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Abstract

Cyclin-dependent kinase 2 (CDK?2) is a potential therapeutic target for the treatment of hearing
loss and cancer. Previously, we identified AZD5438 and AT7519-7 as potent inhibitors of

CDKZ2, however, they also targeted additional kinases, leading to unwanted toxicities. Proteolysis
Targeting Chimeras (PROTACS) are a new promising class of small molecules that can effectively
direct specific proteins to proteasomal degradation. Herein we report the design, synthesis, and
characterization of PROTACs of AT7519-7 and AZD5438 and the identification of PROTAC-8, an
AZD5438-PROTAC, that exhibits selective, partial CDK2 degradation. Furthermore, PROTAC-8
protects against cisplatin ototoxicity and kainic acid excitotoxicity in zebrafish. Molecular
dynamics simulations reveal the structural requirements for CDK2 degradation. Together,
PROTAC-8 is among the first-in-class PROTACs with in vivo therapeutic activities and represents
a new lead compound that can be further developed for better efficacy and selectivity for CDK2
degradation against hearing loss and cancer.
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Introduction:

Hearing loss is a major health problem, affecting 1.57 billion people worldwide and the
number is estimated to be 2.45 billion by 2050 [1]. Hearing loss can be caused by different
insults such as the use of chemotherapeutic agents, antibiotics as well as noise, and aging.
The use of the chemotherapeutic agent cisplatin causes permanent high-frequency hearing
loss in 40-80% of treated cancer patients [2]. Despite extensive research on the mechanisms
of hearing loss, currently, there are no FDA-approved drugs available to prevent acquired or
age-related hearing loss. Most of the ongoing pre-clinical or clinical trials are only focused
on the use of antioxidants, vitamins, and glutathione antioxidants as putative therapeutic
compounds to prevent hearing loss [3]. More recently, a phase 3 clinical trial on the usage of
sodium thiosulfate (STS) to prevent cisplatin-induced hearing loss in pediatric patients with
localized hepatocarcinoma has been completed but it has not yet received FDA approval
[4-7]. Thus, identifying novel therapeutic interventions for acquired hearing loss is an
immediate unmet need.

Towards our continuous efforts to find the plausible mechanism of cisplatin-induced
ototoxicity, we have identified cyclin-dependent kinase 2 (CDK2) as a potential therapeutic
target. Our previous work revealed that the CDK2 inhibitors, AZD5438, AT7519, and
AT7519-7, can prevent cisplatin-induced ototoxicity /n vivo, with low nanomolar CDK2
inhibitory 1Csq values [8]. Furthermore, by employing a CDK2 knockout mouse model, we
demonstrated that the absence of CDK2 confers resistance to cisplatin- and noise-induced
hair cell loss [9]. Moreover, the inhibition or degradation of CDK2 has been the focus of
many studies seeking therapies for the treatment of various types of cancers [10-15]. Studies
employing AZD5438-based therapies demonstrated that hair cell loss was reduced /n vivo
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in zebrafish lateral line neuromasts, and when delivered orally to adult FVB mice [16].
However, although AZD5438 treatment is protective, it has also been shown that systemic
delivery can induce potential toxicity due to off-target effects, limiting its safety margin in
humans [17-19].

Targeted protein degradation is an emerging strategy to use small molecules to knock down
a specific protein by hijacking the ubiquitin-proteasome degradation system. Proteolysis
targeting chimera (PROTAC) is a bifunctional molecule comprised of a ligand for the
target protein and a ligand for E3 ligase recruitment, connected by a linker, representing

a novel drug discovery approach [20]. After the formation of a ternary complex (targeted
protein-ligand for the target protein-ligand for E3 ligase), the target protein is ubiquitinated
and degraded by the proteasome [21]. An attractive feature of PROTACS is their catalytic
mode of action, as one molecule can perform multiple rounds of target ubiquitination and
degradation [22]. Due to this feature of PROTACS, they can function at substoichiometric
receptor occupancies. Moreover, PROTACSs can add an extra layer of target selectivity, thus
providing highly selective degraders with reduced off-target effect [23—-24]. The mounting
interest in PROTAC drug discovery is also motivated by the potential to target proteins
considered “undruggable” via conventional medicinal chemistry approaches [25-37]. It
has been also observed that pan-CDK inhibitors have better efficacy when developed

as PROTAC:s to degrade a specific CDK protein. Recently, the pan-CDK inhibitors
SNS-032 and palbociclib were developed into highly selective CDK9 and CDK6 degraders
respectively [38-39]. AT7519- and TMX-2172-PROTACs [40] have been recently identified
as CDK2 degraders, but only TMX-2172 PROTAC was tested against CDK1 as well

[41]. This is important since CDK1 is a key component of cell cycle regulation and
proliferation, and its inhibition can lead to clinical toxicity [42].Recently Wang et al.
reported the discovery of CDK2 selective PROTACs which can degrade CDK2 in acute
myeloid leukemia (AML) cells in vitro but no in vivo effects were reported [43].

In this study we report the evaluation of PROTAC-8, an AZD5438-based PROTAC, that
shows selective proteasomal degradation of CDK2 over CDK1, CDK5, CDK7, and CDK9,
four closely related CDK proteins, in HEI-OC1 cells derived from neonatal mouse cochleae.
Molecular dynamics simulations provide the structural basis for specific interactions of
PROTAC-8 with CDK2 and E3 ligase. Furthermore, we show that PROTAC-8 degrades
CDK?2 and protects hair cells /n vivo in zebrafish models for cisplatin- and excitotoxin-
induced hair cell loss.

From our previous study [8], we selected the two best CDK2 inhibitors, AZD5438 and
AT7519-7 as our CDK2-targeting ligands for PROTAC design since they exhibit the best
protection against cisplatin-induced ototoxicity in mouse cochlear explants and /n vivo
mouse models (Fig. 1). In the design of PROTAC, the choice of E3 ligase and the selection
of target ligands and their conjugation are critical optimization variables. The most common
ligases successfully used in the design of PROTAC molecules are the von Hippel-Lindau
(VHL) protein complex CRL2VHL and the Cereblon (CRBN) complex CRL4CRBN [44-45].
Studies have shown that PROTACs made of the same target ligand but either VHL or
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CRBN ligands can exhibit different degradation selectivity and efficacy [26, 46-47]. In
some systems, CRBN-based degraders showed higher degradation efficiency or selectivity
than VHL-based analogs. These observations influenced us to develop VHL- and CRBN-
based degraders in parallel. Accordingly, a focused library of four PROTAC degraders

was synthesized by combining the CDK2 ligands with variable linkers (See Schemes 1
and 2 in supplemental material). The use of two proven E3 ligase recognition ligands,
pomalidomide and VH-032, for CRBN and VHL, respectively, also ensures non-toxicity
and high effectiveness of our strategy (Fig. 1) [48]. Nuclear Magnetic Resonance (NMR)
spectra of 1H and HPLC analyses to corroborate identity structure and purity are presented
in Supplemental Figures SIA-E.

We screened the synthesized PROTACs for CDK2 degradation in HEI-OCL cells incubated
for 24 hours with a wide range of concentrations, from 0.1 nM to 1 uM (Figure 2A). We
also included the two CDK2 ligands used in the PROTAC design, AZD5438 and AT7519-7.
From the initial screening, AZD5438-linked PROTAC with VH-032 as E3 ligase ligand,
(PROTAC-8,) induced around 50% CDK2 degradation at 100 nM concentration (Figure 2C)
while AZD5438 alone had no significant effect on the degradation. Treatment of HEI-OC1
cells with AT7519-7-linked PROTACS, i.e., PROTAC-9 and PROTAC-10, or AZD5438-
PROTAC with the CRBN ligand, PROTAC-7, did not show any CDK2 degradation (Figure
2A), nor changes in the abundance of any of the closely related CDKs (SI Figure 2). We
then tested whether PROTAC-8 degrades CDK1, CDK5, CDK?7 or CDKJ, and observed
that PROTAC-8 was selective for CDK2 degradation (Figure 2B—C), with a half maximal
degradation concentration (DCsgg) of ~100nM. PROTAC-8’s degradation effect was through
the proteasomal pathway, since co-incubation of the HEI-OCL1 cells with 100 nM of
PROTAC-8 and 300 nM of the proteasome inhibitor, MG-132, abolished CDK2 degradation
(Figure 2D).

Next, the structure and dynamics of the ternary complex formed by the association of the
E3 ligase, PROTAC-8, and CDK2 (pVHL-PROTAC-8-CDK?2) were studied by five 100 ns
independent molecular dynamics (MD) simulations using the AMBERff14SB force field
[49] as implemented in the YASARA package (Figure 3A) [50]. During simulations, both
CDK?2 and pVHL retained their X-ray structure and the complexes did not dissociate in
either trajectory. The relative movement of the two proteins was analyzed by calculating the
bond rotation around a1, a2, a3, and a4 dihedral angles using the GROMACS analysis
suite (Figure 3B) [51]. In all five MD simulations, a1, a2, and a3 showed high flexibility
by interchanging between trans, gauche(+) and gauche(-) conformations and they had
similar distribution (SI Figure 3A). The flexibility of the linker present in the PROTAC-8
molecule provided an independent movement of pVHL about CDK2. In contrast, in the case
of the a4 dihedral angle, the rotation about the bond that connects the linker to VH-032,
was rigid and stayed in gauche(-) conformation in four simulations (SI Figure 3B). This
rigidity most likely contributes to the stable binding between the E3 ligase pVHL and its
ligand, VH-032, present in PROTAC-8. The independent movement of the two proteins
docked to PROTAC-8 is further supported by the dynamic cross-correlation matrix (DCCM)
analysis [50, 52] of the MD simulations (SI Figure 4). In MD simulations 1-4, no correlated
movement was observed between pVHL and CDK2 (SI Figure 4A), only intradomain
correlated movements were observed as indicated by the red lines between Ca atom pairs
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within each protein. On the contrary, in MD simulation 5 beyond the intradomain correlated
movements, the two proteins moved in an anti-correlated manner as indicated by the blue
lines between Ca atom pairs between the two proteins (SI Figure 4B). This anti-correlated
movement coincided with gauche(+) conformation of a4 angle and indicates that such
conformation is most likely not advantageous for CDK2 ubiquitination. The independent,
noncorrelated movement of the protein provides the opportunity for pVHL to reach various
ubiquitination sites on CDK2. Such MD simulation analysis also provides a framework for
future design of optimized PROTACSs specific for CDK2.

Finally, we decided to test whether PROTAC-8-mediated CDK2 degradation occurs /n

vivo and whether it can prevent hair cell loss. For this purpose, 5 days post-fertilization
(dpf) zebrafish were treated with PROTAC-8 at different concentrations for 24 hours

and then, processed for degradation or protection studies (Figure 4). Experiments with
AZD5438 were run in parallel and used as controls for hair cell protection without CDK2
degradation. Results from these studies showed that fish exposed to 1uM of PROTAC-8
showed a significant decrease in CDK2 abundance (Figure 4A-B), with a DCg of

~100nM. Moreover, PROTAC-8 treatment protected neuromast hair cells from cisplatin- and
kainic acid-induced ototoxicity (Figure 4C-E). For cisplatin, PROTAC-8 showed significant
protection at doses doses ranging from 1nM to 1uM (Figure 4C, 4E) while for kainic acid
the protection was significant at doses ranging from 5nM to 100nM (Figure 4D-E). Overall,
both AZD5438 and PROTAC-8 were able to protect the zebrafish lateral line neuromasts
from cisplatin and kainic acid damage. While inhibition of CDK2 by AZD5438 might
contribute to the protective effect observed with PROTAC-8, the specific degradation of
CDK2 by PROTAC-8 provides a significant advantage over AZD5438 and promises a better
future for CDK2-PROTAC optimization against cisplatin- and noise-induced hearing loss.

Discussion

Our previous studies [8-9] implicated CDK?2 as a target for the prevention of acquired
hearing loss. However, CDK2 inhibitors can have off-target effects due to high similarities
among the different CDKSs’ active sites [41]. Furthermore, CDK2 may have kinase
independent, noncanonical activities underlying hearing loss and neutrophil migration that
cannot be targeted by the use of small molecule kinase inhibitors [9, 53]. We thus decided to
employ a targeted protein degradation strategy to identify compounds that will specifically
mark CDK2 for proteasomal degradation. For this purpose, we generated a focused library
of PROTACs. PROTAC:s are bifunctional molecules containing a ligand domain for the
protein of interest linked to a domain that corresponds to a ligand for E3 ligase [20]. In

the design of PROTACS, properties of the linker, such as length, composition, and site

of attachment, are known to be important but often their impact on activity varies in a
target- and context-dependent fashion [46, 54-56]. Moreover, small-molecule binders for
both the protein of interest and the E3 ligase are required. There are about six hundred
different E3 ubiquitin ligases in the human genome, but only several were successfully
used in the design of PROTACs [44-45]. The most common ligases successfully used

in the design of PROTAC are VHL and CRBN [44-45]. Given this information, we

initially synthesized four PROTAC molecules, two containing the VHL’s recognition ligand
VH-032, and two containing the CRBN'’s recognition ligand pomalidomide [48] linked
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to AZD5438 or AT7519-7. Of these four PROTACS, only PROTAC-8 (AZD5438-VHL),
significantly decreased CDK2 abundance without any effect on the related CDKs, CDK1,
CDKS5, CDK7, and CDK9. Surprisingly, PROTAC-7, a AZD5438-PROTAC containing

the CRBN ligand, did not show any effect on CDK2 abundance, suggesting that while
AZD5438 contributes to CDK?2 specificity, it is the E3 ligand, VH-032, the one that properly
positions CDK2 for E3 ligase-mediated ubiquitination and degradation. This was confirmed
by the requirement of MG132 for PROTAC-8’s proteasomal degradation of CDK2. MD
simulations and computational analysis of the structure and dynamics of the ternary complex
formed by the CDK2, PROTAC-8, and E3 ligase confirmed that, while the linker present

in PROTAC-8 provides the necessary rigidity for the E3 ligase to bind to its ligand, it also
allows the independent movement of the E3 ligase and CDK2. This independent movement
provides the opportunity for the E3 ligase to ubiquitinate CDK2, marking it for proteasomal
degradation. Based on this MD simulation analysis, we will be able to optimize the design
and synthesis of more efficacious PROTAC-8 derivatives for CDK2 degradation.

The CDK2 specificity of AZD5438 is most likely the contributing factor for the specificity
of PROTAC-8 to CDK?2 [42]. Although the degradation in HEI-OC1 cells was only around
50%, the selectivity of PROTAC-8 encouraged us to go further in its characterization. Thus,
we tested PROTAC-8 in vivo in zebrafish models for ototoxicity. We found that similar to
AZD5438, PROTAC-8 was able to protect neuromast hair cells from cisplatin- and kainic
acid-induced ototoxicity [57-58]. Moreover, while AZD5438 did not show any reduction in
CDK?2 abundance at the different doses tested in our experiments, treatment with 1uM of
PROTAC-8 resulted in the significant degradation of CDK2. Although we cannot completely
rule out the possibility that PROTAC-8 is protecting the hair cells through CDK2 inhibition
via AZD5438, the fact that we also observed degradation of CDK2, strongly points to a dual
function for PROTAC-8 that includes both inhibition and degradation of CDK2.

In summary, to our knowledge, this is the first time a PROTAC strategy has been used

as a treatment to prevent acquired hearing loss. Although PROTAC has been the focus of
many studies associated with cancer therapies [25-37], nothing has been done in the hearing
field. Moreover, very few PROTACS have demonstrated in vivo physiological activities. In
the present work, we showed that when CDK2 is specifically degraded, hair cells became
resistant to ototoxic insults both in vitro and in vivo. Future studies employing MD and
zebrafish testing will help in the development of better PROTAC-8 derivatives with higher
CDK2 degradation properties at lower concentrations.

Conclusions

PROTACS are a new promising class of small molecules that can effectively degrade the
specific protein targets; however, few have been demonstrated to have in vivo physiological
effects. Here, we designed and synthesized a library of PROTACs based on known CDK2
inhibitors. Of this library, PROTAC-8 acts as a specific CDK2 degrader with no effect on
other closely related CDKSs. In vivo zebrafish models for cisplatin- and kainic acid-induced
ototoxicity, demonstrated PROTAC-8 protects hair cells from their deleterious effects,
underscoring PROTAC-8’s therapeutic potential. MD simulations reveal structural basis for
PROTAC-8 as a CDK2-specific degrader and provide a framework for the development of
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novel and more potent PROTAC-8 derivatives that aim to prevent and treat hearing loss and
various cancers.

Experimental Section

Overall strategy

Chemistry

We selected the well-known PEG and alky! type linkers because of their versatility and
flexibility, and we incorporated a triazole into the linker to take advantage of a streamlined
synthetic approach utilizing click chemistry in order to access many linker lengths along
with various combinations of CDK2 ligand and E3 ligand [59]. We used crystal structures
of the known CDK2 ligand (AT7519 (Selleckchem Cat: S1524), pdb code: 2VU3 and
AZD5438 (Selleckchem, Cat: S2621), pdb code: 6GUH) bound in the CDK2 active site

in order to determine where the linker should be attached, and what parts of the bound
molecule were solvent exposed and could potentially serve as an anchor point for the linker.
In PROTAC-7 and PROTAC-8, we did not directly attach the triazole to the methyl sulfone
of AZD5438 because of the potential for a steric clash between the triazole and the protein
surface. Instead, we extended the alkyl chain by two additional carbons to allow for some
breathing room away from the CDK2 protein surface.. This short alkyl chain would also
allow for greater flexibility for the linker after clearing the protein surface. Similar principles
were applied to PROTAC-9 and PROTAC-10, although synthetic feasibility and commercial
material availability were also in consideration for this case. For linker length, we used

a mix of long and short linkers (9—17 atoms) according to multiple publications on the
optimization of PROTAC linkers [60-67].

All reactions were carried out in flame-dried flasks with magnetic stirring. Unless otherwise
noted, all experiments were performed under a nitrogen atmosphere. All reagents were
purchased from Sigma Aldrich, Acros Organics, Fisher Scientific, or Alfa Aesar. Solvents
were treated with 4 A molecular sieves and distilled before use. Purifications of reaction
products were carried out by column chromatography using Chem Lab silica gel (230-400
mesh). IH NMR spectra were recorded with tetramethylsilane (TMS) as internal standard at
ambient temperature unless otherwise indicated Bruker 500 MHz for 'H NMR (S| Figures
1). Chemical shifts are reported in parts per million (ppm) and coupling constants are
reported as Hertz (Hz). Splitting patterns are designated as singlet (s), broad singlet (bs),
doublet (d), triplet (t). Splitting patterns that could not be interpreted or easily visualized are
designated as multiple (m). Final compounds used in the study were more than 95% pure.

2-(2,6-dioxopiperidin-3-yl)-4-((2-(2-(2-(2-(4-(3-((4-((4-(1-isopropyl-2-methyl-1H-
imidazol-5-yl)pyrimidin-2-yl)amino)phenyl)sulfonyl)propyl)-1H-1,2,3-triazol-1-
yl)ethoxy)ethoxy)ethoxy)ethyl)amino)isoindoline-1,3-dione (PROTAC-7): To

a mixture of 4-(1-isopropyl-2-methyl-1A-imidazol-5-yl)- V-(4-(pent-4-yn-1-
ylsulfonyl)phenyl)pyrimidin-2-amine (8 mg) and 4-((2-(2-(2-(2-
azidoethoxy)ethoxy)ethoxy)ethyl)amino)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione
(9 mg) in DMSO (450 uL) and water (300 pL) was added copper sulfate (3.4

mg), followed by a solution of sodium (R)-5-((S5)-1,2-dihydroxyethyl)-4-hydroxy-2-oxo-2,5-
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dihydrofuran-3-olate (8.5 mg) in water (150 pL). The mixture was stirred at rt for 20 h.

The mixture was filtered rinsing with a small amount of DMSO (1 mL) and then purified by
prep HPLC to give the product as a yellow solid (3.6 mg, 21% yield). 1H NMR (500 MHz,
Methanol-d,) & 8.45 (d, J= 5.2 Hz, 1H), 8.42 (bs, 1H), 7.96 — 7.94 (m, 2H), 7.79 - 7.76 (m,
3H), 7.50 (dd, /= 8.5, 7.1 Hz, 1H), 7.43 (s, 1H), 7.13 (d, /= 5.2 Hz, 1H), 7.02 (dd, J= 14.6,
7.8 Hz, 2H), 5.75 (p, J= 7.1 Hz, 1H), 5.02 (dt, /= 12.8, 6.3 Hz, 1H), 4.48 — 4.46 (t, /= 5.2
Hz, 2H), 3.82 - 3.80 (t, /= 5.2 Hz, 2H), 3.68 (t, /= 5.2 Hz, 2H), 3.62 — 3.59 (m, 2H), 3.58
- 3.56 (m, 2H), 3.55 (s, 4H), 3.45 (t, /= 5.2 Hz, 2H), 3.23 - 3.19 (m, 2H), 2.88 — 2.81 (m,
1H), 2.78-2.74 (m, 2H), 2.71 - 2.68 (m, 1H), 2.58 (s, 3H), 2.11 - 1.97 (m, 4H), 1.54 (d, J=
7.1 Hz, 6H).HRMS (ESI) m/z calcd for C43H51N1109S (M+H)+ 898.3670, found 898.3677.

(2S,4R)-4-hydroxy-1-((S)-2-(2-(2-(4-(3-((4-((4-(1-isopropyl-2-methyl-1H-
imidazol-5-yl)pyrimidin-2-yl)amino)phenyl)sulfonyl)propyl)-1H-1,2,3-
triazol-1-yl)ethoxy)acetamido)-3,3-dimethylbutanoyl)-N-(4-(4-methylthiazol-5-
yl)benzyl)pyrrolidine-2-carboxamide (PROTAC-8): To a mixture of 4-(1-isopropyl-2-
methyl-1AH-imidazol-5-yl)- A-(4-(pent-4-yn-1-ylsulfonyl)phenyl)pyrimidin-2-amine (8

mg) and (25,4 R)-1-((5)-2-(2-(2-azidoethoxy)acetamido)-3,3-dimethylbutanoyl)-4-
hydroxy- N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (10 mg)

in DMSO (450 pL) and water (300 pL) was added

copper sulfate (3.2 mg), followed by a solution of sodium (/)-5-((S)-1,2-dihydroxyethyl)-4-
hydroxy-2-oxo-2,5-dihydrofuran-3-olate (8 mg) in water (150 pL). The mixture

was filtered, rinsing with a small amount of DMSO, and purified by prep HPLC. White
solid (5.4 mg, 31% yield). 1H NMR (500 MHz, Methanol-a;) & 8.84 (s, 1H), 8.45 (d, J=
5.2 Hz, 1H), 7.96 (d, /= 8.8 Hz, 2H), 7.82 (s, 1H), 7.78 (d, J= 8.9 Hz, 2H), 7.47 — 7.41 (m,
3H), 7.39 (d, /=8.4 Hz, 2H), 7.13 (d, /= 5.2 Hz, 1H), 5.82 - 5.67 (m, 1H), 4.67 — 4.56 (m,
4H), 4.50 (d, J=15.4 Hz, 1H), 4.37 (d, /= 15.5 Hz, 1H), 4.07 — 3.97 (m, 2H), 3.97 - 3.90
(m, 2H), 3.87 - 3.75 (m, 2H), 3.23 - 3.15 (m, 2H), 2.79 (t, J= 7.5 Hz, 2H), 2.59 (d, /= 3.6
Hz, 3H), 2.44 (s, 3H), 2.28 - 2.19 (m, 1H), 2.12 - 1.97 (m, 3H), 1.56 - 1.52 (m, 6H), 0.98
(s, 9H). HRMS (ESI) m/z calcd for C4gHgoN1207S, (M+H)* 981.4228, found 981.4227.

4-(2,6-difluorobenzamido)-N-((1r,4r)-4-((1-(2-(2-(2-(2-((2-(2,6-dioxopiperidin-3-
yh)-1,3-dioxoisoindolin-4-yl)amino)ethoxy)ethoxy)ethoxy)ethyl)-1H-1,2,3-
triazol-4-yl)methoxy)cyclohexyl)-1H-pyrazole-3-carboxamide (PROTAC-9): To

a mixture of 4-(2,6-difluorobenzamido)-A-((1r,4n-4-(prop-2-yn-1-
yloxy)cyclohexyl)-1AH-pyrazole-3-carboxamide (8 mg) and 4-((2-(2-(2-(2-
azidoethoxy)ethoxy)ethoxy)ethyl)amino)-2-(2,6-dioxopiperidin-3-yl)isoindoline-1,3-dione
(10.4 mg) in DMSO (450 pL) and water (300 pL) was

added copper sulfate (3.6 mg), followed by a solution of sodium
(R)-5-((5)-1,2-dihydroxyethyl)-4-hydroxy-2-oxo-2,5-dihydrofuran-3-olate (8.9 mg) in water
(150 pL). The mixture was stirred at rt for 20 h. Water (5 mL) was added, and the mixture
was extracted with EtOAc (3 x 5 mL). The organics were dried over NaySQOy, filtered, and
concentrated. Flash chromatography (CH,Cl,:MeOH (0 to 10%)) gave the title compound as
a yellow solid (5 mg, 29%). 1H NMR (400 MHz, Methanol-dj) 6 8.33 (s, 1H), 7.99 (s, 1H),
7.61 - 7.46 (m, 2H), 7.16 — 7.10 (m, 2H), 7.05 (dd, /= 13.3, 7.8 Hz, 2H), 5.03 (dd, J= 12.4,
5.5 Hz, 1H), 4.60 (s, 2H), 4.57 - 4.51 (m, 2H), 3.88 — 3.83 (m, 2H), 3.71 (t, /= 5.2 Hz, 2H),
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3.66 — 3.60 (M, 4H), 3.59 (s, 4H), 3.48 (t, J= 5.2 Hz, 2H), 3.43 (dd, /= 9.7, 5.4 Hz, 1H),
2.92 - 2.78 (m, 1H), 2.78 — 2.62 (m, 2H), 2.11 - 2.07 (m, 2H), 1.96 (s, 2H), 1.48 — 1.27
(m, 6H). HRMS (ESI) m/z calcd for CqqHagFoN1gO10 (M+H)* 877.3445, found 877.3444.

4-(2,6-difluorobenzamido)-N-((1S,4r)-4-((1-(2-(2-(((S)-1-((2S,4R)-4-
hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidin-1-yl)-3,3-
dimethyl-1-oxobutan-2-yl)amino)-2-oxoethoxy)ethyl)-1H-1,2,3-triazol-4-
yl)methoxy)cyclohexyl)-1H-pyrazole-3-carboxamide (PROTAC-10): To

a mixture of 4-(2,6-difluorobenzamido)-A-((1+4r)-4-(prop-2-yn-1-yloxy)cyclohexyl)-1+-
pyrazole-3-carboxamide (8 mg) and (25,4 R)-1-((S)-2-(2-(2-azidoethoxy)acetamido)-3,3-
dimethylbutanoyl)-4-hydroxy- N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide
(10 mg) in DMSO (450 pL) and water

(300 pL) was added copper sulfate (3.2 mg), followed by a solution of sodium
(R)-5-((5)-1,2-dihydroxyethyl)-4-hydroxy-2-oxo-2,5-dihydrofuran-3-olate (8 mg) in water
(150 pL). The mixture was diluted with EtOAc (10 mL) and water (10 mL) and the layers
were separated. The aqueous layer was extracted with EtOAc (3 x 10 mL). The combined
organics were washed with brine (10 mL), dried over Na,SQy, filtered, and concentrated.
Flash chromatography in CH,Cl,/MeOH (1-12%) provided the desired product

as colorless oil (4.1 mg, 24% yield). IH NMR (500 MHz, Methanol-aj) & 8.87 (s, 1H),
8.33 (s, 1H), 8.05 (s, 1H), 7.57 (tt, /= 8.4, 6.3 Hz, 1H), 7.48 — 7.40 (m, 4H), 7.13 (t, /=8.4
Hz, 2H), 4.70 — 4.61 (m, 5H), 4.61 — 4.47 (m, 3H), 4.37 (d, /= 15.4 Hz, 1H), 4.07 - 3.99
(m, 2H), 3.99 - 3.94 (m, 2H), 3.88 — 3.77 (m, 3H), 3.47 — 3.40 (m, 1H), 2.47 (s, 3H), 2.26
-2.18 (m, 1H), 2.14 - 2.01 (m, 4H), 1.96 (d, /= 12.8 Hz, 1H), 1.44 - 1.35 (m, 4H), 1.01
(s, 9H). HRMS (ESI) my/z calcd for C4gHg5F2N110gS (M+H)* 960.4002, found 960.4002.

HEI-OC1 experiments

Animals

HEI-OCL1 cells were maintained in DMEM with 10% of Fetal bovine serum at 33°C in a
10% CO5 atmosphere. Cells were plated in 6-well plates (60,000 cells per well) 24 hours
before the initiation of the experiment and then incubated for an additional 24 hours with
0.1 nM to 1 uM of PROTACS 7-10, AZD5438 or AT519-7. Cells were harvested in RIPA
buffer (NaCl 150 mM, Tris-HCI 50 mM, Nonidet-40 1%, Sodium deoxycholate 0.5%, SDS
0.1%, pH 7.4) containing protease (Sigma-Aldrich, MO P8340) and phosphatase inhibitors
(ThermoFisher, CA, A32957) for immunoblot analysis.

In the case of the proteasome inhibitory studies, HEI-OCL1 cells were incubated with
PROTAC-8 100 nM with or without MG-132 (300 nM, Calbiochem, MO, 474790), for

24 hours. Lysates were prepared after a 24-hour incubation and processed for Western blot
analysis.

Four days post-fertilization (dpf) zebrafish (Danio rerio) larvae were obtained by pair mating
of adult TUAB fish maintained at Creighton University by standard methods approved by the
Institutional Animal Care and Use Committee. Experimental fish were maintained at 28.5°C
in E3 media (5 mM NaCl, 0.17 mM KClI, 0.33 mM CaCl2 and 0.33 mM MgSOy, pH 7.2)
until the day of the experiment.
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In vivo experiments

Cisplatin studies: Four days post-fertilization (dpf) fish were pre-incubated with different
concentrations of PROTAC-8 or AZD5438 (0.1 nM to 1 pM) for 24hrs in E3 media.

The next day animals were co-incubated with PROTAC-8 or AZD5438 and cisplatin
(Millipore Sigma, 479306) 400 uM for 6 hours [57]. At the end of the incubation, fish

were transferred to fresh E3 media, led to recover for 1 hour, and fixed overnight with

4% paraformaldehyde. Animals were immunostained for the hair cell marker, otoferlin
(HCS-1, DSHB), and process for fluorescence microscopy. Otic, middle, and opercular
neuromasts were identified, and hair cells were manually counted using a Zeiss AxioSkop 2
fluorescence microscope with a 40x oil objective.

Kainic acid studies: Fish was pre-incubated with PROTAC-8 or AZD5438 as described
above. The next day fish were transferred to a fresh solution of kainic acid 300 pM for

50 min, led recover in fresh E3 media for 2 hours, and fixed with 4% paraformaldehyde.
Animals were processed for immunofluorescence analysis as described for the cisplatin
treatments.

After the 24 hours incubation with PROTAC-8 and before the incubation with the ototoxin,
some fish were collected for immunoblot analysis of CDK2 abundance.

Stock solutions for PROTAC-8, AZD5438, and cisplatin were prepared in DMSO. Control
animals were exposed to 0.1% DMSO in E3 media. Images were taken employing a Zeiss
LSM 710 confocal microscope with a 63x oil objective.

CDKs immunoblot assays

For the calculation of CDKs abundance, immunoblots were performed in HEI-OC1 cells
and zebrafish treated with PROTACS as described before [57]. Briefly, 20-30 ug of protein
were used per lane. Membranes were blocked for 1 hour at room temperature with 3%
milk followed by overnight incubation with the primary antibody in 3% milk. After several
washes and the secondary incubation for 1 hour, membranes were developed employing an
iBright FL1000 (ThermoFisher, CA). Immunoblots were stripped and probed for -actin as
the loading control. Specific bands were quantified using ImageJ (NIH).

70 be noted: Since AZD5438 was developed as a specific inhibitor for CDK1, CDK2 and
CDKO9 [18], we characterized PROTAC-8’s degradative effect against these three CDKSs.
Additionally, CDKS5 was included because of its closer phylogenetical origin, while CDK7
served as a control for off-target effect since it is distantly related to CDK2

Primary antibodies: rabbit anti-CDK2 dilution 1:500 (CST, MA, #2546), rabbit anti-CDK5
dilution 1:1,000 (CST, MA, #2506), rabbit anti-CDK9 dilution 1:1,000 (CST, MA, #2316),
rabbit anti-CDK1 dilution 1:1,000 (ABclonal, MA, #A11420), mouse anti-p-actin dilution
1:2,000 (Sigma-Aldrich, MO, A5441).

Confocal imaging

For the screening of the effect of PROTAC-8, neuromast hair cell counts were performed
manually, employing a Zeiss AxioSkop 2 fluorescence microscope with a 40x oil objective.
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Confocal imaging was performed using a Zeiss LSM 710 confocal laser scanning

image system with a 63x oil objective. Images were captured at room temperature with
automatically set sectioning. The acquired images were processed with ZEN black edition
software. Z-stack images are presented as flat Z~projections.

Molecular dynamics (MD) simulations

Statistics

Using the X-ray structures of the CDK2-AZD5438 complex (PDB i.d. 6GUE) and the
pVHL-VH-032 complex (PDB i.d. 5SNW0) PROTAC-8 was built on the 6GUE structure in
YASARA [50] and the apo-pVHL was docked on the complex. The structure of the pVHL -
PROTAC-8 - CDK?2 ternary complex was then energy-minimized using the AMBERff14SB
[49] and the GAFF [70] parameter sets. After energy minimization, the pVHL - PROTAC-8
- CDK?2 ternary complex was solvated with 154 mM aqueous NaCl solution inan 11.3

nm x 11.3 nm x 11.3 nm cubic box and the energy of the system was minimized again.

MD simulations (100 ns) were performed in an NPT ensemble at 1 atm pressure and 310

K. Integration time was 2 fs, bonds for pVHL - PROTAC-8 - CDK2 ternary complex and
water were constrained with the LINCS [71] and SETTLE [72] algorithm, respectively. The
non-bonded cut-off was 0.8 nm and the long-range electrostatic was treated with the PME
method [73].

For HEI-OC1 cells and fish experiments, one-way ANOVA followed by Dunnett’s multiple
comparisons test was performed using GraphPad Prism version 8.2.0 software. P values
less than 0.05 were considered significant. Results are expressed as mean + SEM. For the
experiments performed with fish, 6-8 fish were used per experiment. Western blots were
performed 2 to 3 times employing 3 different biological replicates. Zebrafish experiments
were performed 3 times.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Pomalidomine

PROTACs with CDK2 inhibitors (AZD5438 and AT7519-7), linkers and E3 ligase ligands
(Pomalidomide and VH-032) used in this study. Pomalidomide and VH-032, have been well
studied and by themselves did not show much toxic effects while CRBN based degraders
can recruit neo-substrate degradation (e.g. SALL4 for limb deformation) that can cause

toxicity [60-67, 74].
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Figure 2: Evaluation of PROTAC-7-10 treatment results in CDK2 degradation.
A) Representative immunoblots from HEI-OC1 cells treated with 0.1nM to 1pM of

PROTACS 7-10, AZD5438, or AT7519-7 for 24 hours. neg ctrl = Kidney lysate of CDK2
knock-out mice used as a negative control for CDK2 immunoblots only; B) HEI-OC1 cell
lysates were immunoassayed for CDK1, CDK5, CDK7, and CDK®. p-actin was used as
loading control (similar incubation conditions were used as in 1A); C) Quantification of the
corresponding CDK?2 bands from three independent experiments. Kruskal-Wallis followed
by Dunn’s post hoc test was used for comparison between the groups; *P < 0.05; **P <
0.01; D) Representative western blot of HEI-OC1 cell lysate after 24 hours of treatment with
combinations of MG-132 and PROTAC-8. Doses higher than 1uM were not tested due to the
known hook effect of PROTACS at high concentrations [20].
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PROTAC-8

Figure 3: Structure of pVHL - PROTAC-8 - CDK2 ternary complex.
A) Ribbon representation of the energy-minimized structure of the pvVHL - PROTAC-8 —

CDK2 ternary complex. pVHL (grey) connected through PROTAC-8 to CDK?2 (orange);
B) Definition of al, a2, a3, and a4 dihedral angles used for determination of the relative
movement of the two proteins in the ternary complex

Eur J Med Chem. Author manuscript; available in PMC 2022 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hati et al.

Page 22

=
A = = c
= £ = = . S
= 2 c c S =] =]
o o - () - b= -
g — —— PROTAC-8
8 S ——— e | AZD5438 c
— — e — e = 15 w Cis 400uM wo Cis 400pM

O

Number of HCs per neuromast

B-actin 15 w Cis 400uM wo Cis 400uM

%
©
€
s (] 9
B S 20q £ 3
] s €10
» _ * 5 5
g8 .
X% 1.54 g ¢
o © 8 “
2e ¢ e
S5 1.0 kS @
e 5 £
£3 5 .
] g 0.5 = ot
@ c g
o €
& o0 S
o O\
&(& N e @Q\@ PROTAC-8 (M) AZD5438 (uM)
® [Conc.] nM
KA+PROTAC-8 KA+PROTAC-8
PROTAC-8 (uM) AZD5438 (uM) Control Kainic Acid (KA) 0.1nM 1nM
15 ' i [ P
¢ ] b4 % [ oz
* 1 * 3(: : N * x
L ' '
' '
' '
107 ' '
' '
' '
] ] KA+PROTAC 8 KA+PROTAC-8 KA+PROTAC-8 KA+PROTAC-8
: : 10nM 100nM 1000nM
51 ' '
' '
' '
1 '
' '
' '
EXY 88 2¢2¢ 88 2=
= 83 s 83 =0
8 =3 o

Figure 4. In vivo evaluation of PROTAC-8.
A) Representative immunoblots from the treatment of zebrafish with PROTAC-8 from

0.1nM to 1uM for 24 hours. Although CDK2 abundance seems to be reduced for some of
AZD5438 concentrations (i.e., 5 nM and 10 nM), the normalization and quantification data
did not show any significant differences compared to control samples.; B) Quantification

of the corresponding CDK2 bands from three independent experiments. Kruskal-Wallis
followed by Dunn’s post hoc test was used for comparison between the groups where *P <
0.05; **P < 0.01; C) The number of hair cells per neuromast was quantified after treatment
with PROTAC-8 (left) or AZD5438 (right) in the presence or absence of 400uM of Cisplatin.
Results are expressed as mean + SEM. Statistical analysis: 1-way ANOVA with correction
for Dunnett’s multiple comparisons test. **P < 0.01; ***P < 0.001; ****P < 0.0001

versus cisplatin treatment; Black bar: media-treated control; white bar: cisplatin-treated
control; D) The number of hair cells per neuromast was quantified after pre-treatment

with PROTAC-8 or AZD5438 followed by kainic acid (KA) 300uM for 50min. Results are
expressed as mean £ SEM. Statistical analysis: 1-way ANOVA with correction for Dunnett’s
multiple comparisons test. **P < 0.01; ***P < 0.001; ****P < 0.0001 versus KA alone; E)
Representative images of 5 dpf zebrafish pretreated with PROTAC-8 (0.1nM-1uM) followed
by incubation with KA.
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