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ARTICLE INFO ABSTRACT

Keywords: Oncogenic mutations in gene encoding FLT3 kinase are often detected in acute myeloid leukaemia (AML) pa-
Acute myeloid leukaemia tients, and several potent kinase inhibitors have been developed. However, the FLT3 inhibitor treatment often
21131;39 leads to the resistance development and subsequent relapse. Targeted degradation of oncogenic protein kinases

has emerged as a feasible pharmacological strategy, providing more robust effect over traditional competitive
inhibitors. Based on previously developed competitive inhibitor of FLT3 and CDK9, we have designed and
prepared a novel pomalidomide-based PROTAC. A series of biochemical and cellular experiments showed
selectivity towards FLT3-ITD bearing AML cells and confirmed proteasome-dependent mechanism of action. Dual
FLT3-ITD and CDK9 protein degradation resulted in the block of FLT3-ITD downstream signalling pathways,
apoptosis activation and cell cycle arrest of FLT3-ITD AML cells. Moreover, transcriptional repression caused by
CDK9 degradation significantly reduced expression of crucial genes involved in AML pathogenesis. The obtained

Proteolysis targeting chimera (PROTAC)

results indicate the beneficial impact of simultaneous FLT3-ITD/CDK9 degradation for AML therapy.

1. Introduction

Acute myeloid leukaemia (AML) is a haematological malignant dis-
ease characterized by high numbers of abnormally differentiated
immature myeloid cells infiltrated in the blood, bone marrow and other
tissues [1]. It is the most frequent type of acute leukaemia in adults,
causing 62% of all leukaemia related deaths [2]. Evaluating the genetic
background of AML patients revealed that several frequently mutated
genes play a crucial role in the disease’s development [1], including
FMS-like tyrosine kinase 3 (FLT3, CD135). FLT3 is one of the 56 human
receptor tyrosine kinases (RTKs), and its expression is almost exclusively
bound to haematopoietic stem and progenitor cells, where it is involved
in the regulation of their proper maturation and function in normal
haematopoiesis. Activating mutations in the FLT3 gene can be detected
in one-third of AML patients ranking them among the most common
drivers of the disease [3]. Internal tandem duplications (ITDs) in the
juxtamembrane domain, as well as point mutations in the tyrosine

kinase domain (TKD), disrupt FLT3 autoinhibitory function and allow
clonal expansion of immature blood progenitors [3]. As these findings
revealed FLT3 plays a crucial role in AML pathology, the extensive
research into the field of FLT3 inhibition was initiated. The first gen-
eration of FLT3 inhibitors (e.g. midostaurin, sorafenib, sunitinib) dis-
played a broad spectrum of kinase inhibition. This was extended over
time by a second generation of more selective FLT3 inhibitors (e.g.
quizartinib, gilteritinib, FF-10101). Several candidates from both gen-
erations successfully underwent clinical trials and being approved for
AML treatment (midostaurin [4] and gilteritinib [5] received FDA
approval, and quizartinib [6] was approved by regulatory authority in
Japan). Nevertheless, the duration of FLT3 inhibitor-induced response is
frequently limited due to the resistance development and subsequent
relapse [7].

Strategies trying to deal with the resistance onset after FLT3 inhibitor
therapy including combinations with conventional chemotherapy or
haematopoietic stem cell transplantations are currently tested [8],
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however novel approaches are still needed. Specific degradation of FLT3
via proteolysis targeting chimeras (PROTACSs) could provide an alter-
native approach to overcome the limitations in AML treatment associ-
ated with the fast mutational rate of FLT3 gene. First described in 2001
[9], PROTAC:s are heterobifunctional conjugates consisting of a protein
of interest (POI) binder interconnected to a ligand capable of E3 ubiq-
uitin ligase engagement. PROTACs form a ternary complex with both
these proteins resulting in polyubiquitination of the POI and inducing its
degradation via proteasome. PROTACs provide some advantages over
conventional kinase inhibitors. For example, owing to PROTAC’s ability
to work as a catalyser to degrade a target protein and given that E3 li-
gases have high enzymatic turnover, the cells usually require only low
PROTAC exposure to give high cellular and in vivo efficacy. In addition,
the effects can have long duration, so the drug exposure could be lower.
And finally, some target enzymes display non-enzymatic scaffolding
functions, which cannot be addressed by simple inhibition [10].

FLT3-recruiting PROTACs have been developed by groups of Gray
[11] and Crews [12] in 2018 whose conjugates were based on
FLT3-selective inhibitor quizartinib linked to cereblon (CRBN) and von
Hippel-Lindau (VHL) ligands, respectively (Fig. 1A and B). Two other
PROTACs based on tyrosine kinase inhibitor dovitinib [13] or experi-
mental pyrrolo[2,3-d]pyrimidine derivative [14] were developed later
on. These studies demonstrate that FLT3-ITD is amenable to degradation
and that FLT3-targeting PROTACs provide efficacious compounds,
further confirming the potential of this approach.

Although FLT3 as the most common driver of AML is undoubtedly
suitable therapeutic option, the urgent need for more effective therapy
expands the range of discussed targets for drug intervention including
CDKO9 [15]. Serine-threonine protein kinase CDK9 is a key regulator of
transcriptional initiation and elongation having a great impact on levels
of key prosurvival and apoptotic factors. Several studies highlight pos-
itive effect of CDK9 inhibition alone [16,17] or with simultaneous in-
hibition of other target including FLT3 [18]. Combination with other
compounds such as Bcl-2 inhibitor venetoclax [19,20] in different hae-
matological malignancies counting AML have been reported as well.

Encouraged by these facts, we decided to incorporate a potent kinase
inhibitor from the recently described 2,6,9-trisubstituted purine series
[21] into PROTAC conjugate. The lead compound of the 2,6,9-trisubsti-
tuted purine series showed significant selectivity to AML cell lines
bearing the FLT3-ITD mutation. It blocked the autophosphorylation of
FLT3 and inhibited its downstream signalling leading to G1 cell cycle
phase arrest and apoptosis [21]. In addition to outstanding FLT3
inhibitory properties, it also displayed activity towards CDK9. In this
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manuscript, we describe a PROTAC based on purine inhibitor BPA311,
targeting both FLT3 and CDK9, two independent relevant AML cellular
targets, with strong activity and selectivity towards FLT3-ITD expressing
AML cell lines.

2. Results and discussion
2.1. Molecular design

Molecular docking studies, as well as inspections of available co-
crystals with analogous kinase inhibitors [22-24], have indicated the
orientation of BPA311 (Fig. 1C) in the ATP active site of FLT3 and CDK9
kinases (Fig. 1D). Importantly, 4-ethyl-piperazin-1-yl-phenyl moiety of
the compound pointed outward from the active site, thus the N-ethyl-
piperazine part provided a rational option for enlarging the ethyl chain
to a linker bound to pomalidomide, a CRBN ligand successfully applied
in several protein kinase targeting PROTACs. Next, a suitable way of
conjugation was established, as is known that the linker composition
and its attachment to the ligand play a critical role in the successful
development of PROTAC degraders [25,26]. The current synthetic
toolbox offers a number of strategies for PROTAC construction; how-
ever, for practical reasons, we initially applied the readily available
thalidomide-preloaded resin (TPR) [27], which enables fast and simple
conjugation with the reactive amine-containing inhibitors. For this
purpose, compound 7, with the free piperazine moiety, was synthesized
(Scheme 1) and subjected to conjugation using TPR which provided the
corresponding PROTAC S19 (see Scheme S1 and Fig. S1 in Supple-
mentary material for details). Nevertheless, a negative outcome was
detected in the degradation assay (Fig. S1B) pointing to a non-optimal
structure of the PROTAC conjugate. Subsequently, instead of the
typical “trial-and-error” approach, consisting of the preparation of a
series of PROTACs with different linker lengths, we attempted to ratio-
nally design the optimal structure using molecular modelling and clues
from the previously reported degraders [11,12,28]. The outcome of this
procedure clearly indicated the need for a shorter linker, and eventually
changing the type of attachment. Consequently, PROTAC 13 (Fig. 1E
and Scheme 2) was designed with the spacer resembling the structure of
quizartinib-CRBN PROTAC (Fig. 1A) [11].

2.2. Preparation of PROTAC components: modified BPA311 and
pomalidomide-glycine (Pom-Gly)

The synthetic strategy started with derivatization of 1-(4-

Fig. 1. Published FLT3 PROTAC conjugates: Quizartinib linked to CRBN (A) and VHL (B) ligands. Design of PROTAC: (C) Structure of FLT3-ITD/CDK9 inhibitor
BPA311. (D) Overlay of FLT3 (green) and CDK9 (grey) with BPA311 in the active site. (E) Predicted binding of PROTAC 13 (yellow) to FLT3 (green) and

CRBN (orange).
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Scheme 1. Synthesis of purine ligand 7 and pre-
modified pomalidomide 8. Reagents and conditions:
(i) benzyl bromide, K,CO3, DMF/CH3CN, 50 °C, 3 h;
(ii) PtOo, ethanol/THEF, r.t., 90 min; (iii) 2,6-dichloro-
9-cyclopentyl purine, N,N-diisopropylethylamine
(DIPEA), DMSO, 120 °C, 16 h; (iv) trans-1,4-dia-
minocyclohexane, DIPEA, diethylene glycol diethyl
4 ether, 160 °C, 24 h; (v) Bocy0O, Et3N, 4-(dimethyla-
mino)pyridine (DMAP), THF, r.t., 16 h; (vi)
NH4HCO,, Pd/C, ethanol, 80 °C, 16 h; (vii) glyoxylic
acid, BupSnCly, phenyl silane, THF, reflux, 16 h.
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nitrophenyl)piperazine 1. This compound was in two steps converted to
4-(N-benzyl)piperazine aniline 3, which underwent regioselective aro-
matic nucleophilic substitution with 2,6-dichloro-9-cyclopentyl-purine
to yield intermediate 4 (Scheme 1A). The choice of benzyl protecting
group was carefully envisioned for orthogonal manipulation in the
presence of acid-labile t-butoxycarbonyl (Boc) group later in the
sequence.

Installation of cyclohexyl diamine motif to the C2 purine position was
inspired by our previous work [29]. However, the Buchwald-Hartwig
cross-coupling was not successful in this case and only starting mate-
rial 4 was recovered under various conditions. In contrast, using large
excess of diamine at harsh conditions (160 °C) yielded the desired

intermediate 5 (Scheme 1A). The diamine moiety was then protected
with the Boc protecting group, removable under acidic conditions dur-
ing the cleavage of the final PROTAC from the resin (see later in the text,
Scheme 2). Finally, deprotection of the benzyl group under ammonium
formate-promoted in situ hydrogenation in a presence of palladium on
activated charcoal (Pd/C) yielded final purine ligand 7 (Scheme 1A).
The modification of pomalidomide was achieved by silane-based direct
reductive amination [30] with glyoxylic acid that yielded Pom-Gly 8
(Scheme 1B).
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2.3. Preparation of the PROTAC

To prepare the desired conjugate, the solid-phase synthesis was used
as it allowed simple and fast preparation of the targeted compound in a
multistep sequence without the need of tedious purification. The syn-
thesis started from commercially available amino methyl polystyrene
(PS-DVB AM) resin which was in the first step equipped with backbone
amide linker (BAL) using 4-(4-formyl-3-methoxyphenoxy)butanoic acid
(Scheme 2). Subsequent reductive amination in the presence of 2-(2-(2-
aminoethoxy)ethoxy)ethan-1-ol and NaBH(OAc); was followed by
protection with fluorenylmethyloxycarbonyl (Fmoc) protecting group
which yielded intermediate 10. After tosylation, the nucleophilic sub-
stitution with prepared purine ligand 7 yielded intermediate 12. The
reaction proceeded smoothly; however, high temperature was needed to
reach full conversion to the product. Notably, we also observed partial
cleavage of Fmoc during this step, due to the excess of DIPEA used. A
quantitative deprotection was accomplished with the mixture of DBU/
CHyCly, which proved itself as the superior alternative to standard
piperidine/DMF cocktail [27]. Acylation with Pom-Gly 8 was followed
by cleavage from the resin with concomitant removal of Boc protecting
group which yielded desired PROTAC 13 (Scheme 2).

2.4. Antiproliferative activity and protein kinase selectivity

PROTAC 13 displayed significant antiproliferative selectivity against
AML cell lines bearing FLT3-ITD mutation (MV4-11 and MOLM-13) with
the GI5p values ranging in nanomolar concentrations while the Glsg
values obtained for the FLT3-independent leukaemic cells were at least
20 times higher. Although potency of PROTAC 13 did not improve over
parent BPA311, it maintained the selectivity towards the FLT3-ITD
expressing leukaemic cells (Table 1). Importantly, a twofold difference
in the Glso values measured in MV4-11 and CRBN-deficient MV4-11
[31] suggested the activity at least partly associated with
CRBN-dependent mechanism of action.

The selectivity of PROTAC 13 was compared to its parent compound
BPA311 in the panel of 46 kinases across the human kinome at 100 nM
concentration. The results indicated that PROTAC 13 maintained the
activity of parent molecule towards FLT3 (2% residual activity in both
compounds) as well as CDK9 (3% and 8% residual activity, respectively)
(Fig. S2).

2.5. Cellular effects

Conventional FLT3-kinase inhibitors act through inhibition of the
FLT3 autophosphorylation and subsequent dampening of its down-
stream signalling pathways, namely MAPK-ERK and STAT5 pathways.
This results in block of proliferation of FLT3-dependent cells while such
compounds do not affect other cells. However, additional effects of these
compounds can be seen in the levels of FLT3 protein itself. Cells bearing

Table 1
Antiproliferative activity of PROTAC 13 and compound BPA311 in panel of
leukaemic cell lines.

cell line Glso £ SD (pM)*
PROTAC 13 BPA311

MV4-11 0.047 £+ 0.029 0.009 + 0.007
MV4-11 CRBN-def. 0.119 + 0.039 0.008 + 0.004
MOLM-13 0.042 + 0.031 0.008 + 0.011
RS4-11 1.014 £+ 0.208 0.295 + 0.062
HL60 6.122 + 2.383 1.520 + 0.074
U937 9.507 + 0.641 0.695 + 0.224
THP-1 9.993 + 0.012 0.681 + 0.139
Kasumi-1 >10 0.534 + 0.001
CEM >10 1.278 + 0.073
K562 >10 2.070 + 0.490

? Glso determined after 72 h cultivation.
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FLT3-ITD mutation are characterized by predominant intracelullar
localization of the immature 130-kDa form of FLT3, which is not fully
glycosylated [32,33]. Long-term treatment with FLT3 inhibitors induces
glycosylation, maturation, and subsequent FLT3 translocation to the cell
surface and its anchoring to the cytoplasmic membrane. Moreover, these
changes are linked with increased FLT3 protein levels caused by
elevated FLT3 mRNA expression [33] having a potential impact on a
resistance development in the long-term perspective [34]. This outcome
was proved in our experiment performed on MV4-11 cells bearing the
FLT3-ITD mutation (Fig. 2A). Overnight treatment with FLT3 inhibitors
quizartinib and sorafenib reduced the autophosphorylation of FLT3 at
Y589/591 and suppressed signalling of its downstream pathways that
was proved by decreased phosphorylation of ERK1/2 at T202/Y204 as
well as STAT5 at Y694. A similar effect was observed after treatment
with PROTAC 13 that proved the binding of the conjugate into the FLT3
active site. Quizartinib as well as sorafenib significantly increased the
total level of FLT3, on the other hand, levels of FLT3 after treatment with
low nanomolar concentrations of PROTAC 13 remained comparable
with endogenous levels in untreated cells; concentrations of 100 nM and
higher induced FLT3 degradation. The degradation of protein levels in a
concentration-dependent manner was observed also in the case of CDK9,
which were not affected by quizartinib nor sorafenib. Comparable re-
sults were obtained in heterozygous FLT3-ITD cell line MOLM-13
(Fig. S3).

To confirm a CRBN-dependent mechanism of action, the previous
experiment was repeated using CRBN-deficient MV4-11 (Fig. 2B and S4)
[31]. Identical results were obtained with control samples of quizarti-
nib- and sorafenib-treated cells. Both inhibitors blocked the
FLT3-dependent signalling efficiently and induced upregulation of FLT3
protein. Absence of CRBN resulted in the prevention of E3 ligase
engagement of PROTAC 13. Target proteins were not ubiquitinated and
their levels were not decreased by proteasome-mediated degradation.
While the CDK9 levels remained unaltered, the
concentration-dependent stabilization of FLT3 that is typical for FLT3
kinase inhibitors was observed.

In addition, proapoptotic effects of PROTAC 13 depending on CRBN
levels in MV4-11 cells were evaluated. Activities of caspases 3 and 7, key
executioner players of apoptotic cascade, were measured in MV4-11 as
well as CRBN-deficient MV4-11 cells treated with PROTAC 13, qui-
zartinib and sorafenib for 16 h using the fluorescently labelled peptide
substrate Ac-DEVD-AMC (Fig. 3). In MV4-11 cells, we observed massive
concentration-dependent activation of caspases upon PROTAC 13
treatment that was in line with cleavage of protein PARP-1, a substrate
of caspases (Fig. 2). Contrary to this, 100 nM concentrations of qui-
zartinib and sorafenib showed only minimal effect on activation of
caspases in MV4-11 cells. In CRBN-deficient MV4-11 cells, PROTAC 13-
induced activation of caspases was not observed and measured activities
were at the endogenous level of the untreated control sample. These
results were repeated by an alternative approach and complemented
with MOLM-13 (FLT3-ITD) and THP-1 (FLT3 wild-type) cell lines con-
firming the sensitivity of FLT3-ITD bearing cells to targeted degradation
of FLT3 and CDK9 (Fig. S5).

These results were also confirmed using flow cytometry analysis
(Fig. S6). Although the effect of PROTAC 13 on cell cycle phase distri-
bution was comparable between MV4-11 and CRBN-deficient MV4-11
cells, and we observed concentration-dependent increase of the cells
arrested in the G1 phase of the cell cycle that is typical for FLT3 inhi-
bition, the MV4-11 cells were far more sensitive to the treatment. Higher
tested concentrations induced apoptosis in the MV4-11 cells resulting in
the massive increase of the subG1 population, while the CRBN-deficient
counterpart cells were not affected and the proapoptotic effect of
PROTAC 13 was not confirmed in this model. These results suggest that
the cells are more sensitive to degradation of the target proteins rather
than only to kinase inhibition.

The effect of PROTAC 13 on CDK9, a key transcriptional regulator,
has a potential to be transmitted into the reduced expression of genes
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Fig. 2. Immunoblotting analysis of MV4-11 (A) and CRBN-deficient MV4-11 (B) cells treated with PROTAC 13. Quizartinib (QUIZ) and sorafenib (SORA) at 0.1 pM

concentration were used as controls.
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Fig. 3. Induction of apoptosis in MV4-11 and CRBN-deficient MV4-11 cells
treated with PROTAC 13, quizartinib (QUIZ) and sorafenib (SORA).

involved in AML pathogenesis. To confirm this we selected genes
essential for haematopoiesis, apoptosis and AML initiation including
HOXA9, MEIS1, MCL-1, Bcl-2, Myc and Myb whose expression, more-
over, often correlates with poor prognosis of the disease. MV4-11 cells
were treated for 4 h with increasing concentrations of PROTAC 13,
which showed dose-dependent ability to affect significantly the
expression of all studied genes (Fig. 4). On the other hand, quizartinib
and sorafenib did not show such a strong impact. These results indicate
another potential therapeutic benefit of CDK9 targeting in AML. In
addition, levels of FLT3 transcripts were not affected by PROTAC 13
treatment further confirming its mechanism of action.

To further verify the PROTAC-mediated mechanism of action, MV4-
11 cells were pre-treated with 4-hydroxythalidomide as the CRBN ligand
to limit the ternary complex formation. 4-Hydroxythalidomide itself had
no impact on MV4-11 cells, levels of target proteins remained unaltered
and FLT3 signalling pathway was not affected as well. PROTAC 13
induced massive degradation of FLT3 and CDK9. While the 4-hydroxy-
thalidomide pre-treatment did not affect the binding of PROTAC 13
into the kinase active sites, as proved by inhibition of FLT3 autophos-
phorylation as well as reduction of downstream signalling pathways, the
CRBN binding site was blocked and thus the ternary complex formation
was abolished. The CDK9 degradation caused by PROTAC 13 was
significantly reduced by 4-hydroxythalidomide pre-treatment, and FLT3

levels were even elevated, as is typical for standard FLT3 kinase in-
hibitors (Fig. 5A).

Interestingly, the proapoptotic effect of PROTAC 13 that was
confirmed using caspase-3/7 fluorimetric-based assay in MV4-11
treated lysates was shown to be repressed by 4-hydroxythalidomide
pre-treatment and activity of caspase-3/7 in these samples remained
significantly lower (Fig. 5B). These results further proved beneficial
properties of PROTAC 13.

Alternatively, PROTAC-induced effects should be abolished by pro-
teasome inhibition. Nevertheless, proteasome inhibitors are known to
induce degradation of FLT3-ITD in AML cells [35], complicating the
experimental setup. We therefore decided to find a suitable compound
tool which, in the proper concentration, would block proteasome ac-
tivity without adverse effects on FLT3-ITD and CDK9 levels. Among the
tested inhibitors (data not shown), results of MG132 at concentration of
200 nM were the most convenient. In MV4-11 cells treated with MG132
alone, we observed significantly increased levels of polyubiquitinated
proteins indicating proteasome function failure, while the CDK9 and
FLT3 protein levels were not decreased dramatically in comparison to
untreated control cells. The observed degradation of target proteins
caused by PROTAC 13 was diminished when the MV4-11 cells were
pre-treated for 90 min with MG132 prior to PROTAC 13 treatment
(Fig. 6). These results confirm the proteasome-dependent degradation of
the target proteins caused by our conjugate.

3. Conclusion

AML belongs to the most devastating haematological malignancies
whose onset was shown to be often linked to oncogenic mutations in the
gene encoding FLT3. Internal tandem duplications and mutations in the
kinase domain in FLT3 can be detected in a third of all patients with AML
diagnosis. Although several kinase inhibitors showing potency and
selectivity towards FLT3-ITD expressing AML were developed, their
efficacy is often reduced by resistance development and relapse of the
disease. This can be avoided by use of resistance-overcoming inhibitors
of new generations or by co-targeting of FLT3 and other relevant target,
which plays a role in cancer cells survival. Emerging PROTAC-mediated
protein degradation offers another potential therapeutic strategy
enabling elimination of oncogenic targets by a mechanism different
from available competitive kinase inhibition.

By combining our previously reported FLT3/CDK9 kinase inhibitor
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Fig. 4. Relative normalized expression of HOXA9, MEIS1, MCL-1, BCL-2, MYC, MYB and FLT3 genes in MV4-11 cells. MV4-11 cells were treated with PROTAC 13,
quizartinib or sorafenib for 4 h. Gene expressions were normalized per GAPDH and RPL13A genes.
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Fig. 5. Effects of PROTAC 13 on levels of FLT3 and CDK9 (A) as well as its
proapoptotic activities (B) in MV4-11 cells are reversed by competition with 4-
hydroxythalidomide. Cells were pre-treated with 10 pM 4-hydroxythalidomide
for 90 min and treated with PROTAC 13 for further 16 h.

MV4-11
- 0105 0105 - - PROTAC13 (uM)
- - - 020202 - MG132 (M)

FLT3

CDKS3

Ubiquitin

PCNA

Fig. 6. Inhibition of proteasome blocks the degradation of FLT3 and CDK9
caused by PROTAC 13 in MV4-11 cells. Cells were pre-treated with 0.2 pM
MG132 for 90 min and treated with PROTAC 13 for further 16 h.

with CRBN-ligand pomalidomide, we have obtained PROTAC 13
showing significant selectivity towards FLT3-ITD-mutated AML cells.
Although potency of PROTAC 13 did not improve over parent inhibitor,
it acted by a new CRBN-dependent mechanism of action. PROTAC 13
efficiently blocked FLT3 and its downstream signalling pathways that
are important for proliferation as well as survival of FLT3-dependent
leukaemic cells. In addition, transcriptional repression caused by
CDK9 degradation reduced expression of genes playing crucial roles in
AML pathogenesis and correlating with poor disease prognosis. Results
indicate that FLT3-ITD expressing cells are more sensitive to FLT3 and
CDK9 degradation caused by PROTAC 13-mediated mechanism of ac-
tion than only to their kinase inhibition. This induces activation of an
apoptotic cascade and cell death. We believe that the simultaneous
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degradation of FLT3 and CDK9 could be the beneficial option for AML
therapy.

4. Experimental section
4.1. General information

All reagents were of reagent grade and used without further purifi-
cation. Solvents and chemicals were purchased from Sigma-Aldrich
(US), Acros Organics (Belgium) or Fluorochem (UK). Anhydrous sol-
vents were dried over 4 A molecular sieves or stored as received from
commercial suppliers.

Reactions on solid-phase were performed in plastic syringes, each
equipped with a porous disk, using a manually operated synthesizer
(Torviqg, US), unless otherwise stated. The volume of wash solvent was
10 mL per 1 g of resin. For washing, resin slurry was shaken with the
fresh solvent for at least 1 min before changing the solvent. Resin-bound
intermediates were dried under a stream of nitrogen for prolonged
storage and/or quantitative analysis. For the UHPLC-MS analysis a
sample of resin (~5 mg) was treated with CH2Cly/TFA (1:1, 1 mL, v/v),
the cleavage cocktail was evaporated under a stream of nitrogen, and
cleaved compounds extracted into CH3CN/H0 (1:1, 1 mL, v/v).

Reactions in solution-phase were performed in round-bottom flasks
fitted with rubber septa under positive pressure of nitrogen or in ace-
pressure tubes, unless otherwise stated. All reactions were monitored
by UHPLC-MS analysis. Thin-layer chromatography (TLC) plates using
aluminium plates precoated with silica gel (silica gel 60 Fa54, Merck, US)
impregnated with a fluorescent indicator were visualized by exposure to
ultraviolet light (A = 254 nm) and/or by submersion in aqueous ceric
ammonium molybdate (CAM) solution followed by brief heating. Col-
umn chromatography was performed using silica gel (60 A, 230-400
mesh, Sigma-Aldrich).

Prior to HPLC separation (column Phenomenex Gemini, 50 x 2.00
mm, 3 pm particles, C'®), the samples were injected by direct infusion
into the mass spectrometer using autosampler. Mobile phase was iso-
cratic 80% CH3CN and 20% 0.01 M ammonium acetate in H,O or 95%
methanol +5% H50 + 0.1% formic acid and flow 0.3 mL/min.

4.2. Instrumentation

UHPLC-MS analyses were carried out on UHPLC-MS system con-
sisting of UHPLC chromatograph Acquity with photodiode array de-
tector and single quadrupole mass spectrometer (Waters, US), using X-
Select C'® column at 30 °C and flow rate of 0.6 mL/min. Mobile phase
was (A) 0.01 M ammonium acetate in HO, and (B) CH3CN, linearly
programmed from 10% A to 80% B over 2.5 min, kept for 1.5 min. The
column was re-equilibrated with 10% of solution B for 1 min. The ESI
source operated at discharge current of 5 pA, vaporizer temperature of
350 °C and capillary temperature of 200 °C. HPLC purification was
carried out on C!® reverse phase column (YMC Pack ODS-A, 20 x 100
mm, 5 pm particles), gradient was formed from CH3CN and 0.01 M
ammonium acetate in HyO, flow rate 15 mL/min. For lyophilization of
residual solvents at —110 °C the ScanVac Coolsafe 110-4 was used.

HRMS analyses were performed using LC chromatograph (Dionex
Ultimate 3000, Thermo Fischer Scientific, US) and Exactive Plus Orbi-
trap high-resolution mass spectrometer (Thermo Fischer Scientific, US)
operating at positive full scan mode (120 000 FWMH) in the range of
100-2000 m/z. The settings for electrospray ionization were as follows:
oven temperature of 150 °C and source voltage of 3.6 kV. The acquired
data were internally calibrated with phthalate as a contaminant in
methanol (m/z 297.15909). Samples were diluted to a final concentra-
tion of 0.1 mg/mL in CH3CN/H20 (9:1, v/V).

NMR spectra were recorded on JEOL ECX500 spectrometer at mag-
netic field strengths of 11.75 T with operating frequencies 500.16 MHz
(for 'H) and 125.77 MHz (for '3C) at 27 °C. Chemical shifts (5) are re-
ported in parts per million (ppm) and coupling constants (J) are reported
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in Hertz (Hz). The 'H and '3C NMR chemical shifts (5 in ppm) were
referenced to the residual signals of DMSO-dg [2.50 (lH) and 39.52
(*3C)]. The residual signal of ammonium acetate (from HPLC purifica-
tion) exhibited signal at 1.90 ppm (*H) and at 21.3 ppm and 172.0 ppm
(13C). Abbreviations in NMR spectra: app — apparent, br s — broad
singlet, d — doublet, dd — doublet of doublets, m — multiplet, p — pentet, s
- singlet, t — triplet.

4.3. Experimental procedures

4.3.1. Procedure for benzylation

To a stirred solution of 1-(4-nitrophenyl)piperazine 1 (1 g, 4.83
mmol, 1 eq) in anhydrous DMF/CH3CN (3:1, 15 mL, v/v) were added
benzyl bromide (860 pL, 7.24 mmol, 1.5 eq) and K2COs3 (1.3 g, 9.66
mmol, 2 eq). The reaction mixture was stirred at 50 °C for 3 h after
which UHPLC-MS confirmed full conversion to compound 2. The reac-
tion mixture was concentrated, diluted with aq. NH4Cl (250 mL), and
extracted with EtOAc (3 x 250 mL). Organic extracts were combined,
dried over MgSOy, filtered, and evaporated under reduced pressure. The
crude product was purified by column chromatography (CH2Cly/EtOAc
1:1, v/v) to afford compound 2 as yellow solid (931 mg, 65% yield).

4.3.2. Procedure for reduction of nitro group

The starting material 2 (359 mg, 1.21 mmol, 1 eq) was dissolved in a
mixture of anhydrous ethanol/THF (3:1, 8 mL v/v) and properly flushed
with nitrogen for 15 min. Then, PtO; (192 mg, 0.85 mmol, 0.7 eq) was
added, and the resulting mixture was stirred at ambient temperature
under positive pressure of hydrogen. UHPLC-MS analysis was used to
confirm the full conversion to the corresponding product after 90 min.
The reaction mixture was diluted with methanol, and residual PtO, was
filtered off. The residual solvents were evaporated under reduced pres-
sure, and crude product 3 (510 mg, 1.91 mmol) was used to the next step
without further purification.

4.3.3. Procedure for alkylation of 2,6-dichloropurine
2,6-dichloro-9-cyclopentyl purine was prepared by previously pub-
lished procedure [29].

4.3.4. Procedure for aromatic nucleophilic substitution with 3

To a stirred solution of 3 (510 mg, 1.91 mmol, 1.1 eq) in anhydrous
DMSO (8 mL) were added 2,6-dichloro-9-cyclopentyl purine (446 mg,
1.73 mmol, 1 eq) and DIPEA (315 pL, 1.91 mmol, 1.1 eq). The reaction
mixture was stirred at 120 °C for 16 h after which UHPLC-MS confirmed
full conversion to product 4. The reaction mixture was cooled down to
ambient temperature, diluted with aq. NH4CI (200 mL), and extracted
with EtOAc (3 x 200 mL). Organic extracts were combined, dried over
MgSOy, filtered and evaporated under reduced pressure. The crude
product was purified by column chromatography (CH3Clp/MeOH
gradually eluted from 15:1 to 5:1, v/v) to afford compound 4 as pale
brown solid (501 mg, 60% yield).

4.3.5. Procedure for aromatic nucleophilic substitution with diamine

Starting material 4 (254 mg, 0.52 mmol, 1 eq) in ace-pressure tube
was dissolved in diethylene glycol diethyl ether (4 mL). Then, solid
trans-1,4-diamino cyclohexane (2.9 g, 26 mmol, 50 eq) was added at
once to the solution of starting material, followed by addition of DIPEA
(2.5 mL). The reaction mixture was vigorously stirred at 160 °C for 22 h
after which UHPLC-MS confirmed full conversion to product 5. The
reaction mixture was cooled down to ambient temperature, diluted with
CH3CN (20 mL) upon which residual solid precipitated and was filtered
off. The residual solvents were concentrated under reduced pressure and
lyophilized overnight. The crude product was purified by column
chromatography (CH2Cly/7 M NHs in MeOH 10:1, v/v) to afford com-
pound 5 as pale brown solid (200 mg, 67% yield).
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4.3.6. Procedure for protection with Boc

To a stirred solution of starting material 5 (126 mg, 0.22 mmol, 1 eq)
and Et3N (50 pL, 0.35 mmol, 1.6 eq) in anhydrous THF (2 mL) at 0 °C
was added DMAP (4 mg, 0.03 mmol, 15 mol%) in anhydrous THF (500
pL). The reaction mixture was stirred for 3 min when solution of BocyO
(60 mg, 0.27 mmol, 1.2 eq) in anhydrous THF (500 pL) was added and
the mixture was warmed up to ambient temperature. The reaction
mixture was stirred for 16 h after which UHPLC-MS confirmed full
conversion to product 6. The residual solvents were evaporated under
reduced pressure and crude product was purified by column chroma-
tography (CH2Cl,/MeOH 10:1, v/v) to obtain compound 6 as colourless
oil (135 mg, 92% yield).

4.3.7. Procedure for cleavage of benzyl group

To a stirred solution of NH4HCO, (504 mg, 8 mmol) in anhydrous
ethanol (15 mL) was added solution of starting material 6 (146 mg, 0.22
mmol, 1 eq) in anhydrous ethanol (5 mL) and palladium on activated
charcoal (10% of Pd, 26 mg, 0.24 mmol, 1.1 eq). The resulting mixture
was stirred at 80 °C for 36-42 h after which UHPLC-MS confirmed full
conversion to product 7. The reaction mixture was cooled down to
ambient temperature, diluted with ethanol and residual catalyst was
filtered off. The solvents were evaporated, and the crude product was
purified by column chromatography (CH2Clo/MeOH gradually eluted
from 15:1 to 5:1, v/v) to obtain compound 7 as a pale yellow solid (86
mg, 68% yield).

4.3.8. Procedure for reductive amination in solution phase

Pomalidomide (250 mg, 0.92 mmol, 1 eq) was dissolved in THF (15
mL), followed by addition of glyoxylic acid monohydrate (421 mg, 4.57
mmol, 5 eq) and BuySnCl;, (278 mg, 0.92 mmol, 1 eq). The mixture was
vigorously stirred for 20 min at ambient temperature and then phenyl
silane (562 pL, 4.57 mmol, 5 eq) was slowly added. The reaction mixture
was heated up to reflux and stirred for 22 h after which UHPLC-MS
analysis confirmed full conversion to product 8. The mixture was
cooled down to ambient temperature, diluted with aq. NH4Cl (200 mL)
and extracted with EtOAc (3 x 200 mL). Organic extracts were com-
bined, dried over MgSO4, filtered and evaporated under reduced pres-
sure. The crude product was purified by column chromatography
(CH,Cly/MeOH/AcOH 10:1:0.2, v/v) to afford compound 8 as yellow
solid (260 mg, 86% yield).

4.3.9. Procedure for preparation of BAL resin

Amino methyl polystyrene resin (1 g, loading 0.98 mmol/g) was
swollen in CH»Cl5 (10 mL) for 30 min, washed with DMF (3 x 10 mL),
neutralized in DMF/piperidine (5:1, 10 mL) for additional 30 min and
then again washed with DMF (5 x 10 mL). 4-(4-formyl-3-methox-
yphenoxy)butanoic acid (700 mg, 2.94 mmol) and HOBt (450 mg, 2.94
mmol) were dissolved in DMF/CHCl, (1:1, 10 mL, v/v) and DIC (460
pL, 2.94 mmol) was added. The resulting solution was added to the
polypropylene fritted syringe with amino methyl polystyrene resin. The
reaction slurry was shaken at ambient temperature for 16 h, followed by
wash with DMF (3 x 10 mL) and CH,Cl (3 x 10 mL). Negative bro-
mophenol blue test confirmed quantitative acylation of the resin.

4.3.10. Procedure for reductive amination and Fmoc-protection on solid-
phase

BAL resin 9 (500 mg, loading 0.98 mmol/g) was swollen in CHyCly
(5 mL) for 30 min, then washed with anhydrous THF (3 x 5 mL) and
anhydrous DMF (3 x 5 mL). The solution of 2-(2-(2-aminoethoxy)
ethoxy)ethan-1-ol (338 pL, 2.45 mmol) in DMF/AcOH (10:1, 5 mL, v/v)
was added to polypropylene fritted syringe with BAL resin 9 and it was
shaken for 16 h at ambient temperature. Then, NaBH(OAc)3 (309 mg,
1.47 mmol) in DMF/AcOH (20:1, 5 mL, v/v) was added portion wise (3
x 103 mg) to the reaction mixture during the period of 4 h. The reaction
slurry was shaken at ambient temperature for 16 h, followed by washing
with DMF (5 x 5 mL), CHxCl; (8 x 5 mL), neutralization with DMF/EtsN
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(10:1, 5 mL, v/v) for additional 30 min and final wash with CH5Cl (3 x
5 mL). Fmoc-OSu (1 g, 3 mmol) was dissolved in CH2Cl, (5 mL) and
added to the polypropylene fritted syringe with resin. The reaction
slurry was shaken at ambient temperature for 16 h, followed by washing
with CHyCly (5 x 5 mL). Subsequent cleavage from the resin and
UHPLC-MS analysis confirmed the presence of desired product 10.
(ESI+ 373, 469 (trifluoroacetate)) Loading after this step (0.40 mmol/g)
was determined as follows: the sample of resin 10 (~30 mg) was washed
with CH,Cl, (5 x 3 mL) and MeOH (3 x 3 mL), dried under a stream of
nitrogen and divided into two portions (2 x 12 mg). Both samples were
treated with CH,Cly/TFA (1:1, 1 mL, v/v) for 1 h, after which the
cleavage cocktail was evaporated under a stream of nitrogen. Cleaved
compounds were dissolved in CH3CN/H»0 (1:1, 1 mL, v/v), diluted four
times, and analyzed by ultra-high performance liquid chromatography
coupled with mass spectrometry and ultraviolet detection (UHPLC/MS/
UV). Loading of the resin was calculated with the use of an external
standard (Fmoc-Ala-OH, 0.5 mg/mL).

4.3.11. Procedure for tosylation

Resin 10 (500 mg) was swollen in CH»Cl; (5 mL) for 30 min and then
washed with CHyCly (3 x 5 mL). Tosyl chloride (285 mg, 1.5 mmol),
Et3N (209 pL, 1.5 mmol) and DMAP (61 mg, 0.5 mmol) were dissolved in
dry CH,Cly (5 mL) and added to the propylene fritted syringe with resin
10. The reaction slurry was shaken at ambient temperature for 16 h,
followed by washing with DMF (5 x 5 mL) and CHyCly (3 x 5 mL).
Subsequent cleavage from the resin and UHPLC-MS analysis confirmed
the presence of desired product 11. (ESI+ 527).

4.3.12. Procedure for nucleophilic substitution with 7

Resin 11 (250 mg) was swollen in CHCl; (5 mL) for 30 min, washed
with CH,Cl; (3 x 5 mL) and added to the ace-pressure tube with solution
of purine ligand 7 (86 mg, 0.15 mmol) and DIPEA (247 pL, 1.5 mmol) in
DMF (2.5 mL). The reaction slurry was stirred at 70 °C for 16 h, followed
by washing with DMF (5 x 5 mL) and CH,Cl; (3 x 5 mL). Subsequent
cleavage from the resin and UHPLC-MS analysis confirmed the presence
of desired product 12. (ESI- 828).

4.3.13. Procedure for deprotection of Fmoc on resin

Resin (250 mg) was swollen in CH5Cl, (3 mL) for 30 min and then
washed with DMF (3 x 3 mL). The freshly prepared solution of CH2Cly/
DBU (1:1, 3 mL, v/v) was added to polypropylene fritted syringe with
the resin. The reaction slurry was shaken at ambient temperature for 10
min, followed by washing with CH2Cl; (3 x 3 mL), THF (3 x 3 mL) and
CHJCl, (3 x 3 mL). Resin was used directly into the next step without
further analysis.

4.3.14. Procedure for acylation with 8 and final cleavage from the resin
Resin 12 (250 mg) was swollen in CH,Cl; (3 mL) for 30 min and then
washed with CHyCl, (3 x 3 mL). Pom-Gly 8 (165 mg, 0.5 mmol) and
HOBt (72 mg, 0.5 mmol) were dissolved in DMF (2.5 mL), followed by
addition of DIC (80 pL, 0.5 mmol). The mixture was added to the pro-
pylene fritted syringe with resin 12 and the reaction slurry was shaken at
ambient temperature for 16 h, followed by washing with DMF (5 x 5
mL) and CH,Cly (3 x 5 mL). Subsequent cleavage from the resin and
UHPLC-MS analysis confirmed the presence of desired product 13.

4.3.15. Final cleavage from the resin prior to HPLC purification

The corresponding resin (250 mg) was swollen in CH,Cl; (3 mL).
Solution of CH»Cly/TFA (1:1, 6 mL, v/v) was added to polypropylene
fritted syringe with resin. The reaction slurry was shaken at ambient
temperature for 2 h and then washed with CHoCly/TFA (1:1, 3 x 3 mL,
v/v) and CHyCly (3 x 3 mL). The cleavage cocktail with combined
washes were evaporated under a stream of nitrogen, the crude product
was dissolved in CH3CN/H20 (3:1, 5 mL, v/v) and purified by RP-HPLC
to afford final compound 13 as yellowish oil (2 mg, 2% overall yield
calculated from 10).
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4.4. Molecular modeling

Molecular docking of BPA311 was performed with the FLT3 DFG-in
model published previously [21] and with crystal structure of phos-
phorylated CDK9/cyclin T (PDB: 7NWK) co-crystalised with imidazo[4,
5-b]lpyridine ATP-competitive inhibitor.

Next, we prepared 3D structures of FLT3-CRBN and CDK9-CRBN
based on a previously published crystal complexes of BRD4-CRBN and
BTK-CRBN [36] constructed by molecular modelling in PRosettaC [37].
BTK was replaced by FLT3 or CDK9 based on structural alignment and
homologous complexes with increasing distance between kinase domain
and CRBN were obtained. These complexes were used as targets for
docking of the PROTAC to find the optimal distance between the kinase
and CRBN proteins in which both heads of the PROTAC were oriented
properly with same interactions as in docking into protein monomers.
The 3D structures of all compounds were obtained and their energy was
minimized by molecular mechanics with Avogadro 1.90.0, a software
for the characterization of chemical structures. Polar hydrogens were
added to ligands and proteins with the AutoDock Tools program [38]
and docking studies were performed using AutoDock Vina 1.05 [39].
Figures were generated using Pymol ver. 2.0.4 (Schrodinger, LLC).

4.5. Kinase-selectivity profiling

Protein kinase selectivity of BPA311 and PROTAC 13 was evaluated
at a single concentration (100 nM) by screening against 46 enzymes at
Eurofins Discovery.

4.6. Cell cultures and viability assay

Human cell lines were obtained from the German Collection of Mi-
croorganisms (MOLM-13, RS4-11, Kasumi-1, THP-1, U937), European
Collection of Authenticated Cell Cultures (K562), Cell lines service
(MV4-11) or were generously gifted by G. E. Winter (CRBN-deficient
MV4-11) and were cultivated according to the provider’s instructions.
Briefly, cells were maintained in RPMI-1640 medium (or DMEM for
K562) supplemented with 10% fetal bovine serum, penicillin (100 U/
mL), and streptomycin (0.1 mg/mL) at 37 °C in 5% COs.

For the viability assays, cells were treated in triplicate with six
different doses of each compound for 72 h. After treatments, resazurin
(Sigma Aldrich) solution was added for 4 h, and fluorescence of resor-
ufin corresponding to live cells was measured at 544 nm/590 nm
(excitation/emission) using a Fluoroskan Ascent microplate reader
(Labsystems). The GIs value, the drug concentration lethal to 50% of
the cells, was calculated from the dose response curves that resulted
from the assays.

4.7. Immunoblotting

Cell lysates were prepared, and then proteins were separated on SDS-
polyacrylamide gels and electroblotted onto nitrocellulose membranes.
After blocking, overnight incubation with specific primary antibodies,
and incubation with peroxidase-conjugated secondary antibodies,
peroxidase activity was detected with Super-Signal West Pico reagents
(Thermo Scientific) using a CCD camera LAS-4000 (Fujifilm). The spe-
cific antibodies were purchased from Cell signaling (anti-FLT3, clone
8F2; anti-phospho-FLT3 Y589/591, clone 30D4; anti-STATS5; anti-
phospho-STAT5 Y694; anti-ERK1/2; anti-phospho-ERK1/2 T202/Y204;
anti-PARP-1, clone 46D11; peroxidase-conjugated secondary anti-
bodies), Santa Cruz Biotechnology (anti-CDK9, clone D-7), DAKO (anti-
ubiquitin), Atlas Antibodies (anti-CRBN) or were generously gifted by
Dr. B. Vojtések (anti-PCNA, clone PC-10).

4.8. Flow cytometry

Asynchronously growing cells were seeded and, after a
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preincubation period, treated with tested compounds for 24 h. After the
staining with propidium iodide, DNA content was analyzed by flow
cytometry using a 488 nm laser (BD FACS Verse with software BD
FACSuiteTM, version 1.0.6.). Cell cycle distribution was analyzed using
ModFit LT (Verity Software House).

4.9. Caspase 3/7 assay

Cell lysates were incubated with 100 pM Ac-DEVD-AMC (Enzo Life
Sciences) as a substrate of caspases 3 and 7 in the assay buffer (25 mM
PIPES, 2 mM EGTA, 2 mM MgCly, 5 mM DTT, pH 7.3). The fluorescence
of the product was measured using a Fluoroskan Ascent microplate
reader (Labsystems) at 355/460 nm (ex/em).

Alternatively, cellular caspase-3/7 activity was measured according
to a previously published procedure [40]. Cells were cultivated in a
96-well plate and treated with increasing concentrations of compounds
for 16 h. After incubation, 3 x caspase-3/7 assay buffer (150 mM HEPES
pH 7.4, 450 mM NacCl, 150 mM KCl, 30 mM MgCl2, 1.2 mM EGTA, 1.5%
Nonidet P40, 0.3% CHAPS, 30% sucrose, 30 mM DTT, 3 mM PMSF)
containing 150 pM peptide substrate Ac-DEVD-AMC (Enzo Life Sci-
ences) was added. After 4 h incubation, the caspase-3/7 activity was
measured using a Fluoroskan Ascent microplate reader (Labsystems) at
346 nm/442 nm (ex/em).

4.10. RNA isolation and qPCR

Total RNA was isolated using RNeasy plus mini kit (QIAGEN) ac-
cording to the manufacture’s instruction, and RNA concentration and
purity was measured by DeNovix DS-11 spectrophotometer. RNA was
transcribed into first-strand cDNA using SensiFast cDNA Synthesis Kit
(Bioline). Quantitative RT-PCR was carried out on CFX96 Real-Time
PCR Detection System (Biorad) with a SensiFAST SYBR No-Rox Kit
(Bioline). The suitable primers were designed using Primer-BLAST [41]
and synthesized by Generi Biotech. Primary data were analyzed using
Bio-rad CFX Manager. Relative gene expression levels were deter-mined
using delta delta Ct method [42]. Expressions were normalized per
GADPH and RPL13A genes which were determined as the most stable by
RefFinder Software [43].

Used primers: BCL-2 (F: ATGTGTGTGGAGAGCGTCA; R: ACAGC-
CAGGAGAAATCAAACAG); FLT3 (F: GGAATGGGTGCTTTGCGATT; R:
CAGCACCTTATGTCCGTCCQ); GAPDH (F: TCCAAAAT-
CAAGTGGGGCGA; R: TGGTTCACACCCATGACGAA); HOXA9 (F:
CCTGACTGACTATGCTTGTGGT; R: ACTCTTTCTCCAGTTCCAGGG);
MEIS-1 (F: CGTCACAAAAAGCGTGGCAT; R: ATGGT-
GAGTCCCGTGTCTTG); MCL-1 (F: AGTTGTACCGGCAGTCG; R:
TTTGATGTCCAGTTTCCGAAG); MYB (F: TCTCCAGTCATGTTCCA-
TACCC; R: TGTGTGGTTCTGTGTTGGTAGC); MYC (F: TACAA-
CACCCGAGCAAGGAC; R: AGCTAACGTTGAGGGGCATC); RPL13A (F:
CGACAAGAAAAAGCGGATGG; R: TTCTCTTTCCTCTTCTCCTCCQ).
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