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Development of CDK2 and CDKS Dual Degrader TMX-2172
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Abstract: Cyclin-dependent kinase 2 (CDK2) is a potential
therapeutic target for the treatment of cancer. Development of
CDK? inhibitors has been extremely challenging as its ATP-
binding site shares high similarity with CDKI, a related kinase
whose inhibition causes toxic effects. Here, we report the
development of TMX-2172, a heterobifunctional CDK2 de-
grader with degradation selectivity for CDK2 and CDK5 over
not only CDK1, but transcriptional CDKs (CDK7 and CDK?9)
and cell cycle CDKs (CDK4 and CDK6) as well. In addition,
we demonstrate that antiproliferative activity in ovarian cancer
cells (OVCARS) depends on CDK2 degradation and correlates
with high expression of cyclin E1 (CCNE1), which functions as
a regulatory subunit of CDK2. Collectively, our work provides
evidence that TM X-2172 represents a lead for further develop-
ment and that CDK2 degradation is a potentially valuable
therapeutic strategy in ovarian and other cancers that over-
express CCNEI.

Introduction

Under normal growth conditions, entry into the cell cycle
is initiated by expression of cyclin D. Cyclin D activates the
cyclin-dependent kinases CDK4 and CDKG6, which in-turn
induces expression of genes required for cell cycle progres-
sion.l'! Completion of the G1-phase and entry into the DNA-
synthesis phase (S-Phase) of the cell cycle requires sequential
activation of CDK2 through engagement of cyclin E (CCNE)
and cyclin A.P! Activation of CDK1 through cyclin A and
cyclin B binding, as well as through additional post-transla-
tional events, is subsequently required for completion of the
G2 phase and mitotic phases of the cell cycle.”! Tissue
homeostasis is orchestrated in part through extensive regu-
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latory control over entry into and progression through the cell
cycle and cancer can develop through multiple events that
result in a loss of these regulatory controls. Ever since the
initial discovery of CDKs as key controllers of yeast cell
growth in the 1980s, there have been substantial efforts to
develop CDK-targeting therapeutics. Early CDK inhibitors
failed clinically due to unfavorable efficacy to toxicity
profiles; however, more recently several dual CDK4 and
CDKG6 inhibitors have achieved remarkable success in the
treatment of breast cancer.”) The development of selective
inhibitors of CDK1 and CDK2 have been stymied by the
similarity of their ATP-binding pockets and the observation
that potent CDK1 inhibition results in clinical toxicity."
These pharmacological findings are also consistent with
recent genome-wide CRISPR/Cas9 screens that demonstrate
that while CDK1 is a critical gene for proliferation of all cells,
deletion of CDK2 results in more selective antiproliferative
effects.’! Although CDK2 seems dispensable in vivo,'® recent
studies have suggested that CDK2 has many cell cycle
independent activities which cannot be compensated for by
CDK1." For example, an elevated level of CDK2, but not
CDK1, is responsible for differentiation escape in AML.®!
CDK?2 is a positive regulator of the DNA damage response
including homologous recombination, non-homologous end-
joining, and tumor suppressor p53.”! Cancer cells with CCNE
amplification, such as high grade serous ovarian cancers
(HGSOC), exhibit selective vulnerability to CDK2 inhib-
ition.["” Taken together, these findings indicate that a selective
CDK?2 inhibitor might have a therapeutic benefit.

Developing selective agents for other CDKs has also been
challenging. CDKS is an atypical CDK that is activated by
non-cyclin proteins, p35, p39 and their respective truncated
products p25 and p29.'"!" Although traditionally viewed as
a neuro-specific kinase,™? CDKS5 has recently emerged as
having understudied roles in cancer.!"! However, the lack of
efforts to develop CDKS5-selective research tool compounds
has impeded the target validation of CDKS.

There have been several previous efforts to develop
CDK?2 selective inhibitors using non-covalent, covalent, and
allosteric binding strategies.'”! For example, NU6300 is
a covalent CDK2 inhibitor that targets a lysine residue
located proximal to the ATP-binding pocket.'¥ However, the
ability of this compound to target CDK1 and other targets has
not been reported. Another study demonstrated that 8-
anilino-1-naphthalene sulfonate (ANS; structure shown in
Figure S1), a widely used fluorescent probe, is an allosteric
CDK?2 inhibitor.™ A fragment library screening effort
identified compound 1 (Figure S1) as an allosteric covalent
CDK2 binder with reported selectivity over CDK1.'l Re-
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cently, a virtual screening effort aimed at identifying com-
pounds that disrupt protein-protein interaction between
CDK2 and its negative regulatory protein CRIF1 identified
F1142-3225 (Figure S1)."”" Although potentially promising,
the full extent of potential off-target space of the allosteric
compounds reported thus far is yet to be determined and the
cellular activity and selectivity need further investigation and
optimization.

Small-molecule degraders, also known as PROteolysis
TArgeting Chimeras (PROTACs) are a targeting modality of
rapidly increasing importance."™ PROTACs are heterobi-
functional molecules that incorporate two chemical ,,arms®,
one that binds to the protein target of interest, and the other
that recruits an E3 ubiquitin ligase. The functional conse-
quence of this PROTAC-mediated ternary complex forma-
tion is target poly-ubiquitination and proteasomal degrada-
tion. The majority of reported PROTAC molecules employ an
existing inhibitor scaffold as the target-binding arm, and
incorporate either cereblon (CRBN) or Von Hippel-Lindau
(VHL) as the E3 ligase recruiting element. One of the key
benefits of degrader molecules is their increased selectivity
when compared to the parental inhibitor. For example,
a highly selective CDK9 degrader Thal-SNS-032 was devel-
oped based on a pan-CDK inhibitor SNS-032," and a CDK6-
selective degrader BSJ-03-123 was derived from the dual
CDKA4/6 inhibitor palbociclib.’”! Therefore, these previous
results suggest that a degrader-based strategy may lead to
selective agents for additional CDKs.

Here, we report the discovery of TMX-2172 that shows
high degradation selectivity for CDK2 and CDKS over other
cell cycle CDKs (CDK1, CDK4, and CDK6) and transcrip-
tional CDKs (CDK?7 and CDK?9). We demonstrate that TMX-
2172 exhibits antiproliferative activity against OVCARS, an
ovarian cancer cell line that overexpresses CCNE1. We show
that this activity depends on the ability of the compound to
degrade CDK2 but not CDKS, suggesting that TMX-2172
may represent a useful lead in the context of cancers with
CCNEI1 overexpression.

During the preparation of this manuscript, a CDK2
targeting PROTAC molecule (A9, Figure S1) was disclosed;
however, although A9 seems selective with respect to CDKS,
its selectivity amongst other CDKs, especially over its close
paralog CDK1, was not described.”"!

Results and Discussion

To identify an appropriate CDK2-targeting ligand for
development of a degrader, we queried our in-house library of
kinase inhibitors. Our selection criteria were: (1) single digit
nanomolar enzymatic IC5; on CDK2; and (2) molecular
weight below 500 Da. On this basis, we selected TMX-2039,
a pan-CDK inhibitor with low nanomolar enzymatic 1Css for
both cell cycle CDKs (CDK1, CDK2, CDK4, and CDK6) and
transcriptional CDKs (CDK7 and CDKY) (Figure 1). We
prepared an initial set of degrader molecules by conjugating
TMX-2039 through the solvent-facing sulfonamide position
via a PEG or an alkyl linker to an imide moiety that recruits
the CRL4“®BN ubiquitin ligase complex (Table 1). Biochem-
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Figure 1. Chemical structure of TMX-2039 and its CDK inhibitory
activities.

Tabelle 1: Biochemical ICsos of CDK1/2 for degraders.?
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[a] All the ICs, values were tested in duplicate, value ranges are shown in
Table S2 in the Supporting Information.

ical assays using CDK2/cyclin A and CDKl/cyclin B con-
firmed that this linker attachment strategy retained the
potency of the parental compound with ICs;s below 30 nm
(Table 1).

Next, we screened this series of compounds for CDK1 and
CDK?2 degradation in Jurkat cells at a concentration of 1 um
for a duration of 6 hours. Alkyl linked-PROTAC compounds
TMX-1160 and TMX-1162 induced CDK2 degradation, while
no CDK1 degradation was observed (Figure 2 A), despite the
potent inhibition in biochemical assays. We also observed that
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Figure 2. Immunoblot analysis of CDKs in Jurkat cells. A) Immunoblot
analysis of CDK1 and CDK2 treated with 250 nm of degraders for

6 hours. B) Immunoblot analysis of CDKs treated with the indicated
concentration of TMX-1160 for 6 hours.
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CDK?7 and CDK9 were not degraded under these conditions,
while CDK4 and CDK®6, as well as CDKS, were potently
degraded by TMX-1160 (Figure 2B). Although a different (or
cell type-dependent) degradation profile was obtained in
OVCARS cells, where CDK4 and CDK6 were not degraded
(Figure S2), we decided to optimize TMX-1160 to achieve
better degradation selectivity.

In general, based on previous work in this area, selectivity
of a PROTAC molecule could be improved through either
modifications of the target binding ligand and/or optimization
of the linker.”” In contrast to linker modifications that can
potentially affect both target binding and ternary complex
formation, modifications of the target-recruiting ligand pri-
marily affect target binding. Therefore, we chose to focus on
optimizing the binding selectivity of the TMX-2039 scaffold.
First, bicyclic groups were introduced to replace 5-amino-2-
fluorobenzamide to obtain TMX-2075, TMX-2076, and
TMX-2099, which failed to improve selectivity. Installing
a methyl and a spiro-cyclopropane group at the 4- or 3-
position of the piperidine ring (TMX-2105 and TMX-2106)
resulted in a significant activity loss on all CDKs. Finally,
replacing the piperidine ring with a phenyl ring resulted in
compounds that retained activity (TMX-3013 and TMX-
3012), and eventually led to TMX-3010 that exhibited
a hundred-fold discrimination for inhibiting CDK1, CDK2,
and CDKS5 over CDK4 and CDK6, as benchmarked to its
CDK?2 ICs, value (Table 2 and Table S3).

We used TMX-3013, TMX-3012, and TMX-3010 as
starting points for additional PROTACs featuring a PEG
linker and thalidomide as the CRBN-recruiting arm, resulting
in TMX-2138, TMX-2174, and TMX-2172, respectively. As
shown in Table 3, the linker moiety significantly impaired the
inhibitory activity on CDK4 and CDK®6, while single digit
nanomolar enzymatic ICs5s on CDK2 and CDKS were
maintained. TMX-2172 was shown to be the most selective

Tabelle 2: Biochemical 1Cs,s on CDKs of TMX-2039 analogs.
B
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Compound  CDK1®¥  cDk2®  cDKsY  CDK4¥  CDkeM
ICso[nM]  ICso[nM]  ICso[nM] 1Cso [nM]  1Csq [NM]
TMX-2075  365.0 75.3 154.0 124 127.0
TMX-2076  105.0 17.8 32.4 981 487.0
TMX-2099 3.7 0.6 <0.5 10.2 4.9
TMX-2105  1600.0 530.0 530.0 140.0 5100.0
TMX-2106  369.0 33.2 57.0 33.4 546.0
TMX-3013 0.9 <0.5 0.5 24.5 15.6
TMX-3010 1.2 0.7 0.9 135.0 84.1
TMX-3012 0.8 0.7 0.6 79.6 24.0

[a] w/cyclin B. [b] w/cyclin A. [c] w/p25. [d] w/cyclin D1. All the ICs,
values were tested in duplicate, value ranges are shown in Table S2 in the
Supporting Information.
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Tabelle 3: Chemical structures and CDKs inhibitory activities of de-

graders.
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ZXH-7035,R' =R2=H, R® = M
Compound TMX-2138  TMX-2172 ZXH-7035 TMX-2174
CDK1/cyclin B 8.7 203 8.9 8.9
1Cso [nM]
CDK2/cyclin A 10.9 6.5 2.2 8.1
1Cso [nM]
CDK5/p25 7.0 6.8 2.6 7.1
1G5 [nM]
CDK4/cyclin D1 901.0 7390.0 NDF 2880.0
1Cs0 [nM]
CDK6/cyclin D1 465.0 2220.0 ND 1130.0
1Cso [nM]
CDK7/cyclin H 286.0 2620.0 ND 343.0
1G5 [nM]
CDK9/cyclin T1 25.7 2640.0 ND 116.0
1Cso [nM]

[a] Not determined. All the 1Cs, values were tested in duplicate, value
ranges are shown in Table S2 in the Supporting Information.

against transcriptional CDKs. In a cellular CRBN engage-
ment assay, TMX-2172 exhibited an ICs, of 46.9 nMm, indicat-
ing its good cell permeability (Figure S5).% In Jurkat cells,
TMX-2172 induced CDK2 degradation at a concentration of
250 nM, whereas other cell cycle CDKs (CDK1, CDK4, and
CDKG6) as well as transcriptional CDKs (CDK7 and CDKJ9)
were not affected (Figure 3A). To confirm that CDK2
degradation was CRBN-dependent, we used CRBN-null
Jurkat cells as well as a negative control compound ZXH-
7035, containing a methylated glutarimide ring, which is
incapable of engaging CRBN. In both cases, no CDK2
degradation was detected, supporting a CRBN-dependent
mechanism for CDK2 degradation (Figure 3B and C). How-
ever, as shown in Figure 3 A, TMX-2172 retained the ability
to degrade CDKS.
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Figure 3. Immunoblot analysis of CDKs following treatment of Jurkat
cells with TMX-2172 and its negative control. A) Immunoblot analysis
of CDKs in Jurkat cells treated with TMX-2172 for 6 hours. B) Immuno-
blot analysis of CDK2 in CRBN-null Jurkat cells treated with TMX-2172
for 6 hours. C) Immunoblot analysis of CDK2 in Jurkat cells treated
with negative control ZXH-7035 for 6 hours.
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To more fully characterize the selectivity profile of TMX-
2172, we performed KINOMESscan, which profiles more than
400 kinases.” As shown in Data S1, 14 kinases exhibited
>99% inhibition by 1 um TMX-2172 compared to DMSO.
CDK2 was the only CDK that showed potent inhibition
(CDK1 is not included in KINOMEscan panel).

Next, we used a pulse-chase SILAC quantitative mass
spectrometry (MS)-based proteomic method?® to determine
the range of targets degraded by TMX-2172 in OVCARS
cells, a HGSOC cell line. As shown in Figure 4 A, three
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Figure 4. A) Proteome-wide degradation selectivity of TMX-2172 at
a dose of 250 nm in OVCARS after 6 hours treatment. B) Immunoblot
analysis of CDKs in OVCARS cells treated with TMX-2172 for 6 hours.

kinases CDK2, CDKS, and Aurora A, the top hits from
KINOMEscan, were found to be effectively degraded, while
the degree of degradation of the other three kinases RSK1
(RPS6KA1), JNK2 (MAPKY), and STK33 was relatively
weak. As shown in Figure 4B, both CDK2 and CDKS5 were
degraded in a dose dependent manner in OVCARS cells,
while other CDKs, including CDK1, remained intact. A
follow-up biochemical activity assay revealed an ICs, of
205.0 nm for Aurora A, and a higher concentration of TMX-
2172 (5 um) was needed to achieve observable degradation
under the same conditions (Figure S3). Given that Aurora A
levels are often reduced due to cell cycle arrest induced by
other targeted kinase inhibitors,”” we cannot rule out that the
degradation of Aurora A is caused by secondary effects rather
than direct degradation.

HGSOC often displays high CCNE1 expression and
a dependency on CDK?2 activity for proliferation. OVCARS
cells were found to express high levels of CDK2 relative to
other ovarian cancer cell lines (Figure S6) and were found to
be dependent on CDK2 in a CRISPR screening.”] We
therefore screened our first generation degrader, TMX-
1160, across 18 ovarian cancer cell lines and found that
OVCARS was amongst the most sensitive to growth rate
inhibition (Table S1). We next determined that the growth
rate inhibitory effect of the lead degrader TMX-2172 on
OVCARS cells was approximately 8.5-fold more potent than
the non-degrading control ZXH-7035, demonstrating that
degradation is an important component of the pharmacology
of this inhibitor (Figure 5). Although CDKS is also degraded
by TMX-2172, genome-wide CRISPR screening suggests that
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Figure 5. Growth rate inhibition in OVCARS cells treated with TMX-
2172 and ZXH-7035 for 72 hours.

CDKS5 deletion does not cause growth defects in OVCARS
cells.”! We confirmed independently that CDKS5 depletion by
shRNA-knockdown does not impede OVCARS cell growth,
suggesting that the ability of TMX-2712 to degrade CDKS is
not a major contributor to its antiproliferative activity in
OVCARS cells (Figure S4). Taken together, this suggests that
TMX-2172-mediated degradation of CDK2 is the major
mechanism by which TMX-2172 exerts antiproliferative
effects in OVCARS cells.

Selective targeting of CDK isoforms has been a long-
standing challenge in drug development, and a major limi-
tation for clinical development of CDK inhibitors. PROTACSs
have recently emerged as a new strategy that can improve
targeting selectivity of previously promiscuous
pounds."”?! This is, to a large extent, due to the requirement
that PROTACs engage not only the target, but also the
participant E3 ligase, in a way that results in a productive,
ubiquitination-competent ternary complex. Thus, intrinsic
differences in the target specific ubiquitination efficacy, and
protein-protein interactions with E3 ligase result in more
complex selectivity filters. For example, we and others
recently employed the PROTAC strategy to develop selective
degraders for CDK4 and CDK®6, two closely related CDKs for
which no isoform-selective inhibitors exist.’*! One of the
key obstacles to clinical targeting of CDK2 stems from off-
target effects on CDK1, which results in dose-limiting toxicity.
Here, we report the development and characterization of
TMX-2172, a CRBN-recruiting PROTAC that selectively
degrades CDK2 and CDKS5 while having no detectable
degradation effect on CDK1. Moreover, we demonstrate that
TMX-2172 does not degrade CDK4, CDK6, CDK7, and
CDK?9 by removing the ability of the pyrimidine kinase
inhibitor to bind to these targets.

com-

Conclusion

Our results using the HGSOC cell line OVCARS, which
harbors high levels of CCNEI1 (a well-established activator of
CDK?2), demonstrate that TMX-2172 had strong growth rate
inhibitory effects. To deconvolute CDK2- from CDKS5-based
effects in this cell line, we examined the effects of shRNA
mediated CDKS depletion and observed that CDKS knock-
down had no effect on the growth of OVCARS cells. These
results suggest that the phenotypic effects of TMX-2172 in
OVCARS cells are mainly driven by the loss of CDK2 rather

Angew. Chem. 2020, 132, 13969 —13974
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than CDKS. This is further supported by the results we
obtained when using a negative control compound, ZXH-
7035, that inhibits CDK?2 but does not lead to its degradation
due to the loss of CRBN binding. Taken together, we consider
TMX-2172 and ZXH-7035 to be an important addition to the
current tool set for studying CDK2 function, especially in
model systems with elevated CCNE]1 levels. Moreover, our
results suggest that CDK2 degradation may have therapeutic
benefits in ovarian cancer, although further efforts to improve
selectivity and drug-like properties will be needed to enable
pharmacological studies of CDK2 degraders in cancers.
Additionally, although it would require further validation,
we believe that TMX-2172 may be a useful preliminary
chemical tool to investigate CDKS5-dependent biology in
contexts where CDK2 is unlikely to play a role, such as in
CDK?2 deleted backgrounds, or in neurons post-mitosis,
where CDKS is known to play a critical role while other
CDKs are inactive or expressed.” This is of special
importance given that CDKS5-selective research tool com-
pounds and drug leads are not currently available. Several
investigations have noted the cell type-specific degradation
profiles for degrader molecules®™ and therefore it will be
critical to re-examine the degradation selectivity profile of
TMX-2172 in specific cell types of future interest.
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