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Selective degradation of mutant FMS-like tyrosine kinase-3
requires BIM-dependent depletion of heat shock proteins
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Internal tandem duplications in the FMS-like tyrosine kinase-3 (FLT3-ITD) are common mutations in acute myeloid leukemia (AML).
Proteolysis-targeting chimeras (PROTACs) that induce proteasomal degradation of mutated FLT3 emerge as innovative
pharmacological approach. Molecular mechanisms that control targeted proteolysis beyond the ubiquitin-proteasome-system are
undefined and PROTACs are the only known type of FLT3 degraders. We report that the von-Hippel-Lindau ubiquitin-ligase based
FLT3 PROTAC MA49 (melotinib-49) and the FLT3 hydrophobic tagging molecule MA50 (halotinib-50) reduce endoplasmic
reticulum-associated, oncogenic FLT3-ITD but spare FLT3. Nanomolar doses of MA49 and MA50 induce apoptosis of human
leukemic cell lines and primary AML blasts with FLT3-ITD (p < 0.05-0.0001), but not of primary hematopoietic stem cells and
differentiated immune cells, FLT3 wild-type cells, retinal cells, and c-KIT-dependent cells. In vivo activity of MA49 against FLT3-ITD-
positive leukemia cells is verified in a Danio rerio model. The degrader-induced loss of FLT3-ITD involves the pro-apoptotic BH3-only
protein BIM and a previously unidentified degrader-induced depletion of protein-folding chaperones. The expression levels of
HSP90 and HSP110 correlate with reduced AML patient survival (p < 0.1) and HSP90, HSP110, and BIM are linked to the expression
of FLT3 in primary AML cells (p < 0.01). HSP90 suppresses degrader-induced FLT3-ITD elimination and thereby establishes a

mechanistically defined feed-back circuit.
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INTRODUCTION
The FLT3 gene encodes the class Il receptor tyrosine kinase FMS-
like tyrosine kinase-3 (FLT3), which is one of the main regulators of
hematopoietic cell proliferation, survival, and differentiation. FLT3
is activated and autophosphorylated upon binding of the FLT3
ligand. This initiates FLT3 dimerization and subsequent activation
of pro-proliferative PI3K/AKT and ERK/MAPK signaling pathways.
FLT3 is frequently hyperactivated in acute myeloid leukemia
(AML) which represents one-third of leukemia cases worldwide.
FLT3 mutants promote cancer cell proliferation and suppress the
programmed cell death pathway of apoptosis through an
overactivation of the above-named pro-proliferative signaling
pathways and JAK/STATS signaling [1, 2]. The BCL2 protein family
and enzymes of the caspase family control this non-inflammatory
process [3]. According to the European Leukemia-Net classifica-
tion, AML patients harboring FLT3 mutations are in the
intermediate profile prognostic group. There are two types of
activating FLT3 mutations, internal tandem duplications located in
the juxtamembrane domain (FLT3-ITD) and point mutations in the

FLT3 tyrosine kinase domain (FLT3-TKD). Whereas FLT3-ITD is an
unfavorable mutation in AML and the proven cause of this cancer,
FLT3-TKD is not linked to worse patients prognosis [4, 5].

First-generation FLT3 inhibitors, such as sunitinib, sorafenib, and
midostaurin have low specificity. This can lead to undesired side-
effects in patients [6-8]. To overcome such toxicological concerns,
second-generation inhibitors, including quizartinib, crenolanib,
and gilteritinib have been developed and clinically used to treat
FLT3-mutated AML [9-11].

FLT3 inhibitors fall into type | and type Il inhibitors based on
their binding modes to FLT3. The conformation of FLT3 is
determined by an aspartic acid-phenylalanine-glycine (Asp-Phe-
Gly, DFG) stretch in the FLT3-TKD. Type | inhibitors (midostaurin,
sunitinib, crenolanib, gilteritinib) bind to the active FLT3
conformation (“DFG-in”), while type Il inhibitors (sorafenib,
tandutinib, quizartinib) bind to FLT3 in its inactive conformation
(“DFG-out”). Secondary mutations in the TKD of FLT3-ITD stabilize
the active conformation. This prevents binding of type Il inhibitors
[10, 12]. Type | inhibitors remain active against TKD mutations in
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FLT3-ITD. However, some of these drugs inhibit the FLT3-related
class kinase c-KIT. For example, the multi-kinase inhibitors
midostaurin and crenolanib are stronger inhibitors of ¢-KIT than
quizartinib. Simultaneous inhibition of FLT3 and c-KIT suppresses
normal hematopoiesis. Gilteritinib only moderately inhibits c-KIT,
but targets other kinases, such as LTK, AXL, and ALK, and is less
potent against FLT3-ITD than quizartinib [7, 10, 13, 14].

Targeted protein degradation is a recent pharmacological
approach in which proteins are eliminated through the
ubiquitin-proteasome-system [15, 16]. Proteolysis-targeting chi-
meras (PROTACs) are heterobifunctional molecules containing
ligands that bind target proteins, ligands that dock to E3
ubiquitin-ligases, and linkers connecting these moieties. The
formation of a ternary complex induces poly-ubiquitination of
the target protein which is recognized by 26S-proteasomes and
rapidly degraded [15-17]. Further targeted protein degraders
(TPDs) include hydrophobic tagging agents (HyTs). HyTs imitate
exposed hydrophobic amino acids on protein surfaces. Chaperone
proteins recognize such proteins as being misfolded. This triggers
their poly-ubiquitination and proteasomal degradation. Key
advantages of TPDs over low molecular inhibitors are the rapid
and sustained elimination of their targets, high efficacy, and
selectivity [15, 18].

A quizartinib-based FLT3 PROTAC that recruits the E3 ubiquitin
ligase von-Hippel-Lindau-tumor suppressor (VHL) degrades ER-
located and plasma membrane-bound FLT3. This PROTAC is like
quizartinib less active against FLT3-ITD with TKD mutations.
Although this PROTAC has fewer off-targets than quizartinib, it is a
nanomolar c-KIT inhibitor [19]. A FLT3-PROTAC derived from the
tyrosine kinase inhibitor (TKi) dovitinib and the cereblon (CRBN) E3
ligase subunit and a sunitinib-based VHL E3 ligase-recruiting FLT3
PROTAC eliminate FLT3-ITD and c-KIT [20, 21]. CRBN-based FLT3
PROTACs from modified quizartinib or gilteritinib have improved
potency over their parent TKi [22-24]. A further FLT3 PROTAC is
based on a purine inhibitor and additionally blocks the transcrip-
tion regulator cyclin-dependent kinase-9 (ref. [25]). The activity of
these PROTACs against AML cells with FLT3-ITD encourages the
design and testing of additional FLT3 PROTACs. Their develop-
ment requires knowledge on how they affect primary human
leukemic cells with mutant FLT3 and if normal human immune
cells are sensitive to such agents.

Numerous PROTACs are evaluated as drug candidates for blood
malignancies [26]. Since current data suggest that tumor cells can
develop resistance to PROTACs, multiple TPDs seem necessary to
develop their full therapeutic potential [27]. The reported TPDs
against hyperactive FLT3 is still limited to PROTACs. Moreover,
current TPDs do not discriminate between the various cellular
forms of FLT3-ITD. FLT3-ITD occurs at the endoplasmic reticulum
(ER) as a hyper-phosphorylated, hypo-glycosylated form and when
inhibited as membrane-bound, hypo-phosphorylated, hyper-
glycosylated form (equals the localization of wild-type FLT3)
[1, 2]. PROTACs which specifically target ER-located FLT3-ITD, the
most oncogenic mutant of FLT3, have not been discovered. There
is also little knowledge about cellular parameters that determine
the effectiveness of TPDs beyond the induction of proximity of
FLT3 to the ubiquitin-proteasome-system. Identifying such path-
ways may allow an optimal therapeutic usage of FLT3 PROTACs.

We report nanomolar FLT3-ITD isoform-specific TPDs that are
based on the rationally designed FLT3 inhibitor MA68 and
preferentially eliminate ER-bound FLT3-ITD. MA49 is a VHL-based
PROTAC and MAS5O is the first reported HyT for FLT3. Nanomolar
doses of MA49 and MA50 induce apoptosis of leukemic cell lines
and primary human AML cells with FLT3-ITD, with MA49 being
two- to threefold more effective. These agents do not affect c-KIT-
dependent blood cell proliferation, primary murine hematopoietic
stem/progenitor cells, and the differentiation of normal human
immune cells. An inactive stereoisomer of MA49 that cannot
recruit VHL and genetic elimination of VHL confirm the molecular
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selectivity and mode of action of MA49. Mechanistically, MA49-
and MA50-induced apoptosis and FLT3-ITD degradation are linked
to a stabilization of the pro-apoptotic BCL2-family protein BIM.
This results in the depletion of molecular chaperones of the heat
shock protein (HSP) family. In an in vivo experiment, MA49 halted
leukemia cell proliferation.

METHODS

The full description of all materials and methods can be found in the
accompanying Supplementary text file “Materials and Methods”. Addi-
tional details can be found in references that are cited therein [28-31].

RESULTS

Identification of specific degraders of FLT3-ITD

By merging the pharmacophores of sorafenib and quizartinib, we
synthesized the novel FLT3-ITD inhibitor MA68 (Supplementary
scheme 1) which binds human FLT3-ITD with a K4 of 12+0nM
in vitro (Supplementary Fig. S1). Crystal structures of sorafenib with
kinases (e.g., PDB ID 3WZE) and docking solutions for FLT3 (PDB ID
4RT7) show that the N-methyl amide part of MA68 is in the solvent-
exposed region of FLT3-ITD. Thus, this part is a feasible position for
introducing a linker recruiting E3 ubiquitin-ligases (Fig. 1A).

We exploited MA68 to synthesize a VHL-recruiting FLT3 PROTAC
using the VHL ligand 16 (Supplementary scheme 2) and a
3-polyethylenglycole linker (Supplementary scheme 3) as well as a
HyT degrader using an adamantly moiety and an n-pentyl linker
group (Supplementary scheme 4). These compounds, MA49 and
MA50, are active in vitro using human FLT3-ITD, but 20-fold less
than MA68 (MA49, Ky 195+75nM, MA50 Ky 345%115nM;
Supplementary Fig. S1). Figure 1B shows chemical structures of
MA49 and MA50.

To evaluate whether MA49 and MAS50 deplete FLT3-ITD, we
applied 10-200 nM MA49 and MA50 to human AML cells that
express FLT3-ITD and FLT3 (MOLM-13 cells). The FLT3 band that
appears at 130kDa in immunoblot analyses corresponds to the
oncogenic, hypoglycosylated ER-bound FLT3-ITD. The slower
migrating band at 160kDa is the plasma membrane-located
FLT3-ITD, resembling FLT3 (refs. [1, 2]). Compared to untreated
cells, cells incubated with 10 nM MA49 had slightly less of the
FLT3 signal at 130kDa and a significant accumulation of the
FLT3 signal at 160 kDa in immunoblot analyses (Fig. 1C). FLT3
inhibitors induce maturation of FLT3-ITD to its fully glycosylated
160 kDa isoform [1]. Treatment with 50-100 nM MA49 depleted
FLT3-ITD at 130 kDa and there was less FLT3-ITD at 160 kDa than
in the 10nM treatment group. Increasing the concentration of
MA49 to 200 nM attenuated both effects (Fig. 1C). This antagon-
ism is known as hook-effect titrating away E3 ubiquitin-ligases
[32]. MA50 decreased FLT3-ITD dose-dependently without a hook-
effect (Fig. 10).

We calculated the half-maximal degradation concentrations of
FLT3-ITD by MA49 and MAS50. The DCs, values are 11.2+1.4nM
for MA49 and 21 £ 1.6 nM for MA50 after 24 h (Fig. 1D). Sorafenib,
quizartinib, and MA68 inhibited FLT3-ITD signaling in MOLM-13
cells but were less effective in reducing the FLT3 signal at 130 kDa
(Supplementary Fig. S2).

The loss of FLT3-ITD at 130 kDa was associated with a more
rapidly occurring concentration-dependent loss of phosphory-
lated FLT3-ITD. MA49 was more effective than MA50 in reducing
phosphorylated FLT3-ITD (Fig. 1C).

The reduction and inhibition of FLT3-ITD by nanomolar
concentrations of MA49 and MA50 were associated with a
concentration-dependent activation of the ultimate apoptosis
inducer caspase-3 (Fig. 1C) and increased cell staining by the
apoptosis markers annexin-V and Pl (Fig. 1E). ICso values for
apoptosis induction were 4.8 +3.7 nM for MA49 and 13+2.1 nM
for MA50 after 72 h (Fig. 1E).
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Fig. 1 Biological characterization of the FLT3 TPDs MA49 and MA50. A Interaction of MA68 (green colored carbon atoms) at the ATP
binding pocket of FLT3 (PDB ID 4RT7). Docking was carried out as described [54]. Hydrogen bonds are shown as orange dashed lines. The
molecular surface of the binding pocket is colored according to hydrophobicity (polar regions colored magenta, hydrophobic regions colored
green). The orange arrow indicates the exit vector for designing MA68-based PROTACs. B Structures of MA49 and MA50, including the FLT3
inhibitory scaffold from MA68, the VHL ligand in MA49, and the adamantly group mediating degradation-prone protein aggregation by
MA50. C MOLM-13 cells were incubated with 10, 50, 100, and 200 nM MA49 or MA50 for 24 h (0, untreated control sample). Lysates of these
cells were subjected to immunoblot analyses for FLT3, pY591-FLT3, and cleaved caspase-3. The protein levels of p-actin were determined to
verify equal loading of samples on all tested membranes. The data are representative for the outcome of three independent experiments; cl.,
cleaved form, arrows point to the cleavage fragments of active caspase-3; p-, phosphorylated; kDa, molecular weight in kilodalton. D DCsq
values for FLT3 degradation by MA49 and MA50 in MOLM-13 cells were determined by quantitative immunoblot using the Odyssey system.
The cells were treated as stated in B) and lysates were analyzed for FLT3-ITD and p-actin. The values for FLT3 were normalized to f-actin and
the DCsq values were calculated with GraphPad Prism 6. E ICs, values for apoptosis induction by MA49 and MA50 in MOLM-13 cells were
determined by annexin-V and Pl staining and flow cytometry. The cells were treated with 10, 100, or 1000 nM MA49 or MA50 for 72 h. ICsq
values were calculated with GraphPad Prism 6. F R54-11, MV4-11, and MOLM-13 cells were treated with 50 nM MA49 or MA50 for 24 h (+,
treated; -, untreated). Lysates of these cells were subjected to immunoblot analyses for FLT3, cleaved caspase-3 (activated form upon cleavage
of its autoinhibitory domain), cleaved PARP1, pY591-FLT3, pY694-STAT5, and pS473-AKT. The protein levels of vinculin and f-actin were
determined to verify equal loading of samples on all tested membranes. The data are representative for the outcome of two independent
experiments; cl., cleaved; p-, phosphorylated; kDa, molecular weight in kilodalton, arrows point to the cleavage fragments of active caspase-3.
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To evaluate our data in additional leukemic cell systems, we
included human RS4-11 cells with wild-type FLT3 and MV4-11 cells
that express FLT3-ITD homozygously. As expected, FLT3 is mainly
at the plasma membrane (160kDa form) and FLT3-ITD is
predominantly at the ER (130 kDa form) (Supplementary Fig. S3A)
[1, 2]. In RS4-11 cells, 50 nM MA49 and MAS50 did at most weakly
attenuate FLT3, phosphorylated FLT3, and its downstream
signaling to AKT. In MV4-11 cells, MA49 and MA50 degraded
FLT3-ITD and diminished its activating phosphorylation of STAT5
and AKT to undetectable levels. This resulted in the activation of
caspase-3 by limited proteolysis. Immunoblotting for the cleavage
of its substrate PARP1 verified caspase-3 activity in MV4-11 but not
in RS4-11 cells (Fig. 1F).

These data show that we have generated new TPDs for FLT3-
ITD that induce apoptosis in AML cells expressing this
oncoprotein.

Elimination of FLT3-ITD protein and its downstream signaling
by MA49 and MA5O is superior to FLT3 inhibition
Compounds with an inactive stereoisomer of the VHL ligand are
appropriate negative controls for VHL-based PROTACs. We
synthesized such a negative control molecule for MA49 and
called it MA72 (Fig. 2A). We incubated MOLM-13 and MV4-11 cells
with 100nM MA49, MA72, and MA50. MA72 inhibited the
activating phosphorylation of FLT3-ITD and its downstream
signaling to STAT5 and AKT and promoted the accumulation of
FLT3-ITD at 160 kDa (Fig. 2B). These data verify the on-target
activity of its FLT3 inhibitor part. Unlike MA49, MA72 did not
reduce the FLT3 signal at 130 kDa in MOLM-13 cells and even
augmented it in MV4-11 cells (Fig. 2B). These data verify that the
elimination of FLT3-ITD by MA49 depends on the intact VHL
ligand, i.e., the PROTAC nature of MA49.

Concerning FLT3-ITD signaling, MA49 and MA50 were more
potent inhibitors of the p-FLT3-p-STAT5/p-AKT signaling cascades
than MA72. These differences were most evident for p-AKT
(Fig. 2B).

Next, we compared how MA49, MA50, and MA72 affected
leukemic cell survival. Unlike MA72, MA49 and MAS50 induced
cleavage of caspase-3 markedly after 24 h in MV4-11 and MOLM-
13 cells (Fig. 2B). Annexin-V/PI staining corroborated that the FLT3
degraders MA49 and MA50 were stronger apoptosis inducers than
MA72 (Fig. 2C). Compared to MA49 (IC5, 4.83 nM) and MA50 (ICsq
12.95nM), about 10-to-20-fold higher doses of MA72 (ICso
118.1 nM) were necessary to induce apoptosis in MOLM-13 cells
after 72 h (Fig. 2D).

To corroborate that MA49 triggers a VHL-based loss of FLT3-ITD,
we carried out a genetic loss-of-function experiment. We depleted
VHL in MV4-11 cells by siRNAs and treated the cells with MA49
and MA72. We found that the MA49-mediated degradation of
FLT3-ITD was rescued when VHL was eliminated. During these
experiments, we additionally noted that VHL was consumed in
MV4-11 cells upon treatment with MA49 (Supplementary Fig. S3B).

These data show that MA49 is a VHL-based FLT3 PROTAC. The
loss of FLT3-ITD signaling appears responsible for the superior pro-
apoptotic effects of MA49 and MA50 when compared to MA72.

MA49 and MA5O0 selectively kills cultured cells with FLT3-ITD
To extend these observations, we analyzed the impact of MA49
and MA50 on the survival of leukemic cell lines dependent on
their FLT3 status. Both compounds killed MV4-11 and MOLM-13
cells, but spared RS4-11 cells (Fig. 3A, B). These results are
consistent with data shown in Figs. 1C-F, 2B-D.

To evaluate the specificity of MA49 and MA50 further, we used
human mast cells (HMC1.2) and human retinal pigment epithelial
cells (RPE1; immortalized by telomerase). HMC1.2 cells grow
dependent on activated c-KIT. MA49 and MA50 did not affect the
survival and proliferation of such cells, confirming that these TPDs
selectively affect leukemic cells with FLT3-ITD (Fig. 3C,

SPRINGER NATURE

Supplementary Fig. S3C). Immunoblotting showed that MA49
and MA50 did not affect total and phosphorylated c-KIT
(Supplementary Fig. S3D).

To determine the impact of MA49 and MA50 on normal blood
cells, we applied them to human peripheral blood mononuclear
cells (PBMC) from healthy donors. Considering that PBMCs
comprise several immune cell types, [33] we analyzed polymor-
phonuclear leukocytes (PMNs), monocytes, B cells, T cells,
dendritic cells, and natural killer (NK) cells. MA49 and MA50 did
not induce apoptosis in these cell populations after 24 h (Fig. 3D)
and 48 h (Supplementary Fig. S3E).

These findings illustrate that MA49 and MAS50 are isoform-
specific FLT3-ITD degraders that specifically kill leukemic cells with
mutant FLT3.

MA49 and MA50 downregulate molecular chaperones and ER
stress proteins

The cellular heat shock response (HSR) is activated upon cellular
stress to maintain protein homeostasis. A main sensor of the HSR,
the molecular chaperone heat shock protein 90 kDa (HSP90) is
frequently overexpressed in AML and stabilizes the ER-located
FLT3-ITD [34, 35]. We hypothesized that MA49 and MAS50
modulated the HSR. To test this, we treated MV4-11 and MOLM-
13 cells with MA49 or MA50 for 24 h and analyzed the expression
of molecular chaperones. MA49 and MA50 downregulated HSP70,
HSP27, HSP110, BIP, and HSP90 (Fig. 4A). MA72 had a weak effect
in MOLM-13 cells (Supplementary Fig. S4A) or no effect in MV4-11
cells (Supplementary Fig. S4B) on these HSPs.

We next assessed if the reduction of the ER-bound FLT3-ITD
triggered an ER stress response. We investigated the pro-apoptotic
ER stress response markers PKR-like endoplasmic reticulum kinase
(PERK), inositol requiring enzyme 1a/B (IRE1a), activating tran-
scription factor 6 (ATF6), the C/EBP homologous protein
transcription factor (CHOP), the pro-apoptotic BH3-only protein
BIM, and the ER-localized molecular chaperone immunoglobulin
heavy chain binding protein (BiP). This ER-localized HSP70
paralogue acts as primary ER stress sensor [36, 37]. We neither
detected increased levels or phosphorylation of the ER stress
sensors PERK and IRE1a in MV4-11 (Fig. 4B) and MOLM-13 cells
(Fig. 4Q), nor upregulation of the major ER stress target CHOP.
However, MA49 and MAS50 induced cleavage of ATF6 to its active
50 kDa fragment, which regulates cellular ER stress responses [38].
The cleavage of ATF6 was induced comparably by FLT3-ITD
degraders and the ER-stress inducer tunicamycin. Tunicamycin
induced BiP, but MA49 and MA50 reduced BiP in MV4-11 (Fig. 4B)
and MOLM-13 cells (Fig. 4C). In both cell types, tunicamycin, MA49,
and MA50 induced BIM (Fig. 4B, C).

We asked if the levels of these chaperones and ER proteins are
associated with AML patient survival and whether there is a link
between FLT3 and BIM. Analyzing RNA-sequencing data for 54
AML patients in the GEPIA2 database, we noted that high mRNA
expression levels of HSP110 and HSP90 are associated with a
significantly reduced overall survival of AML patients (Fig. 4D;
p<0.1). Using this database, we further found that FLT3
expression is positively linked to HSP90 and HSP110 expression
and negatively correlated with the expression of BCL2L11
(encoding BIM) (Fig. 4E; p < 0.01, Supplementary Fig. S4C). Similar
Pearson (Fig. 4E) and Spearman correlation coefficient values
(Supplementary Fig. S4C) indicate linear relationships between
FLT3 and HSP90/HSP110/BCL2L11.

These results illustrate that MA49 and MA50 reduce molecular
chaperones, modulate ER stress pathways, and augment pro-
apoptotic BIM levels.

MA49 and MA50 induce FLT3-ITD degradation dependent on
BIM and HSP90 activity

BIM is a key apoptosis initiator in FLT3-ITD-positive cells that are
treated with FLT3 inhibitors [39]. These reports and our
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Fig. 2 FLT3-ITD TPDs are more effective cell death inducers than corresponding sole FLT3 inhibitors. A Structure of MA72, which is a
stereoisomer of MA49 that is unable to recruit VHL. B MOLM-13 and MV4-11 cells were treated with 100 nM MA49, MA72, or MA50 for 24 h (+,
treated; -, untreated). Lysates of these cells were subjected to immunoblot analyses for FLT3, cleaved caspase-3, pY591-FLT3, pY694-STAT5, and
pS473-AKT. The protein levels of p-actin were determined to verify equal loading of samples on all tested membranes. The data are
representative for the outcome of three independent experiments; cl., cleaved form, arrows point to the cleavage fragments of active caspase-
3; p-, phosphorylated; kDa, molecular weight in kilodalton. C The panel shows original flow cytometry data. MOLM-13 cells were treated with
100 nM MA49, MA50, or MA72 for 72 h and analyzed for apoptosis by annexin-V and PI staining using flow cytometry. D Apoptosis analysis of
MOLM-13 cells by annexin-V and PI staining with flow cytometry. Treatments were 10, 100, and 1000 nM MA49, MA50, and MA72 for 72 h. The
data are representative for the outcome of three independent experiments; -, untreated, +, 10 nM, ++ 100 nM, +++ 1000 nM. Two-way

ANOVA statistical test was used to determine statistical significance; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

observation that MA49 and MA50, but not MA72, upregulated BIM
in MV4-11 and MOLM-13 cells (Fig. 4B, C; Supplementary Fig. S4A,
B) made us speculate that BIM plays a role in MA49- and MA50-
mediated apoptosis. We analyzed whether BIM accumulation was
a cause of its transcriptional induction or protein stabilization. We
treated MOLM-13 cells with the de novo protein synthesis
inhibitor cycloheximide for 1-5h and MA49. Cycloheximide did
not affect the induction of BIM by MA49 (Fig. 4F). This result
suggests that MA49 stabilizes BIM on a post-translational level
rather than by transcriptional upregulation.

Leukemia (2024) 38:2561 - 2572

To study the role of BIM in MA49- and MA50-mediated
apoptosis functionally, we knocked down BIM by transfecting
siRNAs targeting the mRNA encoding BIM (siBCL2L17) into MV4-11
cells. This knockdown (KD) was confirmed by decreased expres-
sion of the three major BIM isoforms BIM-EL, BIM-L, and BIM-S
(Fig. 5A). The MA49- and MA50-mediated downregulation of HSPs
(Fig. 4A) was rescued upon KD of BIM (Fig. 5A). Additionally, MA49
and MA50 failed to degrade FLT3-ITD in cells with BIM KD
(Fig. 5A, B). This was linked to an attenuated inhibition of p-FLT3-
ITD and p-STAT5 by MA49 and MA50. Consistently, MA49 and
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Fig. 3 MA49 and MA50 are specifically toxic for AML cells carrying FLT3-ITD. A MV4-11, MOLM-13, and RS4-11 cells were treated with 10,
100, or 1000 nM MAA49 for 24 h and analyzed for apoptosis by annexin-V and PI staining using flow cytometry. The data are representative for
the outcome of two independent experiments; +, 10 nM, ++ 100 nM, +++ 1000 nM. B MV4-11, MOLM-13, and RS4-11 cells were treated with
10 or 100 nM MA50 for 24 h and analyzed for apoptosis by annexin-V and Pl staining using flow cytometry. The data are representative for the
outcome of two independent experiments; +, 10 nM, ++ 100 nM. € MV4-11, HMC1.2 (carrying c-KIT with the activating mutations G560V and
D816V), and RPE1 cells were treated with 50 nM MA49 or MA50 for 72 h and analyzed for apoptosis by annexin-V and PI staining using flow
cytometry. The data are representative for the outcome of two independent experiments. D Apoptosis analysis of PBMC subpopulations after
treatment with 20 or 50 nM of MA49 or MA50 for 24 h; PBMC, peripheral blood mononuclear cells; PMN, polymorphonuclear leukocytes; NK
cells, natural killer cells; -, untreated, +, 20 nM, ++ 50 nM. The data are representative for the outcome of four independent experiments. Two-
way ANOVA statistical test was used to determine statistical significance; ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

MAD5O0 less efficiently induced caspase-3 cleavage in BIM KD cells relevance of MA49, we assessed how MA49, MA68, sorafenib,
compared to control siRNA-transfected cells (Fig. 5A). MA49 and MA72, and the clinically used chemotherapeutic cytarabine
MA50 stabilized BIM-EL. This was associated with its slower affected primary AML patient samples with FLT3 or FLT3-ITD. Of
migration (Fig. 5A). This indicates its reduced phosphorylation, a these agents, MA49 had the best anti-proliferative effect on FLT3-
posttranslational modification that destabilizes BIM [40]. ITD-positive AML patient samples. Moreover, the ECso values of
The persistence of FLT3-ITD in AML cells with BIM KD and the MA49 in samples with mutant FLT3 were far below the
failure of the TPDs to kill them (Fig. 5A) might be driven by HSP90 concentrations required to eliminate AML cells with FLT3
that stabilizes FLT3-ITD [35]. To evaluate this hypothesis, we (Fig. 6A, B).
applied the clinically tested HSP90 inhibitor onalespib to BIM KD Since MA49 is not toxic to PBMCs and their individual cell
MV4-11 cells and treated them with MA49 or MA50 (Fig. 5C). populations (Fig. 3D, Supplementary Fig. S3E), we were encour-
Onalespib restored MA49/MA50-mediated FLT3-ITD degradation aged to determine its potential impact on primary bone marrow
and the inhibition of its phosphorylation. stem and progenitor cells. We isolated them from murine bone
These results suggest a regulatory role of BIM and HSP90 in FLT3- marrow and analyzed lineage-negative SCA-1/c-KIT-double posi-
ITD degradation and the inhibition of its downstream signaling tive cells for their viability. These hematopoietic cells correspond
through MA49 and MA50. Figure 5D depicts these insights as model. to CD34-positive human hematopoietic stem cells. As control, we
used MA68. Compared to the positive control for cytotoxicity (10%
MAA49 kills FLT3 mutant AML blasts and cells in vitro and in vivo DMSO), MA49 and MA68 did not compromise the viability of

without an impact on hematopoietic stem/progenitor cells lineage-negative SCA-1/c-KIT-double positive cells. Notably, this
The data above demonstrate that MA49 has superior activity was more evident for MA49 (Fig. 6C), indicating that it is tolerated
against leukemia cells with FLT3-ITD. To evaluate the translational better by hematopoietic stem and progenitor cells.
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We then investigated if MA49 and MA68 affected the
myelomonocytic differentiation of bone marrow-derived hemato-
poietic progenitors to bone marrow-derived dendritic cells
(BMDCs) or bone marrow-derived macrophages (BMDMs). We
assessed the total cell number, viability and frequencies of CD11c

Leukemia (2024) 38:2561 - 2572

MOLM-13

+ (pan-dendritic cell marker) or F4/80+ (macrophage marker)
cells and the expression of their activation marker CD86. MA49
and MA68 did not affect the differentiation, activation, viability,
and proliferation of BMDCs. This was also the case for BMDMs
which received MA49. Unlike this FLT3 PROTAC, its cognate
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Fig.4 MA49 and MA50 regulate heat shock- and ER-stress-related proteins in AML cells with FLT3-ITD. A MOLM-13 cells were treated with
50 nM MA49 or MA50 for 24 h and analyzed by immunoblot for the expression of FLT3, HSP110, HSP90, HSP70, HSP27, BiP, pY591-FLT3, pY694-
STAT5, and pS473-AKT. The protein levels of -actin were determined to verify the equal loading of samples. The data are representative for
the outcome of three independent experiments. B, C Immunoblot shows the expression of PERK, IRE1«, BiP, CHOP, pT982-PERK, BIM, and
ATF6a (activated form upon cleavage in Golgi during ER stress) after treatment with 0.5 pg/ml tunicamycin or 50 nM MA49 or MA50 for 24 h in
(B) MV4-11 or (C) MOLM-13 cells. The protein levels of $-actin or vinculin were determined to verify equal loading of samples. The data are
representative for the outcome of two independent experiments; +, treated; -, untreated; p-, phosphorylated; kDa, molecular weight in
kilodalton. D The GEPIA2 database was analyzed for a correlation between overall survival of AML patients and the levels of HSPs and ER stress
proteins. We found significant associations of HSP110 (encoded by the HSPHT gene) and HSP90 (encoded by the HSP90 gene) expression
levels in leukemia cells and patient survival. The analysis included 54 patients in total, with 50% in the high and 50% in the low expressing
groups (p =0.089-0.086). E This database contains data showing an association of FLT3 gene expression and mRNA transcripts encoding
HSP110, HSP90, and BIM (p = 0.0039-0.0063). Positive R values indicate positive coregulation of gene expression; negative R values indicate
negative coregulation of gene expression; TPM, transcripts per million reads. The graphs show the Pearson correlation coefficients. Such
correlation coefficients describe linear correlations between two sets of data. GEPIA2 uses the non-log scale for calculation and use the log-
scale axis for visualization. F MOLM-13 cells were treated with 10 pg/ml cycloheximide +/— 50 nM MA49 for 1-5 h. Lysates were analyzed by
immunoblot for the expression of FLT3, BIM, pY591-FLT3, pY694-STAT5, and pS473-AKT. The protein levels of B-actin or vinculin were

determined to verify equal loading of samples; +, treated; -, untreated; p-, phosphorylated; kDa, molecular weight in kilodalton.

inhibitor MA68 impaired the differentiation, viability, and particu-
larly the proliferation of macrophages significantly (Fig. 6D).

To demonstrate efficacy of MA49 in vivo, we used Danio rerio
larvae in which we injected MV4-11 cells. Upon establishment of
leukemia cell masses, the larvae were incubated with MA49 or its
solvent for 48 h (Fig. 6E, Supplementary Fig. S5). Embryos were
imaged before and after treatment. Embryos with at least 20%
increase and 30% decrease in tumor volume were classified to
have progressive disease (PD) or partial response (PR), respec-
tively. Larvae that did not classify as PD or PR were considered to
have stable disease (SD). In the control group, 41.2% of larvae had
SD and 47% had PD. The response rate of xenografts upon
treatment with MA49 was augmented to 72.2% SD and PD was
decreased nearly threefold to 16.7% (Fig. 6E, Supplementary
Fig. S5).

These data show that MA49 halts the proliferation of AML cells
with FLT3-ITD, but not of normal hematopoietic cells.

DISCUSSION

FLT3 inhibitors are a promising therapeutic approach to treat AML
[1, 2, 26]. Clinically used FLT3 inhibitors face limitations, such as a
non-selective inhibition of signaling pathways beyond FLT3 and
consequently dose-limiting toxic effects [1, 10, 11]. TPDs are
innovative molecules that inhibit and eliminate oncoproteins in
leukemic cells. This frequently results in more profound, specific,
and sustained effects [26]. Nanomolar doses of MA49 and MA50
degrade FLT3-ITD and eradicate AML cells through apoptosis. The
preference of these agents for the most oncogenic, ER-located
FLT3-ITD may increase the overall safety and tolerability of anti-
FLT3 treatment schemes.

In primary ex-vivo AML blasts, cytarabine and sorafenib did not
discriminate between FLT3-ITD and FLT3. In contrast, MA49 was
over 20-fold more potent against cells with FLT3-ITD than against
cells with FLT3. It is likewise promising that MA49 and MA50 do
not reduce FLT3 and c¢-KIT and have no negative impact on
various immune cell types, including mast cells, dendritic cells,
and NK cells. These express c-KIT [41] and NK and T cells identify
and destroy malignant cells [42]. Therefore, both inhibitors hold
the promise of continuous, normal hematopoiesis and immune
competence. Using primary, bone marrow-derived hematopoietic
stem/progenitor cells, we correspondingly demonstrate that
MA49 does not affect their survival and differentiation. MA68
though impairs the survival and proliferation of such cells. This
better safety profile of a FLT3 PROTAC further justifies the search
and characterization of TPDs that eliminate FLT3-ITD.

Excessively high concentrations of PROTACs can saturate the
ubiquitin-proteasome system and disable protein degradation
efficiency [32]. This hook effect necessitates a careful titration of
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PROTACGs in vivo. An obstacle for the clinical usage of TPDs could
also be the intrinsic and acquired resistance of tumor cells due to
mutations that prevent TPD-induced E3 ligase binding [27]. Hence,
realizing the full clinical potential of TPDs requires the discovery of
multiple degraders with different modes of actions. The HyT
degrader MA50 offers several advantages for cellular testing
including lower molecular weight (656 Da), and lower polar
surface area (< 150 A) compared to PROTACs. Theoretically, this
allows higher cellular permeability. However, MA49 showed
higher efficacy than MA50 against FLT3-ITD, its downstream
signaling, and AML cells. The VHL-based MA49 may also reduce
the risk of thrombocytopenia and brain hemorrhage due to a very
low expression of VHL in megakaryocytes [43]. It should
additionally be mentioned that MA49 and MA50 minimize the
risk of teratogenic side effects of thalidomide-derived CRBN-
ligands.

HSPs stabilize oncoproteins, such as fusion proteins resulting
from chromosomal translocations in leukemia, and key tumor-
promoting kinases, such as FLT3, RAF, and AKT [44]. Congruently,
we see that the levels of HSP90 and HSP110 inversely correlate
with AML patient survival. Inhibitors of HSP70 and HSP90 are
considered for leukemia therapy [45, 46], but HSP70 inhibitors
have not reached the clinic because of their toxicity [47]. Most
HSP90 inhibitors are also deemed clinical failures owing to toxicity
and drug resistance, due to the HSP70 upregulation and
epichaperomes. Common side effects of HSP90 inhibitors are
liver, ocular, and gastrointestinal toxicity. HSP70 upregulation
compensates the drug-increased proteotoxic stress and epicha-
peromes confer protein-protein networks of HSPs, co-chaperones,
and client proteins [48, 49]. Both FLT3 and c-KIT are HSP90 clients,
increasing the risk of hematotoxicity upon HSP90 inhibition
[35, 44]. MA49 and MA50 disturb proteostasis of cells with FLT3-
ITD by dysregulating HSP110, HSP90, HSP70, HSP27, and BiP, but
we did not appreciate an effect of these TPDs on c-KIT.

The pro-apoptotic impact of MA49 and MA50 on AML cells with
mutant FLT3 requires BIM, which controls the efflux of cytochrome
¢ from mitochondria and the resulting activation of caspases [50].
The linkage between FLT3 and HSP90, HSP110, and BIM
expression in primary AML specimen suggests that a pharmaco-
logically amenable control of FLT3-ITD by TPDs hits general
mechanisms of leukemogenesis. BIM also acts as a co-chaperone
for HSP70, enhancing its anti-apoptotic activities [51]. However,
MA49- and MA50-mediated BIM upregulation downregulates
HSP70 and other chaperones. Since onalespib destabilizes FLT3-
ITD irrespective of BIM, it will be interesting to see if HSP90
inhibitors combine favorably with MA49 and MA50 against
leukemic cells.

The stabilization of BIM protein levels by MA49 and MA50 is
likely caused by their negative impact on AKT signaling. AKT
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Fig. 5 BIM regulates MA49- and MA50-mediated FLT3-ITD degradation and heat shock protein levels. A MV4-11 cells were transfected
with siRNA against the BCL2L71 mRNA to knock down the BIM protein. Cells without and with BIM knockdown were treated with 50 nM MA49
or MA50 for 24 h and analyzed by immunoblot for FLT3, BIM, pY591-FLT3, pY694-STAT5, cleaved (cl.) caspase-3, HSP110, HSP90, and HSP27.
The protein levels of vinculin and p-actin were determined to verify the equal loading of samples. The data are representative for the outcome
of four independent experiments; +, treated; -, untreated; cl., cleaved; p-, phosphorylated; kDa, molecular weight in kilodalton; siCtrl, sSiRNA
control; siBCL2L11, siRNA targeting BIM, arrows point to the cleavage fragments of active caspase-3. B Quantification of FLT3 expression from
A; siCtrl, siRNA control; siBCL2L11, BIM knockdown. One-way ANOVA statistical test was used to determine statistical significance; *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001. C MV4-11 cells transfected with siRNA against siBCL2L11 +/— 1 h 250 nM Onalespib pre-treatment were
treated with 50 nM MA49 or MA50 for 24 h and analyzed by immunoblot for FLT3, BIM, pY591-FLT3, and HSP90 expression; siCtrl, siRNA
control; siBCL2L11, BIM knockdown; kDa, molecular weight in kilodalton. The protein levels of a-tubulin and $-actin were determined to verify
the equal loading of samples. The data are representative for the outcome of two independent experiments; +, treated; -, untreated; cl.,
cleaved; p-, phosphorylated; kDa, molecular weight in kilodalton; siCtrl, siRNA control; siBCL2L17, siRNA targeting BIM. D Model showing the
pharmacological mechanisms of the TPDs described in this manuscript and the associated molecular mechanisms in the upper panel; the
lower panel serves as legend.

antagonizes BIM through its phosphorylation and subsequently
accelerated proteasomal degradation [40]. As inhibition of AKT
and its downstream signaling to glycogen synthase kinase-3(3
downregulates the expression of heat shock factor-1, the master
regulator of the HSR, this might explain how MA49 and MA50
decrease HSPs [52]. The ER stress-responsive transcription factor
CHOP induces BIM, but the MA49/MA50-mediated upregulation of
BIM was not associated with its upregulation [53]. The accumula-
tion of ATF6 in MA49/MA50-treated FLT3-ITD-positive cells can
likewise not explain the accumulation of BIM, because ATF6 does

Leukemia (2024) 38:2561 - 2572

not induce BIM [38]. It remains to be shown if the induction of BIM
is linked to other ER stress signatures, such as activation of JUN-
kinase or caspase-12.

MA49 and MA50 contain elements of FLT3 inhibitors and
elements coupling FLT3 to the ubiquitin-proteasome-system.
Knockdown of BIM prevents FLT3-ITD degradation by MA49 and
MAS50 and this reduces their inhibitory effect on FLT3-ITD. Thus,
these compounds act as molecular degraders rather than as TKi.
Given that MA68 is derived from sorafenib and quizartinib, it is
likely a type Il inhibitor. FLT3-ITD/TKD mutations might confer
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resistance to MA68 and its derivatives. We tried to obtain MV4-11
and MOLM-13 cells with acquired resistance to these compounds
without success. Although this appears to be promising, further
studies must be conducted to firmly rule out the development of
such resistance.

In conclusion, we identified MA49 and MA50 as novel, highly
efficient candidates for a potential treatment of FLT3-ITD-driven AML
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cells. Our studies in cultured cells, primary differentiated and
undifferentiated normal hematopoietic cells, and the investigation
of leukemia cell growth in an in vivo model coherently illustrate that
MAA49 Kkills leukemia cells with FLT3-ITD significantly and without a
detectable negative impact on normal differentiated and undiffer-
entiated cells and tissues. In addition, we reveal mechanistic insights
into the modes of action of these new TPDs for FLT3-ITD.
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Fig. 6 MAA49 kills FLT3 mutant AML blasts and cells in vitro and in vivo without an impact on hematopoietic stem cells. A, B Serial
dilutions of 50 uM top dose of MA49 versus MA72, MA68, sorafenib, and cytarabine were applied to primary ex-vivo samples from leukemia
patients with wild-type FLT3 or FLT3-ITD for 72 h. Cell survival is provided as %-values compared to untreated control cells (100% survival) in
the MTS-assay. B EC50 values for the data shown in (A) were determined. C Cell viability analysis of murine bone marrow stem cells. Bone
marrow was collected from the hind legs of previously killed C57BL/6 mice. The cells were treated with the indicated concentrations of MA49,
MAG68, or a high concentration of 10% DMSO as a positive control for cytotoxicity for 24 h; Ctrl, untreated. One-way ANOVA statistical test was
used to determine statistical significance; ns not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; n = 3, male and female. D Bone
marrow cells were freshly isolated from C57BL/6 mice and cultured for 7 days in medium containing the inhibitors at 50-100 nM and
supplementation with either GM-CSF to induce the differentiation of myeloid progenitor cells to BMDCs or M-CSF to induce the differentiation
to BMDMs. After one week, we assessed the total cell number, viability and frequencies of CD11c+ (pan dendritic cell marker) or F4/80+
(macrophage marker) cells, the expression of their activation marker CD86, cell viability (negative for FVD), and the total cell numbers; -,
untreated, +, 50 nM, ++ 100 nM; n = 3, male and female. E Waterfall plots demonstrating changes in tumor volume [%)] for each individual
zebrafish larvae engrafted with AML cells, from baseline (day 1 = start of the treatment) until day 3 after MV4-11 cell injection. Zebrafish larvae
xenografts were treated with DMSO used as a solvent (n = 17 larvae; left) or 200 nM MA49 (n = 18 larvae; right) for 48 h; each bar reflects one
individual xenograft. Numbers indicate the percentage of early larvae with progressive disease (PD), stable disease (SD) and partial response
(PR) in each treatment group on day three.
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