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1  | INTRODUC TION

Blood disorders that fall under the spectrum of myeloid neoplasms 
include myelodysplastic syndrome (MDS), myeloproliferative 

neoplasms (MPNs), acute myeloid leukaemia (AML) and MDS/MPN 
overlap syndromes. AML is a hematopoietic malignancy that is char-
acterized by abnormal myeloid progenitor cell growth and a partial 
block in cell differentiation.1 There are several commonly detected 
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Abstract
Mutations in the E3 ubiquitin ligase CBL, found in several myeloid neoplasms, lead 
to decreased ubiquitin ligase activity. In murine systems, these mutations are associ-
ated with cytokine-independent proliferation, thought to result from the activation 
of hematopoietic growth receptors, including FLT3 and KIT. Using cell lines and pri-
mary patient cells, we compared the activity of a panel of FLT3 inhibitors currently 
being used or tested in AML patients and also evaluated the effects of inhibition of 
the non-receptor tyrosine kinase, SYK. We show that FLT3 inhibitors ranging from 
promiscuous to highly targeted are potent inhibitors of growth of leukaemia cells 
expressing mutant CBL in vitro, and we demonstrate in vivo efficacy of midostaurin 
using mouse models of mutant CBL. Potentiation of effects of targeted FLT3 inhibi-
tion by SYK inhibition has been demonstrated in models of mutant FLT3-positive 
AML and AML characterized by hyperactivated SYK. Here, we show that targeted 
SYK inhibition similarly enhances the effects of midostaurin and other FLT3 inhibi-
tors against mutant CBL-positive leukaemia. Taken together, our results support the 
notion that mutant CBL-expressing myeloid leukaemias are highly sensitive to avail-
able FLT3 inhibitors and that this effect can be significantly augmented by optimum 
inhibition of SYK kinase.
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mutations that confer a growth advantage to leukaemic cells, such 
as mutations in receptor tyrosine kinases (RTKs) (FLT3 and KIT, for 
example), non-receptor tyrosine kinases (non-RTKs) (JAK2 and ABL) 
and downstream signalling molecules such as RAS. Loss of function or 
deletion of genes that normally turn off growth signalling may also be 
oncogenic. One example is the E3 ubiquitin ligase, CBL, which is mu-
tated in approximately 10% of myeloid neoplasms, with a low occur-
rence of 1.1% in AML/MDS and a higher occurrences of 16% in AMLs 
carrying inv(16)/t(16;16) chromosomal abnormalities (CBL splicing 
mutations) or 13%-15% in patients with juvenile myelomonocytic 
leukaemia (JMML) or chronic myelomonocytic leukaemia (CMML).2-6 
CBL mutations cluster in exons 8 and 9, with approximately 85% oc-
curring as point mutations and 15% presenting as small deletions in 
the linker or RING finger domain of CBL.2,7,8 These CBL mutations are 
generally thought to decrease E3 ubiquitin ligase activity.

Interestingly, CBL is known to have as targets several non-RTKs, 
such as SYK, and RTKs including FLT3, KIT and FMS, as well as the 
oncogenic variants of those RTKs.9,10 In myeloid neoplasms, muta-
tions in CBL are thought to decrease turnover of these RTKs and 
promote growth and viability signalling. In these diseases, CBL, func-
tionally and genetically, acts like a tumour suppressor.8 This hypoth-
esis is supported by a number of studies demonstrating spontaneous 
activation of RTK signalling pathways in cells with CBL mutations 
and also limited studies where multitargeted tyrosine kinase inhibi-
tors (TKI's) such as midostaurin or SU112482,8,9,11 can reverse factor 
independence or factor-hyperresponsiveness of leukaemia cells.12

As the direct targeting of CBL is a challenge, finding upstream/
downstream vulnerabilities related to mutated CBL is important 
to develop a successful treatment approach. Previous work has 
established that the effects of mutated CBL and mutated FLT3 
on intracellular signalling, particularly transforming hyperstimula-
tion of signalling molecules downstream of FLT3, are similar,12 and 
we thus sought to comprehensively evaluate clinical-grade inhib-
itors of FLT3 for efficacy against mutant CBL AML. In this study, 
we have compared the activity of multiple TKIs that have a varied 
spectrum of activity against FLT3 or KIT and which are available for 
clinical use or testing, including the N-indolocarbazole midostaurin 
(PKC412; Rydapt; Novartis Pharma AG),13,14 the pyrazinecarbox-
amide derivative, gilteritinib (ASP2215; XOSPATA; Astellas Pharma 
US, Inc),15,16 the highly selective FLT3 inhibitor, quizartinib (AC220; 
Daiichi Sankyo),17,18 crenolanib besylate (CP-868596; AROG 
Pharmaceuticals, LLC)19 and sorafenib (Nexavar; co-developed and 
co-marketed by Bayer and Onyx Pharmaceuticals).20 In our cell line 
model, co-expression of wt FLT3, but not c-KIT, in Ba/F3 cells with 
mutant CBL was found to be necessary and sufficient to achieve 
growth factor-independent growth12 and we therefore tested the 
effects of the midostaurin and other FLT3 inhibitors on these cells.

For mutant FLT3-positive AML patients to achieve maximum 
clinical benefit, it has been imperative that midostaurin be adminis-
tered in combination with other anti-cancer agents. We and others 
have previously shown that inhibition of the non-receptor cytoplas-
mic tyrosine kinase (non-RTK) SYK, established to play a critical role 
in AML transformation, potentiates the anti-leukaemic activity of 

targeted FLT3 inhibition in models of FLT3-ITD AML and AML char-
acterized by hyperactivated SYK.21,22 Given the potential of SYK as 
a putative therapeutic target in AML and the demonstrated ability of 
additional SYK suppression to augment the anti-leukaemic effects 
of FLT3 inhibition in mutant FLT3-positive leukaemia, we were inter-
ested in exploring the combination of FLT3 and SYK suppression in 
the context of mutant CBL-positive leukaemia, which is character-
ized by aberrant FLT3 signalling.

Here, using these cell lines and primary mutant CBL-positive pa-
tient cells, as well as murine xenografts, we performed a side-by-side 
comparison of highly targeted and broad-spectrum FLT3 inhibitors 
in late-stage clinical development or FDA approved for mutant 
FLT3-positive AML and demonstrated their ability to suppress mu-
tant CBL-positive AML proliferation and viability. Furthermore, our 
studies show that SYK suppression potentiates the anti-leukaemic 
activity of FLT3 inhibition in cell line-based models of mutant CBL-
positive leukaemia.

2  | MATERIAL S AND METHODS

2.1 | Cell lines

Ba/F3 (interleukin [IL]-3-dependent murine pro-B) cells engineered 
to express wt FLT3, wt FLT3+wt CBL, wt FLT3+CBL.Ins(SK366), wt 
FLT3+CBL.Y371H and wt FLT3+CBL.ΔY371 were developed as pre-
viously described.12 MOLM14 cells were provided to us by Dr Scott 
Armstrong (Dana-Farber Cancer Institute, MA). MV4-11 cells were 
obtained from Dr Anthony Letai (Dana-Farber Cancer Institute, MA). 
Kasumi-1-luc+, SKNO-1-luc+ and NB4-luc+ cells were gifts from 
Dr Andrew Kung (Memorial Sloan Kettering Cancer Center, NY). 
HEL, HL60 and K052 cell lines were purchased from ATCC. SKM-
1, NOMO-1 and OCI-AML3 cell lines were obtained from Dr Gary 
Gilliland (Fred Hutchinson Cancer Research Center, WA).

Mutant CBL-expressing Ba/F3 cells and all human cell lines 
were cultured with 5% CO2 at 37°C, at a concentration of 2 × 105 to 
5 × 105 in RPMI 1640 (Thermo Fisher Scientific) with 10% foetal bo-
vine serum (FBS) and supplemented with 1% penicillin/streptomycin. 
Parental Ba/F3 cells, Ba/F3 cells expressing wt FLT3 and Ba/F3 cells 
expressing wt FLT3+wt CBL were cultured in RPMI with 10% FBS 
and supplemented with 1% penicillin/streptomycin and 20% WEHI-
conditioned media (as a source of IL-3).

Cell line authentication is described in the Appendix S1.

2.2 | AML patient cells

Details are provided in the Appendix S1.

2.3 | Chemical compounds and biologic reagents

Details are provided in the Appendix S1.
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2.4 | Cell proliferation studies

Details are provided in the Appendix S1.

2.5 | Immunoblotting and immunoprecipitation

Protein lysate preparation, immunoblotting and immunoprecipita-
tion were carried out as has been previously described.13

2.6 | Antibodies

Antibodies purchased from Cell Signaling Technology were used 
at a dilution of 1:1000 and include beta-tubulin (rabbit polyclonal, 
#2146), phospho-AKT (Ser 473) (D9E) XP(R) (rabbit mAb, #4060), 
phospho-p44/42 MAPK (T202/Y204) (rabbit, #9101), phospho-S6 
ribosomal protein (S235/236) (D57.2.2E) XP (R) (rabbit mAb, #4858), 
phospho-Zap-70 (Tyr319)/SYK (Tyr352) (rabbit, #2701), total AKT 
(rabbit, #9272), total MAPK (mouse, #9107), total S6 (rabbit, #2217) 
and total Syk (D3Z1E) XP (rabbit mAb, #13198). Anti-GAPDH 
(D16H-11) XP (R) (rabbit mAb, #5174) (Cell Signaling Technology) 
was used at a dilution of 1:3000. FLT3/Flk-2 (C-20) (sc-479) was 
purchased from Santa Cruz Biotechnology, Inc and used at 1:1000 
for immunoblotting. Anti-pTyr (mouse, clone 4G10) was purchased 
from Upstate MilliporeSigma and was used at 1:1000 in the pres-
ence of 4% BSA.

2.7 | Drug combination studies

Details about drug combination studies, which employed the method 
of Chou and Talalay,23 are provided in the Appendix S1.

2.8 | Non-invasive in vivo bioluminescence study

All animal studies were performed according to protocols approved 
by the Dana-Farber Cancer Institute's Institutional Animal Care and 
Use Committee.

Bioluminescence imaging was carried out as previously de-
scribed.24 Briefly, Ba/F3.FLT3(wt).CBL.Ins (SK366)-luc+ cells sus-
pended in PBS were implanted intravenously (1.5 × 106 cells/mouse) 
in the female NCr nude mice (7 weeks of age; Taconic, NY). Animals 
were randomized 3 days post-implantation using total flux val-
ues (sum of prone and supine bioluminescence values) into vehicle 
control and midostaurin, 100 mg/kg once daily by oral gavage for 
21 days (n = 9-11/group). Bioluminescence imaging was performed 
once weekly after treatment initiation, and bodyweights were mea-
sured twice weekly.

Midostaurin was formulated as a pre-concentrate/microemulsion 
with 5% drug powder, 34% Vit E TPGS, 42.5% PEG400, 8.5% corn oil 
and 10% ethanol. The pre-concentrate was then dissolved in purified 

water at a 24:76 ratio on the day of treatment. Stocks of midostaurin 
were purchased from LC Laboratories and MedChemExpress.

For all in vivo studies, P < .05 was considered to be statistically 
significant. The data had similar variance and met the assumptions of 
the tests carried out. For in vivo studies investigating the single-agent 
effects of midostaurin, the Mann-Whitney test (two-tailed) was car-
ried out to assess differences in leukaemia burden between vehicle 
and drug-treated mice and the Gehan-Breslow-Wilcoxon test was 
carried out for survival curve comparisons.

2.9 | RNA sequencing analysis

Total RNA was isolated from midostaurin- and DMSO-treated cells 
using TRIzol (Ambion by Life Technologies) followed by an RNeasy 
cleanup step (RNAeasy kit; Qiagen). Library preparation, sequencing 
of RNA (RNAseq), and changes in gene expression were performed 
at the Molecular Biology Core Facility (DFCI). Reads were aligned 
against the mouse genome; P-values were calculated from raw 
counts, and false discovery rate (FDR) values were calculated using 
the method of Benjamini and Hochberg.25 Gene set enrichment 
analysis (GSEA)26 was performed against the h.all.v6.2.symbols.gmt 
signature database.

3  | RESULTS

Given the demonstrated effectiveness of FLT3 inhibitors against 
leukaemia characterized by mutated CBL and consequent increased 
expression of wt FLT3, we were interested in exploring this phenom-
enon more thoroughly across a panel of widely investigated FLT3 
inhibitors in late-stage clinical development or that have been FDA 
approved for mutant FLT3-positive AML. We tested and compared 
a range of concentrations of sorafenib, gilteritinib, midostaurin, cre-
nolanib and quizartinib against growth factor-independent Ba/F3 
cells engineered to co-express human wt FLT3 and mutated human 
CBL (ΔY371, Y371H or Ins(SK366)), as well as growth factor-de-
pendent parental Ba/F3 cells, Ba/F3 cells engineered to express wt 
human FLT3 or Ba/F3 cells engineered to co-express both wt human 
FLT3 and wt human CBL. As shown in Figure 1A, treatment with 
31.25 nmol/L of each FLT3 inhibitor led to a dramatic inhibition of 
cell proliferation of all three mutant CBL-expressing cell lines, how-
ever, there was little anti-proliferative effect observed on the growth 
factor-dependent cell lines (targeted inhibition of growth of mutant 
CBL-expressing cells was observed at concentrations less than 500-
1000 nmol/L) (Figure S1). In comparison with the FLT3 inhibitors, 
the targeted SYK inhibitors, PRT062607 (P505-15, B11B057)27 and 
entospletinib (GS-9973) (Gilead Sciences),28 were considerably less 
effective in inhibiting the proliferation of mutant CBL-positive cell 
lines (Figure 1A-D, Figures S1 and S2).

The murine mutant CBL and wt FLT3-expressing cell lines pro-
vide a relatively simplistic and clean system with which we were able 
to directly measure effects of FLT3 inhibition, alone and combined 
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with SYK inhibition. We were interested in seeing whether or not 
these effects were able to be generalized to human AML cell lines 
and primary AML cells. As expected, midostaurin notably most po-
tently inhibits human AML cell lines, such as MV4-11 and MOLM14, 
which express FLT3-ITD, as compared to other human AML cell 
lines that express wt FLT3 and that are driven by other oncogenes 
(Figure 2A). MOLM14 is unique in that it co-expresses FLT3-ITD and 
mutant CBL (monoallelic CBL deletion transcript identified),2 how-
ever, due to the co-expression of both oncogenes, growth-suppres-
sive effects due to inhibition of oncogenic FLT3 cannot be separated 
from any drug effects that may be associated with mutant CBL ex-
pression in these cells.

We next investigated the effects of our panel of kinase inhibitors 
on primary AML and CMML cells, including those expressing mutant 
CBL, as well as those expressing wt FLT3/wt CBL, and mutant FLT3/
wt CBL. Normal PBMCs acquired from a donor were tested as a con-
trol. The wt FLT3/wt CBL and mutant FLT3/wt CBL primary cells 
generally showed more sensitivity to the inhibitors (at 1000 nmol/L) 
than the mutant CBL-expressing AML samples (Figure 2B,D). One 
exception was a mutant CBL-positive CMML sample, which showed 
a loss of around 50% viability with only 100 nmol/L crenolanib 
(Figure 2C). However, it is important to note that gilteritinib, mido-
staurin and crenolanib killed over 50% of mutant CBL-expressing 
cells, compared with around 70%-80% of wt FLT3/wt CBL-expressing 

AML or mutant FLT3/wt CBL-expressing AML. In contrast, less than 
20% of normal PBMCs were killed by these drugs, suggesting that 
drug effects were selective for transformed primary patient cells. 
Table S1 shows a number of genetic mutations that were identified 
in the mutant CBL-positive and wt CBL-expressing samples that may 
influence the sensitivity or resiliency of these samples to the effects 
of the kinase inhibitors.

As CBL ubiquitin ligase activity has been implicated in the nega-
tive regulation of both SYK and FLT3,9,10 and inactivation of CBL via 
mutation would be expected to impair this regulation, we were inter-
ested in measuring the expression levels and activity of the two pro-
teins in mutant CBL-expressing cells to gain a better understanding of 
the sensitivity of these cells to FLT3 inhibitors. Specifically, we com-
pared levels of human wt FLT3 and endogenous mouse SYK protein 
levels, as well as phosphorylation status, between Ba/F3.FLT3(wt) 
cells and Ba/F3 cells co-expressing mutant CBL+wt FLT3. A much 
higher level of wt human FLT3 expression was observed in Ba/
F3.FLT3(wt).CBL.Y371H, Ba/F3.FLT3(wt).CBL.Ins (SK366) and Ba/
F3.FLT3(wt).CBL.ΔY371 cells as compared to Ba/F3-FLT3(wt) cells, 
irrespective of whether Ba/F3.FLT3(wt) cells were cultured over-
night in the presence or absence of WEHI-conditioned media (as a 
source of IL-3) (Figure S3A-C). In contrast, while there was no change 
in levels of endogenous mouse SYK total protein in mutant CBL-
expressing cells as compared to control cells, SYK phosphorylation 

F I G U R E  1   Comparison of the potencies of targeted TKIs against mutant CBL-expressing cell lines. A, Inhibitors were tested in a 
proliferation assay in parallel for 3 d (effects of 31.25 nmol/L of each inhibitor shown). Included as controls were growth factor-dependent 
parental Ba/F3, as well as growth factor-dependent Ba/F3 cells expressing wt human FLT3 (Ba/F3.FLT3) and growth factor-dependent Ba/
F3 cells co-expressing wt human FLT3 and wt human CBL (Ba/F3.FLT3(wt).CBL). All three cell lines not expressing mutant CBL were cultured 
and tested in the presence of 20% WEHI-conditioned media, used as a source of IL-3. Cell lines were treated with sorafenib, gilteritinib, 
midostaurin, crenolanib, quizartinib and PRT062607. B-D, Inhibitors were tested in a proliferation assay in parallel for 3 d against Ba/
F3.FLT3(wt).CBL.ΔY371 (B), BaF3.FLT3(wt).CBL.Y371H (C) or Ba/F3.FLT3(wt).CBL.Ins (SK366) (D)
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was enhanced in mutant CBL-positive cells (Figure S3D). Increased 
SYK phosphorylation in mutant CBL-expressing cells, which are 
characterized by hyperactivated wt FLT3, may be reflective of the 
transactivation and cooperativity between highly activated SYK and 
constitutively activated mutant FLT3 observed in AML patients.21 
The increases in levels/activity of FLT3 in mutant CBL-expressing 
cells may be due to failure of mutated CBL to function properly as an 
E3 ubiquitin ligase9,10 and may also explain the higher susceptibility 
of these cells to FLT3 inhibitor treatment. Although differences in 
transfection efficiency cannot be completely ruled out as contribut-
ing to these differences, the observed elevated wt FLT3 expression 
in mutant CBL-expressing cells is consistent with and supportive of 
previously published studies focused on effects of mutant CBL in 
leukaemia.2,8,9,12

We next investigated the ability of midostaurin to inhibit the pro-
liferation of luciferase-expressing Ba/F3.FLT3(wt).CBL.Ins (SK366) 
cells and Ba/F3.FLT3(wt).CBL.Y371H cells in vivo. Treatment of NCr 
nude mice harbouring each cell line with 100 mg/kg midostaurin ad-
ministered orally once daily for 21 days led to a significantly delayed 
leukaemic cell growth (Ba/F3.FLT3(wt).CBL.Ins (SK366) model; 
P < .0001 day 14 and Ba/F3.FLT3(wt).CBL.Y371H model; P < .0001 

days 12 and 15) (Figures 3A,B and 4A,B, Figures S4 and S5) and 
significantly prolonged survival (Ba/F3.FLT3(wt).CBL.Ins (SK366) 
model; P < .0001 and Ba/F3.FLT3(wt).CBL.Y371H model; P < .0001) 
(Figures 3C and 4C) as compared to vehicle-treated control mice. 
Midostaurin treatment was well tolerated (Figures 3D and 4D).

Considering the previously demonstrated ability of SYK inhibi-
tors to potentiate the inhibitory activity of FLT3 inhibitors against 
oncogenic FLT3-positive leukaemia, we hypothesized that the com-
bination of FLT3 and SYK inhibition might be similarly more effective 
against cells engineered to co-express mutant CBL and wt FLT3, as 
compared to FLT3 inhibition alone. The ability of the SYK inhibitor, 
PRT062607, to potentiate the effects of midostaurin against Ba/
F3.FLT3(wt).CBL.Y371H, Ba/F3.FLT3(wt).CBL.Ins(SK366), or Ba/
F3.FLT3(wt).CBL.ΔY371 cells, as evidenced by a leftward shift in the 
combination curves, is shown in Figure 5A,B and Figure S6. Similarly, 
PRT062607 augmented the anti-proliferative activity of sorafenib 
or quizartinib against mutant CBL- and wt FLT3-expressing cells 
(Figure 6A,C and Figure S7A,C). Combination indices, generated by 
Calcusyn software, are mostly lower than 1.1, which is the cut-off 
for nearly additive effects, and are indicative of different levels of 
synergy for the combination of all tested FLT3 inhibitors and SYK 

F I G U R E  2   Comparison of the potencies of targeted TKIs against wt FLT3, mutant FLT3 and mutant CBL-expressing human AML cell 
lines and primary AML cells. A, Inhibitors were tested in parallel in a proliferation assay for 3 d against human AML cell lines. MOLM14 
expresses FLT3-ITD and mutant CBL. B-D, Inhibitors were tested in parallel in a proliferation assay for 3 d against primary AML or CMML 
cells expressing mutant CBL/wt FLT3 (B, C) or human primary AML cells expressing wt FLT3 and mutant FLT3, with normal PBMCs tested as 
a control (D). Primary mutant CBL AML1 (52% blasts): CBL mutation: D390V. Primary mutant CBL AML2 (3% blasts): CBL mutation: C416R. 
Primary mutant CBL CMML1 (<5% blasts; CMML is divided into two classifications based on cell counts in the blood and bone marrow. 
CMML-1 is characterized by blasts that make up less than 5% of white cells in blood and less than 10% of cells in bone marrow. CMML-2 is 
characterized by blasts that make up 5%-20% of white cells in blood or 10%-20% of cells in bone marrow): CBL mutations: I383M, C384Y. 
Primary wt FLT3 AML2 (95% blasts); Primary FLT3-ITD AML3 (99% blasts); Primary wt FLT3 AML5 (90% blasts). Assay conditions: Primary 
samples were cultured in RPMI or DMEM supplemented with 10% FBS and 1% pen/strep, with no added cytokines. Cell viability prior to 
seeding was 98%, as samples were Ficoll-Paque Plus purified prior to testing in the assay. After 72 h, AML patient cell death is maximum 
10%-12% in the culture system
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suppression by PRT062607 or entospletinib (Table 1, upper panel). 
It is possible that the higher levels and or activity of both FLT3 and 
SYK in mutant CBL-expressing cells might explain why SYK inhibition 
potentiates the effects of FLT3 inhibitors against these cells.

Investigation of drug effects on signalling molecules downstream 
of FLT3 in Ba/F3.FLT3(wt).CBL.Ins (SK366) and Ba/F3.FLT3(wt).CBL.
Y371H cell lines generally showed increased suppression of phos-
phorylation of AKT, ERK1/ERK2 and S6 by the combination of FLT3 
inhibitors and SYK inhibition as compared to single agents (Figures 
5C and 6B,D, Figure S7B,D,E). These results suggest the likely in-
volvement of the PI3K/AKT and MAPK signalling pathways in the 
observed synergistic interaction between FLT3 and SYK inhibition 
in this system.

In addition to looking at downstream effectors, we also in-
vestigated effects of midostaurin or quizartinib combined with 
PRT062607 against SYK and FLT3 directly. A combination effect 
was observed between midostaurin and PRT062607 against phos-
pho-SYK, presumably due to the fact that SYK is a target of both 
midostaurin and PRT062607 (Figure 5C). In contrast, there was no 
combination effect observed between quizartinib and PRT062607, 
which may be due to the fact that SYK, while a target of PRT062607, 
is not a target of quizartinib (Figure S7F). Neither midostau-
rin+PRT062607 nor quizartinib+PRT062607 showed combination 
effects against phospho-FLT3, which may be due to the fact that 

although FLT3 is a target of midostaurin and quizartinib, FLT3 is not a 
target of PRT062607 (Fig 5C and Fig S7F). Drug concentrations used 
for these combination studies were derived from dose-response 
studies carried out with each inhibitor (Figures S8 and S9).

The effects of midostaurin and FLT3 inhibitors, alone and com-
bined, were tested against mutant FLT3/mutant CBL-expressing 
MOLM14. We observed potentiation of the effects of both mido-
staurin, crenolanib and sorafenib by PRT062607, with combination 
indices suggestive of additive to synergistic effects across a range 
of concentrations (Figure S10A,B and Table 1, lower panel). Anti-
proliferative effects of midostaurin+PRT062607 correlated with 
decreases in phospho-AKT and phospho-S6 (Figure S10C). For com-
parison, we also tested the effects of midostaurin combined with 
PRT062607 or entospletinib against a panel of wt CBL-expressing 
human AML cell lines. We observed additive to synergistic effects 
for the combinations against cell lines, including SKNO-1-luc+, 
Kasumi-1-luc+, HEL and HL60, whereas combinations were antag-
onistic against NB4-luc+ and OCI-AML3 cells (Figure S10D,E and 
Table 1, lower panel). In addition to cell lines, we tested midostaurin 
and PRT062607, alone and combined, against mutant CBL-positive 
primary AML cells (AML1). The effects of midostaurin were poten-
tiated by PRT062607, with more killing of the primary patient cells 
observed with the drug combination than with either agent alone 
(Figure 5D).

F I G U R E  3   Effects of midostaurin in vivo against mice harbouring Ba/F3.FLT3(wt).CBL.Ins (SK366)-luc+ cells. A, Measure of leukaemia 
burden in vehicle- vs midostaurin-treated mice for Ba/F3.FLT3(wt).CBL.Ins (SK366) model. Vehicle-treated mice were administered vehicle 
by oral gavage once daily × 28 d. Midostaurin-treated mice were administered 100 mg/kg midostaurin by oral gavage once daily × 28 d. The 
Mann-Whitney test (two-tailed) was carried out for CBL.Ins (SK366) BLI comparisons. P < .0001 for day 14 for the CBL.Ins (SK366) model. B, 
Effects of midostaurin in vivo against mice harbouring Ba/F3.FLT3(wt).CBL.Ins (SK366)-luc+ cells. Supine and Prone (High Scale), Days 1-14. 
Representative Images (n = 5). C, Measure of survival of vehicle- vs midostaurin-treated mice for CBL.Ins (SK366) model. Gehan-Breslow-
Wilcoxon test was carried out for CBL.Ins (SK366) survival curve comparisons. P < .0001. D, Mean weights of mice from the CBL.Ins (SK366) 
murine model
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Taken together, our results support the idea that mutant CBL-
expressing AML, characterized by hyperactivation of FLT3 signalling, 
is susceptible to killing by similar approaches used for mutant FLT3-
positive AML. This includes treatment with targeted FLT3 inhibitors 
representative of a wide range of selectivity for FLT3 as a target, as 
well as combination therapy based on both FLT3 and SYK inhibition.

4  | DISCUSSION

Patients with myeloid neoplasms having mutations in CBL generally 
have a poor prognosis. For MDS patients, mutations in CBL, IDH2, 
DNMT3A, TP53 or ASXL1, individually, are associated with shorter 
survival, with a 3-year survival rate of only 27% for MDS/MPN 
patients characterized by having activating mutations of CBL.29,30 
Thus, novel treatment strategies that can be readily implemented in 
the clinic are needed.

The direct targeting of CBL is challenging, as with inactivat-
ing mutations finding direct binders is unlikely to be beneficial. 
Furthermore, there are few successful examples of ligands for 
ligases. As such, investigating the effectiveness of targeting up-
stream/downstream factors related to mutant CBL is important to 
develop a therapeutic strategy.

There are striking similarities between the effects of mutant 
CBL and those of mutated FLT3 on intracellular signalling pathways, 
namely hyperactivation of signalling molecules downstream of FLT3 
that lead to cellular transformation. Therefore, it would be expected 
that targeted inhibitors of FLT3 would be an effective therapy for 
CBL mutant-driven leukaemia as well as for mutant FLT3-positive 
leukaemia.

It has been proposed that, due to observations such as consti-
tutive phosphorylation of STAT-5 in FLT3-ITD cells but not in FLT3 
wt cells, the signalling mechanisms of mutant FLT3 differ at least to 
a degree from the signalling mechanisms of wt FLT3.31 However, in 
the case of mutant CBL-expressing cells, wt FLT3 is overexpressed 
and hyperstimulated and thus from a signalling standpoint resem-
bles FLT3-ITD more than it does wt FLT3. We present the following 
hypothesis to at least partly explain this phenomenon: As mutant 
CBL renders CBL functionally inactive, there is a decrease in ubiq-
uitination of FLT3 and a consequent increase in FLT3 levels and 
activity. Hyperactivated FLT3, similar to constitutively activated 
FLT3-ITD, thus leads to the activation of downstream signalling mol-
ecules, such as AKT, ERK pathways and STAT5. We acknowledge, 
however, that the process may be more complex than what we are 
proposing, and CBL itself may phosphorylate FLT3 through a direct 
interaction,12 or the CBL mutant may activate signalling pathways 

F I G U R E  4   Effects of midostaurin in vivo against mice harbouring Ba/F3.FLT3(wt).CBL.Y371H-luc+ cells. A, Measure of leukaemia 
burden in vehicle- vs midostaurin-treated mice for CBL.Y371H model. Vehicle-treated mice were administered vehicle by oral gavage 
once daily × 28 d. Midostaurin-treated mice were administered 100 mg/kg midostaurin by oral gavage once daily × 28 d. The Mann-
Whitney test (two-tailed) was carried out for CBL.Y371H BLI comparisons. P < .0001 for days 12 and 15 for the CBL.Y371H model. B, 
Effects of midostaurin in vivo against mice harbouring Ba/F3.FLT3(wt).CBL.Y371H-luc+ cells. Supine and Prone (High Scale), Days 12-19. 
Representative Images (n = 5). C, Measure of survival of vehicle- vs midostaurin-treated mice for CBL.Y371H model. Gehan-Breslow-
Wilcoxon test was carried out for CBL.Y371H survival curve comparisons. P < .0001. D, Mean weights of mice from the CBL.Y371H murine 
model
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through other substrates independently of FLT3, such as JAK2,32,33 
a possibility that warrants testing of targeted JAK2 inhibitors in cell 
growth assays and AKT/ERK/STAT signalling studies.

Here, via a thorough and extensive comparison of the anti-leu-
kaemic potential of a panel of FLT3 inhibitors that have either been 
FDA approved (midostaurin and gilteritinib) or that are in late-stage 
clinical development (crenolanib, quizartinib and sorafenib), we 
show that all FLT3 inhibitors, regardless of their broad or narrow 
range of targeted activity, are potent inhibitors of growth of mu-
tant CBL-positive leukaemia, with some, like crenolanib, gilteritinib 
and midostaurin, showing more activity than others against primary 
mutant CBL-positive leukaemia. FLT3 inhibitors at a concentration 
of 1000 nmol/L were effective in inhibiting growth of primary AML 
and CMML cells harbouring not only mutant CBL, but also other on-
cogenes, including ASXL1, RUNX1, IDH2, SRSF2, STAG2, AXL1 and 
TET2 (Table S1). Crenolanib displayed the highest potency of all the 
FLT3 inhibitors against primary CMML expressing two different CBL 

mutations (CBL (1383M) and CBL (C384Y)), with an IC50 of around 
100 nmol/L.

In mice, a mutation in the RING finger domain of CBL causes 
development of a myeloproliferative disease (MPD) that progresses 
to leukaemia.34 MPD driven by wt FLT3 results from a CBL RING 
finger mutation and is suppressed by treatment with quizartinib.35 
Similarly, transplantation of murine bone marrow cells infected with 
a retrovirus expressing a FLT3-ITD mutant results in the develop-
ment of a rapidly lethal MPD in mice,36 and we and others have 
shown that mice harbouring oncogenic FLT3 benefit from treatment 
with FLT3 inhibitors such as midostaurin or gilteritinib.13,37 Thus, the 
parallels between mutant CBL-positive and oncogenic FLT3-positive 
disease are clear, primarily in terms of the shared ability of each to in-
duce MPD and their susceptibility to FLT3 inhibition. Here, we show 
the ability of midostaurin to rapidly and potently inhibit the in vivo 
growth of mutant CBL-positive leukaemia cells in two distinct mod-
els, highlighting the potential for FLT3 inhibitors like midostaurin 

F I G U R E  5   Effects of midostaurin, alone and combined with PRT062607, on proliferation and on the activity of signalling molecules 
downstream of FLT3 in mutant CBL-positive leukaemia cells. A-B, Midostaurin and PRT062607 were tested in a proliferation assay alone and 
in combination for 3 d against mutant CBL-expressing Ba/F3 cell lines. C, Midostaurin was tested alone and in combination with PRT062607 
for effects on the activity of signalling molecules downstream of FLT3 (left and middle panels) or on SYK or FLT3 directly (right-hand panel) 
in Ba/F3 cells co-expressing human wt FLT3 and mutant CBL (Y371H). Cells were treated for 2 h and 45 min prior to generation of protein 
lysate. D, Midostaurin and PRT062607 were tested in a proliferation assay alone and in combination for 3 d against mutant CBL-expressing 
primary AML1
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that are approved and are in current clinical use for patients with 
aberrant FLT3 signalling.

Clinical studies with midostaurin have shown that its effects as 
a single agent are at best partial and transient, and for patients to 
achieve maximum clinical benefit midostaurin must be administered 
in combination with other anti-cancer drugs.14,38 Highly activated 
SYK has been observed to be enriched in FLT3-ITD-positive patient 
AML, and its cooperation with oncogenic FLT3 leads to activation of 
MYC transcriptional programmes.21 Consistent with this, in the pres-
ent study we observed higher SYK activity in mutant CBL-expressing 
cells relative to control cells. Mutant CBL-expressing cells were also 
noted to more robustly express FLT3 and showed increased phos-
phorylation of FLT3, relative to control cells. As we have previously 
shown that the inhibitory effect of midostaurin can be further en-
hanced by additional SYK inhibition against mutant FLT3-positive 
AML,22 we were particularly interested in investigating the syner-
gizing potential of FLT3 and SYK inhibition in the context of mutant 
CBL-positive leukaemia, given our observations.

We have previously shown that midostaurin, a multitargeted 
kinase inhibitor, is an inhibitor of both SYK and FLT3; we accom-
plished this using Ba/F3 cells expressing mutant SYK fusion genes 

and FLT3-ITD.22 In addition, we have found midostaurin to be unique 
among the FLT3 inhibitors tested here in terms of its ability to inhibit 
SYK as well as FLT3 (unpublished results). Here, we expand on our 
previous findings to show that, because of the similarities between 
FLT3 signalling in mutant FLT3- and mutant CBL-expressing AML, 
the inhibitory effects of FLT3 inhibitors can similarly be potentiated 
by SYK inhibition in both AML subtypes. Cooperativity and trans-
activation of FLT3-ITD and SYK are transforming, and this causes 
the two proteins, acting jointly, to be viable targets for combina-
tion therapy.21 In similar fashion, it is possible that hyperactivated 
wt FLT3 mimics FLT3-ITD, and it is also plausible that overstimu-
lated FLT3 acts in concert with activated SYK, and this may account 
for observed synergy between FLT3 inhibition and SYK inhibition. 
Specifically, we found that additional SYK inhibition, both that of 
PRT062607 and the clinically investigated SYK inhibitor, ento-
spletinib, augments the anti-leukaemic activity of midostaurin and 
other FLT3 inhibitors regardless of their respective SYK-targeting 
activity in our cell line models of mutant CBL-positive leukaemia as 
well as mutant FLT3/mutant CBL-positive MOLM14 cells. Signalling 
molecules activated and downstream of FLT3, including phos-
pho-AKT, phospho-ERK1/ERK2 and phospho-S6, were suppressed 

F I G U R E  6   Effects of TKIs alone and in combination with PRT062607 against Ba/F3.FLT3(wt).CBL.Ins (SK366) cells. A, C TKIs were 
tested in a proliferation assay alone and in combination with PRT062607 for 3 d against Ba/F3.FLT3(wt).CBL.Ins (SK366) cells. B, D, 
Sorafenib or quizartinib was tested alone and in combination with PRT062607 for effects on the activity of signalling molecules downstream 
of FLT3 in Ba/F3 cells co-expressing human wt FLT3 and mutant CBL (insert, Ins [SK366]). Cells were treated for 2 h
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to a greater extent by the combination of SYK inhibition and FLT3 
inhibition as compared to single agents, suggesting that blockade of 
associated pathways contributes to the observed synergy.

In an attempt to better understand the mechanisms underlying 
the effects of midostaurin on mutant FLT3- vs mutant CBL-expressing 
cells, we performed RNAseq analysis. We compared signalling path-
way gene regulation between Ba/F3.FLT3(wt), CBL. FLT3(wt).Y371H 
and Ba/F3-FLT3-ITD cells treated under identical culture conditions 
with DMSO or 50 nmol/L midostaurin for 24 hours. As expected, 
few changes (>2-fold change in gene expression, P < .05) were ob-
served in unstimulated Ba/F3 expressing wt FLT3. The expression of 
only six genes was found to be significant in response to midostaurin 
treatment (Table S2). In contrast, the expression of 290 genes was 
altered in midostaurin-treated Ba/F3-FLT3-ITD cells and 648 genes 
were altered in midostaurin-treated Ba/F3.FLT3(wt).CBL.Y371H 
cells. The lack of meaningful change in signalling pathway regula-
tion by midostaurin in Ba/F3.FLT3(wt) cells led us to focus on com-
parison between mutant FLT3- vs mutant CBL-expressing cells. We 

identified 15 significantly changed pathways in FLT3-ITD expression 
cells and 18 changed pathways in cells expressing both FLT3(wt) and 
CBL.Y371H. Consistent with a central role of FLT3, we found sig-
nificant overlap (Figure S11 and Table S2). In particular, pathways 
previously associated with FLT3 signalling, including MTORC signal-
ling, STAT5 signalling and MYC targets, were found to be similar in 
both cell systems. These results suggest that factors related to FLT3-
mediated signalling are targeted by midostaurin not only in FLT3-ITD 
expressing cells, but also in cells containing mutant CBL, signalling 
through FLT3wt.

Taken together, our findings suggest that FLT3 inhibitors in 
advanced stages of development or FDA approved as therapy for 
mutant FLT3-positive AML, and representing a wide range of spec-
ificity for FLT3, could similarly be considered as treatments for mu-
tant CBL-positive leukaemia. In addition, synergy observed between 
targeted FLT3 inhibitors, irrespective of their SYK inhibitory poten-
tial, and targeted SYK inhibitors indicate that this combination drug 
strategy may be efficacious for patients harbouring CBL mutations. 

TA B L E  1   Combination indices generated by Calcusyn software for FLT3 inhibitors combined with PRT062607 or entospletinib against 
mutant CBL-expressing Ba/F3 cells (top panel) or against human AML cell lines (bottom panel)

Note: Proliferation assays/combination studies were carried out for 3 d. Calcusyn combination indices can be interpreted as follows: CI values <0.10 
indicate very strong synergism; values 0.10-0.30 indicate strong synergism; values 0.30-0.70 indicate synergism; values 0.70-0.85 indicate moderate 
synergism; values 0.85-0.90 indicate slight synergism; values 0.90-1.10 indicate nearly additive effects; values 1.10-1.20 indicate slight antagonism; 
values 1.20-1.45 indicate moderate antagonism; values 1.45-3.30 indicate antagonism; values 3.30-10.0 indicate strong antagonism; values >10.0 
indicate very strong antagonism.

Combination Indices
Cell Line Drug Combination ED25 ED50 ED75 ED90
Ba/F3.FLT3.CBL.Ins (SK366) midostaurin+/–PRT062607 0.51 0.68 0.90 1.20
Ba/F3.FLT3.CBL.Trans midostaurin+/–PRT062607 0.52 0.55 0.61 0.74
Ba/F3.FLT3.CBL.ΔY371 midostaurin+/–PRT062607 0.34 0.43 0.55 0.73

CI Value
Ba/F3.FLT3.CBL.Ins (SK366) sorafenib+/–PRT062607 0.41 0.54 0.73 0.97
Ba/F3.FLT3.CBL.Trans sorafenib+/–PRT062607 0.33 0.47 0.66 0.92 0.00
Ba/F3.FLT3.CBL.Ins (SK366) gilteritinib+/–PRT062607 0.55 0.71 0.91 1.18 0.25
Ba/F3.FLT3.CBL.Trans gilteritinib+/–PRT062607 0.52 0.64 0.82 1.06 0.50
Ba/F3.FLT3.CBL.Ins (SK366) crenolanib+/–PRT062607 0.92 0.93 0.95 0.98 0.75
Ba/F3.FLT3.CBL.Trans crenolanib+/–PRT062607 0.88 0.90 0.93 0.98 1.00
Ba/F3.FLT3.CBL.Ins (SK366) quizartinib+/–PRT062607 0.48 0.56 0.66 0.79 1.25
Ba/F3.FLT3.CBL.Trans quizartinib+/–PRT062607 0.46 0.53 0.62 0.74 1.50
Ba/F3.FLT3.CBL.Ins (SK366) midostaurin+/–entospletinib 0.45 0.62 0.84 1.15
Ba/F3.FLT3.CBL.Trans midostaurin+/–entospletinib 0.56 0.70 0.88 1.12

Combination Indices
Cell Line Drug Combination ED25 ED50 ED75 ED90
MOLM14 midostaurin+PRT062607 0.97 0.92 0.90 0.90

CI Value
MOLM14 crenolanib+PRT062607 0.78 0.79 0.83 0.90
MOLM14 sorafenib+PRT062607 0.66 0.71 0.77 0.83 0.00
SKNO-1-luc+ midostaurin+PRT062607 0.37 0.53 0.77 1.11 0.25
SKNO-1-luc+ midostaurin+entospletinib 0.36 0.42 0.59 0.96 0.50
Kasumi-1-luc+ midostaurin+PRT062607 0.80 0.90 1.04 1.21 0.75
HEL midostaurin+PRT062607 0.96 0.89 0.87 0.91 1.00
HL60 midostaurin+PRT062607 1.29 1.13 1.03 0.99 1.25
NB4-luc+ midostaurin+PRT062607 1.24 1.28 1.33 1.41 1.50
OCI-AML3 midostaurin+PRT062607 1.50 1.40 1.30 1.21
OCI-AML3 midostaurin+entospletinib 1.53 1.48 1.43 1.38
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These results yield novel insights for possible clinical investigation 
of targeted therapy for mutant CBL-positive AML and suggest that 
therapies beneficial for mutant FLT3-positive leukaemia may be sim-
ilarly beneficial for mutant CBL-positive leukaemia due to the simi-
larities between the two leukaemia subtypes.
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