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Abstract 

Remarkable leukemogenic potency of the novel FLT3-N676K mutant 

Doctoral candidate: Kezhi Huang 

Leukemia is a heterogeneous disorder of hematopoiesis and remains challenging for therapy.  

Fms-like tyrosine kinase 3 (FLT3) has been shown to play a pivotal role in leukemogenesis and 

serves as an attractive therapeutic target for leukemia. 

The novel mutant FLT3-N676K, affecting FLT3 kinase domain, has been reported to be the sole 

cause of resistance to inhibitor PKC412 in a FLT3-ITD (internal tandem duplication) positive 

acute myeloid leukemia (AML) patient.
1
 To identify mutations collaborating with CBFß-

SMMHC (core binding factor ß-smooth muscle myosin heavy chain) encoded by CBFB-MYH11 

in inv(16) AML, Opatz et al. recently described the FLT3-N676K mutation without concurrent 

ITD in 5 out of 84 (6%) de novo AML patients with inv(16).
2
 Since FLT3-N676K was 

encountered almost exclusively in inv(16) AML, we investigated (1) the transforming activity of 

FLT3-N676K, (2)  the cooperation between FLT3-N676K and CBFß-SMMHC to generate acute 

leukemia, and (3) the sensitivity of FLT3-N676K positive  leukemic cells to FLT3 inhibitors.  

Retroviral expression of FLT3-N676K in myeloid 32D cells induced AML in syngeneic C3H/HeJ 

mice (n=11/13), with a transforming activity similar to FLT3-ITD (n=8/8), FLT3-TKD D835Y 

(n=8/9), and FLT3-ITD-N676K (n=9/9) mutations. Three out of 14 C57BL/6J mice transplanted 

with FLT3-N676K-transduced primary hematopoietic stem/progenitor cells developed acute 

leukemia [AML or T-cell acute lymphoblastic leukemia (T-ALL)], while no hematological 

malignancy was observed in the control groups (n=16) including FLT3-ITD. Furthermore, co-

expression of FLT3-N676K/CBFß-SMMHC did not promote acute leukemia in 3 independent 
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experiments. Compared to FLT3-ITD, FLT3-N676K tended to induce stronger phosphorylation 

of FLT3, MAPK and AKT, but diseased animals carrying FLT3-N676K showed lower frequency 

of leukemic stem cells (LSCs) in most analyzed cases. Notably, leukemic cells carrying FLT3-

N676K or FLT3-N676K/CBFß-SMMHC remained highly sensitive to the FLT3 inhibitors 

AC220 and Crenolanib. FLT3-ITD-N676K positive leukemic cells, which were resistant to 

AC220, still showed sensitivity to Crenolanib. Taken together, FLT3-N676K mutant is potent to 

transform murine hematopoietic stem/progenitor cells in vivo. Further experiments investigating 

molecular mechanisms for leukemogenesis induced by FLT3-N676K and clinical evaluation of 

FLT3 inhibitors in FLT3-N676K positive AML seem warranted. 

 

Keywords:  

Leukemia, Receptor tyrosine kinases (RTKs), Fms-like tyrosine kinase 3 (FLT3),  FLT3-N676K
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Zusammenfassung  

Bemerkenswerte leukämogene Potenz der neue FLT3-Mutante N676K 

Doktorand: Kezhi Huang  

Leukämie ist eine heterogene Erkrankung der Hämatopoese und bleibt eine Herausforderung für 

die Therapie. Es wurde gezeigt, dass die Fms-ähnliche Tyrosinkinase 3 (FLT3) eine zentrale 

Rolle in der Leukämogenese spielt und daher als vielversprechendes therapeutisches Ziel für 

Leukämie erscheint. 

Die neue Mutante FLT3-N676K in der FLT3-Kinase-Domäne wurde als die alleinige Ursache der 

Resistenz gegen PKC412 in einem FLT3-ITD-positiven Patienten mit akuter myeloischen 

Leukämie (AML) berichtet.
1
 Um die Mutationen zu identifizieren, die mit dem durch die inv (16) 

entstehenden Fusionsprotein CBFß-SMMHC (core binding factor ß-smooth muscle myosin 

heavy chain) in der Leukämieenstehung kooperieren, haben Opatz und Ko-Autoren  kürzlich eine 

Untersuchung durchgeführt und die FLT3-Mutation N676K ohne gleichzeitige ITD in 5 von 84 

(6%) de novo AML Patienten mit inv (16) gefunden.
2
 Da FLT3-N676K nahezu ausschließlich in 

der AML mit inv (16) auftritt, haben wir (1) die Transformationsaktivität von FLT3-N676K, (2) 

die Zusammenarbeit zwischen FLT3-N676K und CBFß-SMMHC in der Entwicklung akuter 

Leukämie, und (3) die Empfindlichkeit des FLT3-N676K positiven leukämischen Zellen 

gegenüber FLT3-Inhibitoren untersucht. 

Retrovirale Expression von FLT3-N676K in myeloischen 32D Zellen induzierte AML in syngene 

C3H / HeJ-Mäuse (n = 11/13), mit einer Transformationsaktivität ähnlich FLT3-ITD (n = 8/8), 

FLT3-TKD D835Y (n = 8/9) und FLT3-ITD-N676K (n = 9/9) Mutationen. Drei von 14 

C57BL/6J Mäusen transplantiert mit FLT3-N676K transduzierten primären hämatopoetischen 
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Stamm- / Vorläuferzellen haben eine akute Leukämie [AML oder T-Zell-akute lymphatische 

Leukämie (T-ALL)] entwickelt, während keine hämatologischen malignen Erkrankungen in den 

Kontrollgruppen (n = 16) einschließlich FLT3-ITD beobachtet wurden. Darüber hinaus hat die 

Ko-Expression von FLT3-N676K / CBFß-SMMHC in 3 unabhängigen Experimenten die 

Entwicklung akuter Leukämie nicht fördern können. Im Vergleich zu FLT3-ITD, neigte FLT3-

N676K stärkere Phosphorylierung von FLT3, MAPK und AKT zu induzieren, aber die 

erkrankten Tiere, die FLT3-N676K tragen, zeigten eine niedrigere Frequenz von leukämischen 

Stammzellen (LSC) in den meisten untersuchten Fällen. Bemerkenswert ist, dass die 

leukämischen Zellen, die FLT3-N676K oder FLT3-N676K / CBFß-SMMHC tragen, sehr 

empfindlich auf die FLT3-Inhibitoren AC220 und Crenolanib blieben. FLT3-ITD-N676K 

positive Leukämiezellen, die resistent gegen AC220 waren, zeigten auch Empfindlichkeit 

gegenüber Crenolanib. Zusammenfassend ist die FLT3-N676K Mutante potent, murine 

hämatopoetische Stamm- / Vorläuferzellen in vivo zu transformieren. Weitere Experimente zu 

Untersuchungen der molekularen Mechanismen für Leukämogenese von FLT3-N676K und eine 

klinische Bewertung von FLT3-Inhibitoren für die Behandlung der Patienten mit FLT3-N676K 

positiver AML  scheinen gerechtfertigt. 

 

Schlüsselwörter:  

Leukämie, Rezeptortyrosinkinasen(RTKs), FMS-ähnliche Tyrosinkinase 3 (FLT3), FLT3-N676K 
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1 Introduction 

1.1 Hematopoiesis and leukemogenesis  

The hematopoietic system is well-organized into a very strict hierarchy, sustaining a steady-state 

production of blood cells, that is, 10
12

 blood cells per day.
3
 All hematopoietic cells are derived 

from hematopoietic stem cells (HSCs) and maintain by long-lived progenitors undergoing a fine 

tuned process of maturation (Figure 1.1).
4
 Controlled by strict transcriptional programs and 

directed by a variety of growth factors, hematopoietic cells at different stages differentiate into 

mature lineage-specific progeny.
5
 Due to disturb of this well-defined differentiated process 

resulted from mutational events, malignancies may arise as various types of leukemia.                     

 

Figure 1.1 Models of normal hematopoiesis and leukemogenesis (AML). HSC gives rise to different 

hematopoietic lineage cells, which can be classified by using antibodies against clusters of differentiation 

(CD) antigens. Leukemia stem cell (LSC), arises from either HSC or immature progenitors, exhibits the 

ability to self-renew and to differentiate into leukemic progenitors and blasts without normal function. 

HSC=hematopoietic stem cell, MPP=multipotent progenitors, CLP=common lymphoid progenitor, 

CMP=common myeloid progenitor. Adapted from Tan et al. 2006.
6
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1.2 Characteristics and classification of leukemia 

Leukemia is a genetically heterogeneous clonal disorder, characterized by abnormal cell 

proliferation, reduced apoptosis and poor differentiation of hematopoietic progenitors in bone 

marrow. These precursor cells function abnormally and impede normal hematopoiesis, 

contributing to bone marrow failure which is the most common potential cause of death. The 

leukemic blasts can escape into the peripheral blood and infiltrate different organs (e.g. lymphatic 

system, liver, lung and central nervous system). Common clinical symptoms of leukemia include 

infection, anemia, bleeding and any organ-infiltration associated symptoms (e.g. splenomegaly 

and hepatomegaly). According to the pathological and clinical features, leukemias are classified 

as acute and chronic leukemia. In addition, leukemias are subdivided into myeloid and 

lymphocytic neoplasm based on the lineages affected. 

Acute myeloid leukemia (AML) is characterized by accelerated proliferation and impaired 

differentiation of myeloid lineages. If the marrow has more than 20% blasts of myeloid lineage, 

the diagnosis of AML is demonstrated. As the most common acute leukemia in adults, AML 

prevails worldwide with incidence about 3.5/100, 000 each year and 5-year overall survival less 

than 50%.
7,8,9

 The prognosis for AML individuals varies dramatically, associated with the age, 

performance status, WBC count, AML type (de novo or secondary), cytogenetic and molecular 

abnormalities etc.
10

 

 

1.3 Chromosomal aberrations in leukemia 

One of the hallmark for human leukemia is the recurring chromosomal aberrations. These  consist 

of translocations, inversions, insertions, deletions, monosomies and trisomies. Around half of the 

AML patients harbor one or more chromosomal abnormalities. These abnormalities mostly lead 
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to loss-of-function mutations in transcription factors which are indispensable for normal 

hematopoiesis such as retinoic acid receptor alpha (RARa), CBF, and HOX family.
11,12

 Notably, 

chromosomal translocations also result in chimeric transcript, giving rise to constitutive 

activation of protein tyrosine kinases, such as BCR-ABL t (9;22)
13

 and ETV6-TRKC t (12;15).
14

 

Chromosome alterations have contributed to classification of the disease and been considered as 

vital prognostic factor (Table 1.1) of complete remission, risk of disease relapse and overall 

survival.
15,16

  

Table 1.1 Stratification of cytogenetic and molecular genetic alterations in AML.
10,17,18

 The European 

Leukemia Net (ELN) system combines details of cytogenetics and mutational spectrum of NPM1, FLT3, 

and CEBPA to define four groups of AML with different prognosis. 

Risk Profile                         Subsets 

 

Favorable 

 

t(8;21)(q22;q22); RUNX1-RUNX1T1 

inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11 

Mutated NPM1 without FLT3-ITD (normal karyotype) 

Biallelic mutated CEBPA (normal karyotype) 

 

Intermediate-I Mutated NPM1 and FLT3-ITD (normal karyotype) 

Wild-type NPM1 and FLT3-ITD (normal karyotype) 

Wild-type NPM1 without FLT3-ITD (normal karyotype) 

 

Intermediate-II t(9;11)(p22;q23); MLLT3-KMT2A 

Cytogenetic abnormalities not classified as favorable or adverse 

 

Adverse inv(3)(q21q26.2) or t(3;3)(q21;q26.2); GATA2–MECOM (EVI1) 

t(6;9)(p23;q34); DEK-NUP214 

t(v;11)(v;q23); KMT2A rearranged 

−5 or del(5q); −7; abnl(17p); complex karyotype 

 

1.4 Multi-step leukemogenesis 

In addition to the common chromosomal aberrations, there are a few lines of evidence suggesting 

that different genetic alterations collaborate for leukemogenesis. Firstly, more than one genetic 

lesions can be detected in most AML cases. The most common gene alterations include FLT3, 
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NPM1, DNMT3A  etc.
19

 Secondly, single mutation is generally insufficient to induce AML in 

murine models. For instance, expression of CBFB/MYH11 or RUNX1/RUNX1T1 in knock-in 

mouse does not cause leukemia,
20

 while only myelo-proliferative disorder (MPD) but not frank 

leukemia can be induced in FLT3-ITD knock-in mouse.
21,22

  

Mutations for leukemogenesis are traditionally classified into two groups. This ‘two-hit’ model 

comprises class I and class II mutations. Class I mutations confer survival or proliferation 

advantages, while class II mutations primarily impair cell differentiation.
23

 A variety of mutations 

have been classified into class I (e.g. FLT3, c-kit, N- or K-Ras, BCR/ABL) and class II (e.g. 

PML-RARa, CBFB/MYH11, AML1-ETO) mutations. Furthermore, by emerging cancer genome 

atlas projects, 9 different functional categories highly relevant for AML pathogenesis are 

identified, including signaling pathways (e.g. c-kit, N-RAS/K-RAS, FLT3), transcription-factor 

fusions (e.g. CBFB/MYH11, RUNX1/RUNX1T1, PML-RARa), myeloid transcription-factor 

genes (e.g. CEBPa, GATA-1), the gene encoding nucleophosmin (NPM1), tumor-suppressor 

genes (e.g. WT1, TP53), epigenetic regulators (e.g. DNMT3A, IDH1/2, TET2), chromatin- 

modifying genes (e.g. ASXL1,EZH2), spliceosome-complex genes (e.g. SF3B1, SRSF2) and 

cohesin-complex genes (e.g. RAD21, STAG2).
8,19,17

 In brief,  leukemogenesis is far more 

complicated and comprehensive network of aberrant signaling transduction pathways are 

indispensable.
19

 One of the most critical players in this complex network is the receptor tyrosine 

kinases (RTKs) family.  

 

1.5 Receptor tyrosine kinases (RTKs) 

Placed on 19 of the 24 human chromosomes, protein tyrosine kinases (PTKs) are grouped into 58 

receptor and 32 non-receptor kinases. Based on different kinase domain sequences, the 58 RTKs 
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signaling networks, RTKs are of notable importance in a variety of physiological processes 

including cell proliferation, cell cycle control, differentiation, motility and death.
24

 It has been 

clear that constitutive activation of RTKs by overexpression, autocrine/paracrine loop, minor 

deletions or gain-of-function (GOF) mutations, genomic re-arrangements (e.g. chromosomal 

translocations) is a very crucial mechanism in human tumorigenesis including leukemogenesis. 

26,29,30
 

 

1.5.1 Structure and function of FLT3  

As a member of class III RTK family, Fms-like tyrosine kinase 3 (FLT3, also known as fetal liver 

kinase 2 Flk2, stem cell tyrosine kinase 1 STK-1, and CD135) shares high degree of structural 

homology with FMS, c-kit and platelet-derived growth factor receptor (PDGFR). Located on 

chromosome 13q12, human FLT3 gene encompasses 24 exons. It encodes 993 amino acids, 

forming into two types of proteins: a membrane-bound glycosylated protein with a molecular 

weight of 158-160 kDa, together with a non-glycosylated isoform of 130-143 kDa which is not 

related with plasma membrane.
31

 The structure of FLT3 is illustrated in Figure 1.3.  

FLT3 is crucial for development of hematopoietic cells and maintenance of cell survival.
32,33

 It 

mainly expresses in primitive hematopoietic progenitors, restrictedly to CD34
+
 cells or “short-

term” reconstituting HSCs but not in the differentiated lineages except dendritic cells (DCs). As a 

soluble homo-dimeric protein, FLT3-ligand is widely expressed by hematopoietic and non-

hematopoietic organs.
34

 By autocrine or paracrine manner, FLT3 receptors dimerize at the 

membrane on binding of ligand, enabling phosphorylation of specific tyrosine residues (e.g. Tyr-

589, Tyr-591 and Tyr-842) and activation of downstream signaling cascades such as PI3K/AKT, 

Ras/MAPK,  STAT5 etc (Figure 1.3). 35                              
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Figure 1.3 Illustration for structure and function of FLT3, containing the most common mutated 

sites. Shown are the 5 immunoglobulin-like folds which make up the ligand-binding extracellular domain 

(ECD), single transmembrane domain (TMD), Juxtamembrane domain (JMD) and cytoplasmic domain 

made up of two kinase domains (KD) separated by a kinase insert (KI). Either by binding to FLT3 ligand 

(FL) or interrupted by mutations (ITD or TKD), receptor kinase can be constitutively activated and 

consequently trigger downstream signaling cascades. Adapted from Annesley et al. 2014.
35 
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1.5.2 FLT3 in leukemia 

As one of the most recurrent gene alterations in AML, FLT3 has been extensively investigated in 

the last few decades. A large body of evidence acquired from this hotspot gene help us to gain 

more insight into the leukemogenesis and uncover potential therapeutic targets.  

Wild type FLT3 is widely expressed in a range of hematological malignancies such as AML, 

acute lymphocytic leukemia (ALL), as well as mixed lineage leukemia, implicating FLT3 in both 

myeloid and lymphoid disorder. Notably, FLT3 expression is detected in more than 70% of AML 

patients.
36,37

  

A number of FLT3 mutants acquire ligand-independence and constitutive activation of 

downstream effectors. Distinct categories of FLT3 mutations have been detected in AML patients, 

including internal tandem duplications (ITD) in juxtamembrane (JM) region or tyrosine kinase 

domain 1(TKD1) and point mutations mostly in TKD but also in JM.
38,39,40,41,42,43

  

ITD (exon 14/15) was firstly identified about two decades ago, when screening leukemic 

specimens for FLT3 expression by RT-PCR, produced unexpected longer amplification products 

from some patients.
38

 As the most common mutation, ITD is identified in 5%-16% pediatric 

patients and 25%-30% adult patients with AML, with varying frequency associated with different 

FAB subtypes.
40,44,45,46,47,48

 The incidence also correlates with other genetic abnormality, with 

incidence of 32.5% among normal or intermediate-risk cytogenetics, and with lower frequency in 

patients harboring poor-risk cytogenetics (2.6%) and good-risk cytogenetics such as core-binding 

factor (CBF) aberrance t (8;21) and inv 16 (6.1%).
49,50

 Patients carrying ITD mutations generally 

represent leukocytosis at diagnosis and significantly increase relapse rate, decrease in overall 

survival and event-free survival.
44,45,46,51,52

 Varying in length (from 3 to more than 400 bp) and 

location (mostly exon 14 of JM, and others), ITDs always maintain head-tail orientation and hold 
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the reading frame. The length, location and allelic burden of ITD even appear to have prognostic 

significance, mostly adverse outcome.
41,53

 Some evidence indicated that patients with larger ITD 

had worse outcome than those with smaller ITD. In mechanism, ITD occurs due to DNA 

replication errors and is selected as a result of growth advantage.
54

 Inserting into the JM hinge 

region, ITD causes change of JM orientation and subsequent leaky auto-inhibition of catalytic 

activity.
34

 

Another type of mutations found in 7%-10% AML patients are located in the TKD (exon 20), 

predominantly involving amino acid substitution for aspartic acid in codon 835 (equivalent to 

D816 in c-kit), but also in 836,840,842 etc.
39,55,56

 These substitutions largely stabilize the open 

ATP-binding conformation of activation loop domain [type I active conformation, ‘‘Asp-Phe-Gly 

(DFG)’’-in] , leading to constitutive kinase actitivy.
23,39,52,57,58,59

 While FLT3 ITD is notorious for 

dismal clinical outcome, the prognosis of TKD mutated patients are still controversial.
39,60

 

Importantly, mutations in TKD destabilize the inactivation conformation and subsequently confer 

resistance to type II tyrosine kinase inhibitors (TKIs).
58,61

  

Besides AML, FLT3 mutations have also been described to be rare in patients with myelo-

dysplastic syndromes (MDS) and ALL.
62,63,64,65

 

In addition to classic mutations in JM and TKD, it is speculated that mutations in ECD could also 

lead to activation of FLT3 kinase, based on its close homology to c-kit, whose activating 

mutations could involve in ECD.
66

 This speculation was confirmed later in a high-through DNA 

sequencing analysis for all coding exons of FLT3, where 4 gain-of-function mutations were 

identified: S451F (ECD), Y572C (JM), V592G (JM) and R834Q (TKD2).
67

 Hence, it is of major 

significance to investigate the real spectrum, frequency, as well as prognostic significance of 

FLT3 mutations in leukemia.  
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1.5.3 FLT3-N676K     

The recent discovery of FLT3-N676K (exon 16) mutation definitely gains more insight into 

FLT3-related leukemogenesis.
2
  

Mutations affecting position N676, leading to different amino acid changes (N676S or N676D) 

were initially identified in screening for resistance to tyrosine kinase inhibitor (TKI) in BaF3 

FLT3-ITD cells.
68,69

 Recently, FLT3-N676K was found in an FLT3-ITD positive AML patient 

who became resistant to TKI after PKC412 treatment.
1
 Furthermore, primary FLT3-N676K 

mutation was nearly exclusively identified in CBF-associated patients.
2,70

 Opatz et al.  

documented that FLT3-N676K without concurrent ITD mutations was detected in 6% of CBFB-

MYH11 positive AML patients and activated FLT3 and downstream signaling pathways.
2
 In that 

study, patients harboring FLT3-N676K were characterized by leukocytosis, elevated lactate 

dehydrogenase and a trend toward lower complete remission rates. In Ba/F3 in vitro model, 

FLT3-N676K showed transforming potential, comparable to that of FLT3-D835Y but weaker 

than FLT3-ITD. FLT3-N676K expressing Ba/F3 cells were sensitive to FLT3 inhibitors PKC412 

and AC220, while FLT3-ITD-N676K showed resistance to both inhibitors. Thus, analogous to 

TKD2 mutation (e.g. D835Y), FLT3-N676K, the TKD1 mutation, can emerge as primary gain-

of-function mutation or secondary mutation in the context of acquired resistance to specific FLT3 

TKIs. 

However, to our knowledge, the leukemogenic potential of FLT3-N676K in vivo model has not 

been investigated. 
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1.5.4 AML treatment and FLT3 inhibitors 

For the last few decades, clinical outcome of AML patients have been significantly improved by 

effective chemotherapy and hematopoietic stem cell transplantation (HSCT). The standard 

chemotherapy is the “3+7” regimen, mostly 3 days of daunorubicin (60 mg/m2
 per day, days 1–3) 

and 7 days of cytarabine (100–200 mg/m
2
 per day, days 1–7) followed by a few similar 

consolidated courses till achievement of complete remission.
10

 Afterwards, HSCT may be 

adopted when necessary and feasible. However, a large number of victims still suffer from 

toxicity of chemotherapy, drug resistance and subsequent relapse. To confront the therapeutic 

challenge, abundant alternative regimens have been investigated, such as dose optimization, 

structural modification of conventional drugs and novel target agents  exploration.
9
  

Luckily, the increasing understanding of the precise molecular pathogenesis of AML has sparked 

the interest in development of novel target therapy. An abundance of small-molecule inhibitors 

emerged as target therapy for deregulated RTKs, in the wake of successful clinical application of 

imatinib mesylate in chronic myeloid leukemia (CML).
71

  

Given the prevalence and propensity of FLT3 mutations among AML patients with inferior 

outcome, targeting therapy against FLT3 have been developed such as FLT3 antibody
72–75

 and 

small molecular inhibitors. FLT3 inhibitors include first-generation inhibitors SU11248 

(sunitinib), CEP-701 (lestaurtinib), BAY43-9006 (sorafenib), PKC412 (midostaurin) and second-

generation inhibitor AC220 (quizartinib), CP-868596 (crenolanib), PLX3397, TTT-3002.
76–79,80,81

 

Depending on binding to different conformations of the kinase,  these compounds are further 

classified into type I (binding to activate conformation, e.g. sunitinib, lestaurtinib, midostaurin 

and crenolanib) and type II (binding to inactivate conformation, e.g. sorafenib and quizartinib) 

inhibitors.
58,59,82

 Overall, most of the first-generation inhibitors are limited by suboptimal 
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propensity for sustained FLT3 attenuation and off-target effects. Second-generation inhibitors 

with more potency and higher specificity are emerging and appear to be more encouraging. 

Nevertheless, as single agents, these inhibitors showed moderate but not robust and sustainable 

efficacy towards AML in clinical trials. Most patients treated with TKI showed clearing of 

peripheral blasts, but rarely prominent reductions of bone marrow blasts, leading to rare complete 

remissions.
76–79

 Given the much superior responses of CML patients to BCR-ABL inhibitors, this 

may be reflective of treating a single gene disease (CML) versus multiple aberrant gene disease 

(AML). Therefore, preclinical/clinical testing of FLT3 TKI in combination with other agents 

have been evoked. To date, synergy have been demonstrated when combination of FLT3 

inhibitors and traditional chemotherapy, MEK, HSP90 or CDK4 inhibitors were 

applied.
83,84,85,86,87,88

 These preliminary clinical data imply that small-molecule inhibitors may 

efficiently complement conventional regimens to treat a much broader range of malignancies.  

 

1.5.5 Tyrosine kinase inhibitor (TKI) resistance 

Even though effectiveness has been reported in preclinical models and early-phase clinical trials, 

resistance to FLT3 TKIs remains challenging.  

There are a variety of mechanisms by which patients develop resistance to current FLT3 

inhibitors, including extensive protein binding in human plasma, stromal components of bone 

marrow microenvironment, elevated FLT3 ligand levels, activation of alternative and 

downstream signaling pathways etc.
89,90

 Among these, one major mechanism is the emergence of 

resistance mutations in FLT3-ITD-positive cells. Secondary TKD mutation contribute to drug 

resistance by interfering with drug binding in CML patients treated with imatinib.
91

 Likewise, 
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resistance to FLT3 inhibitors among FLT3-ITD patients partly due to acquired TKD mutations 

particularly at key residues D835Y, F691L and N676K.
1,61

 

The development of novel FLT3 TKI to overcome some of the mechanisms which lead to 

persistent FLT3 activation is definitely necessary and urgent to improve the treatment for these 

patients. Recently, crenolanib, a selective type I pan-FLT3 inhibitor,
58

 was proved to be potent 

against FLT3-ITD-D835Y resistant AML samples. In addition, an investigational therapy 

combining crenolanib with fundamental chemotherapy was initiated recently. However, 

crenolanib is still ineffective to target the F691L gatekeeper mutation.
80,92

 It remains to know 

whether crenolanib is potent against FLT3-ITD-N676K resistant mutant.  

 

1.6 Core-binding factor (CBF)-AML 

Core-binding factor(CBF) formed by RUNX1(DNA-binding subunit, also known as 

AML1,CBFa2, PEBP2b) and CBFb (non-DNA-binding subunit, stabilizing binding of RUNX1 to 

DNA) is an essential transcription factor for hematopoiesis.
93,94

 Forming a transcriptionally active 

nuclear complex, CBFb increases the affinities of RUNX1 for DNA, rather than binding DNA 

directly by itself. Both RUNX1 and CBFb are of importance for CBF activity, since loss-of-

function in either of them lead to total absence of definitive hematopoietic cells.
95,96

  

Two types of fusion genes including CBFB/MYH11 and RUNX1/RUNX1T1 (AML1-ETO) are 

recurrently identified in about 20% AML patients and indicate for favorable prognosis.
97,98

 

CBFB/MYH11 originates from either inversion inv(16)(p13;q22) or translocation 

t(16;16)(p13;q22), and AML1-ETO is the product of translocation t(8;21)(q22;q22). These fusion 

genes result in sequestration of RUNX1 in the cytoplasm and impede the physiological activity of 
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CBF, leading to repression of CBF target genes (Figure 1.4). Consequently, differentiation is 

blocked and hematopoiesis impaired. In knock-in mouse model, it has been demonstrated that 

CBFB/MYH11 or RUNX1/RUNX1T1 is insufficient to induce leukemia, additional mutations 

are likely required for development of overt leukemia.
20,99,100,101

  

 

Figure 1.4 Mechanisms interfering normal function of RUNX1 in t(8;21) and inv(16) CBF-

associated AML. Adapted from Fischer et al. 2015.
102

 

As the major translocation involving CBFB, inv(16)(p13;q22) is caused by chromosomal 

inversion which fuses N-terminus of CBFB (1-165 amino acids in most cases) to coiled-coil 

region of smooth muscle myosin heavy chain (SMMHC), the product of MYH11 gene.
103

 

Clinically, up to 90% of AML patients with inv (16) carry mutations on either RAS or RTKs (c-

kit and FLT3).
2,104

 Moreover, mutations of FLT3 or c-kit conferred inferior outcome to CBF 

leukemia patients.
104,105,106

 In C57BL/6J murine model, Kim and colleagues demonstrated that 

CBFB/MYH11 cooperate with FLT3-ITD for AML development.
107

 While this group failed to 

show the cooperation between AML1-ETO and FLT3-ITD for leukemogenesis, another study 

described strong collaboration between AML1-ETO and FLT3-ITD for both AML and ALL.
100

 

Additionally, mutants of c-kit have been shown to collaborate with AML1-ETO or CBFB-

MYH11 to induce leukemia in mice.
108,109
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These data reveal the common collaborative network of CBF-associated fusion genes (CBFB-

MYH11 and AML1-ETO) and class III RTKs (FLT3 and c-kit) for leukemogenesis. As 

mentioned above, the novel FLT3-N676K mutant was almost exclusively expressed in leukemia 

patients with inv (16),
2,70

 this prompted us to investigate the transforming potential of FLT3-

N676K and test whether FLT3-N676K could collaborate with inv(16) to promote AML. 

 

1.7 Aims  

The aims of the present study was to characterize the leukemogenic potential of the novel FLT3-

N676K mutant.             

1. We explored the transforming activity of novel FLT3-N676K mutant for leukemogenesis 

in vivo, using C3H/HeJ and C57BL/6J mouse models.  

2. Due to almost exclusive expression of FLT3-N676K in AML patients with inv (16), the 

potential cooperation of FLT3-N676K and inv (16) (CBFβ-SMMHC) in leukemia 

development was further tested.  

3. Sensitivity of leukemic cells carrying FLT3-N676K to FLT3 inhibitors was examined.
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2 Materials and methods 

 

2.1 Materials  

2.1.1 Laboratory instruments 

Centrifuge multifuge                                                                   Heraeus (Hanau, Germany) 

Thermocycler                                                                       Biometra (Göttingen, Germany) 

Flow cytometer Calibur                                                        Becton & Dickinson (NJ, USA) 

Flow cytometer Canto                                                          Becton & Dickinson (NJ, USA) 

MACS                                                         Milteny Biotech (Bergisch Gladbach, Germany) 

Shandon Cytospin 4                                  Thermo Electron Corporation  (Pittsburgh, USA) 

Vet abc
TM

 blood counter                                                           SCIL (Viernheim, Germany) 

BenchMark Ultra (TM) staining machine                              Roche ( Mannheim, Germany) 

Microscope BX51                                                                            Olympus (Tokyo, Japan) 

 

2.1.2 Consumable materials 

Cell culture plates and flasks                                            Sarstedt  (Nuembrecht, Germany) 

Cryo Tube vials                                                        Thermo scientific (Roskilde, Denmark) 

Tubes                                                                                 Sarstedt  (Nuembrecht, Germany) 

Tips                                                                  Greiner bio-one (Kremsmuenster, Germany) 

Serological pipette                                                              Sarstedt (Nuembrecht, Germany) 

Syringes                                                                                  Braun ( Melsungen, Germany) 

Needles (20G, 23G,27G)                                                      Becton & Dickinson (NJ, USA) 
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Capillary End-to-End                                                         Sarstedt (Nuembrecht, Germany) 

EDTA-coated blood tubes, 1.3 ml                                     Sarstedt (Nuembrecht, Germany) 

Cell strainer 70um                                                                Becton & Dickinson (NJ, USA) 

CL-Xposure Film                                                  Thermos  scientific (Schwerte, Germany) 

 

2.1.3 Media, supplements 

Dulbecco’s MEM medium                                                       Biochrom (Berlin, Germany)          

Iscove Basal Medium                                                               Biochrom (Berlin, Germany)          

RPMI 1640 medium                                                    PAN-Biotech (Aidenbach, Germany) 

Fetal bovine serum standard quality                            PAA laboratories (Pasching, Austria) 

Penicillin/streptomycin                                                PAN-Biotech (Aidenbach, Germany) 

L-glutamine                                                                             Gibco (Eggenstein, Germany) 

Sodium pyruvate                                                          PAA laboratories (Pasching, Austria) 

StemSpan SFEM                                             StemCell Technologies (Vancouver, Canada) 

MethoCult M3234 media                                StemCell Technologies (Vancouver, Canada) 

Murine interleukin-3                                                          PeproTech (Hamburg, Germany) 

Murine stem cell factor                                                     R & D (Vereinigte Staaten, USA) 

Human FLT3 ligand                                                           PeproTech (Hamburg, Germany) 

Human interleukin-11                                                        PeproTech (Hamburg, Germany) 

 

2.1.4 Chemicals and reagents 

PBS                                                                              PAN-Biotech (Aidenbach, Germany) 

Restriction endonucleases                  Fermentas, Thermos  scientific (Schwerte, Germany) 



Materials and methods                                                                                    28                           

 

 

 

pcDNA3.MLV syn gag/pol                                         PlasmidFactory (Bielefeld, Germany) 

K73 eco-env                                                                PlasmidFactory (Bielefeld, Germany) 

Chloroquine                                                                 Sigma-Aldrich (Hamburg, Germany) 

Retronectin                                                                           TAKARA (Frankfurt, Germany) 

BSA                                                                                         Biomol  (Hamburg, Germany) 

HBSS  10X                                                      Thermo Fisher Scientific (Bremen, Germany) 

Dimethyl-sulfoxide                                                         Merck kGaA (Darmstadt, Germany) 

Trypan blue stain (0.4%)                                  Thermo Fisher Scientific (Bremen, Germany)            

Türk’s solution                                                                Merck kGaA (Darmstadt, Germany) 

Agarose                                                                                         Invitrogen (Carlsbad, USA) 

DNA loading dye 6x                             Fermentas, Thermos  scientific (Schwerte, Germany) 

Gene Ruler DNA ladder 100bp/1kb     Fermentas, Thermos  scientific (Schwerte, Germany) 

Protein assay dye reagent                                                           Bio-rad (München, Germany) 

Tris                                                                                            Biomol  (Hamburg, Germany) 

Glycine                                                                                       Bio-rad (München, Germany) 

Acrylamide/Bis solution 30%                                                    Bio-rad (München, Germany) 

Tween 20                                                                                Carl Roth (Karlsruhe, Germany) 

N,N,N’,N’-Tetramethyl-ethylenediamine                       Sigma-Aldrich (Hamburg, Germany) 

Powdered milk blotting grade                                                Carl-Roth (Karlsruhe, Germany) 

2-Mercaptoethanol                                                          Sigma-Aldrich (Hamburg, Germany) 

Re-blot plus mild antibody stripping solution Millipore  

                                                                                          (Schwalbach am Taunus, Germany) 

Methanol                                    Avantor Performance Materials (Deventer, the Netherlands) 

Isopropanol                                Avantor Performance Materials (Deventer, the Netherlands) 
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Supersignal west femto maximum sensitivity substrate 

                                                                                   Thermo scientific (Schwerte, Germany) 

Ciprofloxacin kabi solution         Pharmazeutischer Unternehmer (Bad Homburg, Germany) 

37% formaldehyde solution                                                Carl-Roth (Karlsruhe, Germany) 

Giemsa and May-Grünwald staining solutions           Sigma-Aldrich (Steinheim, Germany) 

Ammonium chloride erythrocyte lysing reagent     BD Biosciences (Heidelberg, Germany) 

Trizol                                                                                         Invitrogen   (Carlsbad, USA)  

Qiagen RNEasy kit                                                                      Qiagen ( Hilden, Germany) 

Quizartinib (AC220)                                                          LC Laboratories (Woburn, USA) 

Crenolanib                                                                               Selleckchem (Houston, USA) 

 

2.1.5 Antibodies 

Anti-human CD135 (FLT3) PE  #558996                            Becton & Dickinson (NJ, USA) 

Anti-mouse CD11b PE  #12-0112-81                              eBioscience (Frankfurt, Germany) 

Anti-mouse CD11b APC-ef780  #47-0112-80                 eBioscience (Frankfurt, Germany) 

Anti-mouse Gr-1 APC-ef780  #47-5931-80                     eBioscience (Frankfurt, Germany) 

Anti-mouse CD117  PE-cy7 #25-1171-81                       eBioscience (Frankfurt, Germany) 

Anti-mouse CD3 APC-ef780 #47-0032-82                      eBioscience (Frankfurt, Germany) 

Anti-mouse CD4 PE #12-0041-83                                   eBioscience (Frankfurt, Germany) 

Anti-mouse CD8a PE-cy7 #25-0081-82                          eBioscience (Frankfurt, Germany) 

Anti-mouse CD19 APC-ef780 #47-0193-80                    eBioscience (Frankfurt, Germany) 

Anti-Human/Mouse CD45R (B220) APC #17-0452-81  eBioscience (Frankfurt, Germany) 

Anti-mouse CD45 percp-cy5.5  #45-0451-82                  eBioscience (Frankfurt, Germany) 

Phosphor-FLT3 (Tyr591)  #3461             Cell Signaling Technology (Frankfurt, Germany) 
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Phosphor-FLT3 (Tyr842)  #4577             Cell Signaling Technology (Frankfurt, Germany) 

FLT-3/FLK-2  (C-20)   sc-479                                       Santa Cruz  (Heidelberg, Germany)                                  

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (D13.14.4E) XP® Rabbit mAb  

 #4370                                                       Cell Signaling Technology (Frankfurt, Germany) 

p44/42 MAPK (Erk1/2)  #9102                Cell Signaling Technology (Frankfurt, Germany) 

Phospho-Akt (Ser473) (D9E) XP®Rabbit mAb  #4060  

                                                                  Cell Signaling Technology (Frankfurt, Germany) 

Akt (pan) (C67E7) Rabbit mAb  #4691   Cell Signaling Technology (Frankfurt, Germany) 

Phospho-Stat5 (Tyr694)   #9351              Cell Signaling Technology (Frankfurt, Germany) 

STAT5 (C-17) sc-835                                                    Santa Cruz  (Heidelberg, Germany) 

PEBP2β/CBF (FL-182)  sc-20693                                 Santa Cruz  (Heidelberg, Germany) 

β-tubulin (9F3) Rabbit mAb     #2128      Cell Signaling Technology (Frankfurt, Germany) 

Goat anti-rabbit IgG-HRP sc-2004                                Santa Cruz  (Heidelberg, Germany) 

 

2.1.6 Kits 

Calcium phosphate transfection kit                             Sigma-Aldrich (Hamburg, Germany) 

Mouse lineage cell depletion kit                Miltenyi biotech (Bergisch Gladbach, Germany) 

Human phospho-RTK array                                            R&D systems (Minneapolis, USA) 

XL1-Blue competent cells                                                    Agilent (Waldbronn, Germany) 

TA cloning kit                                                                             Invitrogen (Carlsbad, USA) 

DNA blood mini kit                                                                      Qiagen (Hilden, Germany) 

Plasmid mini/midi/maxi kit                                                          Qiagen (Hilden, Germany) 

QuantiTect Reverse Transcription Kit                                         Qiagen (Hilden, Germany) 

APC Annexin V Apoptosis Detection Kit with 7-AAD              Biolegend (Fell, Germany) 
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2.2 Methods  

2.2.1Cell culture 

32D cell were cultured in RPMI 1640 medium supplemented with 10% FCS and 2ng/ml mIL3. 

For testing whether 32D-transduced cells were cytokine-independent, mIL3 was withdrawn from 

the culture medium. HEK 293T and SC-1 cells were maintained in DMEM medium 

supplemented with 10% FCS and 1% sodium pyruvate. PBS containing 0.25% trypsin was used 

for the detachment of adherent cells. All cells were passaged every two or three days and 

maintained at 37
o
C, 5% CO2 and 90% humidity. 

 

2.2.2 Gene transfer by retroviral transduction   

2.2.2.1Vector construction 

The complementary DNA (cDNA) of human FLT3-ITD (W51) was kindly provided by Prof. Dr. 

med. Thomas Fischer and PD Dr. med. Florian Heidel (Magdeburg, Germany). W51 gave rise to 

duplication of human FLT3 amino acids 595–601 (REYEYDL).
15

 Self-inactivating retroviral 

vectors ‘pSRS11 SF iGFP pre’ was a gift from Prof. Dr. med Axel Schambach PhD (Hannover, 

Germany).
110

 Using Eco47III restriction enzyme site, we cloned human FLT3-ITD (W51) 

fragment into ‘pSRS11 SF iGFP pre’ and generated ‘pSRS11 SF FLT3-ITD iGFP pre’. Based on 

‘pSRS11 SF FLT3-ITD iGFP pre’, we generated human wild-type FLT3 and FLT3-ITD-N676K 

by overlap PCR.
111

 Mutagenesis of N676K or D835Y ( hereafter FLT3-TKD835) was introduced 

into wt FLT3. PCR strategy and primer sequences were shown in figure 2.1 and table 2.1-2.2. 
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Figure 2.1 Overlap PCR generate specific nucleotide mutations. Mutagenesis is introduced using 

mutagenic primers (b, c) and flanking primers (a, d). Adapted from Heckman et al, 2007.
111

 

 

Table 2.1  Strategies for construction of different FLT3 mutants by overlap PCR 

Constructs generated Constructs as   

PCR 

templates 

Restriction 

enzyme 

sites  

Primer  

a 

Primer 

b 

Primer 

c 

Primer 

d 

FLT3-wt FLT3-ITD Muni+Agei KH35 KH42 KH43 KH41 

FLT3-N676K FLT3-wt Muni+Agei KH35 KH57 KH58 KH41 

FLT3-TKD835 FLT3-wt Muni+Agei KH35 KH36 KH37 KH41 

FLT3-ITD-N676K FLT3-ITD Muni+Agei KH35 KH57 KH58 KH41 
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Table 2.2  Primers used for overlap PCR 

Primer name Sequences  5’-3’ 

KH35 CAT TCT ATG CAA CAA TTG GTG TTT GTC TCC TC 

KH36 TCA TGA TAT ATC GAG CCA ATC CAA AGT CAC ATA TCT TC 

KH37 TTG GCT CGA TAT ATC ATG AGT GAT TCC AAC TAT GTT G 

KH41 ATT CAT GGT GGC GAC CGG TAG CAA CTA CGA ATC 

KH42 CTT GGA AAC TCC CAT TTG AGA TCA TAT TCA TAT TC 

KH43 GAA TAT GAA TAT GAT CTC AAA TGG GAG TTT CCA AG 

KH57 GCA CGC CCC CAG CAG TTT CAC AAT ATT CTC GTG 

KH58 CAC GAG AAT ATT GTG AAA CTG CTG GGG GCG TGC 

KH68 GCG CTA CCG GTA TCC GCC CCT CTC 

KH69 GGT TGT GGC CAT ATT ATC ATC GTG 

KH70 AAT ATG GCC ACA ACC ATG CCG CGC GTC GTG CCC GA 

KH71 GGG GGA TCC GTC TTA TTC ACT GGC CTT GGT TC 

 

For ‘pSRS11 SF IRES dTomato pre’ construction, we replaced ‘IRES GFP’ of ‘pSRS11 SF iGFP 

pre’ with ‘IRES dTomato’ [ a gift from Franziska Geis/Prof. Dr. med Axel Schambach PhD 

(Hannover, Germany)] by using Agei and Noti restriction enzyme sites. Human CBFB-MYH11 

cDNA
107

 (provided by Prof. Dr. Christopher A. Klug, Birmingham, USA) was introduced into 

‘pSRS11 SF IRES dTomato pre’ using Agei site. ‘pSRS11 SF CBFB-MYH11 IRES dTomato pre’ 

was generated.  

To co-expressed FLT3-N676K and CBFB-MYH11 by single vector, ‘pSRS11 SF FLT3-N676K 

IRES CBFB-MYH11 pre’ was constructed. Firstly, we amplified ‘IRES CBFB-MYH11’ 

fragment by overlap PCR. Based on ‘pSRS11 SF CBFB-MYH11 IRES dTomato pre’ construct, 

primer KH68+KH69 and KH70+KH71 were used to amplify IRES and CBFB-MYH11, 
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respectively. Overlap PCR product ‘IRES CBFB-MYH11’ was generated by primer 

KH68+KH71, introducing Agei+BamHi sites. This product was digested with Agei+BamHi and 

cloned into fragment of ‘pSRS11 SF FLT3-N676K IRES GFP pre’, in which ‘IRES GFP’ was 

removed by Agei+BamHi.  

All constructs used in the present study were verified by sequencing.  

(For schematic structure of constructs, see Figure 3.1A) 

 

2.2.2.2 Plasmid production 

Plasmids were transformed into competent XL1-Blue bacterial cells. Transfected cells were 

plated on LB-agar plates followed by incubation overnight at 37
o
C. Subsequently, colonies were 

picked and proliferated at 37
o
C in LB medium with appropriate agitation. Plasmids were purified 

by spin miniprep or maxi kits according to Qiagen’s manual. Dissolved in TE buffer, the 

plasmids were measured for concentration and stored at -20
o
C until use.  

 

2.2.2.3 Transfection of HEK293T cells by calcium phosphate  

The mixture of plasmids was firstly prepared in distilled water containing calcium chloride 

(CaCl2) as following: gene of interest containing retroviral vector, pcDNA3.MLV syn gag/pol [a 

vector for expression of optimized murine leukemia virus (MLV) matrix and core proteins, 

reverse transcriptase, RNase H and integrase), K73 eco-env (a vector for ecotropic envelope 

protein expression, recognizing a receptor only found in rat and mouse cells) (Table 2.3). 

Next, 500µl plasmid mixture and 500µl HeBS solution (2X) were combined. The plasmid 

mixture was added in 1 drop every 2-3 seconds, while the solution was vigorously shaked by 

pipetting. The total mixture (1ml) was moved to a 60.1 cm² tissue culture dish containing 10ml 
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DMEM culture medium (with 25µM chloroquine) for culture of HEK293T cells. The cells were 

incubated at 37
o
C for 8-10h. Afterwards, the medium was replaced by fresh DMEM culture 

medium with 20 mM HEPES.  

 

                              Table 2.3 Components of transfection 

Plasmid and reagents    Amount 

Retroviral vector        20µg 

pcDNA3.MLV        10µg 

K73 Eco          5µg 

2.5M CaCl2         50µl 

H2O  ad 500µl 

 

 

2.2.2.4 Virus collection and titration 

At different time points (24h,36h,48h,60h,72h), the supernatants were collected, pooled, filtered 

with 0.22 µm filter and aliquoted for storage at -80
o
C. Subsequently, the titer of virus was 

determined in SC-1 murine embryo fibroblast-like cells. 1x10
5
 SC-1 cells were cultured in 24-

well plate in 100µl culture medium. Various amounts of virus (10µl, 25µl, 100µl) were added 

into wells. Two days later, the transduction efficiency was measured by FACS according to 

GFP/dTomato/Gene of interest expression in transduced cells. Titer per ml=2x (transgene 

positive cells %) x (cell number at day of transduction)/volume of virus supernatant. The virus 

with high titer (>5x10
5
 TU/ml) was used for future experiments.  

 

2.2.2.5  32D cell transduction 

2 ml retronectin (48 µg/ml) was added into the 6-well plate and incubated for 2h at room 

temperature. After removal of retronectin, incubation of 2 ml PBS/2% BSA was made for 30 min. 
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Washing by 3 ml HBSS/2.5% 1M HEPES was carried out before virus loading. Up to 1 ml virus 

supernatant was centrifuged under 2000 rpm, 4
o
C for 30 min. Depending on different MOIs, 

more rounds of centrifugation could be performed for high transduction efficiency. (1-2)x10
5
 32D 

cells were added into the well after removal of virus supernatant. Transgene expression was 

measured by FACS 2 days after transduction.  

 

2.2.3 Mice  

C3H/HeJ and C57BL/6J mice (aged 8-16 weeks) were commercially obtained from Charles River 

and housed in animal facility of Hannover Medical School. Animal experiments were performed 

in accordance with the German animal protection law. The application of experimental mice was 

approved by Lower Saxony Committee on the Ethics of Animal Experiments as well as Lower 

Saxony State Office for Consumer Protection and Food Safety in Hannover.  

 

2.2.3.1 Isolation of lineage negative primary bone marrow cells from C57BL/6J mice 

Cell isolation was performed according to the manufacturer’s instruction for mouse lineage cell 

depletion kit. Bone marrow cells from femurs and tibias of sacrificed C57BL/6J mice were 

flushed and pooled in IMDM medium supplemented with 10% FCS, 1% glutamine and 2% 

penicillin/streptomycin. After wash, the cells were suspended and incubated with biotin-antibody 

cocktail (10µl Ab/10
7
 cells in 50µl buffer) following by addition of anti-biotin microbeads (20µl 

microbeads/10
7
 cells in 100µl buffer). Depletion of lineage positive cells was performed by 

MACS column filtration and lineage negative cells were collected and measured for purity by 

FACS.  
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2.2.3.2 Pre-stimulation and transduction of primary bone marrow cells 

 Isolated lineage negative bone marrow cells were cultured in serum-free expansion medium 

(stemspan) in 6-well-plate. ‘Li-cocktail’ 112
 (mSCF 100 ng/ml, hFLT3 Ligand 100 ng/ml, hIL-11 

100 ng/ml, mIL-3 10 ng/ml, 3-5 x 10
5
 cells/ml) was applied to pre-stimulate the cells for 48h. 

Transduction was performed after retronectin coating of 6-well plates. Ecotropic pseudotyped 

retrovirus supernatant were loaded and centrifuged in 4
o
C. Variable MOIs (multiplicity of 

infection) between 10-30 were used to get high transduction efficiency as well as low insertional 

mutagenesis risk. Pre-stimulated cells were harvested and added into the virus-preloaded well. If 

gene marking <5% 24h post transduction, second round of spin-transduction was performed. 

 

2.2.3.3 Transplantation  

For 32D-C3H/HeJ mouse bone marrow transplantation, around 10
7
 32D-transgene positive cells 

in 200µl RPMI 1640 medium were injected into 2.5 Gy irradiated C3H/HeJ mice via tail veins, 

which had been pre-warmed by infrared radiation. Generally, the injection was done within 24h 

post irradiation. We checked the frequency of leukemic stem cells (LSCs) by limiting dilution 

assay.  For limiting dilution transplantation of leukemic cells, generally 10
7
, 10

6
, 10

5
, 10

4
, 10

3
, 

and 10
2
 cultured leukemic cells from moribund mice were transplanted into secondary recipients. 

We compared cell dose of each group, with which 100% leukemia development in the recipient 

mice was induced.
109

   

For Lin
-
 C57BL/6J BMT model, 10.5 Gy lethal dose of irradiation was carried out. Up to 10

6
 

transgene positive bone marrow cells were transplanted for each mouse. Ciprofloxacin (1:20) was 

added into the drinking water of the mice in the first two weeks.  
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2.2.3.4 Mice monitoring and analysis 

Mice were monitored daily for leukemia related signs, including limited motility, paralysis, 

hunched back, abnormally enlarged abdomen, ruffled fur and swollen tail etc. To confirm 

engraftment or evaluate leukemia burden, peripheral blood was harvested from retro orbital sinus 

for smears, complete blood count and FACS analysis. Moribund mice were sacrificed for 

necropsy, or analyzed when found dead before onset of autolysis. A diagnosis of leukemia was 

established based on histologic, cytologic, and immunophenotypic findings.
113,114

  

 

2.2.3.4.1 Histology 

Mice were dissected and enlarged organs were weighed. Spleen, liver, bone marrow (sternum and 

tibia), lung, kidney and any other organs appeared to be abnormal ( e.g. enlarged lymph nodes 

and thymus, swollen tail) were dissected and fixed in 4% formalin/PBS. Further processing of 

fixed tissues included embedding to paraffin, preparation of paraffin blocks, sectioning  (2 µm or 

2.5 µm thick) and  hematoxillin/eosin (HE) staining of the tissues.  

 

2.2.3.4.2 Preparation of single cell suspensions from BM, spleen, liver and others 

BM cells were washed from femur and tibia with DMEM medium by flushing with a syringe.  

Gentle drawing up of the BM trough a needle into a syringe should be performed more than three 

times to make single cell suspensions. 70 um cell strainer was employed for filtering. Spleen and 

liver ( lymph nodes and thymus when oversized) tissues were grinded with cell strainers into a 50 

ml Falcon tube. Membrane of the cell strainer was washed with DMEM medium. Cells were 

frozen (90% FCS+10% DMSO) for further experiments or used immediately for cytospin and 

FACS analysis.  
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2.2.3.4.3 Cytospin 

Approximately 2 × 10
5
 cells in 200 µl PBS were used for one slide of cytospin. Centrifugation 

(by Shandon Cytospin 4) at 800 rpm for 10 min was carried out. Giemsa/May- Grünwald were 

employed for staining. Staining protocol: incubate the slides 5 min in May-Grünwald followed by 

30 min in Giemsa staining solution (1:20).  

 

2.2.4 FACS analysis 

For staining of surface molecules, approximately 1x10
6
 cells were suspended in 100 µl FACS 

buffer supplemented with desired antibodies. After incubation for 30 min in dark on ice, cells 

were washed and centrifuged at 2800 rpm for 5 minutes at 4
o
C. Pellets were re-suspended in 400 

µl buffer for acquisition. PI was added before measurement to exclude dead cells when necessary. 

For only GFP/dTomato detection, cells were subjected to acquisition without antibody staining. 

FACS was done on FACScalibur or FACScanto machine (both Becton & Dickinson). Flowjo 

software was employed for data analysis.  

 

2.2.5 Western blot 

2.2.5.1 Preparation of cell lysate 

Cell pellets were suspended in 40 ml ice cold PBS containing 1mM NA3VO3 followed by 

centrifugation at 1500rpm, 10 min at 4
o
C. 200-1000 ul NP40 lysis buffer  (50 mM Hepes pH7.6, 

150 mM NaCl, 50 mM NaF, 10 mM NaPyrophosphate, 1 mM EDTA, 10 % Glycerine, 1.1 % 

NP-40) was added for extraction of total cell lysate. Protease inhibitor cocktail (200 U/ml 

Aprotinin, 5 µg/ml Leupeptin, 5 µg/ml Pepstatin, 1 mM PMSF, 1 mM Pefabloc, 1 mM Sodium 

orthovanadate) was included. After incubation for 20 min on ice, centrifugation at 13000 rpm for 
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10 min at 4
o
C was carried out. Upper supernatant was aliquoted for storage at -80

o
C. Bradford 

test was employed for determination of protein concentration.  

 

2.2.5.2 SDS-PAGE (Sodium Dodecyl Sulfate-Poly Acrylamide Gel Electrophoresis) 

The smaller the size of protein of interest, the higher concentration of separation gel was prepared. 

Collection gel and separation gel were prepared as listed in Table 2.4. 

 

 Table 2.4 Components of SDS-PAG 

Material                   Acrylamide [AA] concentration 

 

Collection gel 

pH= 6.8 

5% 

                       Separation gel   

                             pH=8.8        

          8.5%                  10%                  12%          

H2O            [ml] 13.46 25.4 23 17.5 

Gel Buffer  [ml] 2.5 30 30 30 

30% AA     [ml] 3.4 23 27 32.5 

10% SDS   [µl] 200 800 800 800 

10% APS   [µl] 200 800 800 800 

TEMED     [µl] 20 48 48 48 

Total          [ml] 20 80 80 80 

 

 

The separation gel was prepared, loaded into the chamber and overlaid with 2 ml isopropanol. 

After polymerization for 2h at room temperature, isopropanol was removed and replaced by 

collection gel for 1h polymerization. Normally, 100µg lysate in DTT-included loading buffer was 

denatured at 100
o
C for 5 min before loading to the gel. Gel electrophoresis was performed at 100 
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mA for 5 min followed by 30 mA for 12-16h or until the running front reached the bottom of the 

gel.  

 

2.2.5.3 Transfer of proteins 

The gel and methanol pre-treated nitrocellulose membrane were sandwiched between sponge and 

paper (sponge/paper/gel/membrane/paper/sponge) and all were clamped tightly together after air 

bubbles were completely removed. The sandwich was submerged in transfer buffer to which an 

electrical field was applied. It is important to check that the membrane is closest to the positive 

electrode and the gel closest to the negative electrode. Transfer was performed with 500 mA for 

1-2h at 4
o
C.  

 

2.2.5.4 Blocking and incubation with antibody 

The membrane was blocked with 5% BSA or milk in TBST 1-2h at room temperature. Incubation 

with properly diluted primary antibody was performed at 4
o
C overnight. After 3 times wash by 

TBST, HRP-conjugated secondary antibody was added for 1h incubation at room temperature. 

After that, membrane was washed 3 times by TBST followed by TBS once.  

 

2.2.5.5 Development  

Supersignal west femto maximum sensitivity substrate was employed for detecting HRP on 

immunoblots. Equal amounts of luminol and peroxidase substrate were mixed and applied onto  

blot for 5min in a box without agitation. Blots were arranged in developing cassette and subjected 

to developing in dark room subsequently. The exposure time varied between 1s to 1h depending 
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on the intensity of signal. For those blots with another protein of interest to be detected, stripping 

was performed followed by second round of blocking and incubation.  

 

2.2.6 Human phospho-RTK array 

The procedures were performed according to the manufacturer’s instructions. Briefly, one array 

was placed into each well of 4-well multi-dish containing 2 ml block buffer (array buffer 1). After 

1 h incubation at room temperature on shaker, buffer 1 was removed. 2 mg cell lysate in 1.5 ml 

buffer 1 was added for incubation overnight at 4
o
C on shaker. Afterwards, array was placed into 

individual containers with 30 ml wash buffer (1x) for 10 minutes washing by 3 times. Anti-

phospho-tyrosine-HRP detection antibody was diluted (1:2000) with 1x array buffer 2. Array was 

put into 4-well multi-dish with the diluted Anti-phospho-tyrosine-HRP for 2 h incubation at room 

temperature. After 3 times wash, membrane was placed on the plastic sheet protector followed by 

addition of 1 ml chemi reagent mix. The membranes with identification numbers facing up were 

placed in autoradiography film cassette for exposure.  

 

 2.2.7 Colony forming assay 

Spleen cells of leukemic mice were cultured without cytokine supplement to enrich the leukemic 

cells. To analyze clonal growth, 500-3000 transgene positive cells per dish were plated in M3234 

media. The assays were plated as duplicates or quadruplicates, and colonies were counted and 

pictured on day 7. Plating efficiency was defined and calculated as follow: plating 

efficiency=(number of colonies formed/number of cells inoculated) x 100. FLT3 inhibitors 

quizartinib (AC220) and crenolanib were used to test their potency towards leukemic cells. Cells 
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were treated with different inhibitor concentration as indicated and colony formation inhibition 

was determined.  

 

2.2.8 Genomic DNA extraction and amplification for human FLT3 and MYH11 genes by 

PCR 

Cultured cell lines or cells of mice were washed by PBS and centrifuged. The cell pellets were 

subjected to genomic DNA isolation using DNA Blood mini kit. Normally, 20-100ng genomic 

DNA were used as templates for PCR. For detection of human FLT3, primers ZL46 forward (5’-

ACGCCGAAACCGCGCCGCGCGTC-3’, binding in backbone of vector) and KH06 reverse (5’-

CACTTGCAGTGTGATGGAAGCAG-3’, binding in FLT3) were used. For detection of human 

MYH11, primers KH62 forward (5’-AAAGCAACGTGCCCTGGCAG-3’) and KH65 reverse 

(5’-TTTGCGGACCCGGTCGCTCA-3’) were used.  

 

2.2.9 Data analysis and statistics  

FACS  was performed by using FACSDiva 6.0(Becton & Dickinson, NJ, USA) and FlowJo (Tree 

Star, OR, USA) software. Images of western blot and RTK antibody array was analyzed by 

Image J software (NIH, USA). Statistical data analysis and figures were generated by using Prism 

4 (GraphPad, CA, USA). Significant values were measured either by one-way ANOVA (more 

than two groups)  or Student's t-test (two groups). Kaplan-Meier survival curves were compared 

by log-rank test. Results were shown as mean ± SD or median, with P<0.05 considered 

significant.
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3 Results  

3.1 FLT3-N676K renders 32D cells leukemogenic in vivo  

To examine the leukemogenic potential of FLT3-N676K and compare it with two most common 

FLT3 mutants, i.e. FLT3-ITD and FLT3-TKD835, and FLT3-ITD-N676K that was identified in a 

patient after TKI treatment,
1
 we constructed retroviral vectors expressing FLT3-ITD, FLT3-

N676K, FLT3-TKD835, and FLT3-ITD-N676K (Figure 3.1A, B).  We first used a model based 

on non-leukemogenic myeloid, interleukin-3 (IL-3) dependent 32D cells.
115

 Retroviral expression 

of all four mutants in 32D cells caused growth-factor independence, indicating strong 

transforming effect of all mutants in vitro. Even without selecting for growth-factor independence 

in vitro, transduced 32D cells harboring all four FLT3 mutants elicited a fatal AML in sublethally 

irradiated syngeneic C3H/HeJ recipients (Figure 3.1C). This was reproducibly observed in two 

independent experiments using cell populations that expressed comparable levels of transgenes. 

FLT3-ITD and FLT3-ITD-N676K diseased mice survived a shorter period than mice from the 

FLT3-TKD835 and FLT3-N676K groups (median survival: 32 days and 33 days vs. 48 days and 

58 days). However, this difference was not statistically significant. Most diseased animals 

showed thrombocytopenia, leukocytosis, and anemia (Figure 3.2). Leukemic infiltration led to 

massive splenic and hepatic enlargement (Figure 3.1D and 3.3).  

Although there was no significant difference in terms of blood counts in peripheral blood or 

weight of spleen and liver between the four mutant groups, animals with FLT3-N676K and 

FLT3-TKD835 mutants had significantly higher blast percentage in spleen and BM in 

comparison with FLT3-ITD mice (63.4%, 58.7%, 43.8% and 61.6%, 62.9%, 46.1%, respectively) 

(Figure 3.4A). Histopathology revealed extensive leukemic infiltration of the spleen, liver, and 
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Figure 3.2 Thrombocytopenia, leukocytosis, and anemia in moribund C3H/HeJ mice induced by 

FLT3 mutants. Blood count was measured on day of endpoint analysis. Each dot represents one mouse. 

The horizontal lines indicate the median value for each group. WBC: white blood cell; RBC: red blood 

cell; Hb: hemoglobin; PLT: platelet. 

 

 

                              

Figure 3.3 Splenomegaly and hepatomegaly in moribund C3H/HeJ mice induced by FLT3 mutants. 

Spleen and liver weight was measured on day of endpoint analysis. Each dot represents one mouse. The 

horizontal lines indicate the median value for each group.  
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median survival of 60.5 days (44-76 days), while AML was observed in only 3 of 5 mice 

transplanted with double mutants. Among this latter group of mice, only one expressed the 

double transgenes, the other two mice were positive only for FLT3-N676K by FACS and western 

blot analysis (Figure 3.12C). No inv(16) provirus was detected in the genome of these two 

animals (Figure 3.12D, 3.14H), demonstrating loss of double positive cells in vivo. The remaining 

two animals in the double mutant group and all animals in the inv(16) (n=4) and GFP (n=3) 

groups were sacrificed after observation for >10 months and did not show any transgene-related 

hematological malignancy. Our data argue against a cooperation between FLT3-N676K and 

CBFß-SMMHC in generating AML.  

 

3.4 FLT3-N676K transforms primary murine HSC/HPCs, but does not cooperate with inv 

(16) to promote progression to AML  

We next assessed the ability of FLT3-N676K protein to transform primary murine hematopoietic 

cells following bone marrow transplantation (BMT). Lin
-
 cells isolated from C57BL/6J mice 

were transduced with SRS-SF11-FLT3-N676K or control vectors encoding FLT3-ITD and 

EGFP.
112

 After retroviral transduction with FLT3-N676K or FLT3-ITD constructs, cells from one 

experiment (gene marking 10.9% vs. 5.6% for FLT3-N676K or FLT3-ITD, respectively, Figure 

3.13) were cultured without cytokine supplement. FLT3-ITD expressing cells grew in cytokine-

free medium up to 6-8 weeks, while FLT3-N676K expressing cells could only survived 

approximately 3 weeks. The data implied that FLT3-N676K was inferior to FLT3-ITD for cell 

growth in vitro, a finding consistent with the lower transforming activity of FLT3-N676K than 

FLT3-ITD in vitro.
2
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investigate the cooperating effect of FLT3-N676K and inv(16) in leukemia development. Co-

expression of FLT3-N676K and CBFß-SMMHC was initially achieved by co-transduction of 2 

different retroviral vectors into HSC/HPCs; however, the percentage of FLT3-N676K/ CBFß-

SMMHC double positive cells was relatively low (~6.0%, Figure 3.14A). Thus, another 

experiment was undertaken utilizing a single vector system expressing FLT3-N676K and CBFß-

SMMHC (Figure 3.1A), which resulted in a slightly higher transfer efficiency (~6.6%, Figure 

3.14B).  

Cells from the first experiment were cultured without cytokine for several weeks after gene 

transduction to determine transformative potential. While co-expression of FLT3-N676K and 

CBFß-SMMHC supported cell survival for 6 weeks, transduction with either FLT3-N676K or 

CBFß-SMMHC resulted in cells survival of 2-3 weeks and 1 week, respectively. Two out of 8 

animals with FLT3-N676K developed AML (latency of 77 days) (Figure 3.14D, E) and T-ALL 

(latency of 273 days) (Figure 3.15), while only 1 out of 11 animals co-expressing FLT3-N676K 

and CBFß-SMMHC developed acute leukemia (AML with latency: 166 days) (Figure 3.14F, G). 

All remaining animals did not develop any transgene-related hematological malignancy by the 

end of the experimentation period (observation > 320 days), but showed long-term transgene 

expressions in spleen (~10%). 

Taken together, in four independent experiments, 3 out of 14 (21.4%) animals transplanted with 

FLT3-N676K modified Lin- cells developed acute leukemia (latency 68, 77, and 273 days) 

(Figure 3.14, 3.15), Moreover, we did not observed cooperating effect of FLT3-N676K and 

inv(16) in 2 independent experiments with  different vectors for co-expression of these the mutant 

genes.   
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3.5 Crenolanib retains activity against AC220-resistant FLT3-ITD-N676K mutant 

In colony assays, FLT3-N676K leukemic cells were highly sensitive to the FLT3 inhibitor 

AC220 (Figure 3.16A, B), demonstrating that FLT3-N676K alone did not confer kinase inhibitor 

resistance. Importantly, leukemic cells co-expressing FLT3-N676K and CBFß-SMMHC were 

still highly sensitive to AC220 (IC50: 6nM, Figure 3.16C). However, as previously reported,
2
 the 

FLT3-N676K mutant with a concurrent FLT3-ITD conferred resistance to the FLT3 inhibitor 

AC220 (IC50: 30.6nM vs. 14.2nM for FLT3-N676K. Figure 3.16A,B). Importantly, the new 

inhibitor crenolanib, a selective type 1 pan FLT3-inhibitor,
58

 efficiently inhibited colony forming 

of leukemic cells carrying FLT3-N676K, FLT3-N676K/CBFß-SMMHC, and FLT3-ITD-N676K 

at low nanomolar concentration (IC50: 3.9nM, 2.0nM, 5.9nM, respectively) (Figure 3.16D), with 

an inhibition activity similar to FLT3-ITD-dependent patient-derived AML cell lines (IC50 

~10nM). Crenonalib-mediated growth inhibition in leukemic cells was associated with reduction 

of FLT3 phosphorylation (Figure 3.16E). Notably, crenolanib completely abolished colony 

forming of cells carry FLT3-ITD-N676K mutation at 100nM concentration that is well below the 

concentration safely achieved in humans. 
58
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4 Discussion 

Numerous of gene mutations and deregulated expression of genes have been described, 

illustrating the huge heterogeneity of AML subsets. RTK mutations, one of the common classes 

of mutations, appear to define functional subgroups of leukemia and serve as promising 

therapeutic targets. As one of the hotspot and driver genes
61,119

 in AML, FLT3 has been and is 

being extensively studied, providing more insights into the mechanism and rational therapeutic 

perspective of AML.  

This study demonstrate the novel FLT3-N676K mutant induces acute leukemia independently of 

the inv(16) chimeric gene CBFB-MYH11. Targeting FLT3-N676K by FLT3 inhibitors for this 

subset of AML seem warranted.  

 

4.1 FLT3-N676K vs FLT3-ITD  

We clearly demonstrated the remarkable leukemogeneic properties of FLT3-N676K. Leukemia 

was induced by this novel mutant in both C3H/HeJ (11/13=85%, Figure 3.1, 3.12) and C57BL/6J 

model (3/14=21.4%, Result 3.4, Figure 3.14, 3.15). The comparative analysis of the 4 mutants 

(FLT3-ITD, FLT3-N676K, FLT3-ITD-N676K, FLT3-TKD835) allowed us to uncover the 

potential biologic differences. Although inferior oncogenic activity was shown in vitro(Figure 

3.13), FLT3-N676K was even more potent to transform the primary HSPCs in C57BL/6J model 

compared to FLT3-ITD (Result 3.4). However, it remains to determine whether insertional 

mutagenesis contribute to leukemia induced by FLT3-N676K. To the best of our knowledge, this 

is the first report of induction of acute leukemia by FLT3 mutation in C57BL/6J murine model.  
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FLT3-ITD and FLT3-TKD have been considered as 2 functionally different mutation subtypes 

due to distinct signaling properties and biologic consequences.
120,121,122

 FLT3-D835Y knock-in 

mice displayed a less aggressive disorder than FLT3-ITD on C57BL/6J background.
122

 In a 

subcutaneous tumor-formation BaF3-Balb/c nude mice model, FLT3-K663Q, another TKD1 gain 

of function mutant, had been shown with milder oncogenic property than FLT3-ITD, as longer 

time for tumor-formation was noted (22 vs 14 days).
66

 In line with previous report,
107

 we could 

not observe development of leukemia in C57BL/6J mice by FLT3-ITD. Thus, FLT3-N676K 

(TKD1) point mutation seems to be more potent in transforming activity compared with FLT3-

ITD, at least in C57BL/6J model. Collectively, these suggest the remarkable leukemogenic 

potency and quality of FLT3-N676K different from FLT3-ITD and other TKD mutations.  

The distinct transforming capacities of the different FLT3 mutants prompted us to further 

investigate the potential mechanisms. Major cytoplasmic effector molecules in downstream 

pathways of FLT3 consist of RAS/MEK/ERK, PI3K/AKT, STAT5, C/EBPa etc.
123,124,125

 We 

could show activation of MAPK, AKT, STAT5 induced by all the 4 FLT3 mutants in leukemic 

mice (Figure 3.9), suggesting an important role of these pathways for leukemic transformation 

induced by FLT3 mutations. Remarkably, FLT3-N676K tended to activate MAPK and AKT 

more strongly than FLT3-ITD (Figure 3.9), consistent with the higher phosphorylation of FLT3 

induced by FLT3-N676K (Figure 3.7). Moreover, it has been demonstrated that FLT3 activating 

mutations lead to hyper-phosphorylation of C/EBPa on serine 21, via either MAPK or CDK1 

pathways, thus abolishing the normal function of C/EBPa  and subsequently blocking cell 

differentiation.
126,127

 In our hands, more blasts were encountered in the BM and spleen of FLT3-

N676K mice compared to FLT3-ITD mice (Result 3.1, Figure 3.4A). Together with the stronger 

activation of MAPK induced by FLT3-N676K (Figure 3.9), this might be a clue of associations 

between FLT3-MAPK-C/EBPa pathways and cell differentiation.  STAT5 was comparably 
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activated by all the 4 FLT3 mutants in our leukemic mice (Figure 3.9). This is consistent with 

other study which showed similar activation of STAT5 by FLT3-ITD and FLT3-TKD.
116,128,129 

Nevertheless, remarkable differences for activation of STAT5 between these two classes of FLT3 

mutations have been described by other groups, 
67,122,130

 probably due to different targeted cells 

analyzed.  

As suggested, although both FLT3-ITD and FLT3-TKD mutations induce constitutive activation 

of the kinase, the signal transduction characteristics and transforming capacities differ notably 

from one another, arguing for differential roles of these subtypes of mutations in AML 

pathogenesis.
121,130

 In the present study, FLT3-N676K did show remarkable and unique signal 

transduction features and leukemogenic properties compared with other FLT3 mutants.  

The concept bringing about a better insight into cancer is that a subset of the malignant cells of a 

tumor is responsible for the propagation of the disease, the cancer stem cells (CSCs). Regarding 

to leukemia, these cells are termed “leukemia stem cells” (LSCs). At least, there are some 

evidence supporting the idea that FLT3 mutations occur in LSCs. In 84% of patients harboring 

FLT3-ITD, the ITD mutation was still present at relapse.
119

 Differently, the FLT3-TKD mutations 

were lost at relapse among more than a half of the cases.
131

 This might imply some differences in 

LSC frequency between FLT3-ITD and FLT3-TKD leukemic cells. Interestingly, our data from 

limiting dilution for serial transplantation showed > 100 fold higher LSC frequency in FLT3-ITD 

leukemic cells than FLT3- N676K cells (Figure 3.10). It remains to be elucidated why FLT3-

N676K exhibited higher transforming potency than FLT3-ITD (at least in C57BL/6J model, 

Result 3.4) while still carrying lower LSCs frequency (Figure 3.10). In clinical setting, the 

relatively low incidence of FLT3-N676K may be associated with the low LSCs frequency. If 
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using high sensitivity techniques to detect the minor cell clone, higher incidence of FLT3-N676K 

could possibly be found.  

 

4.2 FLT3-N676K and inv (16) 

Despite relatively favorable prognosis for CBF-leukemia, almost 30% patients relapses within 

one year after chemotherapy and the 5-year over survival is only 60%.
105

 Furthermore, FLT3
104

 

or c-kit
105

 mutations confer inferior outcome to CBF leukemia patients. This may imply the 

heterogeneity of additional genetic alterations within this subgroup and underscore the necessity 

for further investigation.  

Although recurring FLT3-N676K mutation was identified in CBFβ-SMMHC leukemia patients 

by exome sequencing and suggested a specific association with CBF leukemias,
2,70

 we could not 

observe their collaboration for leukemia development in two mouse models (C3H/HeJ and 

C57BL/6J model, using single or double vectors for co-expressing FLT3-N676K and CBFβ-

SMMHC, Result 3.3, 3.4, Figure 3.12, 3.14). Coexpression of FLT3-N676K and CBFß-SMMHC 

did not give rise to selection for double-expressing cells, but rather led to growth disadvantage of 

these cells at least in C3H/HeJ model (Figure 3.12). These results are possibly due to enhanced 

cellular apoptosis by CBFß-SMMHC, as shown in our in vitro studies (Figure 3.11 ).  

Patients carrying FLT3-N676K had a trend toward lower rate of complete remission.
2
 FLT3-

N676K, therefore, might be crucial for survival of CBF leukemic cells, but seems unlikely to be a 

cooperating event for inv (16) in development of AML. FLT3-ITD had been reported to 

cooperate with inv (16) for leukemia development in mice.
107

 However, single clone arose during 

disease progression in that study, suggesting that insertional mutagenesis may lead to additional 

gene alterations contributing to the AML phenotype. In C3H/HeJ model, we could not observe 
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cooperation of FLT3-ITD and CBFß-SMMHC to generate AML (K.H. and Z. L., unpublished 

observations). Recently, c-KIT D816V has been shown to collaborate with inv(16) for AML 

induction in mice. However, the disease latency was relatively long (9 months) and not all 

animals bearing double mutations developed acute leukemia, again indicating that additional 

cooperating gene events are required.
109

  

The development of inv (16) associated AML might be much more complicated and require a 

network of multiple genetic aberrance. Identifying additional cooperative events for inv (16) in 

AML development may improve our understanding of the precise molecular pathogenesis of 

AML and develop better treatment strategies. 

 

4.3 FLT3-N676K and FLT3 inhibitors 

Various FLT3 inhibitors have been developed showing promising activity in both pre-clinical and 

clinical settings. However, resistance resulting from mutations of key residues of FLT3 remains 

challenging. On one hand, the FLT3 inhibitors confer both high sensitivity and specificity, on the 

other hand, susceptibility to minor structural change generated by various mutations. The high 

mutational burden which many tumors acquire during progression provides the possibility for 

emergence of drug-resistant sub-clones. FLT3-N676K is one of such mutations conferring 

resistance to TKI on the background of FLT3-ITD.
1,2

 

In our colony assays, both FLT3-N676K and FLT3-N676K/CBFß-SMMHC leukemic cells 

showed high sensitivity toward AC220 (Figure 3.16). However, FLT3-ITD-N676K conferred 

moderate resistance to AC220 (Figure 3.16), consistent with previous reports.
1,2

 Importantly, the 

novel inhibitor crenolanib, efficiently inhibited growth of leukemic cells carrying FLT3-N676K, 
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FLT3-N676K/CBFß-SMMHC, and FLT3-ITD-N676K at low nanomolar concentration (Figure 

3.16), which is safely achievable in humans.
58

 These data suggest that targeting FLT3-N676K by 

FLT3 inhibitors might be an effective approach for treating leukemic patients positive for FLT3-

N676K.  

AC220 indicated promising results as a single agent in FLT3-ITD positive relapsed or refractory 

AML patients in early phase trials.
132,133

 Additionally, clinical trials of combination of AC220 

with standard chemotherapy regimen are ongoing.
134,135

 Crenolanib, an emerging selective type I 

pan-FLT3 inhibitor
58

 showed activity against FLT3-ITD-D835Y positive patient samples with 

AML, which were AC220-resistant. Our study revealed that crenolanib was also potent to inhibit 

growth of FLT3-ITD-N676K mouse leukemic cells, which were resistant to AC220 (Figure 3.16).  

The much adverse effects of c-kit mutations in t(8;21) or inv (16) AML has triggered efforts to 

combine dasatinib (an inhibitor for c-kit) with chemotherapy in such patients. The 1-year survival 

as well as disease-free events turned out to be superior to controls.
136

 Additionally, it has been 

suggested that PKC412 conferred benefit to patients harboring both c-kit mutations and AML1-

ETO.
106

 Analogously, our data clearly showed that both AC220 and crenolanib were potent to 

inhibit growth of leukemic cells co-expressing FLT3-N676K and CBFβ-SMMHC (Figure 3.16). 

Our study thus extend the application of AC220 and crenolanib toward FLT3-N676K mutations. 

 

4.4 Lessons from FLT3-N676K 

Even though FLT3 have been found nearly two decades to be mutated among one-third of AML 

patients, it appears that the real spectrum of FLT3 mutations is still not totally understood. 

Recently, unbiased mutation screening using exome sequencing surges powerfully and allows the 
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unveiling of novel gene alterations even in extensively studied genes (e.g FLT3). Particularly, 

FLT3-N676K was identified in inv(16) associated AML by exome sequencing.
2
 However, among 

the up to hundreds of acquired mutations in cancer clones, only a few are believed to cooperate to 

initiate of oncogenesis. A good example is that FLT3-N676K does not cooperate with inv (16) to 

induce leukemia, as presented in this study (Result 3.3, 3.4, Figure 3.12, 3.14). Besides, our data 

indicate that transforming activity of any given oncogene in vitro may not always be predictive of 

outcome of functional assays in terms of oncogenic activity in vivo (Result 3.4). The discrepancy 

between in vitro and in vivo observed by us and others
137

 further highlight the importance of in 

vivo animal experiments. To be note, the phenotype of mutant-induced disease appear to highly 

associate with the genetic background of the mouse strain.
21,22,107,138,139,140,141

 Strain-specific 

differences of susceptibility to specific gene-induced phenotype should be taken into 

consideration for designing animal experiments. Our data emphasize more careful analysis of the 

cooperating network of mutations identified in AML by high-throughput sequencing.
142
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5 Summary 

In the present study, we were able to demonstrate that: 

1. The novel FLT3-N676K mutant was potent to transform murine hematopoietic 

stem/progenitor cells in vivo. This is the first report of acute leukemia induced by an 

activating FLT3 mutation in C57BL/6J mice.  

2. FLT3-N676K did not cooperate with CBFß-SMMHC to induce leukemia in mice.  

3. For the first time, we showed high activities of FLT3 inhibitors toward leukemic cells 

harboring FLT3-N676K. Targeting FLT3-N676K mutation by FLT3 inhibitors (e.g. 

AC220 and Crenolanib) may be an attractive therapeutic option for FLT3-N676K-positive 

AML patients. 
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6 Outlook 

Further experiments to understand the molecular mechanisms of leukemogenesis induced by 

FLT3-N676K will help us to gain more insights into this subset of AML. Insertional mutagenesis 

which might contribute to leukemogenesis by FLT3-N676K in our model have to be investigated. 

Preliminarily, we showed difference of leukemogenic potency between FLT3-N676K and FLT3-

ITD. It deserves to further characterize more details of their biological difference (e.g. effect on 

CEBPa). Larger cohort for evaluation of actual incidence of FLT3-N676K in AML patients and 

potency of inhibitors towards FLT3-N676K positive AML seem warranted. Further research on 

FLT3 associated leukemia will definitely contribute to our understanding and fighting against this 

disease.
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8 Publication of parts of the results 

 

This study has been summarized as the manuscript ‘Remarkable leukemogenic potency of the 

novel FLT3-N676K mutant.’ (Huang K, Yang M, Pan Z et al.) and submitted.   

It was presented as poster at 57th ASH Annual Meeting and Exposition, Dec 5-8, 2015 - Orlando, 

FL, USA. (Abstract #1383, session 617, poster I. Remarkable leukemogenic potency of the novel 

FLT3-N676K mutant. Huang K, Yang M, Pan Z et al.)  

The abstract ‘The Novel FLT3-N676K Mutant Induces Acute Leukemia Independently of the   

Inv(16) Chimeric Gene CBFB-MYH11’ (Huang K, Yang M, Pan Z et al.) was published at  

Blood, 2015,126 (23).
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