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Abstract 

Mechanisms of Resistance to the Fms-like Tyrosine Kinase 3 Inhibitor Crenolanib: 

Trevor J. Mathias, Master of Science, 2014 

Dissertation Directed by: Dr. Maria R. Baer, Professor, Department of Medicine and 

Molecular Medicine 

Acute myeloid leukemia (AML) is a bone marrow cancer in which myeloblasts 

fail to differentiate into downstream functional cell types. A number of genetic 

abnormalities can contribute to the development of AML. One of the most common and 

important is a mutation in the gene encoding Fms-like tyrosine kinase 3 (FLT3), a type 3 

receptor tyrosine kinase, which is expressed on AML cells. The most common FLT3 

mutation is an internal tandem duplication in the juxtamembrane domain, known as 

FLT3-ITD, resulting in constitutive and aberrant signaling.  FLT3-ITD is present in 

~30% of AML cases and is associated with poor treatment outcomes. Several FLT3 

inhibitors are currently in clinical trials.  One of these FLT3 inhibitors, crenolanib, is a 

potent and specific type I inhibitor, targeting the activated form of the kinase.  My work 

is focused on the mechanisms of resistance and sensitization to crenolanib. 

 Expression of ABC proteins associated with drug resistance on AML cells 

generally correlates with poor treatment response.  I found that crenolanib is not an 

inhibitor of any of the three commonly upregulated ABC transporters, ABCB1, ABCG2, 

and ABCC1, but is a substrate of the ABCB1 transporter, indicating the potential for 

crenolanib to be effluxed from cells expressing ABCB1. 

 Other FLT3 inhibitors have been shown to induce point mutations in FLT3-ITD, 

reducing the effectiveness of the treatment. Random mutagenesis in the presence of 

crenolanib produced point mutations in FLT3-ITD that only conferred mild resistance to 



 

crenolanib, with preserved sensitivity at effective and well tolerated concentrations in 

Phase I clinical trials. 

 In cells containing FLT3-ITD there is increased expression of Pim-1, a proto-

oncogene that is activated by a downstream target of FLT3, STAT5.  Additionally, our 

laboratory has shown that Pim-1 promotes aberrant signaling of FLT3-ITD, and it is 

therefore an attractive therapeutic target.  A Pim kinase inhibitor was used for in vitro 

combination treatments with crenolanib.  This inhibitor synergized with crenolanib to 

produce increased levels of apoptosis.  The mechanism behind this interaction is under 

further study. 

 These studies helped to further elucidate the role of crenolanib in the treatment of 

FLT3-ITD positive AML. 
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Chapter 1: Introduction 

Acute myeloid leukemia is a bone marrow cancer that is characterized by failure 

of myeloblasts to differentiate into downstream functional cell types. It can affect all age 

groups, but the incidence greatly increases after age 60 years.1 Several different types of 

genetic abnormalities can contribute to the development of AML. One of the most 

common and most important genetic abnormalities is a mutation in fms-like tyrosine 

kinase 3 (FLT3), a type 3 receptor tyrosine kinase expressed on AML cells in most AML 

cases. The most common FLT3 mutation is an internal tandem duplication in the 

juxtamembrane domain, known as FLT3-ITD, which results in constitutive and aberrant 

FLT3 signaling.  The FLT3-ITD mutation is heterogeneous in length, and localization of 

the internal tandem duplication varies from individual to individual, but these factors 

have minimal impact in comparison to the outcomes of patients with mutant versus wild-

type FLT3.2 FLT3-ITD is present in AML cells in ~30% of AML patients and is 

associated with poor treatment outcomes, specifically short disease-free survival.3-7 As a 

result of the frequency of FLT3-ITD and the poor prognosis of patients harboring this 

mutation, much work is currently being done to identity and develop potent and specific 

FLT3 inhibitors. 

Several FLT3 inhibitors with varying potencies and specificities have been 

developed and are currently in clinical trials. These inhibitors can be divided into two 

main classes, type I and type II.  The majority of the FLT3 inhibitors are type II, meaning 

that they bind preferentially to the inactive form of the kinase and prevent activation.  

Type I inhibitors are different since they preferentially binding to the activated form of 

the kinase to prevent downstream signaling.  
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Crenolanib (Figure 1) is a potent and specific type I inhibitor of FLT3, 

preferentially targeting the activated form of the kinase, whereas previously characterized 

inhibitors of FLT3 were type II inhibitors, which have greater affinity for the inactive 

form of the kinase and prevent its activation.8 These two types of kinase inhibitors target 

different sites of the protein, and may have different clinical utility.  In the early use of 

type II inhibitors such as quizartinib or sorafenib, development of resistance has been 

observed as a result of point mutations that disrupt binding of the drugs, and the 

importance of identifying new compounds that overcome these mutations has become 

apparent. Crenolanib has been found to be effective against FLT3-ITD with resistance-

forming point mutations and may have a place in therapy following relapse during 

treatment with type II kinase inhibitors.8 However little is known about mechanisms of 

resistance of FLT3-ITD AML cells to this inhibitor. 

 

Figure 1.  The chemical structure of crenolanib. 
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The ATP-binding cassette (ABC) proteins ABCB1 [P-glycoprotein (Pgp); 

MDR1],9 ABCG2 [breast cancer resistance protein (BCRP)],10 and ABCC1 [Multi 

resistance protein (MRP1)]11 are drug efflux proteins that are frequently expressed on 

AML cells.  Known substrates of these ABC proteins include chemotherapy drugs and 

diverse tyrosine kinase inhibitors (TKI), notably the BCR-ABL inhibitors imatinib 

mesylate, nilotinib, and dasatinib,12-18 used in the treatment of chronic myelogenous 

leukemia (CML) and Philadelphia chromosome–positive (Ph+) acute lymphoblastic 

leukemia (ALL), and the FLT3 inhibitors midostaurin,19 tandutinib,20 sorafenib,21 and 

sunitinib.9 In a recent study, a significant positive correlation was found between FLT3-

ITD and ABCG2 overexpression, with disease-free survival shortest in patients with 

AML with both FLT3-ITD and ABCG2 overexpression.10 With such a correlation 

already documented, it is important to understand the interaction of new tyrosine kinase 

inhibitors with ABC proteins. 

Second-generation FLT3 inhibitors, such as quizartinib and sorafenib, have been 

shown to have activity in treating patients with AML with FLT3-ITD, but point 

mutations conferring resistance to these type II inhibitors have been documented.22 It has 

been shown that many types of hematological malignancies have genomic instability, 

allowing for mutations to occur with increased frequency and speed.23 The ability of 

cancer cells to develop mutations is an important mechanism for evading treatment. In 

the case of FLT3 inhibitor resistance mutations, these are usually secondary mutations 

occurring in the internal tandem duplication in the juxtamembrane domain.  These 

mutations can reduce the affinity of the targeted therapies to the kinase by more than 

1000-fold in some cases, thereby rendering the treatment ineffective.22 With a wide 
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variety of point mutations occurring in different regions of the kinase, it is important to 

understand the effect of different mutations as well as their resistance profiles for 

different inhibitors.   

In cells containing FLT3-ITD there is increased expression of Pim-1 kinase, a 

proto-oncogene that is overexpressed downstream of a target of FLT3-ITD, STAT5.  

Additionally, our laboratory has shown that Pim-1 promotes constitutive and aberrant 

signaling of FLT3-ITD, and is therefore a potential therapeutic target in AML with this 

mutation.24 Different Pim kinase inhibitors are being developed, with varying 

specificities for the three Pim kinase isoforms, Pim-1, Pim-2, and Pim-3.  AZD1208 is a 

recently developed highly selective and effective pan-Pim inhibitor that is currently in 

Phase I clinical trials, including for AML.25 Since Pim-1 is known to promote 

constitutive and aberrant signaling of FLT3 and thus contributes to the malignant 

phenotype in AML with FLT3-ITD, FLT3 inhibitor and Pim inhibitor combination 

therapy may have high therapeutic efficacy. 
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Chapter 2: Interaction of Crenolanib and ABC-transporters 

2.1 Introduction 

Previously it has been shown that diverse FLT3 inhibitors interact with the three 

most commonly upregulated ABC transporters, ABCB1, ABCG2, and ABCC1. 

Although the direct inhibition of the three most commonly upregulated ABC 

transporters ABCB1, ABCG2, and ABCC1 did not have a profound effect on patient 

outcomes26,27, many scientists believe understanding the role of ABC transporters is 

important in treatment.  The effect of a new compound on the ability of ABC transporters 

to efflux substrate can be determined using an uptake assay.  In this assay a fluorescent 

substrate of the transporter overexpressed in the cell line being studied is added to cells in 

the presence of the new compound in increasing concentrations or, as a positive control, a 

known inhibitor of the transporter at a predetermined effective concentration. 

Diverse FLT3 inhibitors in clinical use or clinical trials to date have been shown 

to interact with the three most commonly upregulated ABC transporters, ABCB1, 

ABCG2, and ABCC1.28-31 We wished to determine whether crenolanib interacts with 

these proteins. 

 

2.2 Cell Lines 

Vincristine-selected HL60/VCR cells,32 overexpressing ABCB1, were obtained 

from Dr. Ahmad R. Safa, Indiana University, Indianapolis, IN, doxorubicin-selected 

HL60/ADR cells, overexpressing ABCC1,33 from Dr. Kapil Bhalla, University of Kansas 

Cancer Center, Kansas City, KS, and mitoxantrone-selected 8226/MR20 myeloma 

cells,34 overexpressing wild-type ABCG2,35,36 from Dr. William Dalton, Moffitt Cancer 

Center, Tampa, FL. HL60/VCR cells were maintained in drug-free RPMI 1640 medium 
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with 10% fetal bovine serum (FBS) and 8226/MR20 in RPMI 1640 medium with 10% 

FBS with 20 nM mitoxantrone. Transfected K562 cells stably overexpressing ABCB137 

or wild-type, a functionally more efficient isoform than the Gly482 variant, ABCG238 

were gifts from Dr. Michael Gottesman, National Cancer Institute, Bethesda, MD and Dr. 

Yoshikazu Sugimoto, Kyoritsu University of Pharmacy, Tokyo, Japan, respectively. 

 

2.3 Materials 

Crenolanib was purchased from Selleck Chemicals, Houston, TX, and was stored 

at -80ºC as a 100 mM stock solution in dimethyl sulfoxide. The fluorescent ABCB1 

substrate 3,3′-diethyloxacarbocyanine iodide [DiOC2(3)] was purchased from Sigma-

Aldrich (St Louis, MO), the fluorescent ABCG2 substrate pheophorbide A (PhA) from 

Frontier Scientific (Logan, VT),28 and the ABC protein substrate rhodamine 123 (RH 

123) from Sigma-Aldrich.39 The ABCB1 inhibitor PSC-833 was obtained from Novartis 

Pharmaceutical Corporation (East Hanover, NJ), the ABCG2 inhibitor fumitremorgin C 

(FTC) was purchased from Sigma-Aldrich and the ABCC1 inhibitor p-

[dipropylsulfamoyl] benzoic acid (probenecid) from Sigma-Aldrich. 

 

2.4 Methods 

Cell Viability Assay 

Viability of drug-treated cells was evaluated using the WST-1 assay.28 Briefly, 

1x103 cell were seeded in 100 µL of complete medium per well in 96-well tissue culture 

plates and incubated with crenolanib (0-10 µM) at 370C in 5% CO2 for 96 hours. 10 µL 

of WST-1 reagent was then added to each well, incubation was continued for 2 additional 
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hours and the color developed was quantified according to the manufacturer’s 

instructions. 

 

Statistical Analysis  

IC50 values were calculated by the least square fit of dose-response inhibition in a 

non-linear regression model. Statistical analysis was performed using GraphPad Prism 5 

software (GraphPad Software, Inc., La Jolla, CA). 

 

Uptake of fluorescent ABC protein substrates  

To measure the effect of crenolanib on uptake of fluorescent ABC protein 

substrates, HL60/VCR and K562/ABCB1 cells (1 X 106) were incubated for 30 minutes 

at 370C with DiOC2(3) (0.6 ng/ml) and crenolanib (0-10 µM) or PSC-883 (2.5 µM) as a 

positive control, 8226/MR20 and K562/ABCG2 cells with PhA (1 µM) and crenolanib 

(0-10 µM) or FTC (10 µM) as a positive control, and HL60/ ADR cells with RH 123 (0.5 

µg/mL) and crenolanib (0–10 µmol/L) or probenecid (1 mmol/L) as a positive control. 

Cells were then washed twice, resuspended in phosphate-buffered saline (PBS) and kept 

on ice until analysis, then acquired on a FACSCanto II flow cytometer (BD Biosciences, 

San Jose, CA) and analyzed using FlowJo software (Tree Star, Inc., Ashland, OR). 

Substrate content after uptake with and without modulator was compared using the 

Kolmogorov-Smirnov statistic, expressed as a D-value ranging from 0 (no difference) to 

1 (no overlap),40 with D-values ≥0.2 indicating significant modulation based on previous 

work.41 
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2.5 Results 

The cell lines overexpressing ABCB1 used in this assay are HL60/VCR and 

K562/ABCB1 and the fluorescent substrate DiOC2(3). In these experiments crenolanib is 

added to cells at 50nM, 100nM, 200nM, 500nM, 1µM, 5µM, and 10µM. Significant 

inhibition of the ABCB1 transporter was not seen until 5µM and higher in both the 

HL60/VCR and K562/ABCB1 cell lines (Figure 2).   

 

Figure 2. Uptake assay in the K562/ABCB1 and HL60/VCR cell lines.  Cells were incubated with 

DiOC2(3) (0.6 ng/ml) and crenolanib in increasing concentrations, and PSC-833 (2.5 µM) as a positive 

control. 

 

HL60 cells selected with adriamycin, known as HL60/ADR, overexpress the 

transporter ABCC1.  These cells were incubated with the fluorescent substrate rhodamine 

123 and crenolanib at the same concentrations as used in the ABCB1 experiments.  

Significant inhibition of ABCC1 in this cell line is seen at 1µM and above (Figure 3). 
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Figure 3. Uptake assay for HL60/ADR cell line.  Cell were incubated in RH 123 (0.5 µg/mL) and 

crenolanib in increasing concentrations or probenecid (1 mmol/L) as a positive control. 

 

The same experiment was repeated with the cell lines 8226/MR20 and 

K562/ABCG2 and the fluorescent substrate PhA yielding similar results (Figure 4).  In 

both cell lines, crenolanib was observed to inhibit the ABCG2 transporter at 

approximately 1µM.  While this concentration is closer to the well-tolerated dose, it is 

unlikely to have a major effect on leukemia cells expressing this transporter as the 

maximum well tolerated plasma concentration for crenolanib was determined by Phase I 

clinical trial to be 500nM42. 
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Figure 4. Uptake assay in K562/ABCG2 and 8226/MR20 cell lines.  Cells were incubated with PhA (1 µM) 

and crenolanib in increasing concentrations or FTC (10 µM) as a positive control. 

 

It is important to understand whether crenolanib is a potential substrate of any of 

the three most commonly upregulated ABC transporters. To do this, a cytotoxicity assay 

is used, comparing parental cell lines to those overexpressing one of the three 

aforementioned transporters.  When this assay was performed in HL60 and HL60/ADR 

(Figure 5), no significant difference between the IC50 of the two cell lines was observed.  

This indicates that crenolanib is not a substrate of the ABCC1 transporter. 
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Figure 5. Cytotoxicity assay in HL60 and HL60/ADR cell lines.  Cells were plated at 1 X 105 cells/mL and 

allowed to grow for 96 hours followed by incubation with WST-1 reagent for 2 hours. 

 

The K562 cell line is particularly important in this type of assay, as there are 

transfected derivatives overexpressing either the ABCB1 and ABCG2 transporter.  Both 

of these transporters can be tested with the same parental control, strengthening the value 

of a positive result. With the parental and overexpressing cell lines plated with crenolanib 

in increasing concentration, there was no significant different between K562 and 

K562/ABCG2. However the difference in IC50 between parental K562 and K562/ABCB1 

was nearly 3-fold (Figure 6).  With such intriguing data this assay was repeated in 

another cell line that overexpresses the ABCB1 transporter.  This cell line is HL60/VCR, 

an HL60 cell line selected with vincristine to induce ABCB1 overexpression. There was 
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over a 7-fold difference between the IC50s of these two cell lines, with HL60/VCR more 

resistant then parental HL60 cells (Figure 7).   

Figure 6. Cytotoxicity assay for K562, K562/ABCB1, and K562/ABCG2 cell lines.  Cells were plated at 

7.5 X 104 cells/mL and allowed to grow for 96 hours followed by incubation with WST-1 reagent for 2 

hours. 
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Figure 7. Cytotoxicity assay for HL60 and HL60/VCR cell lines.  Cells were plated at 1 X 105 cells/mL and 

allowed to grow for 96 hours followed by incubated with WST-1 reagent for 2 hours. 

 

2.6 Discussion 

The interaction with the ABCB1 transporter is unlikely to occur in vivo since 

crenolanib was safe, tolerable, and effective at a the steady state plasma concentrations of 

500nM in the Phase I clinical trial 42. Since the inhibition of ABCB1 does not occur at 

pharmacologically relevant concentrations, it can be stated that crenolanib is not an 

inhibitor of the ABCB1 transporter in the clinical setting. 

The HL60/ADR experiment demonstrated a very potent inhibitor function at 5µM 

and 10µM, but a lack of inhibition at pharmacologically relevant concentrations for 
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crenolanib. Since it is a very potent inhibitor only at micromolar concentrations, this 

inhibition is not expected to occur in patient treatment. 

The experiments with the ABCG2 transporters indicate inhibition of the 

transporter at concentrations above 1µM.  Although this concentration is slightly above 

the well-tolerated plasma concentration, the ABCG2 transporters are also expressed at 

high levels in the gastrointestinal tract.  Since crenolanib can be administered orally, a 

concentration of greater than 1µM could feasibly be achieved in the gastrointestinal tract, 

leading to an increased absorption of co-administered compounds that are ABCG2 

substrates.  The hypothesis of increased absorption of co-administered ABCG2 substrates 

has been explored in our lab with another FLT3 inhibitor, quizartinib.29 

The results of the cytotoxicity assay in K562/ABCB1 and HL60/VCR show that 

crenolanib is a substrate of ABCB1, which may have implications for the use of this 

compound in the treatment of leukemia.  It is well known that ABCB1 expression can 

occur in leukemias, including AML, and is correlated with a decreased efficacy of 

chemotherapy.43 If crenolanib is a substrate of ABCB1, then this may have an impact on 

crenolanib’s efficacy in the treatment of patients. 
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Chapter 3: Screening for Resistance-Conferring Mutations 

3.1 Introduction 

Recent studies have shown that AML cells with FLT3-ITD have effectively 

evaded targeted FLT3 inhibitors through development of point mutations altering regions 

essential for drug binding to the protein.  All of the clinically applicable FLT3 inhibitors 

used to date have been shown to produce mutations that can render them ineffective.  

These profiles can overlap, with the most commonly mutated regions being the two 

tyrosine kinase domains and an activating motif referred to as the DFG-tail.  By 

understanding the resistance profiles for FLT3 inhibitors as well as how they overlap, 

better decisions can be made as to the most effective FLT3 inhibitor for a given patient. 

  When this research was initiated, a resistance profile had yet to be established 

for crenolanib. We sought to determine whether, like type II inhibitors, the type I 

inhibitor crenolanib would produce point mutations in FLT3-ITD that would reduce its 

efficacy and whether these would overlap with mechanisms of resistance to other FLT3 

inhibitors. 

 

3.2 Cell Lines 

FLT3-ITD-transfected Ba/F3 cells, or Ba/F3- ITD,44 cells obtained from Dr. Mark 

Levis, Johns Hopkins University School of Medicine, Baltimore, MD. They were 

cultured in RPMI 1640 supplemented with 10% FBS at 370C in 5% CO2. 
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3.3 Materials 

 Crenolanib was purchased from Selleck Chemicals, Houston, TX, and was stored 

at -80ºC as a 100 mM stock solution in dimethyl sulfoxide. Cell Proliferation Reagent 

WST-1 was purchased from Roche Diagnostics (Indianapolis, IN).  The mutagen N-

ethyl-N-nitrosourea was purchased from Sigma-Aldrich (St Louis, MO), dissolved in 

DMSO at 50 mg/mL and stored in aliquots at -80°C. 

 

3.4 Methods 

Mutagenesis Screening 

To induce random mutations in Ba/F3-ITD cells, 50µg/mL N-ethyl-N-nitrosourea 

(ENU) was added to cells plated at 1 X 105 cells/mL in 12-well plates.  Cells were then 

incubated at 370C in 5% CO2 for 12-24 hours, washed three times with RPMI 1640 

medium containing 10% fetal bovine serum, allowed to proliferate at 370C in 5% CO2 for 

12-24 hours, then plated at a density of 1 X 105 cells/well with 50nM, 100nM and 500nM 

crenolanib.  Wells were checked for color change every 2-3 days. If growth was seen, 

cells were transferred to a larger volume and allowed to proliferate in the presence of 

50nM crenolanib.  Methods were adopted from Bradeen et al.45 

 

Cell Viability Assay 

Viability of drug-treated cells was evaluated using the WST-1 assay.28 Briefly, cells were 

seeded at 5x102 in 100 µL complete medium per well in 96-well tissue culture plates and 

incubated with crenolanib (0-1 µM) at 370C in 5% CO2 for 96 hours. 10 µL WST-1 
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reagent was then added to each well, incubation was continued for two additional hours 

and the color developed was quantified according to the manufacturer’s instructions. 

 

PCR and sequencing 

DNA was extracted and isolated from identified mutants resistant to crenolanib 

using the Qiagen DNeasy Blood & Tissue Kit according to the protocol for cultured cells.  

The resulting DNA elution was quantified using a NanoDrop (ThermoScientific) and 

10ng were used to amplify ~1.4kb of the cDNA FLT3-ITD sequence using the M13 

tagged primers forward 5’-TGT AAA ACG GCC AGT CGA TCC TTT TAA ACT CTC 

CAG GC-3’ and reverse 5’-CAG GAA ACA GCT ATG ACC TCT CTG CTG AAA 

GGT CGC C-3’ and GoTaq Green Master Mix by Promega. Big Dye Terminator dye 

attachment (ABI) was performed using the forward sequencing primer and reverse M13 

primer as well as two internal sequencing primers forward 5’-CCC CAC TTT CCA ATC 

ACA TCC-3’ and reverse 5’-TG ATC CGA GTC CGG GTG TAT-3’ which are ~50 

bases apart and directed toward each other to ensure coverage of the full amplification 

product.  Primers were designed using the Primer3 algorithm and ordered through 

Integrated DNA Technologies (IDT). The product of the PCR reaction was run on a 1.2% 

agarose gel with λ-phage digested with HindIII and a low molecular weight ladder from 

New England BioLabs (Figure 8). The products generated from the mutants that formed 

from exposure to crenolanib were purified using an Exo-SAP protocol to remove all 

single-stranded molecules.  The resulting products were then sequencing using the Sanger 

method on an ABI 3730xl DNA analyzer with 4 sets of primers to ensure coverage of the 

entire internal membrane domain of FLT3, from cDNA positions 1599 to 2915.  These 
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sequences were then aligned and analyzed using Sequencher v 5.1 and mutations from 

the reference confirmed by hand. 

 

Figure 8.  1.2% gel electrophoresis of PCR products from the mutagenesis assay. Well 1- Low Molecular 

Weight Ladder (NEB). Well 2- Ba/F3-ITD control. Well 3- Mutant #1. Well 4- Mutant #2. Well 5- ENU 

treated control, Well 6- treated flask. Well 7- λ-phage digested with HindIII (NEB). 

 

3.5 Results  

 Control Ba/F3-ITD cells had an 18 base pair internal tandem duplication (ITD) 

sequence. Two mutations were found following exposure to crenolanib, including a novel 

mutation and a mutation recently described by another group. 

 The novel mutation arose in a well containing 50nM crenolanib. Sequencing 

showed an A > C point mutation occurring at the 676th amino acid position.  This 

mutation converted the codon AAC coding for asparagine to ACC coding for tyrosine 
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and can be called a N676T mutation (Figure 9).  The IC50 for this mutant was determined 

to be 153nM by cytotoxicity assay (Figure 10).  This mutation has not previously been 

associated with FLT3 inhibitor resistance, and represents a novel finding. 

 

Figure 9. Screenshot of an alignment to the reference and chromatograms from the mutant showing the 

N676T point mutation in Sequencher. 
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Figure 10.  Cytotoxicity assay for control Ba/F3-ITD, Ba/F3-ITD with a F691L mutation, and Ba/F3-ITD 

with a N676T mutation. 

 

 The second mutation was a point mutation in the cDNA from T > G (Figure 11).  

This codon was originally TTT coding for phenylalanine, with the mutation resulting in 

the codon TTG coding for leucine.  This mutation occurred at the 691st amino acid 

position in normal FLT3 and can therefore be called a F691L mutation.  This mutation 

also arose in a well containing 50nM crenolanib and was further studied using a 

cytotoxicity assay, allowing for the determination an IC50 of 149nM (Figure 10).  This 

correlated with the previous results that tested crenolanib against a F691L mutation that 

showed an IC50 of 67.8nM, an expectedly lower value since their value was determined 
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by protein interaction rather than whole cell cytotoxicity.46 This result confirms the 

functionality of the mutagenesis screening procedure. 

 

 

Figure 11.  Screenshot of an alignment to the reference and chromatograms from the mutant showing the 

F691L point mutation in Secquencher. 

Using the structure of the kinase domains of FLT3 publicly available in the 

Protein Database, reference ID 1RJB, the two residues altered in mutants #1 and #2 were 

analyzed in PyMOL.47,48 This model of FLT3 reveals that the N676 residue and F691 

residue are very close to one another, approximately 3-5 angstroms (Figure 12). 
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Figure 12.  The three-dimensional crystal structure of FLT3 as shown in PyMOL. The stick model shows 

the N676 (left) and F691 (right) residues and measurements. 

 

3.6 Discussion 

It is particularly interesting that mutants were only generated at the 50nM 

crenolanib concentration and not in any of the 100nM or 500nM wells, since both of the 

mutants generated have a relatively low IC50 compared the safe and well-tolerated plasma 

concentration of roughly 500nM crenolanib.  The previous generation of FLT3 inhibitors 

had at least one mutation, if not more, mutation that would confer resistance by 

increasing the IC50 to above well-tolerated concentrations for the compound.  Since a 

mutant with resistance of this magnitude yet to be seen, it is possible that crenolanib will 

be highly effective in individuals with FLT-ITD.  If these findings hold true in clinical 

trials for patients with FLT3-ITD AML, crenolanib will likely be a very effective 
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therapeutic agent. Additionally the three-dimensional structure of FLT3 shows that both 

the mutated residues, N676 and F691, are spatially close to one another, hinting at the 

possibility for crenolanib to interact with this region of the protein.  
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Chapter 4: Combination with Pim-1 Inhibitors 

4.1 Introduction 

The upregulation of Pim-1, a proto-oncogene that is activated by a downstream 

target of FLT3, STAT5, has been well characterized in FLT-ITD positive AML cells. 

Additionally, our laboratory demonstrated that Pim-1 promotes aberrant signaling of 

FLT3 in a positive feedback loop24, and is therefore an attractive therapeutic target in 

cells with this abnormality. With this understanding of the underlying biology, we studied 

combination treatments with crenolanib and AZD-1208, a Pim kinase inhibitor developed 

by AstraZeneca Pharmaceuticals. 

 

4.2 Cell Lines 

FLT3-ITD cell lines included MV4-11,49 obtained from the American Type 

Culture Collection (ATCC), Manassas, VA, and FLT3-ITD-transfected Ba/F3 cells, or 

Ba/F3- ITD,44 cells obtained from Dr. Mark Levis, Johns Hopkins University School of 

Medicine, Baltimore, MD and 32D-ITD cells were obtained from Dr. Feyruz Rassool, 

University of Maryland, Baltimore School of Medicine, Baltimore, MD. They were 

cultured in RPMI 1640 supplemented with 10% FBS at 370C in 5% CO2. 

 

4.3 Materials 

Crenolanib was purchased from Selleck Chemicals, Houston, TX, and was stored 

at -80ºC as a 100 mM stock solution in dimethyl sulfoxide. Fluorescein isothiocyanate 

(FITC)-conjugated annexin V and propidium iodide (PI) used for the detection of 

apoptosis were purchased from Trevigen (Gaithersburg, MD). Cell Proliferation Reagent 
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WST-1 was purchased from Roche Diagnostics (Indianapolis, IN). The Pim kinase 

inhibitor AZD1208 was obtained from Astra Zeneca (Waltham, MA) through a Material 

Transfer Agreement. 

 

4.4 Methods 

Cell Cycle Assay 

Cells were plated at a density of 1 X 105 cells/mL in tissue culture flasks with 

RPMI 1640 medium supplemented with 10% fetal bovine serum and incubated at 370C in 

5% CO2. At designated time points 1 X 106 cells were washed with 1X PBS and the pellet 

was transferred to 1.5mL tubes.  Ice cold 70% ethanol was added to the cells and stored 

at -20°C until collection of the last time point.  Propidium iodide (Trevigen, 

Gaithersburg, MD) was then added to the cell mixture and incubated at 37°C for 30 

minutes before being acquired on a FACSCanto II flow cytometer (BD Biosciences, San 

Jose, CA) and analyzed using FlowJo software (Tree Star, Inc., Ashland, OR). 

 

Cell Proliferation Assay 

 Cells were plated at a density of 1X105 cells/mL in tissue culture flasks with 

RPMI 1640 medium supplemented with 10% fetal bovine serum and incubated at 370C in 

5% CO2.  Cells were counted every day for 72 hours and the resulting viable cells were 

plotted. 
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Cell Viability Assay 

Viability of drug-treated cells was evaluated using the WST-1 assay.28 Briefly, 

cells were seeded at 1x103 in 100 µL of complete medium per well in 96-well tissue 

culture plates and incubated with crenolanib (0-10 µM) at 370C in 5% CO2 for 96 hours. 

10 µL of WST-1 reagent was then added to each well, incubation was continued for two 

additional hours and the color developed was quantified according to the manufacturer’s 

instructions. 

 

Immunoblotting  

Cells were lysed in RIPA buffer (Sigma-Aldrich) supplemented with protease and 

phosphatase inhibitor cocktails (Roche Applied Science, Indianapolis, IN). Protein 

concentrations were measured using the Bio-Rad Protein Assay KIT I (Bio-Rad 

Laboratories, Inc, Hercules, CA) according to kit instructions. Briefly, 25 µg of protein 

from each cell line were electrophoresed and transferred onto PDVF membranes. 

Immunoblots were incubated with specific primary antibodies to pFLT3 (1:2000 

dilution), pSTAT5 (1:1000 dilution), FLT3 (1:2000 dilution), and STAT5 (1:2000 

dilution) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:2000 dilution), 

used as a loading control. The blots were then probed using horseradish peroxidase-

conjugated goat anti-rabbit for one hour at room temperature. 

 

Measurement of apoptosis 

Apoptosis and necrosis in Ba/F3-ITD, 32D-ITD, and MV4-11 cell lines were 

measured by staining with annexin V-FITC and propidium iodide (PI) (Trevigen, 
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Gaithersburg, MD).28 Cell were then acquired on a FACSCanto II flow cytometer (BD 

Biosciences, San Jose, CA) and analyzed using FlowJo software (Tree Star, Inc., 

Ashland, OR). Apoptotic cells were determined to be both early, annexin V-FITC 

positive and PI negative cells, and late, annexin V-FITC and PI positive cells. 

 

Statistical Analysis  

Statistical analysis was performed using GraphPad Prism 5 software (GraphPad 

Software, Inc., La Jolla, CA). Percentages of apoptotic cells were compared by two-way 

ANOVA with post-hoc Bonferroni testing.  

 

 

4.5 Results 

 To test the effect of combination treatments with AZD-1208, a proliferation assay 

was performed with the FLT3 inhibitor crenolanib in the Ba/F3-ITD cell line (Figure 13). 

AZD-1208 alone had a minimal effect on cell growth rates, while crenolanib treated had 

clearly decreased the growth rate, but cells continued to increase in number. In contrast, 

the combination of AZD-1208 and crenolanib reduced growth rates to levels below initial 

plating density (Figure 13). 
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Figure 13. Cell proliferation assay of the Ba/F3-ITD cell line with DMSO, AZD1208, 20nM crenolanib or 

cotreatment of AZD1208 and 20nM crenolanib. 

  

In order to determine the mechanism by which AZD-1208 synergizes with FLT3 

inhibitors including crenolanib, a cell cycle assay was performed.  An increase in the 

SubG1 cell population was seen when cells were treated with both crenolanib and AZD-

1208 (Figure 14). To confirm that the combination treatment increased apoptosis, treated 

cells were incubated with propidium iodide and annexin-V, followed by quantification on 

a BD Canto flow cytometer.  In both the Ba/F3 and 32D cell lines stably transfected with 

FLT3-ITD, significant synergistic effects were observed upon the addition of 1µM of 

AZD-1208 to crenolanib at serially increasing concentrations (Figure 15).  In the MV4-

11 cell line, which has endogenous FLT3-ITD mutations in both alleles of FLT3, a 

statistically significant increase in apoptosis levels was also detected with crenolanib at 

serially increasing concentrations (Figure 16). 



 

 29 

   

Figure 14.  Cell cycle data for Ba/F3-ITD cell line with DMSO, AZD1208, 20nM crenolanib or 

cotreatment of AZD1208 and 20nM crenolanib. 

 

 

Figure 15. 48 hour apoptosis assay for the cell lines Ba/F3-ITD and 32D-ITD.  Cells were treated with 

increasing concentrations of crenolanib in the presence and absence of 1µM AZD1208. 
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Figure 16. Apoptosis assay using the MV4-11 cell line and crenolanib in increasing concentrations in the 

presence and absence of 1µM AZD1208. 

 

 In order to understand the combined effect of AZD1208 and crenolanib on the 

activity of FLT3 and downstream targets, samples were collected at serial time points to 

be examined by western blot analysis. Protein from cells treated with DMSO control, 

AZD-1208, crenolanib, and the combination were probed for pFLT3, total FLT3, 

pSTAT5, and total STAT5 (Figure 17).  Combination treatment with crenolanib and 

AZD1208 was found to be effective in producing sustained inhibition of FLT3 activation, 

visualized by the reduction of pFLT3, compared to the other treatments.  
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Figure 17.  Western blots for pFLT3, total FLT3, pSTAT5, and total STAT5 under treatment with DMSO, 

1µM AZD1208, 20nM crenolanib, and co-treatment with crenonolanib and AZD1208. GAPDH was used 

as a loading control. 

 

4.6 Discussion 

The combination of crenolanib and AZD1208 was highly effective in reducing 

proliferation of cells with FLT3-ITD.  In order to understand the mechanism of inhibition 

of proliferation, a cell cycle assay was performed, demonstrating accumulation of cells in 

subG1, rather than slowing or arrest of the cell cycle. 

When an apoptosis assay was performed in the two stably transfected cell lines, 

Ba/F3-ITD and 32D-ITD and the human cell line MV4-11 containing homozygous 

FLT3-ITD, a significant increase in apoptosis was observed with combination treatment.  
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The western blots revealed that phosphorylated FLT3 levels are unaffected by 

treatment with crenolanib alone, a much different result what has been shown previously 

with type II kinase inhibitors such as quizartinib and sorafenib, both of which virtually 

eliminate pFLT3 at the earliest time points.  This effect is likely due to crenolanib being a 

type I inhibitor, resulting in preferential binding to the phosphorylated form of FLT3.  

Although there is not a decrease in the activated pFLT3, there is a drastic decrease in 

phosphorylated STAT5, the direct target of activated FLT3.  This result is confirmation 

that crenolanib is effective in preventing downstream signaling that conveys the 

malignant phenotype in this cell line.  Additionally an interesting phenomenon is 

observed in the combination treatment with both phosphorylated FLT3 and total FLT3.  

The combination treatment reduces pFLT3 to nearly zero at later time points in addition 

to reducing the total amount of FLT3.  This occurrence is likely essential to 

understanding the high level of effectiveness for the combination treatment of crenolanib 

and AZD1208. 
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Chapter 5: Conclusions and Future Work 

 Understanding more about the FLT3 inhibitor crenolanib is an important step in 

translating the utility of this compound to treatment of patients with FLT3-ITD AML. 

These experiments have produced a number of intriguing findings that should be 

explored in future studies.  

In studies of the interaction of crenolanib and ABC transporters, the data suggest 

that crenolanib does not inhibit any of the three commonly upregulated transporters, 

ABCB1, ABCG2, or ABCC1, but is a substrate of ABCB1 at pharmacologically relevant 

concentrations.  To further confirm that crenolanib is a substrate of ABCB1, our 

collaborator will study ATPase activity to demonstrate an increased rate of ATP, 

correlating with substrate efflux in the presence of crenolanib. Experiments may be 

preformed to directly measure the concentration of crenolanib in cells in the presence and 

absence of ABCB1 expression. Additionally, the effect of ABCB1 expression in FLT3-

ITD cell lines treated with crenolanib may be explored.  The result of these experiments 

would validate that crenolanib is a substrate of ABCB1. 

The mutagenesis assay in the Ba/F3-ITD cell line showed proof of concept that 

mutants resistant to crenolanib can be developed using ENU treatments.  Since two 

mutants are not enough to properly show a resistance profile, more mutants should be 

selected and sequenced.  Until sufficient mutants are analyzed, we can hypothesize that 

the mutations will likely cluster in the area of the FLT3-ITD protein that interacts with 

crenolanib.  For confirmation of the resistance profile the same experiments could be 

repeated in the 32D-ITD cell line, whose growth is also driven by stably transfected 

FLT3-ITD, similar to Ba/F3-ITD. 
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The experiments involving combination treatments with crenolanib and AZD1208 

have demonstrated a marked increase in apoptosis in FLT3-ITD cell lines when 

compared to treatment with FLT3 inhibitors alone.  In order to better understand the 

reason for this increase in apoptosis, the mechanism of synergy of the combination 

treatment is being explored.  The phenomenon of decreased phosphorylated FLT3, and 

later total FLT3, observed in Western blots only with combination treatment provides an 

insight that AZD1208 and crenolanib have a synergistic effect on FLT3-ITD 

phosphorylation.  Additionally it will be important to test this combination treatment in 

patient samples to determine whether the same synergistic effect on apoptosis is 

observed. 

The ultimate purpose of these studies is to better understand the function of 

crenolanib in the treatment of FLT3-ITD AML.  A better understanding of mechanisms 

of resistance and sensitization to crenolanib can be applied toward optimizing its clinical 

use to improve outcomes for patients with FLT3-ITD AML. 
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