectable malignant GIST after failure 
of imatinib (1,14,52). Sunitinib has been evaluated in 
refractory AML as single agent treatment resulting in 
transient blast count reduction and in several cases of 
partial response in AML with activating FLT3 mutations. 
Fiedler et al. reported at ASH 2012 the results of the 
combination of sunitinib and intensive chemotherapy in 
patients with AML and activating FLT3 mutations (40). 
These are the results of the AMLSG 10-07 study. The 
study aimed at evaluating the feasibility of a standard 
induction and consolidation therapy in combination with 
orally administered sunitinib in elderly AML patients 
with activating FLT3 mutations. Patients aged 60 years or 
higher with AML with activating FLT3 mutations (FLT3-
ITD, FLT3-TKD) and fit for intensive chemotherapy 
were eligible. A total of 22 patients were enrolled. The 
median age was 70 years and the type of AML was de novo 
in 16 patients, secondary AML in one patient and therapy 
related AML in four pts. Fifteen patients had a FLT3-
ITD (68%) and seven had a FLT3-TKD (32%) mutation. 
Response to induction therapy in all patients was CR in 
13 patients (59%), partial remission in one patient (4.5%), 
and refractory disease in five patients (23%), death in 
three patients (13.5%). CR rate in AML with FLT3-
ITD was 53% (8/15) and 71% (5/7) in those with FLT3-
TKD. All 13 patients achieving CR received repetitive 
cycles of high-dose cytarabine consolidation therapy and 
seven proceeded to single agent sunitinib maintenance 
therapy [median 11 months (range, 1-24 months)]. In 
these patients relapse occurred in ten, one patient died 
due to severe colitis during consolidation therapy and 
two patients are in sustained CR. Median survival was of  
18.8 months and a 2-year survival of 36% (95% CI,  
19-70%). Median relapse-free survival was 11 months.

Single agent trials with sunitinib utilize higher dose than 
used in this study and have been reported in the past. 
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Ponatinib

Recent pharmacological research has revealed ponatinib 
that is a multiple tyrosine kinase inhibitor and potent pan-
BCR-ABL inhibitor. In preclinical models, ponatinib also 
inhibits the FLT3/ITD mutant prevalent in AML with 
potency similar to that of BCR-ABL (53). A cohort of 
patients with relapsed refractory AML were enrolled in 
a phase I trial of ponatinib (45 mg once daily) to assess 
safety and preliminary efficacy in this population. Shah 
et al. recently published the results (41). Twelve patients 
were enrolled with a median age of 49 years. All patients 
had a history of a FLT3 mutation. Mutational analysis 
in a central laboratory confirmed the presence of FLT3-
ITD in seven patients. The ORR was 3/12 (25%). Two 
patients achieved a complete remission with incomplete 
blood count recovery and one patient experienced partial 
remission. These three responders carried FLT3-ITD 
mutations and were all FLT3 inhibitor-naïve. The duration 
of ponatinib treatment in these patients was 3-6 months. 
Nine patients experienced at least one treatment-related 
AE. All patients in the study discontinued treatment for 
various reasons including death, adverse event, investigator 
decision or disease progression.

Sorafenib 

Ravandi et al. examined the efficacy of combining sorafenib 
and AZA in patients with AML and the FLT3-ITD  
mutation (42). Patients received AZA 75 mg/m2 IV daily 
for seven days and sorafenib 400 mg PO twice daily 
continuously and cycles were repeated at approximately 
one month intervals. They enrolled forty-three AML 
patients with a median age of 64 years but only 37 patients 
were evaluable. The FLT-3-ITD mutation was detected 
in 40 (93%) patients. The ORR was 46%, including ten 
(27%) CRi, six (16%) CR and one (3%) PR. They reported 
a median time to achieve CR/CRi as two cycles and the 
median duration of CR/CRi was 2.3 months. Thus, they 
concluded that the combination of AZA and sorafenib is 
effective for patients with relapsed AML and the FLT-3-
ITD mutation.

Prior to this several investigators have reported 
anecdotal evidence of the use of sorafenib in FLT3 mutated  
patients (54). Metzelder and colleagues reported the 
compassionate-use results for the treatment of relapsed 
or refractory FLT3-ITD-positive AML (43). Sorafenib 
induced clinically meaningful and very rapid responses in all 

six patients treated either before (n=2), after (n=3), or both 
before and after (n=1) allogeneic stem cell transplantation 
(allo-SCT). These remissions were a bridge to allo-SCT in 
two of the three refractory patients. Two of the four patients 
who were treated after allogeneic transplant survived 216 and 
221 days, respectively, whereas the other two were in ongoing 
complete molecular remission at the time of publication.

Selumetinib (AZD6244)

Selumetinib is an orally available MEK kinase inhibitor (55). 
Jain presented the results of a multi-center phase II study 
of selumetinib in advanced AML at ASCO 2012 (44). The 
dose used in this study was 100 mg twice daily. Forty-
seven patients were enrolled and the median number of 
cycles received was one. Grade ≥3 adverse drug reactions 
included fatigue, dyspnea and nausea. One patient had 
partial response, three patients had minor response 
(defined as a >50% decrease in blood and/or marrow 
blasts lasting >4 weeks) and two patients had unconfirmed 
minor response (>50% decline in marrow blasts without a 
follow up confirmatory biopsy). In addition, four patients 
had stable disease. However, no patient with FLT3 ITD or 
NRAS mutation responded. This data indicates that it does 
have anti-leukemic activity but activity against FLT3 is not 
proven.

Crenolanib (CP-868,596)

Crenolanib is a potent and selective type I FLT3 inhibitor. 
Smith and co-workers hypothesized that crenolanib may 
be a Type I inhibitor of FLT3 that retains activity against 
FLT3 mutant isoforms, including AC220-resistant FLT3 
AL mutants, which are highly cross-resistant to multiple 
FLT3 TKIs (45). They published their results and 
confirmed that crenolanib is a Type I inhibitor as it bound 
preferentially to the phosphorylated form of ABL. It also 
demonstrated substantially more potent in vitro binding 
affinity for the compound FLT3-ITD/D835V mutant than 
AC220. Crenolanib induced apoptosis and inhibited the 
proliferation of the patient-derived FLT3-ITD+ cell lines. 
Thus, the authors concluded that crenolanib has a potential 
to be clinically active in AML patients with activating 
FLT3-ITD or AL mutations, and to recapture clinical 
response in patients with acquired AC220-resistant kinase 
domain mutations.

Gao et al .  reported (46) on the combination of 
crenolanib and sorafenib in FLT3-ITD inhibitor 
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resistant AML with FLT3 mutations at ASH 2012. They 
hypothesized that targeting different sites of FLT3 protein 
simultaneously using different types of kinase inhibitors 
may be effective in overcoming sorafenib resistance. They 
found that sorafenib-resistant cells Baf3-ITD+Res and 
Baf3-ITD+842/676 when exposed to sub-micro molar 
concentrations of crenolanib and sorafenib concomitantly 
for 48 hours resulted in impressive synergistic pro-
apoptotic effects. This implies a high synergistic potency 
of Type I and Type II FLT3 kinase inhibitors, when 
given concomitantly and is a therapeutic rationale for 
a combinatorial treatment strategy with crenolanib 
and sorafenib of FLT-ITD inhibitor-refractory AML. 
Crenolanib is currently in Phase II clinical trials in relapsed/
refractory AML (NCT01657682, NCT01522469).

AKN-028

AKN-028 is a FLT-3 kinase inhibitor in preclinical development. 
Eriksson et al. reported that AKN-028 causes dose-dependent 
inhibition of FLT3 auto-phosphorylation (47). AKN-028  
showed cytotoxic activity in all five AML cell lines.  
AKN-028 triggered apoptosis in MV4-11 by activation of 
caspase 3. Combination studies showed synergistic activity 
when cytarabine or daunorubicin was added simultaneously 
or 24 h before AKN-028. However, the response did not 
correlate at all with the type of mutation. The authors also 
postulated that anti-leukemic effect of AKN028 might 
be independent of FLT3 inhibition. Taking these facts in 
consideration and pre-maturity of data this agent can go in 
several different directions in future. It is a candidate drug 
for clinical trials which are ongoing (NCT01573247). 

TTT-3002

TTT-3002 is another novel FLT3 tyrosine kinase 
inhibitor which was reported for the first time at ASH 
2012 (48).Utilizing human FLT3/ITD mutant leukemia 
cell lines the presenters showed that the half maximal 
inhibitory concentration (IC50) for inhibiting FLT3 auto 
phosphorylation was less than 250 picomolar (pM). The 
IC50 for TTT-3002 in inhibiting proliferation in these same 
FLT3/ITD expressing cells was 490-920 pM. TTT-3002 also 
showed potent activity when tested against a broad spectrum 
of known, non-ITD FLT3 activating mutations, including 
the most frequently occurring D835Y mutation. It was 
demonstrated that TTT-3002 is cytotoxic to leukemic blasts 
isolated from FLT3/ITD expressing AML patients, while 

displaying minimal toxicity against normal hematopoietic 
stem/progenitor cells from healthy bone marrow donors.

Variations in FL levels during the course of AML 
treatment

Grunwald et al. (56) reported at ACO 2013 the results of a 
pilot study designed to see the relationship between AML 
therapy and FL levels over time. Ten AML patients whose 
blood samples were collected weekly were enrolled. They 
noted four distinct patterns during the study. In patients with 
aplastic bone marrow (in nine patients) after chemotherapy, 
FL concentrations rose markedly and consistently to 
levels >1,000 picogram/milliliter (pg/mL). In three of 
four patients FL concentrations remained <500 pg/mL  
during induction in which leukemia was refractory to 
induction chemotherapy. In two patients receiving FLT3 
TKI sorafenib, FL concentrations remained <500 pg/mL. 
In one patient receiving 5-azacitidine FL concentrations 
remained <100 pg/mL throughout the therapy. Thus, if there 
is residual leukemia as opposed to an aplastic bone marrow 
after chemotherapy then FL concentration does not rise 
dramatically in patients on targeted agents. 

Conclusions and future directions

In summary, a deeper scientific understanding of AML 
and FLT3 mutation has led to the development of multiple 
novel therapeutic agents for this patient population. These 
are summarized on Table 1. With improved technology and 
molecular targeted agents, this translation of science into 
applied therapeutics should continue to move forward at a 
very rapid pace. It is foreseeable that more agents with novel 
mechanisms of action and targeting different pathways will 
be studied for leukemia therapy.
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