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Abstract

FLT3-ITD mutations occur in 20–30% of AML patients and are associated with aggressive 

disease. Patients with relapsed FLT3-mutated disease respond well to 2nd generation FLT3 TKIs 

but inevitably relapse within a short timeframe. In this setting, until overt relapse occurs, the bone 

marrow microenvironment facilitates leukemia cell survival despite continued on-target inhibition. 

We demonstrate that human bone marrow derived conditioned medium (CM) protects FLT3-ITD+ 

AML cells from the 2nd generation FLT3 TKI quizartinib and activates STAT3 and STAT5 in 

leukemia cells. Extrinsic activation of STAT5 by CM is the primary mediator of leukemia cell 

resistance to FLT3 inhibition. Combination treatment with quizartinib and dasatinib abolishes 

STAT5 activation and significantly reduces the IC50 of quizartinib in FLT3-ITD+ AML cells 

cultured in CM. We demonstrate that CM protects FLT3-ITD+ AML cells from the inhibitory 

effects of quizartinib on glycolysis and that this is partially reversed by treating cells with the 

combination of quizartinib and dasatinib. Using a doxycycline-inducible STAT5 knockdown in the 
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FLT3-ITD+ MOLM-13 cell line, we show that dasatinib-mediated suppression of leukemia cell 

glycolytic activity is STAT5-independent and provide a preclinical rationale for combination 

treatment with quizartinib and dasatinib in FLT3-ITD+ AML.
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Introduction

FLT3 is a receptor tyrosine kinase (RTK) expressed in CD34+ hematopoietic stem and 

progenitor cell subsets important in regulation of steady-state hematopoiesis (1, 2). The 

binding of FLT3 ligand induces FLT3 receptor homodimerization, triggering a mitogenic 

signaling cascade that results in enhanced proliferation of early hematopoietic precursors (3–

5). FLT3 internal tandem duplications (FLT3-ITDs) are observed in up to 30% of newly 

diagnosed cases of adult acute myeloid leukemia (AML) and confer a poor prognosis (6, 7). 

ITDs can range in size from 3–400 base pairs and are primarily located in the RTK 

juxtamembrane (JM) domain. Unlike FLT3, which requires binding of FLT3 ligand to 

dimerize and initiate downstream signaling, FLT3-ITD results in disruption of the normal 

autoinhibitory function of the JM domain, resulting in ligand-independent constitutive 

kinase activation (8). Signaling via FLT3 promotes leukemia cell survival and proliferation 

via activation of the STAT5, PI3K/AKT and MAPK pathways (9).

Apart from all-trans retinoic acid in acute promyelocytic leukemia, FLT3 tyrosine kinase 

inhibitors (TKIs) were the first molecularly targeted treatment to demonstrate an 

improvement in overall survival in AML, prompting the 2017 FDA approval of midostaurin 

in combination with standard 7+3 chemotherapy for newly diagnosed FLT3-mutated AML 

(10). Midostaurin, however, is a multikinase inhibitor with poor FLT3 selectivity, and it is 

unclear whether the positive results from the RATIFY trial are entirely attributable to FLT3 

inhibition, especially as improvements in overall survival extended to patients with low 

FLT3-ITD allelic ratios (10). In contrast to midostaurin monotherapy, which led to zero 

complete responses (CR) in relapsed/refractory (R/R) FLT3-mutated AML patients (11), a 

group exhibiting profound FLT3 oncogene addiction (12), the more selective 2nd generation 

FLT3 TKIs quizartinib and gilteritinib each demonstrated composite CR rates of ~50% as 

single agents in phase 3 trials in the R/R setting (13, 14). Unfortunately, clinical responses to 

these newer FLT3 TKIs are not durable, and patients typically relapse within a few months 

due to emergence of secondary kinase mutations in FLT3, most commonly at D835 

(activation loop) or F691 (gatekeeper residue), resulting in reactivation of FLT3-ITD 

signaling (13–17). As the clinical use of 2nd generation FLT3 inhibitors increases, strategies 

to circumvent resistance and prolong clinical responses are needed. The observation that 

peripheral leukemic blasts are more easily cleared from the blood than leukemic blasts 

residing in the bone marrow (BM) has led to the idea that the BM microenvironment 

provides a protective niche, allowing leukemia cells to survive until overt mutational 

resistance is acquired (18, 19).
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Constitutively activated tyrosine kinases such as FLT3-ITD in AML and BCR-ABL1 in 

chronic myeloid leukemia (CML) drive potent STAT5 activation, which is critical for 

leukemogenesis (9, 20). We and others have previously shown that medium harvested from 

human HS-5 BM stromal cells protects CML cells from the cytotoxic effects of TKIs via 

extrinsic activation of pSTAT3Y705, while pSTAT5Y694 levels remain under the control of 

BCR-ABL1 kinase (21, 22). We hypothesized that extrinsic activation of STAT3 and/or 

STAT5 may contribute to BM stroma-mediated leukemia cell survival upon 2nd generation 

FLT3 inhibition in AML.

Materials and Methods

Cell lines

K562, MOLM-13 and MOLM-14 cell lines were obtained from Deutsche Sammlung von 

Mikroorganismen und Zellkulturen (DSMZ, Braunschweig, Germany) and MV411 cells 

were generously donated by Dr. Ryan O’Connell at the University of Utah. Cell lines were 

authenticated using the GenePrint 24 kit (Promega, Madison, WI, USA) and the DSMZ 

Online STR Analysis database at the DNA Sequencing Core at the University of Utah. 

MOLM-13, MOLM-14 and MV411 cells were genotyped for presence of the published ITD 

variant by PCR amplification and direct sequencing of genomic DNA. Cells were cultured in 

regular medium (RM) consisting of RPMI medium supplemented with 20% fetal bovine 

serum (FBS; Sigma-Aldrich, St. Louis, MO, USA), 2 mM L-glutamine, and 100 U/mL 

penicillin/streptomycin (RF10), in HS-5 conditioned medium (CM), or in direct contact 

(DC) with HS-5 cells. HS-5 CM was generated in large batches by culturing HS-5 human 

BM stromal cells to approximately 80% confluency in RPMI medium supplemented with 

10% FBS, L-glutamine and penicillin/streptomycin. Following 24 hours of incubation, HS-5 

CM was harvested and filtered (0.22 μm) and final FBS concentration was increased to 20%.

Patient AML samples

Primary samples were obtained from AML patients treated at the University of Utah. 

Informed consent was obtained from all donors (University of Utah Institutional Review 

Board #45880). Cells were subjected to Ficoll separation and red blood cell lysis. An 

AutoMACS Pro Separator (Miltenyi Biotech, Bergisch Gladbach, Germany) was used to 

purify CD34+ cells. Purity was determined to be >90% by fluorescence activated cell 

sorting. Prior to assays, primary cells were cultured in RM at 37°C without addition of 

cytokines. FLT3 mutation status was determined by referencing next-generation sequencing 

results performed as clinical standard of care by ARUP Laboratories at the University of 

Utah. FLT3-ITD variant allele frequency in CD34+ primary cells was determined using PCR 

followed by capillary gel electrophoresis on genomic DNA at ARUP Laboratories.

Viability assays

Apoptosis assays were performed with allophycocyanin-conjugated annexin V and 7-

aminoactinomycin D (BD Biosciences, San Jose, CA, USA). Cells were analyzed for 

fluorescence on a Guava easyCyte HT Flow Cytometer (MilliporeSigma, Burlington, MA, 

USA) or a BD Canto flow cytometer.
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Tyrosine kinase inhibitors

Quizartinib, fibroblast growth factor receptor 1 (FGFR1) inhibitor PD1703074, spleen 

tyrosine kinase (SYK) inhibitor PRT062607, ibrutinib and dasatinib were purchased from 

Selleckchem (Houston, TX, USA). Ruxolitinib was purchased from Chemietek 

(Indianapolis, IN, USA).

Plasmids

The pLMP-GFP-shSTAT3 retroviral vector was obtained by subcloning the STAT3-specific 

sequence (5’-

TGCTGTTGACAGTGAGCGAAATGTTCTCTATCAGCACAATTAGTGAAGCCACAGAT

GTAATTGT GCTGATAGAGAACATTCTGCCTACTGCCTCGGA-3’) beginning at 

nucleotide 1008 of human STAT3 into the pLMP-miR-122 vector (Thermo Fisher Scientific, 

Waltham, MA, USA). The pLMP-miR-122 vector lacking the STAT3-specific sequence was 

used as an empty vector (EV) control. Custom doxycycline-inducible lentiviral shSTAT5 

expression constructs (pRSIT17-U6Tet-sh-CMV-TetRep-2A-TagGFP2–2A-Puro) were 

obtained from Cellecta (Mountain View, CA, USA). Doxycycline-inducible lentiviral 

shSTAT5 constructs containing tagged RFP were generated from the original plasmid by 

subcloning the RFP site from pRSIT16-U6Tet-sh-HTS6-CMV-TetRep-2A-TagRFP-2A-Puro 

(Cellecta).

Immunoblot analysis

Cells were harvested and washed with cold PBS, then lysed in radioimmunoprecipitation 

assay (RIPA) buffer (Cell Signaling Technology (CST); 20 mM Tris-HCl (pH 7.5), 150 mM 

NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM 

sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na3VO4, 1 μg/ml leupeptin; 

with 1 mM PMSF added immediately before use). Equal amounts of protein were separated 

by SDS-PAGE (Bio-Rad) and transferred to nitrocellulose. Antibodies included: β-actin (cat. 

#3700S), STAT3 (cat. #9139), pSTAT3Y705 (cat. #9145), pSTAT5Y694 (cat. #9359), 

pLynY507 (cat. #2731), pSrcY527 (cat. #2105) (all from CST, Danvers, MA, USA), and 

STAT5 (cat. #610191) (BD). Images were obtained using a Licor Odyssey CLx Infrared 

Imaging System.

Cell proliferation assays

Cells were seeded in triplicate at 5e3 cells/well in a 96-well plate ± doxycycline (for 

knockdown) or inhibitors. Cell proliferation was measured at 72 or 96 hours after plating 

using the CellTiter 96 AQueous One Solution MTS Reagent (Promega, Madison, WI, USA) 

according to manufacturer’s instructions. Optical density was measured at 490 nm using an 

Epoch Microplate Spectrophotometer (BioTek Instruments, Winooski, VT, USA).

STAT5 phospho-flow cytometry

Flow cytometry was performed with Alexa Fluor 647 mouse anti-pSTAT5Y694 (clone 47, 

BD Biosciences). MOLM-13 cells were cultured in CM for 4 hours prior to administration 

of quizartinib and candidate inhibitors. Inhibitors were identified by literature review of 

kinases implicated in STAT5 phosphorylation in AML. Cells were harvested following 4 
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hours of culture with inhibitor, fixed (BD Phosflow Fix Buffer I) and permeabilized (BD 

Phosflow Perm Buffer III). Cells were analyzed for fluorescence intensity on a BD 

LSRFortessa cell analyzer.

Metabolic phenotyping

Glycolytic activity of viable cells grown for 24 hours in RM versus CM was measured using 

the Seahorse XFe96 Analyzer (Agilent, Santa Clara, CA, USA) and Seahorse Glycolysis 

Stress Test kit per manufacturer’s instructions. Seahorse X96 plates were coated with 20 μL/

well of Cell-TAK adhesive at 22.4 μg/mL in 0.1M NaHCO3 prior to addition of cells at a 

concentration of 1.0–1.5e5 cells/well suspended in XF base medium (DMEM without 

NaHCO3). Plates were centrifuged at 200 × g for 3 minutes and incubated in a CO2-free 

incubator prior to analysis. Glycolysis was measured on a Seahorse XFe96 Analyzer under 

basal conditions and following sequential addition of 10 mM glucose, 1 μM oligomycin and 

50 mM 2-deoxy-D-glucose. For STAT5 knockdown experiments, MOLM-13 cells 

containing doxycycline-inducible shSTAT5 constructs were cultured with doxycycline and 

inhibitors in CM for 24 hours prior to Seahorse assay.

Statistical analysis

Results are provided as mean ± SEM. Data was analyzed with Student’s t test or 1-way 

ANOVA using Tukey’s corrections for multiple comparisons testing. IC50 curves and 

calculations were performed using GraphPad Prism software v8.01.

Results

HS-5 cells protect FLT3-ITD+ AML cells from quizartinib mostly through STAT5Y694 

activation

The FLT3-ITD+ AML cell lines, MOLM-13, MOLM-14 and MV411, were cultured with 10 

nM quizartinib: (i) in RM, (ii) in HS-5 CM (see Materials and Methods section for details on 

medium components), or, (iii) in direct contact (DC) with HS-5 stromal cells. In RM, 

quizartinib induced apoptosis of MOLM-13, MOLM-14 and MV411 cells, with no effect on 

K562 cells (negative control) (Fig. 1a). HS-5 CM or DC reduced quizartinib-mediated 

apoptosis in all three FLT3-ITD+ AML lines, with mostly comparable effects between CM 

and DC. Cell proliferation experiments demonstrated two- to nine-fold increases in the IC50 

of quizartinib in FLT3-ITD+ AML cell lines cultured in CM compared to RM (Fig. 1b). 

Analogous cell proliferation experiments using primary CD34+ cells from FLT3-ITD+ AML 

patients produced similar results (Fig. 1c). These data indicate that BM stromal cells protect 

FLT3-ITD+ AML cells from FLT3 inhibition and that this process involves soluble factors.

To assess the role of STAT3 and STAT5 in BM stroma-mediated protection of FLT3-ITD+ 

AML, K562 (negative control), MOLM-13, MOLM-14, and MV411 cells were grown in 

RM or HS-5 CM ± 10 nM quizartinib and analyzed by immunoblot (Fig 2a). In FLT3-ITD+ 

AML cells grown in RM, pSTAT3Y705 expression was consistently low or absent, 

irrespective of quizartinib concentration; pSTAT5Y694 was readily detected, but abolished 

with 10 nM quizartinib. In CM, MOLM-13, MOLM-14 and MV411 cells exhibited 

consistent expression of pSTAT5Y694 that was reduced but not abolished by quizartinib, 
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indicating that STAT5 is activated both by FLT3-ITD and extrinsic factors. Culture of all cell 

lines in CM resulted in activation of pSTAT3Y705 that was unchanged upon quizartinib 

treatment. Unlike the FLT3-ITD+ lines, K562 cells demonstrated activation of both STAT3 

and STAT5 in RM and CM, neither of which was diminished by quizartinib.

Next, primary CD34+ cells from four patients with FLT3-ITD+ AML (Supplemental Table 

1) were grown in RM and CM ± 10 nM quizartinib and assessed for STAT3 and STAT5 

expression by immunoblot (Fig. 2b). The patterns of BM stroma-dependent STAT3 and 

STAT5 activation observed in primary FLT3-ITD+ AML were similar to those observed in 

the FLT3-ITD+ cell lines, with prominent quizartinib-independent activation of both STAT3 

and STAT5 in CM. Unlike CD34+ cells from the four patients with FLT3-ITD+ AML, 

primary cells from four AML patients without FLT3-ITD mutations did not express 

pSTAT5Y694 in RM, while both pSTAT3Y705 and pSTAT5Y694 were expressed in CM (Fig. 

2c). One FLT3-ITD− patient sample (15–381) showed activation of STAT3 in RM that was 

not further increased with CM. As expected quizartinib had no effect on pSTAT3Y705 or 

pSTAT5Y694 in primary cells from FLT3-ITD− AML patients. Overall, these data suggest 

CM activates STAT3 and STAT5 in both FLT3-ITD+ and FLT3-ITD− primary AML cells 

and cell lines in a FLT3 kinase-independent manner.

Extrinsic STAT5 activation drives leukemia cell survival in the setting of FLT3 inhibition

To test whether STAT3 or STAT5 activation in CM is associated with protection from FLT3 

inhibition, MOLM-13 cells were infected with short hairpin RNA (shRNA) targeting 

STAT3, STAT5, or two distinct shRNAs targeting STAT3 and STAT5, respectively. The 

MOLM-13 cell line was chosen as a model due to the heterozygous presence of the FLT3-
ITD mutation (23), recapitulating the genotype most commonly observed in human disease, 

and because of the concordance between patterns of STAT3 and STAT5 activation in this cell 

line to those seen with primary FLT3-ITD+ AML samples. Knockdown of STAT3, STAT5 

and STAT3/5 was confirmed by immunoblot following 72 hours of culture in RM ± 

doxycycline (Supplemental Fig. 1). Cells were then cultured in RM or CM ± doxycycline 

and treated with graded concentrations of quizartinib in cell proliferation assays. In 

MOLM-13 cells, STAT3 knockdown alone did not significantly affect leukemia cell 

proliferation in RM or CM, while STAT5 and combined STAT3/5 knockdown significantly 

impaired cell growth in both medium types (Fig. 2d). In CM, at lower concentrations of 

quizartinib, combined STAT3/5 knockdown only marginally increased growth inhibition 

over STAT5 knockdown alone. In total, these results suggest that the majority of protection 

conferred by the BM microenvironment in FLT3-ITD+ AML results from extrinsic 

activation of STAT5 and not STAT3.

Dasatinib decreases pSTAT5Y694 in MOLM-13 cells in CM and overcomes BM stroma-
mediated resistance in combination with quizartinib

We performed a literature search to identify proximal kinases potentially implicated in 

STAT5 activation in AML by CM. Candidate kinases included Janus kinase 2 (JAK2), 

Bruton’s tyrosine kinase (BTK), fibroblast growth factor receptor 1 (FGFR1), spleen 

tyrosine kinase (SYK) and Src family kinases (SFK) (24–29). Corresponding kinase 

inhibitors were chosen to interrupt signaling, including: ruxolitinib (JAK2), ibrutinib (BTK), 
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PD1703074 (FGFR1), PRT062607 (SYK) and dasatinib (SFK). Phospho-flow cytometry 

was used to quantify pSTAT5Y694 in MOLM-13 cells grown for 24 hours in CM in the 

presence of quizartinib ± inhibitors of candidate kinases. All five inhibitors significantly 

reduced pSTAT5Y694 when added to quizartinib (Fig. 3a). Increasing the concentration from 

0.1 to 1 μM did not significantly decrease the pSTAT5Y694 median fluorescent intensity for 

any of the inhibitors, and a maximum concentration of 0.1 μM was used for subsequent 

experiments. To further validate candidate inhibitors for use in combination with quizartinib, 

we performed cell proliferation experiments in MOLM-13 cells cultured in CM and treated 

with kinase inhibitors and graded concentrations of quizartinib. The combination of 

dasatinib and quizartinib proved most effective at decreasing the IC50 of quizartinib in cells 

grown in CM (Fig. 3b). As expected, dasatinib had no effect on pSTAT5Y694 in MOLM-13 

cells grown in RM, irrespective of quizartinib (Fig. 3c). In contrast dasatinib reduced 

pSTAT5Y694 in the presence of CM and quizartinib (Fig. 3c). SFK activity as assessed by 

pLynY507 and pSrcY527 was reduced by dasatinib, but not the type of medium, suggesting 

that SFK activity is re-directed to STAT5 in the presence of CM, but not RM (Fig. 3c and d).

Treatment with dasatinib and quizartinib differentially inhibits glycolysis in FLT3-ITD+ AML 
cells grown in HS-5 CM in a STAT5-independent manner

It has been reported that FLT3-ITD+ AML cells harbor a highly glycolytic phenotype that 

can be partially suppressed by FLT3 TKIs (30). We hypothesized that culturing FLT3-ITD+ 

cells in CM may protect against TKI-mediated suppression of glycolysis. As expected 

glycolysis and glycolytic capacity were greatly reduced in the presence of quizartinib 

cultured in RM. However glycolysis and glycolytic capacity were partially restored in the 

presence of CM (Fig. 4a). We next tested whether addition of dasatinib would abrogate the 

CM-mediated increase in glucose utilization. Dasatinib alone reduced glycolysis and 

glycolytic capacity irrespective of medium type. Notably, the combination of quizartinib and 

dasatinib decreased the glycolytic activity of cells grown in CM to that observed in cells 

grown in RM and treated with quizartinib alone (Fig. 4a). The relative contribution of 

dasatinib to the reduction in glycolytic activity observed with combination treatment versus 

quizartinib alone was larger in cells grown in CM than RM, suggesting that soluble factors 

contained in CM activate signaling pathways inhibited by dasatinib.

We hypothesized that dasatinib may preferentially decrease glycolytic activity in FLT3-ITD+ 

cells cultured in CM through inhibition of FLT3-independent STAT5 activation. To test this, 

we measured glycolytic activity in MOLM-13 cells transduced with a lentiviral doxycycline-

inducible shSTAT5 construct. These cells were cultured for 24 hours in CM ± doxycycline 

(knockdown confirmed; Supplemental Fig. 2) and treated with quizartinib and/or dasatinib. 

Results from these experiments indicate that knockdown of STAT5 does not affect glycolysis 

in AML cells, suggesting that the effect of dasatinib on inhibition of glycolysis is STAT5-

independent (Fig. 4b). In addition, these results indicate that STAT5 knockdown alone 

cannot recapitulate the inhibitory effect of quizartinib on glycolytic activity.
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Discussion

After decades of minimal progress, the therapeutic armamentarium available to treat FLT3-
ITD+ AML has been enriched by midostaurin in the frontline setting and gilteritinib and 

quizartinib in R/R disease, both of which have been reported to improve survival (10, 13, 

14). Second-generation FLT3 TKIs demonstrate improved on-target inhibition compared to 

midostaurin and have proven more efficacious as salvage therapies for patients with relapsed 

FLT3-ITD+ disease, who tend to demonstrate higher mutant allele burdens than at diagnosis 

(16, 17). Gilteritinib is currently approved in the R/R setting in Europe and the United 

States, while quizartinib is approved only in Japan, with the FDA citing concerns over 

clinical benefit and equipoise following review of QUANTUM-R trial results. With several 

clinical studies ongoing (31), it remains possible that quizartinib may be FDA-approved for 

FLT3-ITD+ AML in combination with other agents in the not-distant future. As the use of 

2nd generation FLT3 TKIs becomes standard, combination therapies to improve the duration 

and depth of response to FLT3 inhibition will be required to achieve long-term survival in 

transplant-ineligible patients. In this study, we show that extrinsic cues from BM stromal 

cells promote leukemia cell survival in the setting of selective FLT3 inhibition and that 

blocking such signals with dasatinib can overcome extrinsic resistance and markedly 

improve AML cell killing.

We demonstrate that in both cell lines and primary samples, HS-5 CM consistently protects 

FLT3-ITD+ AML cells from FLT3 inhibition. Extrinsic activation of STAT5 by CM appears 

to be the primary mediator of leukemia cell survival and resistance to FLT3 inhibition, in 

agreement with previous reports in AML (19, 32, 33), but in contrast to BCR-ABL1 

inhibition in CML, in which selective STAT3 activation by CM promotes TKI resistance (34, 

35). The reason for this discrepancy is unknown, as both FLT3-ITD and BCR-ABL1 drive 

constitutive STAT5 activation. One plausible explanation is differential expression of 

cytokine receptors. Medium supplemented with exogenous granulocyte-macrophage colony 

stimulating factor (GM-CSF) or interleukin-3 (IL-3) has been shown to be sufficient to 

rescue FLT3-ITD+ AML cells from FLT3 inhibition with crenolanib via activation of the 

JAK2/STAT5 axis (32), while elevated BM interleukin-6 (IL-6) concentrations have been 

noted in CML patients and persistent STAT3 activation by IL-6 has been demonstrated to be 

JAK1-dependent in CML cell lines and patient samples (22, 36, 37). The reported decrease 

in extrinsic STAT5 phosphorylation seen with the combination of ruxolitinib and quizartinib 

(32) was similar to that observed with dasatinib and quizartinib in our study, suggesting 

some degree of activation of the JAK2/STAT5 signal transduction pathway by CM. Indeed, 

inhibitors of multiple kinases potentially upstream of STAT5 reduced pSTAT5Y694 in FLT3-

ITD expressing AML cells, suggesting that full extrinsic activation of STAT5 derives from 

the activation of multiple upstream pathways, and implying that different upstream kinases 

may target separate STAT5 pools. Dasatinib-mediated inhibition of multiple RTKs activated 

by various soluble factors in CM, such as stem cell factor (SCF), platelet derived growth 

factor (PDGF) and FGF, may explain why combining quizartinib and dasatinib has the 

strongest effect on pSTAT5Y694 in our study (22, 38, 39). Additionally dasatinib may target 

other signaling pathways relevant to protective microenvironment effects, such as the 

Gas6/Axl axis that has been implicated as an effective stroma-based escape route from FLT3 
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inhibition in FLT3-ITD+ AML (33, 40). Gas6, the ligand for the RTK Axl, is secreted by 

BM stromal cells, including HS-5 cells (41). Axl bears structural resemblance to PDGFR 

and FGFR, and can heterodimerize with other RTKs, resulting in downstream SFK and 

PI3K/Akt/mTOR pathway activation (42–46). While bosutinib, another 2nd generation BCR-

ABL1 TKI, has been shown to inhibit both Axl and SFKs (42), there is no evidence that Axl 

is a direct target of dasatinib (47, 48). This suggests that dasatinib impacts the Gas/Axl 

pathway primarily via distal SFK inhibition, which may also explain the observation that 

dasatinib abolishes Gas6/Axl mediated SFK activation in renal cell carcinoma (49). In the 

same study, dasatinib was also observed to inhibit SFK-dependent activation of MET, 

highlighting the importance of SFKs as critical intermediaries for cross-talk between 

divergent signal transduction pathways.

SFKs (in particular Src) are well-known to potentiate the Warburg effect and tumor cell 

dependence on glycolysis via phosphorylation of hexokinases HK1 and HK2 and pyruvate 

dehydrogenase (50–52). Similar to our data on FLT3-mutated AML, which is known to be 

highly dependent on glycolysis (30), inhibition of SFKs results in a decrease of glycolytic 

activity across multiple cancer types (50–54). Axl activation has been reported to stabilize 

insulin receptor substrate 1 (IRS-1) through phosphorylation of tensin2 (TNS2), resulting in 

enhanced expression of GLUT4 and pyruvate dehydrogenase kinase 1 (PDK1), enzymes 

known to be essential for glucose uptake and aerobic glycolysis (55). Thus it is conceivable 

that dasatinib blocks distal effector pathways of the Gas6/Axl/TNS2 signaling axis via SFK 

inhibition to inhibit CM-induced glycolysis. It is important to note that while upregulation of 

Axl occurs in response to extrinsic STAT5 activation, this is mediated through secretion of 

stromal cytokines other than Gas6, in keeping with the observation from our study that 

dasatinib-related effects on glycolytic inhibition are STAT5 independent (33).

Taken together our findings suggest that dasatinib overcomes stroma-based resistance to 

FLT3 inhibition not only through inhibition of extrinsic STAT5 activation but also through 

inhibition of glycolytic activity, ultimately re-sensitizing FLT3-ITD+ leukemia cells to FLT3 

inhibition by quizartinib. While the BM niche has been observed to influence leukemia cell 

metabolism through hypoxia-responsive elements and mitochondrial transfer, this is the first 

report demonstrating that soluble factors secreted by the BM microenvironment directly 

enhance glycolytic activity in FLT3-ITD+ leukemia cells and mitigate previously described 

FLT3 TKI effects on glycolysis (30, 56, 57). These data provide a rationale for the combined 

use of quizartinib and dasatinib in FLT3-ITD mutated AML and support further 

investigation into the mechanisms underlying the efficacy of this combination. 

Chemotherapy-free regimens consisting of multiple targeted agents, such as ibrutinib and 

venetoclax in chronic lymphocytic leukemia, and asciminib and dasatinib in BCR-ABL1+ 

leukemias, have proven feasible in clinical trials and are likely to dominate the clinical 

landscape in due time (58–60). Toxicities shared by both quizartinib and dasatinib, including 

QTc prolongation and myelosuppression, are of potential clinical concern with combination 

therapy, but could be addressed with dose reduction of one or both drugs. Future short-term 

studies should investigate whether combining selective SFK inhibitors with FLT3 TKIs or 

treatment with gilteritinib alone (dual activity against FLT3/Axl) can recapitulate the 

metabolic effects observed here with dasatinib and quizartinib.
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Figure 1. Culture in HS-5 CM protects FLT3-ITD+ AML cells from quizartinib.
A. Apoptosis at 48 hours following treatment of various FLT3-ITD+ AML cell lines and the 

K562 cell line (negative control) with quizartinib 10 nM. Treated cells were cultured in 

medium conditions indicated by the blue, red and black bars. (n=3) B. Bar graphs comparing 

the IC50 values of quizartinib in FLT3-ITD+ AML cell lines cultured in RM or CM for 72 

hours. (n=3) C. Primary CD34+ cells from AML patients with or without FLT3-ITD 

mutations were cultured in RM or CM and treated with graded concentrations of quizartinib 

in cell proliferation experiments (n=3)
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Figure 2. CM activates STAT3 and STAT5 in AML cells and knockdown of STAT5 is associated 
with impaired cell growth in FLT3-ITD+ AML.
A. Immunoblots demonstrate STAT3 and STAT5 activation in AML cell lines cultured in 

RM and CM. B and C. Patterns of STAT3 and STAT5 activation in CD34+ cells from 

patients with FLT3-ITD+ and FLT3-ITD− AML. D. MOLM-13 cells containing an empty 

vector or shRNA constructs targeting STAT3, STAT5 or both STAT3 and STAT5 were 

cultured in RM or CM and treated with graded concentrations of quizartinib. Cell 

proliferation was measured at 72 hours. (n=3)
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Figure 3. The combination of dasatinib and quizartinib decreases STAT5 activation in CM and 
overcomes stroma-based resistance to FLT3 TKI.
A. MOLM-13 cells cultured in CM were treated with quizartinib 10 nM alone or in 

combination with fixed doses (0.1 μM) of various inhibitors. Following 4 hours of culture, 

cells were harvested and STAT5 phosphorylation was assessed by flow cytometry. (n=3) B. 
Cell proliferation assay in MOLM-13 cells cultured in CM and treated with graded doses of 

quizartinib alone or in combination with fixed doses (0.1 μM) of inhibitors for 72 hours. 

(n=3) C and D. STAT5, Lyn and Src activation in MOLM-13 cells following culture in RM 

or CM and treatment with quizartinib ± dasatinib for 4 hours.
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Figure 4. The combination of dasatinib and quizartinib suppresses stroma-enhanced glycolysis in 
a STAT5-independent manner in FLT3-ITD+ AML.
A. Glycolysis and glycolytic capacity were measured in MOLM-13 cells cultured in RM or 

CM and treated with quizartinib ± dasatinib for 24 hours. (n=3) B. Glycolysis and glycolytic 

capacity were measured in MOLM-13 cells expressing a doxycycline-inducible shRNA 

against STAT5. Cells were cultured in CM ± doxycycline (DOX) and treated with 

quizartinib and/or dasatinib for 24 hours. (n=3)
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