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Commentary

The development of novel targeted agents aimed at selective inhibition of dysregulated 

oncogenic pathways has been a major focus and advancing area in translational oncology 

research. In acute myeloid leukemia (AML) the first successes have been in targeting 

mutations in the receptor tyrosine kinase FLT3. Small molecule inhibitors targeting FLT3 

have been in clinical use for the past two decades with many patients showing favorable 

initial responses; however, development of resistance occurs almost universally. Here we 

describe mechanisms of resistance to FLT3 inhibitors and ongoing studies aimed at 

overcoming it.

Mutations in FLT3 (FMS-like tyrosine kinase 3) are the most common genetic alteration in 

patients with AML occurring in approximately 30% of adult and 15% of pediatric patients at 

the time of diagnosis [1–3]. Primarily mutations consist of internal tandem duplications 

(ITD) of the juxtamembrane domain leading to constitutive receptor activation [4]; however, 

in 5-7% of patients activating lesions present at diagnosis are due to point mutations in the 

kinase domain [5,6] and mutations are also less commonly observed in the juxtamembrane 

domain [7–9]. The presence of an ITD mutation confers a poorer prognosis, particularly in 

the pediatric population. In one study, overall survival decreased from 44% in patients 

without a mutation to 7% for those with a FLT3-ITD mutation [3]. The prognostic 

significance of point mutations is less well defined [2,3,6]. Interestingly, while these 

mutations result in constitutive activation of the FLT3 receptor, the downstream effects are 

distinct from those observed following ligand-stimulation of wild-type FLT3 (FLT3-WT) 

[10,11]. FLT3-WT is normally expressed in hematopoietic progenitors and promotes 

proliferation and survival through activation of the downstream RAS/MEK/ERK and 

PI3K/AKT pathways. In contrast, ITD mutations contribute to leukemogenesis by 
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preferentially inducing activation of STAT5 resulting in aberrant cell growth [10,11] and 

transcriptional repression of C/EBPα and PU.1, which mediate a block in myeloid 

differentiation [10–13].

Preclinical studies demonstrating robust anti-leukemic effects of FLT3 inhibition lead to 

development of ATP-competitive tyrosine kinase inhibitors (TKIs) targeting mutated FLT3 

for clinical use. First generation agents with activity against FLT3 such as sunitinib, 

sorafenib, and midostaurin were multi-kinase inhibitors that also targeted related receptors 

such as PDGFR and KIT. Given the multi-kinase nature of these compounds, their use was 

limited due to poor potency against FLT3 and increased toxicity due to off-target activity. To 

address these concerns, the second-generation TKI, quizartinib (AC220) was developed with 

increased potency against and selectivity for FLT3. Initial responses to treatment with 

single-agent quizartinib were promising with 44% of relapsed or refractory FLT3-ITD AML 

patients achieving a composite complete remission in a phase II study [14]; however, 

responses were not durable and the impact on survival was limited with a median duration of 

response of 11 weeks indicating rapid development of resistance. Clinical use of quizartinib 

has also been limited by its off-target inhibition of c-KIT which has led to unacceptable 

myelosuppression [15].

Further analysis of patient samples to better understand mechanisms of relapse revealed 

secondary point mutations in the FLT3 kinase domain in patients who relapsed during 

quizartinib monotherapy.

The most common quizartinib-resistance conferring mutations occur at the D835 and F691 

loci and confer cross-resistance to the first-generation inhibitor sorafenib [16–19]. Mutations 

at D835 occur in the FLT3 activation loop and serve to stabilize the protein in the active 

“DFG-in” conformation thereby preventing binding of type 2 TKIs such as quizartinib and 

sorafenib [16]. F691 is in the ATP-binding pocket of FLT3 and is a conserved gatekeeper 

residue. Similar mutations, such as T790M in EGFR [20] and T315I in BCR-ABL [21], 

have been well described as a mechanism of TKI resistance and substitute of a larger residue 

for a smaller one, thereby preventing binding of the inhibitor. Interestingly, while the D835 

and adjacent I836 loci are the predominant site for FLT3 activation loop mutations in TKI-

naïve AML [5,6], F691 mutations have not been described in the absence of the selective 

pressure of aninhibitor. The presence of a primary mutation at these sites is relevant as they 

confer the same differential sensitivity to FLT3 TKIs as the secondary mutations [22]. In the 

rare cases of point mutations in the juxtamembrane domain, sensitivity to inhibitors has not 

been well-studied but in one reported case sorafenib mediated initial but not sustained anti-

leukemic effects in the presence of a L576Q mutation [9].

Development of secondary point mutations represent the best characterized mechanism of 

acquired resistance to FLT3 inhibition; however, resistant FLT3-ITD cells lacking secondary 

point mutations have been frequently identified [23] indicating that other mechanisms such 

as protection in the bone marrow niche and/or activation of bypass signaling pathways may 

account for the majority of cases. In the clinic, it has been anecdotally noted that FLT3 

inhibitors induce a much more rapid clearance of leukemic blasts from the peripheral blood 

than from the bone marrow [24] leading to studies aimed towards identifying stromal-
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derived mediators of resistance. One consistent finding has been persistent activation of 

ERK in response to FLT3 inhibition in the presence of bone marrow stroma [24,25]. 

Although the specific mediators of this persistent activation are not fully understood, it has 

been proposed to occur through upregulation of the ligands fibroblast growth factor 2 

(FGF2) and FLT3 ligand (FL). FL is upregulated in patients in response to chemotherapy 

[26] and the addition of exogenous FL or FGF2 blocks ERK inhibiton in response to 

quizartinib in AML cell lines [24]. As previously noted, the ERK pathway is preferentially 

regulated by FLT3-WT compared to mutated FLT3 and due to the characteristic block in 

myeloid differentiation in AML blasts, FLT3-WT is aberrantly expressed in the majority of 

patient samples and is often co-expressed with the mutant allele. Aberrant expression of 

FLT3-WT may therefore be responsible for ligand-mediated signaling and protection even in 

the presence of a FLT3 inhibitor. Indeed, the FLT3 inhibitors quizartinib and sorafenib 

preferentially inhibit FLT3-ITD over FLT3-WT and their efficacy is abrogated upon co-

expression of the two molecules [27]. This mechanism may also explain the observation that 

FLT3-ITD allelic burden is a positive predictor of cytotoxicity in response to FLT3 

inhibition [28]. These data outline a mechanism of resistance to FLT3 inhibition in the bone 

marrow microenvironment by which stromal-derived factors such as FL and FGF2 mediate 

persistent activation of FLT3 and downstream signaling pathways potentially through 

activation of FLT3-WT.

Activation of parallel signaling pathways independent of the FLT3 receptor also plays a role 

in resistance to FLT3 inhibition. For example, upregulation of the receptor tyrosine kinase 

AXL has been implicated in resistance to TKIs in a number of tumor types [29–31]. 

Similarly, FLT3-ITD AML cells demonstrate constitutively active AXL and AXL inhibition 

leads to decreased FLT3 phosphorylation and induction of leukemia cell death [32]. 

Conversely, FLT3 inhibition leads to upregulation and activation of AXL and the degree of 

baseline AXL activity may predict sensitivity to the FLT3 inhibitor midostaurin. Moreover, 

AXL knockdown resensitized resistant FLT3-ITD cell lines to the effects of FLT3 inhibition, 

implicating AXL as a critical mediator of resistance [33]. AXL signals through many of the 

same downstream oncogenic pathways as FLT3 [34] so may serve as a bypass mechanism 

that allows leukemia cells to survive FLT3 inhibition.

The above findings highlight some of the challenges to successful translation of FLT3 

inhibition to clinical application. A number of new inhibitors and dual inhibition strategies 

have been developed to overcome these barriers. Two of the newer generation FLT3 

inhibitors that have advanced the furthest in clinical development are crenolanib and 

gilteritinib. Crenolanib is a type 1 TKI that is highly selective for FLT3 and PDGFR and 

retains a high level of activity against D835 mutant FLT3 and to a lesser degree against the 

F691 gatekeeper mutation [35,36]. In clinical trials single agent crenolanib has shown the 

best efficacy in FLT3 TKI naïve patients with 23% of patients achieving a complete 

remission with incomplete hematologic recovery (CRi); however, duration of response was 

again brief with a median time of 13 weeks [37]. Gilteritinib (ASP2215) is a newly 

developed dual FLT3/AXL inhibitor specifically designed to inhibit FLT3-ITD. In 

preclinical studies gilteritinib potently inhibited both ITD and activation loop mutations and 

have minimal activity against c-KIT and thus potential to limit the adverse myelosuppression 

seen with other inhibitors [38]. Additionally, as gilteritinib also inhibits AXL it is 
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hypothesized to have improved anti-leukemic effects by preventing AXL activation as a this 

bypass mechanism; however, gilteritinib is even less potent against the gatekeeper mutation 

than crenolanib so patients would be still be susceptible to development of resistance by 

acquired mutations at this site. In a recently published phase 1/2 trial patients with mutated 

FLT3 (either ITD or activation loop) treated with gilteritinib monotherapy had a 41% 

composite complete remission with a mean duration of response of 20 weeks [39]. Further 

trials of crenolanib and gilteritinib alone and in combination with cytotoxic chemotherapy 

are ongoing and will be necessary to determine whether these new inhibitors are superior to 

the previous generation. Finally, we have developed MRX-2843, a novel small molecule 

dual inhibitor of MERTK and FLT3 [40]. MERTK and AXL are both members of the TAM 

family receptor tyrosine kinases and MERTK has been validated as a target in AML and 

other hematologic malignancies [41,42]. MRX-2843 has high potency for both MERTK and 

FLT3, is therapeutically effective in murine xenograft models with FLT3-ITD, D835, and 

F691 mutations [40], has received the Food and Drug Administration Investigational New 

Drug status and will be the first-in-class MERTK inhibitor used in clinical trials. Ongoing 

preclinical studies are aimed at determining whether MERTK plays a role similar to AXL in 

mediating resistance to FLT3 inhibition.

The ongoing struggles to translate the preclinical promise of FLT3 inhibition into successful 

clinical use underscore the importance of a deep understanding of the biology of target 

receptors when developing translational strategies. As it is unlikely that FLT3 inhibition 

alone will be sufficient to induce durable remissions, ongoing research should be aimed at 

devising rational combination strategies with other targeted agents based upon 

understanding of the molecular mechanisms at play. Other promising preclinical lines of 

investigation include combination with MEK inhibitors [24] or targeting of the bone marrow 

stromal interactions by CXCR4 inhibition [43,44]. Finally, most of the clinical trials to date 

have been performed in heavily pretreated adult patients with relapsed disease who are less 

likely to demonstrate any prolonged benefit from newly developed therapies and may have 

drastically altered drug metabolism as a confounding factor that diminishes the 

generalizability of the studies. Future studies should emphasize on the up-front use of FLT3 

inhibitors in newly diagnosed and pediatric patients to maximize our understanding of their 

use in these critical populations.

Acknowledgments

This work was supported in part by NIH funds to D.K.G. (R01CA137078) and K.A.M. (through the Atlanta 
Pediatric Scholars Program K12HD072245), and by a Leukemia Lymphoma Society Translational Research 
Program award to D.K.G.

References

1. Kottaridis PD, Gale RE, Frew ME, Harrison G, Langabeer SE, 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; 98:1752–9. [PubMed: 11535508] 

Minson et al. Page 4

J Cell Signal. Author manuscript; available in PMC 2018 May 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Staffas A, Kanduri M, Hovland R, Rosenquist R, Ommen HB, et al. Presence of FLT3-ITD and high 
BAALC expression are independent prognostic markers in childhood acute myeloid leukemia. 
Blood. 2011; 118:5905–13. [PubMed: 21967978] 

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

4. Kiyoi H, Towatari M, Yokota S, Hamaguchi M, Ohno R, et al. Internal tandem duplication of the 
FLT3 gene is a novel modality of elongation mutation which causes constitutive activation of the 
product. Leukemia. 1998; 12:1333–7. [PubMed: 9737679] 

5. Yamamoto Y, Kiyoi H, Nakano Y, Suzuki R, Kodera Y, et al. Activating mutation of D835 within 
the activation loop of FLT3 in human hematologic malignancies. Blood. 2001; 97:2434–9. 
[PubMed: 11290608] 

6. Thiede C, Steudel C, Mohr B, Schaich M, Schakel U, 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; 99:4326–35. [PubMed: 12036858] 

7. Reindl C, Bagrintseva K, Vempati S, Schnittger S, Ellwart JW, et al. Point mutations in the 
juxtamembrane domain of FLT3 define a new class of activating mutations in AML. Blood. 2006; 
107:3700–3707. [PubMed: 16410449] 

8. Gianfelici V, Diverio D, Breccia M, Buffolino S, Derme V, et al. A novel point mutation within the 
juxtamembrane domain of the flt3 gene in acute myeloid leukemia. Ann Hematol. 2011; 90:845–
846. [PubMed: 20924583] 

9. Martinez-Lopez J, Castro N, Rueda D, Canal A, Grande C, et al. Use of Sorafenib as an effective 
treatment in an AML patient carrying a new point mutation affecting the Juxtamembrane domain of 
FLT3. Br J Haematol. 2012; 158:555–8. [PubMed: 22686329] 

10. Mizuki M, Schwable J, Steur C, Choudhary C, Agrawal S, et al. Suppression of myeloid 
transcription factors and induction of STAT response genes by AML-specific Flt3 mutations. 
Blood. 2003; 101:3164–73. [PubMed: 12468433] 

11. Mizuki M, Fenski R, Halfter H, Matsumura I, Schmidt R, et al. Flt3 mutations from patients with 
acute myeloid leukemia induce transformation of 32D cells mediated by the Ras and STAT5 
pathways. Blood. 2000; 96:3907–14. [PubMed: 11090077] 

12. Zheng R, Friedman AD, Levis M, Li L, Weir EG, et al. Internal tandem duplication mutation of 
FLT3 blocks myeloid differentiation through suppression of C/EBPalpha expression. Blood. 2004; 
103:1883–90. [PubMed: 14592841] 

13. Radomska HS, Basseres DS, Zheng R, Zhang P, Dayaram T, et al. Block of C/EBP alpha function 
by phosphorylation in acute myeloid leukemia with FLT3 activating mutations. J Exp Med. 2006; 
203:371–81. [PubMed: 16446383] 

14. Levis MJ, Perl AE, Dombret H, Döhner H, Steffen B, 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. Blood. 2012; 120:673–673.

15. Galanis A, Levis M. Inhibition of c-Kit by tyrosine kinase inhibitors. Haematologica. 2015; 
100:e77–79. [PubMed: 25425690] 

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

17. Smith CC, Zhang C, Lin KC, Lasater EA, Zhang Y, et al. Characterizing and Overriding the 
Structural Mechanism of the Quizartinib-Resistant FLT3 “Gatekeeper” F691L Mutation with 
PLX3397. Cancer Discov. 2015; 5:668–79. [PubMed: 25847190] 

18. Baker SD, Zimmerman EI, Wang YD, Orwick S, Zatechka DS, et al. Emergence of polyclonal 
FLT3 tyrosine kinase domain mutations during sequential therapy with sorafenib and sunitinib in 
FLT3-ITD-positive acute myeloid leukemia. Clin Cancer Res. 2013; 19:5758–68. [PubMed: 
23969938] 

19. Man CH, Fung TK, Ho C, Han HH, Chow HC, et al. Sorafenib treatment of FLT3-ITD(+) acute 
myeloid leukemia: favorable initial outcome and mechanisms of subsequent nonresponsiveness 

Minson et al. Page 5

J Cell Signal. Author manuscript; available in PMC 2018 May 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



associated with the emergence of a D835 mutation. Blood. 2012; 119:5133–43. [PubMed: 
22368270] 

20. Yun CH, Mengwasser KE, Toms AV, Woo MS, Greulich H, et al. The T790M mutation in EGFR 
kinase causes drug resistance by increasing the affinity for ATP. Proc Natl Acad Sci U S A. 2008; 
105:2070–2075. [PubMed: 18227510] 

21. Gorre ME, Mohammed M, Ellwood K, Hsu N, Paquette R, et al. Clinical resistance to STI-571 
cancer therapy caused by BCR-ABL gene mutation or amplification. Science. 2001; 293:876–880. 
[PubMed: 11423618] 

22. Nguyen B, Williams AB, Young DJ, Ma H, Li L, et al. FLT3 activating mutations display 
differential sensitivity to multiple tyrosine kinase inhibitors. Oncotarget. 2017; 8:10931–10944. 
[PubMed: 28077790] 

23. Smith CC, Paguirigan A, Jeschke GR, Lin KC, Massi E, et al. Heterogeneous resistance to 
quizartinib in acute myeloid leukemia revealed by single-cell analysis. Blood. 2017; 130:48–58. 
[PubMed: 28490572] 

24. Yang X, Sexauer A, Levis M. Bone marrow stroma-mediated resistance to FLT3 inhibitors in 
FLT3-ITD AML is mediated by persistent activation of extracellular regulated kinase. Br J 
Haematol. 2014; 164:61–72. [PubMed: 24116827] 

25. Traer E, Martinez J, Javidi-Sharifi N, Agarwal A, Dunlap J, et al. FGF2 from Marrow 
Microenvironment Promotes Resistance to FLT3 Inhibitors in Acute Myeloid Leukemia. Cancer 
Res. 2016; 76:6471–6482. [PubMed: 27671675] 

26. Sato T, Yang X, Knapper S, White P, Smith BD, et al. FLT3 ligand impedes the efficacy of FLT3 
inhibitors in vitro and in vivo. Blood. 2011; 117:3286–3293. [PubMed: 21263155] 

27. Chen F, Ishikawa Y, Akashi A, Naoe T, Kiyoi H. Co-expression of wild-type FLT3 attenuates the 
inhibitory effect of FLT3 inhibitor on FLT3 mutated leukemia cells. Oncotarget. 2016; 7:47018–
47032. [PubMed: 27331411] 

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

29. Mahadevan D, Cooke L, Riley C, Swart R, Simons B, et al. A novel tyrosine kinase switch is a 
mechanism of imatinib resistance in gastrointestinal stromal tumors. Oncogene. 2007; 26:3909–
19. [PubMed: 17325667] 

30. Liu L, Greger J, Shi H, Liu Y, Greshock J, et al. Novel mechanism of lapatinib resistance in HER2-
positive breast tumor cells: activation of AXL. Cancer Res. 2009; 69:6871–8. [PubMed: 
19671800] 

31. Zhang Z, Lee JC, Lin L, Olivas V, Au V, et al. Activation of the AXL kinase causes resistance to 
EGFR-targeted therapy in lung cancer. Nat Genet. 2012; 44:852–860. [PubMed: 22751098] 

32. Park IK, Mishra A, Chandler J, Whitman SP, Marcucci G, et al. Inhibition of the receptor tyrosine 
kinase Axl impedes activation of the FLT3 internal tandem duplication in human acute myeloid 
leukemia: implications for Axl as a potential therapeutic target. Blood. 2013; 121:2064–73. 
[PubMed: 23321254] 

33. Park IK, Mundy-Bosse B, Whitman SP, Zhang X, Warner SL, et al. Receptor tyrosine kinase Axl is 
required for resistance of leukemic cells to FLT3-targeted therapy in acute myeloid leukemia. 
Leukemia. 2015; 29:2382–9. [PubMed: 26172401] 

34. Graham, Douglas K., DeRyckere, Deborah, Davies, Kurtis D., Earp, H Shelton. The TAM family: 
phosphatidylserine-sensing receptor tyrosine kinases gone awry in cancer. Nature Reviews. 2014; 
14:769–785.

35. Smith CC, Lasater EA, Lin KC, Wang Q, McCreery MQ, et al. Crenolanib is a selective type I pan-
FLT3 inhibitor. Proc Natl Acad Sci U S A. 2014; 111:5319–5324. [PubMed: 24623852] 

36. Smith CC, Lin K, Stecula A, Sali A, et al. FLT3 D835 mutations confer differential resistance to 
type II FLT3 inhibitors. Leukemia. 2015; 29:2390–2392. [PubMed: 26108694] 

37. Randhawa JK, Kantarjian HM, Borthakur G, Thompson PA, Konopleva M, et al. Results of a Phase 
II Study of Crenolanib in Relapsed/Refractory Acute Myeloid Leukemia Patients (Pts) with 
Activating FLT3 Mutations. Blood. 2014; 124:389–389.

Minson et al. Page 6

J Cell Signal. Author manuscript; available in PMC 2018 May 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



38. Lee LY, Hernandez D, Rajkhowa T, Smith SC, Raman JR, et al. Preclinical studies of gilteritinib, a 
next-generation FLT3 inhibitor. Blood. 2017; 129:257–260. [PubMed: 27908881] 

39. Perl AE, Altman JK, Cortes J, Smith C, Litzow M, et al. Selective inhibition of FLT3 by gilteritinib 
in relapsed or refractory acute myeloid leukaemia: a multicentre, first-in-human, open-label, phase 
1-2 study. Lancet Oncol. 2017; 18:1061–1075. [PubMed: 28645776] 

40. Minson KA, Smith CC, DeRyckere D, Libbrecht C, Lee-Sherick AB, et al. The MERTK/FLT3 
inhibitor MRX-2843 overcomes resistance-conferring FLT3 mutations in acute myeloid leukemia. 
JCI Insight. 2016; 1:e85630. [PubMed: 27158668] 

41. Lee-Sherick AB, Eisenman KM, Sather S, McGranahan A, Armistead PM, et al. Aberrant Mer 
receptor tyrosine kinase expression contributes to leukemogenesis in acute myeloid leukemia. 
Oncogene. 2013; 32:5359–68. [PubMed: 23474756] 

42. Huey MG, Minson KA, Earp HS, DeRyckere D, Graham DK. Targeting the TAM Receptors in 
Leukemia. Cancers (Basel). 2016; 8

43. Jacobi A, Thieme S, Lehmann R, Ugarte F, Malech HL, et al. Impact of CXCR4 inhibition on 
FLT3-ITD-positive human AML blasts. Exp Hematol. 2010; 38:180–190. [PubMed: 20035824] 

44. Zeng Z, Shi YX, Samudio IJ, Wang RY, Ling X, et al. Targeting the leukemia microenvironment by 
CXCR4 inhibition overcomes resistance to kinase inhibitors and chemotherapy in AML. Blood. 
2009; 113:6215–24. [PubMed: 18955566] 

Minson et al. Page 7

J Cell Signal. Author manuscript; available in PMC 2018 May 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Commentary
	References

