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Abstract

Patients with acute myeloid leukemia who harbor an FMS-like tyrosine kinase 3 (FLT3) mutation 

present several dilemmas for the clinician. The results of an FLT3 mutation test, which can be 

influenced by several variables, need to be interpreted according to the clinical setting and there is 

a need for internationally standardized FLT3 mutation assays. Because of the lack of prospective 

studies, the role of allogeneic transplantation as consolidation therapy is still somewhat 

controversial, but the preponderance of evidence suggests that transplantation in first remission, if 

possible, is probably the best option. Clinically useful FLT3 inhibitors are hopefully on the near 

horizon and are being studied in the context of current treatment paradigms.

Introduction

More than for almost any other malignancy, therapy for patients with acute myeloid 

leukemia (AML) is guided as much by the molecular and cytogenetic profile as it is by the 

patient profile.1 Mutations in the FMS-like tyrosine kinase 3 (FLT3) gene represent one of 

the most frequently encountered, and clinically challenging, class of AML mutations.2 

Although approximately 30% of AML patients harbor some form of FLT3 mutation, the 

clinical significance one of these genetic lesions in any given patient varies according to the 

nature of the mutation and the context in which it occurs. In general, FLT3 mutations can be 

divided into 2 categories: (1) internal tandem duplications (FLT3/ITD mutations) in or near 

the juxtamembrane domain of the receptor and (2) point mutations resulting in single amino 

acid substitutions occurring within the activation loop of the tyrosine kinase domain 

(FLT3/TKD mutations). The incidence of FLT3/ITD mutations (Table 1) varies according to 

age and clinical risk group, being less common in pediatric AML and in AML arising from 

an antecedent myelodys-plastic syndrome.3–17 There is less of a clear pattern with 

FLT3/TKD mutations, which are reported to occur in approximately 7% of patients, 

although they seem to be more common in cytogenetically favorable risk AML.7,18–21

FLT3/ITD mutations (which occur in approximately a quarter of newly diagnosed adult 

cases) invariably present the greatest clinical challenge. Typically, patients with FLT3/ITD 
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AML, particularly those with normal or intermediate risk karyotype, present with a very 

large disease burden manifesting as leukocytosis and a packed BM. In adults under age 60 to 

65 years with non-M3 FLT3/ITD AML, remission can be achieved with conventional 

induction therapy with a frequency similar to other AML patients, but remission durations 

are shorter and relapse rates are higher. Once relapsed, the disease is rapidly fatal. 

FLT3/TKD mutations are less common (~ 7%) and do not have a characteristic clinical 

signature.18,19 Although their prognostic impact is much less evident than the FLT3/ITD 

mutations, they may ultimately prove to be very significant clinically because they represent 

an important mechanism of resistance to FLT3 tyrosine kinase inhibitors (TKIs).22 Both 

classes of FLT3 mutations constitutively activate the receptor, but the mechanism of 

activation is different for each, which probably accounts for the biological differences 

observed between the 2 classes. FLT3/ITD mutations are in-frame duplications that 

invariably involve the juxtamembrane domain, a domain that exerts a negative regulatory 

function over the kinase activity.23 The autoregulatory function of the juxtamembrane 

region is a common structural motif of receptor tyrosine kinases and, whereas the kinase 

domain itself remains intact, signaling is constitutive and aberrant, possibly because of the 

addition of duplicated tyrosine residues.24 The duplicated portion in most cases 

encompasses residue arginine 595, but can extend well into the kinase domain.25 In the 

examples of these longer insertions, the duplicated sequence actually starts within the kinase 

domain and may well result in an even worse prognosis than shorter insertions.26 In contrast, 

FLT3/TKD mutations occur at or near the active site, most commonly at aspartate 835 

(structurally analogous to the commonly mutated aspartate 816 residue in c-KIT) but also at 

aspartate 842 or isoleucine 836.18 Several different amino acid substitutions have been 

identified and there are structural data from related receptors to suggest that these mutations 

have a very different mechanism of receptor activation compared with the FLT3/ITD 

mutations, perhaps accounting for the differences in biologic and clinical effect.27

Recently emerging data from whole-genome sequencing studies of patient specimens 

indicates that, at diagnosis, AML is polyclonal, but a dominant clone tends to emerge at 

relapse.28 An FLT3/ITD-containing subclone, therefore, potentially represents only one 

clone amongst several. In most cases, the clone or clones that emerge at relapse continue to 

harbor the FLT3/ITD mutation and, moreover, the leukemia cells appear to be more “FLT3 

addicted” with regard to in vitro response to FLT3 inhibition.29,30 Occasionally, an 

FLT3/ITD mutation detected at diagnosis is undetectable at the time of relapse, indicating 

that the clone was either eliminated by chemotherapy or simply failed to re-expand from the 

pool of persisting leukemia stem cells.

Clinical dilemmas in the management of FLT3-mutated AML

Currently, the clinical dilemmas that face a practitioner treating an AML patient with an 

FLT3 mutation center around the interpretation of FLT3 mutation test results and around the 

decisions on the best induction and consolidation therapy. In addition, FLT3 TKIs are under 

active clinical investigation and whereas there are some data supporting off-label use of 

TKIs for FLT3/ITD AML, the American Society of Hematology decision to refer a patient 

for a trial of such agents, or to use these drugs off-label, represents yet another dilemma.
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FLT3 mutation testing

PCR assays for FLT3 mutations—Clinically validated FLT3 mutation testing is 

performed with a PCR-based assay of genomic DNA isolated from a sample of the patient’s 

leukemia cells. The most commonly used assay, which is available in commercial 

laboratories and in the certified laboratories of several tertiary care centers, uses genomic 

DNA prepared from whole blood or BM. The number of blasts within the sample tested is 

crucial because samples diluted with nonmalignant hematopoietic elements will lower the 

sensitivity of the assay. The most common assay method used is that reported by Murphy et 

al, which is actually a duplex assay testing for both types of FLT3 mutations in the same 

tube: PCR primers (labeled with a fluorochrome) flanking the juxtamembrane coding 

sequence amplify FLT3/ITD mutations, whereas a second set of primers amplify the kinase 

domain sequence in the same reaction tube.31 The amplified fragments are separated using 

capillary gel electrophoresis and the fluorochrome signals are analyzed using a software 

program such as GeneScan. An EcoRV digestion of the PCR products will cleave the kinase 

domain fragment unless a TKD mutation at D835 (or I836) is present. It is important to note 

that neither PCR product is sequenced; the assay simply determines whether an FLT3/TKD 

mutation is present or, in the case of FLT3/ITD mutations, the length of the insertion. 

Because the prognostic effect of FLT3/TKD mutations remains unresolved, some 

laboratories only assay for FLT3/ITD mutations.

Limitations of the FLT3/ITD mutation assay—A major limitation of most PCR assays 

for FLT3/ITD mutations is their relative lack of sensitivity, at least compared with PCR 

assays for other AML-associated lesions such as AML-ETO. Gene fusions such as AML-

ETO or BCR-ABL generate a unique sequence highly amenable to amplification over 

background. The sensitivity of these assays is simply a function of the amount of sample 

DNA and the number of PCR cycles. In the FLT3/ITD assay, however, increasing the 

number of cycles will not increase the sensitivity because the PCR primers used to amplify 

the mutant allele also amplify the wild-type allele. This would not be a problem if both 

mutant and wild-type alleles were amplified equally, but in this assay, the shorter wild-type 

allele has a competitive advantage. In a reaction using a typical patient specimen that is 

heterozygous for an FLT3/ITD mutation, the fragments generated in the PCR reaction 

consist of the 330-bp wild-type fragment and the longer mutant fragment, the length of 

which is increased over the wild-type length due to the inserted sequence. The increased 

length of the mutant sequence translates into a longer time required to complete a PCR 

cycle, which leads to the wild-type allele being amplified at a more rapid rate than the 

mutant allele. The result of this wild-type “PCR bias” is that even in a pure 1:1 mixture of 

mutant and wild-type templates, the mutant-to-wild-type allelic ratio will be less than 1 (ie, 

the wild-type allele is overrepresented). The longer the insertion is, the greater the PCR bias. 

For example, an insertion of 120 bp will artificially lower the ratio to a greater degree than a 

30-bp insertion. This bias can be minimized using fewer cycles of PCR (eg, 25–27), but this 

could affect sensitivity when there is a low burden of leukemia cells in the sample.7

FLT3/ITD mutation length—A few studies have examined the impact of the length of 

mutation on clinical outcome. The median length of a mutation in these studies ranged from 

39 to 54 bp, and longer mutations are usually (but not always) found to be associated with 
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reduced remission rate and/or worse overall survival.26,32 The structural consequence of a 

long duplication of a sequence beginning at or around the codon for arginine 595 is that the 

actual duplicated sequence starts within the kinase domain rather than within the 

juxtamembrane domain.26

Allelic ratio—For FLT3/ITD mutations, the allelic ratio refers to the number of ITD-

mutated alleles compared with the number of wild-type allele. This ratio is not only 

influenced by the amount of malignant versus nonmalignant cells in the sample tested, but 

also by the percentages of cells with 0, 1, or 2 mutated alleles. AML is a polyclonal disease 

at presentation28 and, whereas in most cases, the dominant cell in a diagnostic sample is 

heterozygous for the mutation, subpopulations within the sample can lack the mutation 

altogether or be biallelic (uniparental disomy).33 Still other cells can be hemizygous for the 

mutant allele34 either through outright loss of the chromosome 13 containing the wild-type 

allele (which is identifiable using conventional cytogenetic analysis) or through a smaller 

deletion of the wild-type (detectable using a single-nucleotide polymorphism array).

As FLT3/AML evolves from diagnosis to relapse, the mutant to wild-type allelic burden 

also typically evolves.29,35 Occasionally, the mutation is completely absent (or at least 

undetectable) at relapse. This typically is seen in cases in which the mutant allelic burden is 

low (eg, 5%-15%) at diagnosis. This phenomenon, coupled with the overall lack of 

sensitivity of the assay, is why FLT3/ITD mutations have been regarded as unsuitable for 

use as a marker of minimal residual disease. In most cases, however, the mutation originally 

detected at diagnosis is also present at relapse, and often at an even higher allelic ratio than 

at diagnosis. Several studies in which FLT3/ITD mutation testing was performed on banked 

specimens from clinical trials have concluded that higher mutant to wild-type allelic ratio is 

predictive of worse outcomes, with the worst scenario of all being loss of the wild-type 

allele altogether.7,34 The negative prognostic impact of a high mutant allelic burden hold 

true even in studies that have modified the assay to account for the PCR bias from mutation 

length.7,36 In the context of the polyclonal nature of AML at diagnosis, the allelic ratio is to 

some degree a reflection of the clonal burden of the FLT3/ITD-mutated cells within the 

leukemia cell population. As AML evolves from diagnosis to relapse and a dominant clone 

emerges, the allelic ratio tends to rise.

Interaction with other genetic lesions—The prognostic impact of an FLT3 mutation 

must be interpreted according to its genetic context. FLT3/TKD mutations, for example, 

seem to occur more frequently in cases with INV,16 although the prognostic impact is 

uncertain.20,21 Although FLT3/TKD mutations seem to have little impact in any context, the 

impact of FLT3/ITD mutations can vary considerably in different settings. FLT3/ITD 

mutations are common in acute promyelocytic leukemia (APL) and although they are 

associated with leukocytosis (and possibly increased early mortality), their overall impact is 

minimal in this subtype.37 They occur at a relative low frequency with almost any other 

cytogenetic abnormality, except t(6;9),7 but their prognostic impact in most situations is 

negative. FLT3/ITD mutations are most common in cytogenetically normal AML and 

typically co-occur with either an NPM1 mutation or a DNMT3a mutation.38,39 

Retrospective studies of banked clinical samples suggest that the presence of an NPM1 

Levis Page 4

Hematology Am Soc Hematol Educ Program. Author manuscript; available in PMC 2016 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mutation may mitigate the negative prognostic effect of an FLT3/ITD mutation, but possibly 

only if the FLT3/ITD allelic ratio is low.36,38

Conclusions about FLT3 mutation testing—To summarize, FLT3/ITD mutation 

testing should be performed in all AML patients at diagnosis for prognostic purposes and for 

guiding therapeutic decisions, but currently has little utility for minimal residual disease 

monitoring. It is relatively insensitive compared with other PCR assays and the results are 

dependent upon the blast percentage assayed and (depending on the number of PCR cycles 

used) on the length of the insertion. FLT3/ITD mutations are common in AML and, apart 

from APL, they usually have a pronounced negative impact on clinical outcomes at all 

stages of the disease. The clinician may be tempted to declare a patient intermediate risk 

when the mutant-to-wild-type allelic ratio is low (and when there is a coexisting NPM1 

mutation), but such a classification should take PCR methodology into account. A safer 

default at this time, therefore, is still probably to classify all non-APL FLT3/ITD cases as 

generally poor risk and tailor therapy accordingly. The variations in results from different 

FLT3/ITD mutation testing methods argue for the development of an international standard 

to avoid some of the problems encountered with other oncogene testing (such as for BCR-

ABL). This will be particularly important as targeted therapies against FLT3 are 

investigated.

FLT3/ITD AML: how to treat?

A relapse waiting to happen—Newly diagnosed FLT3/ITD AML patients in the age 

range of 18 to 65 years receiving intensive cytarabine-based induction therapy generally 

achieve remission at or near the same rate as other AML patients. The exception to this rule 

comes from those patients presenting with a high allelic burden or who are hemizygous for 

the mutation: these patients are often refractory to induction.34 Regardless, a propensity to 

relapse—and relapse quickly—is the salient feature of FLT3/ITD AML patients in first 

remission. Their median time to relapse is 6 to 7 months compared with 9 to 11 months for 

patients with other AML subtypes. FLT3/ITD AML at relapse is an extremely dire situation. 

Although survival for AML patients in first relapse is generally poor, those with an 

FLT3/ITD mutation can be distinguished as having the shortest survival of any of them.40,41 

This is presumably a reflection of the fact that the salvage rate for FLT3/ITD AML in first 

relapse is lower than in nonmutated cases (22% vs 64% in one study41), and is probably also 

due to the generally aggressive, proliferative nature of the disease. In one trial of FLT3-

mutated patients in first relapse treated with conventional salvage chemotherapy (high-dose 

cytarabine or mitoxantrone/etoposide/cytarabine), only 11% of patients with a first 

remission duration of 6 months or less achieved a second remission.42

Role of allogeneic transplantation—These dire statistics starkly frame the dilemma 

facing a clinician deciding on a consolidation therapy for an FLT3/ITD AML patient in first 

remission: to transplant or not to transplant? For FLT3/ITD AML, the role of allogeneic 

transplantation as consolidation therapy has been a controversial issue.43 In most studies of 

AML patients, allogeneic transplantation confers a lower relapse risk compared with 

conventional chemotherapy. Given that relapse risk is a central feature of FLT3/ITD AML, 

allogeneic transplantation would seem the logical consolidation choice if not for the fact that 
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transplantation is typically associated with at least a 20% treatment-related mortality risk. 

Although there have as yet been no prospective studies to specifically address the role of 

allogeneic transplantation in FLT3/ITD AML, several retrospective analyses have been 

performed and a coherent picture is emerging.

Gale et al first reported the results of an analysis of 2 clinical trial populations in the United 

Kingdom in which patients were segregated into donor and no-donor groups and 

retrospective testing for FLT3/ITD mutation was performed.44 They were unable to 

establish evidence of benefit for allogeneic transplantation for these patients, but were 

careful to note that this did not constitute evidence of a lack of benefit. The limitations of the 

study were that only 35 of 68 FLT3/ITD AML patients with a donor actually underwent 

transplantation in first remission, and the treatment-related mortality for these patients was 

40%. In a study of AML patients with normal karyotype from 4 clinical trial populations in 

the German-Austrian Acute Myeloid Leukemia Study Group, the investigators concluded 

that the only patients who did not benefit from allogeneic transplantation as consolidation 

were those with NPM1 mutations or CEBPA mutations who lacked an FLT3/ITD 

mutation.45 The conclusion by inference, therefore, was that patients with FLT3/ITD AML 

should receive transplantation. Several other smaller studies since published have also 

concluded that allogeneic transplantation conferred a benefit over chemotherapy for 

FLT3/ITD AML patients (Table 2).43,46–48 Finally, a recent study of cases registered in the 

European Group for Blood and Marrow Transplantation (EBMT) compared outcomes for 

120 FLT3/ITD AML patients undergoing a myeloab-lative allogeneic transplantation in first 

remission versus 86 cases lacking the mutation.49 The conclusion of this study is probably 

consistent with what can be drawn from the other studies: patients with an FLT3/ITD 

mutation who undergo transplantation in first remission probably have a better outcome than 

FLT3/ITD AML patients treated with conventional consolidation chemotherapy, but still 

have a higher relapse risk than transplanted patients lacking the mutation.

Despite the lack of prospective studies, the clinician must still decide on a course of action. 

The available data currently support the conclusion that an FLT3/ITD AML patient in first 

remission should be offered an allogeneic transplantation as consolidation, assuming that a 

donor can be found and that the patient is an acceptable candidate for the procedure (in 

terms of age and comorbidities). Given the rapidity with which these patients relapse, it 

seems prudent to initiate HLA typing and a donor search immediately upon identifying an 

AML patient as having an FLT3/ITD mutation.50,51 At this time, there are no reliable data 

available regarding the relative benefits of myeloablative versus reduced-intensity 

conditioning for these patients.

Elderly patients—Although the maximum age for allogeneic transplantation continues to 

rise with the use of reduced-intensity conditioning, AML remains a disease most often 

encountered in the elderly. Therefore, there remains a significant fraction of FLT3/ITD 

AML patients ineligible for transplantation because of their age. Such patients are often 

unsuitable for intensive induction therapy and referral to a clinical trial, if possible, is 

recommended. FLT3 inhibitors have been under active investigation for several years now, 

either administered as single-agent therapy or in combination with other agents.52 The 

hypomethylating agents (azacitidine and deoxy-5-azacitidine) have shown activity in newly 
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diagnosed elderly AML patients.53,54 A recent trial in which azacitidine was combined with 

the tyrosine kinase inhibitor sorafenib (which has activity as a single agent in FLT3/ITD 

AML) showed promising results,55 and other trials of hypomethylating agents combined 

with FLT3 inhibitors are under way.

FLT3 inhibitors

Small-molecule FLT3 TKIs have been studied for the past decade, but as yet no agent has 

been specifically approved for this use. Multitargeted TKIs or TKIs developed for use 

against other kinase targets have been tested in trials for FLT3/ITD AML, but the consistent 

theme emerging from these studies has been one of incomplete in vivo FLT3 inhibition.56 

Profound, sustained inhibition of FLT3 activity is necessary to induce a cytoxic effect,57 and 

most of the agents studied have many off-target effects at the doses necessary for complete 

FLT3 inhibition. Because of the relative lack of in vivo potency of these older agents, 

clearance of BM blasts is rarely achieved with them as single agents, so they have been and 

continue to be studied in combination with conventional chemotherapy.5842,59 Two phase 3 

trials of such agents given in combination with induction chemotherapy (lestaurtinib and 

midostaurin) in newly diagnosed FLT3/ITD AML patients have recently completed accrual, 

although final results are not yet available.

An important newcomer to the otherwise crowded field of FLT3 inhibitors is quizartinib, 

which is considerably more potent than any other agent and has the requisite selectivity to be 

tolerable at doses that completely inhibit FLT3 in vivo.60,61 In a phase 2 trial including a 

total of 191 relapsed/refractory FLT3/ITD AML patients, 2 cohorts were treated with 

quizartinib as single-agent therapy.62,63 The first cohort consisted of 92 mostly older 

patients (median age 69 years) who were relapsed or refractory to a single line of therapy. 

The second cohort consisted of 99 somewhat younger patients (median age 55 years) who 

had relapsed or were refractory after 2 lines of therapy. Responses to quizartinib consisted of 

clearance of peripheral blood blasts and reduction of BM blasts, often to < 5%. Because 

most patients remained platelet and red cell transfusion dependent, the responses were not 

considered classic working group remissions but, rather, complete remission with 

incomplete count recovery (although a few bona fide complete remissions were achieved). 

The composite remission rate was 51% (98/191). Correlative data from this trial indicated 

that responses were associated with rapid apoptosis of circulating blasts coupled with the 

induction of terminal differentiation of BM blasts over the course of a few weeks.64 The 

dramatic reduction in BM blast count induced by this drug without systemic toxicity allowed 

47/136 (35%) cohort 2 patients to undergo allogeneic transplantation, resulting in a 

significant number of long-term survivors from this very poor-risk group.

Another significant finding that emerged from this trial was that patients achieving a 

response to quizartinib often developed resistance-conferring point mutations, most 

commonly at D835 and less frequently at a “gatekeeper” residue, phenylalanine 691 

(F691).22 Although this result provided further biologic evidence that FLT3/ITD mutations 

were true drivers of this disease, it obviously was very problematic clinically and has 

spurred development of new TKIs with activity against these new mutants.
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If an FLT3 inhibitor were ever to be approved, how should it be used? Trials of these agents 

have enrolled primarily relapsed or refractory patients only. However, FLT3/ITD AML cells 

from newly diagnosed patients do not seem to be “addicted” to FLT3 signaling, at least not 

in vitro.30 This may relate to the polyclonal nature of the disease when it first presents.28,33 

Therefore, a selective FLT3 inhibitor would be predicted to affect only a subset of the 

leukemia at diagnosis and therefore would have little use as a single agent in this setting. 

However, it could be used to suppress the relapse of the FLT3/ITD clone once remission is 

achieved or to help a high-allelic-ratio patient achieve remission when they would otherwise 

not. A paradigm for the use of such an agent in FLT3/ITD AML might be derived from the 

approach used with BCR-ABL inhibitors in the treatment of Philadelphia chromosome–

positive acute lymphoblastic leukemia. The TKI could be added to the induction 

chemotherapy to maximize the remission rate and to maintain the remission long enough to 

allow the patient to be taken to allogeneic transplantation. After the transplantation, the TKI 

could be used as maintenance therapy.

Off-label use of FLT3 inhibitors

Three multitargeted TKIs currently approved for other malignancies have in vitro activity 

against FLT3: sunitinib, sorafenib, and ponatinib.65–67 Sorafenib has been reported to have 

clinical activity in relapsed FLT3/ITD AML, particularly when relapse occurs after 

allogeneic transplantation.68,69 Although these reports do not constitute clinical trial 

evidence of efficacy, they reflect a growing consensus in the community that such agents 

offer meaningful benefit to a patient population that lacks any effective approved therapies. 

Nonetheless, it is strongly recommended that, whenever possible, patients with relapsed/

refractory FLT3/ITD AML be referred for enrollment one of the numerous ongoing clinical 

trials of FLT3 inhibitors (Table 3). Regulatory approval of one or more of these agents will 

require the completion of large, well-designed pivotal studies.

Conclusions

Optimal management of an AML patient with an FLT3 mutation requires an understanding 

of the nature of the FLT3 mutation test and of the prognostic impact of the mutations in the 

context of other genetic lesions and a strong argument could be made that the assay for both 

types of mutations should probably be standardized internationally. FLT3/ITD AML is a 

distinct and important subgroup of AML with fairly predictable clinical features. At the 

present time, allogeneic transplantation seems to be the best option for consolidating 

younger patients, whereas elderly patients unfit for intensive therapy should be referred for 

clinical trials whenever possible. The hope is that the incorporation of FLT3 TKIs into this 

treatment paradigm will lead to a significant improvement in the prognosis for all of these 

patients.

References

1. Dohner H, Estey EH, Amadori S, et al. Diagnosis and management of acute myeloid leukemia in 
adults: recommendations from an international expert panel, on behalf of the European 
LeukemiaNet. Blood. 2010; 115(3):453–474. [PubMed: 19880497] 

2. Levis M, Small D. FLT3: ITDoes matter in leukemia. Leukemia. 2003; 17(9):1738–1752. [PubMed: 
12970773] 

Levis Page 8

Hematology Am Soc Hematol Educ Program. Author manuscript; available in PMC 2016 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. Kiyoi H, Naoe T, Nakano Y, et al. Prognostic implication of FLT3 and N-RAS gene mutations in 
acute myeloid leukemia. Blood. 1999; 93(9):3074–3080. [PubMed: 10216104] 

4. Kottaridis PD, Gale RE, Frew ME, et al. The presence of a FLT3 internal tandem duplication in 
patients with acute myeloid leukemia (AML) adds important prognostic information to cytogenetic 
risk group and response to the first cycle of chemotherapy: analysis of 854 patients from the United 
Kingdom Medical Research Council AML 10 and 12 trials. Blood. 2001; 98(6):1752–1759. 
[PubMed: 11535508] 

5. Frohling S, Schlenk RF, Breitruck J, et al. Prognostic significance of activating FLT3 mutations in 
younger adults (16 to 60 years) with acute myeloid leukemia and normal cytogenetics: a study of 
the AML Study Group Ulm. Blood. 2002; 100(13):4372–4380. [PubMed: 12393388] 

6. Schnittger S, Schoch C, Dugas M, et al. Analysis of FLT3 length mutations in 1003 patients with 
acute myeloid leukemia: correlation to cytogenetics, FAB subtype, and prognosis in the AMLCG 
study and usefulness as a marker for the detection of minimal residual disease. Blood. 2002; 100(1):
59–66. [PubMed: 12070009] 

7. Thiede C, Steudel C, Mohr B, et al. Analysis of FLT3-activating mutations in 979 patients with 
acute myelogenous leukemia: association with FAB subtypes and identification of subgroups with 
poor prognosis. Blood. 2002; 99(12):4326–4335. [PubMed: 12036858] 

8. Scholl S, Theuer C, Scheble V, et al. Clinical impact of nucleophosmin mutations and Flt3 internal 
tandem duplications in patients older than 60 yr with acute myeloid leukaemia. Eur J Haematol. 
2008; 80(3):208–215. [PubMed: 18081718] 

9. Stirewalt DL, Kopecky KJ, Meshinchi S, et al. FLT3, RAS, and TP53 mutations in elderly patients 
with acute myeloid leukemia. Blood. 2001; 97(11):3589–3595. [PubMed: 11369655] 

10. Rombouts WJ, Blokland I, Lowenberg B, Ploemacher RE. Biological characteristics and prognosis 
of adult acute myeloid leukemia with internal tandem duplications in the Flt3 gene. Leukemia. 
2000; 14(4):675–683. [PubMed: 10764154] 

11. Iwai T, Yokota S, Nakao M, et al. Internal tandem duplication of the FLT3 gene and clinical 
evaluation in childhood acute myeloid leukemia. The Children’s Cancer and Leukemia Study 
Group, Japan. Leukemia. 1999; 13(1):38–43. [PubMed: 10049058] 

12. Xu F, Taki T, Yang HW, et al. Tandem duplication of the FLT3 gene is found in acute 
lymphoblastic leukaemia as well as acute myeloid leukaemia but not in myelodysplastic syndrome 
or juvenile chronic myelogenous leukaemia in children. Br J Haematol. 1999; 105(1):155–162. 
[PubMed: 10233379] 

13. Kondo M, Horibe K, Takahashi Y, et al. Prognostic value of internal tandem duplication of the 
FLT3 gene in childhood acute myelogenous leukemia. Med Pediatr Oncol. 1999; 33(6):525–529. 
[PubMed: 10573574] 

14. Meshinchi S, Woods WG, Stirewalt DL, et al. Prevalence and prognostic significance of Flt3 
internal tandem duplication in pediatric acute myeloid leukemia. Blood. 2001; 97(1):89–94. 
[PubMed: 11133746] 

15. Liang DC, Shih LY, Hung IJ, et al. Clinical relevance of internal tandem duplication of the FLT3 
gene in childhood acute myeloid leukemia. Cancer. 2002; 94(12):3292–3298. [PubMed: 
12115363] 

16. Horiike S, Yokota S, Nakao M, et al. Tandem duplications of the FLT3 receptor gene are 
associated with leukemic transformation of myelodysplasia. Leukemia. 1997; 11(9):1442–1446. 
[PubMed: 9305595] 

17. Dicker F, Haferlach C, Sundermann J, et al. Mutation analysis for RUNX1, MLL-PTD, FLT3-ITD, 
NPM1 and NRAS in 269 patients with MDS or secondary AML. Leukemia. 2010; 24(8):1528–
1532. [PubMed: 20520634] 

18. Yamamoto Y, Kiyoi H, Nakano Y, et al. Activating mutation of D835 within the activation loop of 
FLT3 in human hematologic malignancies. Blood. 2001; 97(8):2434–2439. [PubMed: 11290608] 

19. Abu-Duhier FM, Goodeve AC, Wilson GA, Care RS, Peake IR, Reilly JT. Identification of novel 
FLT-3 Asp835 mutations in adult acute myeloid leukaemia. Br J Haematol. 2001; 113(4):983–
988. [PubMed: 11442493] 

20. Mead AJ, Linch DC, Hills RK, Wheatley K, Burnett AK, Gale RE. FLT3 tyrosine kinase domain 
mutations are biologically distinct from and have a significantly more favorable prognosis than 

Levis Page 9

Hematology Am Soc Hematol Educ Program. Author manuscript; available in PMC 2016 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FLT3 internal tandem duplications in patients with acute myeloid leukemia. Blood. 2007; 110(4):
1262–1270. [PubMed: 17456725] 

21. Kok CH, Brown AL, Perugini M, Iarossi DG, Lewis ID, D’Andrea RJ. The preferential occurrence 
of FLT3-TKD mutations in inv(16) AML and impact on survival outcome: a combined analysis of 
1053 core-binding factor AML patients. Br J Haematol. 2013; 160(4):557–559. [PubMed: 
23190472] 

22. Smith CC, Wang Q, Chin CS, et al. Validation of ITD mutations in FLT3 as a therapeutic target in 
human acute myeloid leukaemia. Nature. 2012; 485(7397):260–263. [PubMed: 22504184] 

23. Griffith J, Black J, Faerman C, et al. The structural basis for autoinhibition of FLT3 by the 
juxtamembrane domain. Mol Cell. 2004; 13(2):169–178. [PubMed: 14759363] 

24. Rocnik JL, Okabe R, Yu JC, et al. Roles of tyrosine 589 and 591 in STAT5 activation and 
transformation mediated by FLT3-ITD. Blood. 2006; 108(4):1339–1345. [PubMed: 16627759] 

25. Vempati S, Reindl C, Kaza SK, et al. Arginine 595 is duplicated in patients with acute leukemias 
carrying internal tandem duplications of FLT3 and modulates its transforming potential. Blood. 
2007; 110(2):686–694. [PubMed: 17387224] 

26. Breitenbuecher F, Schnittger S, Grundler R, et al. Identification of a novel type of ITD mutations 
located in nonjuxtamembrane domains of the FLT3 tyrosine kinase receptor. Blood. 2009; 
113(17):4074–4077. [PubMed: 18483393] 

27. Laine E, Chauvot de Beauchene I, Perahia D, Auclair C, Tchertanov L. Mutation D816V alters the 
internal structure and dynamics of c-KIT receptor cytoplasmic region: implications for 
dimerization and activation mechanisms. PLoS Comput Biol. 2011; 7(6):e1002068. [PubMed: 
21698178] 

28. Welch JS, Ley TJ, Link DC, et al. The origin and evolution of mutations in acute myeloid 
leukemia. Cell. 2012; 150(2):264–278. [PubMed: 22817890] 

29. Shih LY, Huang CF, Wu JH, et al. Internal tandem duplication of FLT3 in relapsed acute myeloid 
leukemia: a comparative analysis of bone marrow samples from 108 adult patients at diagnosis and 
relapse. Blood. 2002; 100(7):2387–2392. [PubMed: 12239146] 

30. Pratz KW, Sato T, Murphy KM, Stine A, Rajkhowa T, Levis M. FLT3-mutant allelic burden and 
clinical status are predictive of response to FLT3 inhibitors in AML. Blood. 2010; 115(7):1425–
1432. [PubMed: 20007803] 

31. Murphy KM, Levis M, Hafez MJ, et al. Detection of FLT3 internal tandem duplication and D835 
mutations by a multiplex polymerase chain reaction and capillary electrophoresis assay. J Mol 
Diagn. 2003; 5(2):96–102. [PubMed: 12707374] 

32. Meshinchi S, Stirewalt DL, Alonzo TA, et al. Structural and numerical variation of FLT3/ITD in 
pediatric AML. Blood. 2008; 111(10):4930–4933. [PubMed: 18305215] 

33. Green C, Linch DC, Gale RE. Most acute myeloid leukaemia patients with intermediate mutant 
FLT3/ITD levels do not have detectable bi-allelic disease, indicating that heterozygous disease 
alone is associated with an adverse outcome. Br J Haematol. 2008; 142(3):423–426. [PubMed: 
18537976] 

34. Whitman SP, Archer KJ, Feng L, et al. Absence of the wild-type allele predicts poor prognosis in 
adult de novo acute myeloid leukemia with normal cytogenetics and the internal tandem 
duplication of FLT3: a cancer and leukemia group B study. Cancer Res. 2001; 61(19):7233–7239. 
[PubMed: 11585760] 

35. Kottaridis PD, Gale RE, Langabeer SE, Frew ME, Bowen DT, Linch DC. Studies of FLT3 
mutations in paired presentation and relapse samples from patients with acute myeloid leukemia: 
implications for the role of FLT3 mutations in leukemogenesis, minimal residual disease detection, 
and possible therapy with FLT3 inhibitors. Blood. 2002; 100(7):2393–2398. [PubMed: 12239147] 

36. Pratcorona M, Brunet S, Nomdedeu J, et al. Favorable outcome of patients with acute myeloid 
leukemia harboring a low-allelic burden FLT3-ITD mutation and concomitant NPM1 mutation: 
relevance to post-remission therapy. Blood. 2013; 121(14):2734–2738. [PubMed: 23377436] 

37. Barragan E, Montesinos P, Camos M, et al. Prognostic value of FLT3 mutations in patients with 
acute promyelocytic leukemia treated with all-trans retinoic acid and anthracycline monoche-
motherapy. Haematologica. 2011; 96(10):1470–1477. [PubMed: 21685470] 

Levis Page 10

Hematology Am Soc Hematol Educ Program. Author manuscript; available in PMC 2016 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



38. Gale RE, Green C, Allen C, et al. The impact of FLT3 internal tandem duplication mutant level, 
number, size, and interaction with NPM1 mutations in a large cohort of young adult patients with 
acute myeloid leukemia. Blood. 2008; 111(5):2776–2784. [PubMed: 17957027] 

39. Patel JP, Gonen M, Figueroa ME, et al. Prognostic relevance of integrated genetic profiling in 
acute myeloid leukemia. N Engl J Med. 2012; 366(12):1079–1089. [PubMed: 22417203] 

40. Chevallier P, Labopin M, Turlure P, et al. A new Leukemia Prognostic Scoring System for 
refractory/relapsed adult acute myelogeneous leukaemia patients: a GOELAMS study. Leukemia. 
2011; 25(6):939–944. [PubMed: 21331073] 

41. Wagner K, Damm F, Thol F, et al. FLT3-internal tandem duplication and age are the major 
prognostic factors in patients with relapsed acute myeloid leukemia with normal karyotype. 
Haematologica. 2011; 96(5):681–686. [PubMed: 21242187] 

42. Levis M, Ravandi F, Wang ES, et al. Results from a randomized trial of salvage chemotherapy 
followed by lestaurtinib for patients with FLT3 mutant AML in first relapse. Blood. 2011; 
117(12):3294–3301. [PubMed: 21270442] 

43. Bornhauser M, Illmer T, Schaich M, Soucek S, Ehninger G, Thiede C. Improved outcome after 
stem-cell transplantation in FLT3/ITD-positive AML. Blood. 2007; 109(5):2264–2265. author 
reply 2265. [PubMed: 17312001] 

44. Gale RE, Hills R, Kottaridis PD, et al. No evidence that FLT3 status should be considered as an 
indicator for transplantation in acute myeloid leukemia (AML): an analysis of 1135 patients, 
excluding acute promyelocytic leukemia, from the UK MRC AML10 and 12 trials. Blood. 2005; 
106(10):3658–3665. [PubMed: 16076872] 

45. Schlenk RF, Dohner K, Krauter J, et al. Mutations and treatment outcome in cytogenetically 
normal acute myeloid leukemia. N Engl J Med. 2008; 358(18):1909–1918. [PubMed: 18450602] 

46. Dezern AE, Sung A, Kim S, et al. Role of Allogeneic Transplantation for FLT3/ITD Acute 
Myeloid Leukemia: Outcomes from 133 Consecutive Newly Diagnosed Patients from a Single 
Institution. Biol Blood Marrow Transplant. 2011; 17(9):1404–1409. [PubMed: 21324374] 

47. Laboure G, Dulucq S, Labopin M, et al. Potent graft-versus-leukemia effect after reduced-intensity 
allogeneic SCT for intermediate-risk AML with FLT3-ITD or wild-type NPM1 and CEBPA 
without FLT3-ITD. Biol Blood Marrow Transplant. 2012; 18(12):1845–1850. [PubMed: 
22766221] 

48. Lin PH, Lin CC, Yang HI, et al. Prognostic impact of allogeneic hematopoietic stem cell 
transplantation for acute myeloid leukemia patients with internal tandem duplication of FLT3. 
Leuk Res. 2013; 37(3):287–292. [PubMed: 23276395] 

49. Brunet S, Labopin M, Esteve J, et al. Impact of FLT3 internal tandem duplication on the outcome 
of related and unrelated hematopoietic transplantation for adult acute myeloid leukemia in first 
remission: a retrospective analysis. J Clin Oncol. 2012; 30(7):735–741. [PubMed: 22291086] 

50. Levis M. FLT3/ITD AML and the law of unintended consequences. Blood. 2011; 117(26):6987–
6990. [PubMed: 21586749] 

51. Brunet S, Martino R, Sierra J. Hematopoietic transplantation for acute myeloid leukemia with 
internal tandem duplication of FLT3 gene (FLT3/ITD). Curr Opin Oncol. 2013; 25(2):195–204. 
[PubMed: 23385863] 

52. Kindler T, Lipka DB, Fischer T. FLT3 as a therapeutic target in AML: still challenging after all 
these years. Blood. 2010; 116(24):5089–5102. [PubMed: 20705759] 

53. Fenaux P, Mufti GJ, Hellstrom-Lindberg E, et al. Azacitidine prolongs overall survival compared 
with conventional care regimens in elderly patients with low bone marrow blast count acute 
myeloid leukemia. J Clin Oncol. 2010; 28(4):562–569. [PubMed: 20026804] 

54. Cashen AF, Schiller GJ, O’Donnell MR, DiPersio JF. Multi-center, phase II study of decitabine for 
the first-line treatment of older patients with acute myeloid leukemia. J Clin Oncol. 2010; 28(4):
556–561. [PubMed: 20026803] 

55. Ravandi F, Alattar ML, Grunwald MR, et al. Phase II study of azacytidine plus sorafenib in 
patients with acute myeloid leukemia and FLT-3 internal tandem duplication mutation. Blood. 
2013; 121(23):4655–4662. [PubMed: 23613521] 

56. Grunwald M, Levis M. FLT3 inhibitors for acute myeloid leukemia: a review of their efficacy and 
mechanisms of resistance. Int J Hematol. 2013; 97(6):683–694. [PubMed: 23613268] 

Levis Page 11

Hematology Am Soc Hematol Educ Program. Author manuscript; available in PMC 2016 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



57. Pratz KW, Cortes J, Roboz GJ, et al. A pharmacodynamic study of the FLT3 inhibitor KW-2449 
yields insight into the basis for clinical response. Blood. 2009; 113(17):3938–3946. [PubMed: 
19029442] 

58. Ravandi F, Cortes JE, Jones D, et al. Phase I/II study of combination therapy with sorafenib, 
idarubicin, and cytarabine in younger patients with acute myeloid leukemia. J Clin Oncol. 2010; 
28(11):1856–1862. [PubMed: 20212254] 

59. Stone RM, Fischer T, Paquette R, et al. Phase IB study of the FLT3 kinase inhibitor midostaurin 
with chemotherapy in younger newly diagnosed adult patients with acute myeloid leukemia. 
Leukemia. 2012; 26(9):2061–2068. [PubMed: 22627678] 

60. Zarrinkar PP, Gunawardane RN, Cramer MD, et al. AC220 is a uniquely potent and selective 
inhibitor of FLT3 for the treatment of acute myeloid leukemia (AML). Blood. 2009; 114(14):
2984–2992. [PubMed: 19654408] 

61. Cortes J, Kantarjian H, Foran J, et al. A phase 1 study of quizartinib (AC220) administered daily to 
patients with relapsed or refractory acute myeloid leukemia irrespective of FLT3-ITD status. J 
Clin Oncol. In press. 

62. Levis M, Perl A, Dombret H, et al. Final results of a phase 2 open-label, monotherapy efficacy and 
safety study of quizartinib (AC220) in patients with FLT3-ITD positive or negative relapsed/
refractory acute myeloid leukemia after second-line chemotherapy or hematopoietic stem cell 
transplantation [abstract]. Blood (ASH Annual Meeting Abstracts). 2012; 120(21):673.

63. Cortes J, Perl A, Dombret H, et al. Final results of a phase 2 open-label, monotherapy efficacy and 
safety study of quizartinib (AC220) in patients 60 years of age with FLT3 ITD positive or negative 
relapsed/refractory acute myeloid leukemia [abstract]. Blood (ASH Annual Meeting Abstracts). 
2012; 120:48.

64. Sexauer A, Perl A, Yang X, et al. Terminal myeloid differentiation in vivo is induced by FLT3 
inhibition in FLT3/ITD AML. Blood. 2012; 120(20):4205–4214. [PubMed: 23012328] 

65. O’Farrell AM, Foran JM, Fiedler W, et al. An innovative phase I clinical study demonstrates 
inhibition of FLT3 phosphorylation by SU11248 in acute myeloid leukemia patients. Clin Cancer 
Res. 2003; 9(15):5465–5476. [PubMed: 14654525] 

66. Zhang W, Konopleva M, Shi YX, et al. Mutant FLT3: a direct target of sorafenib in acute 
myelogenous leukemia. J Natl Cancer Inst. 2008; 100(3):184–198. [PubMed: 18230792] 

67. Shah NP, Talpaz M, Deininger MW, et al. Ponatinib in patients with refractory acute myeloid 
leukaemia: findings from a phase 1 study. Br J Haematol. 2013; 162(4):548–552. [PubMed: 
23691988] 

68. Metzelder SK, Schroeder T, Finck A, et al. High activity of sorafenib in FLT3-ITD-positive acute 
myeloid leukemia synergizes with allo-immune effects to induce sustained responses. Leukemia. 
2012; 26(11):2353–2359. [PubMed: 22504140] 

69. Man CH, Fung TK, Ho C, et al. Sorafenib treatment of FLT3-ITD+ acute myeloid leukemia: 
favorable initial outcome and mechanisms of subsequent non-responsiveness associated with a 
D835 mutation. Blood. 2012; 119(22):5133–5143. [PubMed: 22368270] 

Levis Page 12

Hematology Am Soc Hematol Educ Program. Author manuscript; available in PMC 2016 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Levis Page 13

Table 1

Incidence and prognostic impact of FLT3/ITD mutations in AML subgroups

AML subgroup Incidence Prognostic impact References

Age 18–65 y 23% Adverse 3–7

Age > 65 27% Unclear 8–10

Pediatric 13% Adverse 11–15

MDS/AML 15% Unclear 4–7, 10, 16, 17

Age 18–65 y, normal karyotype 34% Adverse 5–7

M3 AML/t(15;17) 36% None 4–7

MDS indicates myelodysplastic syndrome.
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Table 2

Published studies examining the role of allogeneic transplantation in first remission for patients with 

FLT3/ITD AML

Study Study Type Location N* Benefit for transplantation?†

Gale et al44 Multi-institutional United Kingdom 283 No

Bornhauser et al43 Multi-institutional Germany 175 Yes

Schlenk et al45 Multi-institutional Germany/Austria 164 Yes

Dezern et al46 Single institution USA 31 Yes

Laboure et al47 Single institution France 24 Yes

Lin et al48 Single institution Taiwan 34 Yes

Brunet et al49 Multi-institutional International 120 Yes

All of these studies are retrospective analyses.

*
Number of patients in the study with a FLT3/ITD mutation.

†
Whether the authors of the indicated study concluded that transplantation in first remission was beneficial specifically for patients with a 

FLT3/ITD mutation.
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Table 3

Current FLT3 inhibitor trials

Drug Population studied Phase Single agent or combination Group/sponsor

Midostaurin Newly diagnosed adults 3 Combination CALGB/International

Midostaurin Newly diagnosed
Elderly AML

2 Combination CALGB

Midostaurin Newly diagnosed
Elderly MDS

2 Combination Industry

Lestaurtinib Newly diagnosed adults 3 Combination MRC/UK

Sorafenib Newly diagnosed adults 3 Combination ALLG

Sorafenib Newly diagnosed adults 3 Combination German

Sorafenib Maintenance after allogeneic transplantation Pilot Single agent CTEP/NCI

Sorafenib Maintenance after allogeneic transplantation 1, 2 Single agent Industry

Quizartinib Relapsed/refractory 2 Single agent Industry

Quizartinib Newly diagnosed adults 1 Combination Industry

Quizartinib Maintenance after allogeneic transplantation 1 Single agent Industry

Quizartinib Newly diagnosed elderly AML 2 Combination Industry

Ponatinib Relapsed/refractory 1 Single agent Industry

PLX3397 Relapsed/refractory 1 Single agent Industry

Listed are trials that are either about to begin accruing, are actively accruing, or have just recently finished accruing. MDS indicates 
myelodysplastic syndrome; CALGB, Cancer and Leukemia Group B; MRC/UK, Medical Research Council of the United Kingdom; ALLG, 
Australian Leukaemia Lymphoma Group; and CTEP/NCI, Cancer Therapeutic Evaluation Program of the National Cancer Institute.
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