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PROTACs based on two selective, FDA approved, CDK4/6 inhibitors
were formed. One of them, based on palbociclib, potently initiates
degradation of these CDK proteins, and suppresses
phosphorylation of retinoblastoma protein (Rb) leading to cell cycle
arrest. These PROTACs are active at nanomolar concentrations,
and appear to be the first for CDK4/6.

Cyclin dependent kinases (CDKs) are critical for cell cycle
regulation. Cell cycle arrest in cancer could suppress tumor growth
and metastasis, so inhibition of the CDKs is an active research
area.'? The first inhibitors had little or no selectivity between the
various members of the series, and they were relatively
unsuccessful in pharmaceutical development. Emergence of the
first selective CDK4/6 inhibitors, however, changed the research
landscape completely.3-5 In 2015, palbociclib (IBRANCE®) received
accelerated approval from the US Federal Drug Administration for
use in a combination therapy for estrogen receptor-positive, HER2-
negative advanced breast cancer; such approval is only granted
when substances show exceptional efficacy in treatment of
diseases for which there is an urgent unmet need. A second
selective CDK inhibitor, ribociclib (KISQALI®), was approved in
2017 for treatment of the same cancer sub-type. As of today,
palbociclib and ribociclib feature in at least 20 ongoing clinical trials
for treatment of cancers of breast metastases, non-small cell lung,
prostate, pancreas and brain (glioblastoma), so there is justifiable
optimism surrounding the likely long-term clinical impact of these
drugs.

Both palbociclib and ribociclib selectively inhibit CDK 4 and 6 over
others. CDK4/6 are important in the G1-S phase of cell cycling,
wherein they trigger a sequence of events leading to
phosphorylation of retinoblastioma (Rb) protein.  Failure to

e Department of Chemistry

Texas A & M University

Box 30012, College Station, TX 77841-3012 (USA)

Fax: (+1) 979-845-8839

E-mail: burgess@tamu.edu
Electronic Supplementary Information (ESI) available: [details of any supplementary
information available should be included here]. See DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

Bosheng Zhao? and Kevin Burgess*?

phosphorylate Rb leads to arrested cell development in ways that
have been proven to be valuable in chemotherapy.®

PROteolysis TArgeting Chimeras (PROTACs) are hybrids of two
molecular fragments: one to bind a protein targeted for
ubiquitination, and another to dock with an E3 ubiquitin ligase.”®
These chimeras can force the targeted protein and E3 ligase to
become proximal, this can initiate ubiquitination then proteolysis of
the target in the proteasome. A compelling feature of PROTACs is
their potential to act catalytically in the cell, hence they can be even
more effective than suicide inhibitors that permanently inactivate
enzymes with 1:1 inhibitor:protein stoichiometries.®

-+ .

Fig. 1 (a) Central hypothesis of this paper is depletion of CDK4/6 via PROTACs. X-ray
structures of CDK6 co-crystallized with palbociclib (b, PDB: 5L21) and ribociclib (c, PDB:
5L2T).
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Approaches involving PROTACs are mechanistically distinct from
others involving inhibition of kinases, because they instead involve
its destruction. Recently, there have been reports of PROTACs
applied to CDK9,"" and some degraders of CDK8.'2 These reports
prompted us to reveal our studies on PROTACs based on
palbociclib and ribociclib (Fig. 1a). Fig. 1b and 1c show
crystallographic data for palbociclib and ribociclib bound to CDK®6.
Both kinase inhibitors project a free piperazine-N into solvent,
leading us to hypothesize that site could be conjugated to an E3
ligase ligand. Consequently, we set out to prepare conjugates of
pomalidomide (pom, a E3 ligase ligand) to palbociclib and to
ribociclib, and assay them for accelerated homeostasis of CDK4/6
and suppression of Rb-phosphorylation.

In actuality, the PROTACs for this study were prepared by
cycloadding a known azide'® derived from pomalidomide to N-
propargyl derivatives of palbociclib or ribociclib as shown in
Scheme 1.

pal or rib-propargyl

CuSOQy4, Na ascorbate, TBTA
o] DMSO, H,0, 25 °C, 20 h

pomalidomide

ribociclib
Scheme 1 Syntheses of PROTACs for this study, pal-pom and rib-pom.

PROTACS of palbociclib and ribociclib were examined in MDA-MB-
231, a triple negative (estrogen receptor, progesterone receptor
and HER2 negative) breast cancer cell line. Fig. 2a and 2b show
pal-pom dose-dependently depleted CDK4 and CDK6 when
incubated with MDA-MB-231 cells for 18 h, but the extent of
depletion was not linear for rib-pom. Also, both pal-pom and rib-
pom degraded CDK4 more efficiently than CDK6, with a DCs, (the
concentration for 50% protein degradation) of ~15 and ~100 nM to
CDK4, respectively (Fig. 2c, 2d). Observant readers may notice in
Fig. 2a and 2b that treatment of the cells with pal or rib consistently
gives an increased level of CDK4/6. The reasons for this
reproducible finding are unclear, but it seems the cells somehow
compensate for the inhibition. PROTACs are sensitive to linker
length; we investigated modification of pal-pom and rib-pom with
a slightly shorter linker, but this had no significant effect (Fig. S1).
Since pal-pom induced degradation was more efficient than rib-
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pom, the rest of this study focused on only the palbociclib derivative
with the linker shown in Scheme 1.
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Fig. 2 (a, b) Degradation of CDK4/6 on MDA-MB-231 cell line by pal-pom and rib-
pom, respectively. (c, d) Quantified data for both PROTACs (normalized to DMSO
control set as 100% protein concentration).

Phosphorylation of retinoblastoma protein (p-Rb) is regulated by
CDK4 and CDK6. Consequently, depletion of these cyclin
dependent kinases should reduce the level of the p-Rb. Blotting
experiments in Fig. 2a and 2b show that the PROTACs did
indeed reduce the phosphorylation of Rb in a dose dependent
way.

A time course study demonstrated that treatment of the same
triple negative breast cell line with 100 nM pal-pom gave optimal
CDK4 degradation after 4 h, whereas maximal decomposition of
CDK®6 took 6 h or more (Fig. 3). Similar experiments but with a
higher PROTACs concentration (300 nM pal-pom) showed both
CDK4 and CDKG6 were degraded from the cell slightly faster (Fig.
S2).
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Fig. 3 (a) Kinetics for depletion of CDK4 and CDK6 in response to 100 nM pal-pom.
(b) Quantified data for (a), normalized to DMSO control set as 100%.

Several “rescue” experiments were performed to confirm the
mechanism of the observed CDK4/6 degradation by pal-pom,
(Fig. 4a). The first of these used palbociclib (10 uM) or
pomalidomide (10 uM) to compete with pal-pom for the binding
to CDK4/6 or to cereblon, respectively. Under these conditions,
the kinase and ligase active sites should be blocked by the
excess monovalent ligands, rendering the PROTACs impotent.
Again, we observed that pretreatment with pal increased the
levels of CDK4/6 (see above). Neddylation inhibitor MLN4924 (1
MM) was added in another experiment because it inhibits

NEDDS8-activating enzyme (NAE) and therefore prevents
activation of cullin-RING ligases, which are critical for
proteasome-mediated protein degradation.™  Incidentally,

pretreatment with MLN4924 caused an increased level of CDK4,
similar to that caused by pretreatment with pal. The final
experiment featured 20 yM of the proteasome inhibitor MG-
132.%5 In the event, most CDK4/6 remained after 18 h PROTACs
treatment as compared to a sample that was pretreated with
0.1% DMSO. This outcome suggests mechanism of PROTACs
pal-pom involves binding to CDK4/6 and cereblon, and
proteasome-mediated degradation.

Fig. 4c shows data from “washout” experiments to see if CDK4/6
degradation is reversible wherein cells depleted in CDK4/6 by
treatment with pal-pom were given 24 h in new media to facilitate
efflux of the PROTACs. Concentrations of CDK4/6 were restored
to at least their original levels.

Catalysis is the compelling reason to study PROTACs, but
proving this occurs is difficult. One indicator is if the PROTACs
DCs in cell viability experiments is lower than the dissociation
constant (K;) of ligand that binds the parent protein.
Consequently, K4 values were measured for pal-pom bound to
CDKs 4 and 6 via KINOMEscan™. KINOMEscan™ is performed
by combining DNA-tagged kinase, immobilized ligand, and test
compounds; it is a competition binding assay featuring an
immobilized, active-site directed ligand in which abilities of test
samples to compete with immobilized ligand are measured via

This journal is © The Royal Society of Chemistry 20xx
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quantitative PCR of the DNA-tagged kinase (Table 1, Fig. S3).
DCs, values for CDK4/6 suppression (deduced from Fig. 2) are
indeed lower than the Ky values for kinase-bound pal-pom
indicating the degradation is catalytic. Throughout, the K4 values
for the inhibitor are less than those for the corresponding
PROTACs, as anticipated because the PROTACs are
significantly larger.
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Fig. 4 (a) Pre-treatment with 10 uM palbociclib or pomalidomide, 1 uM neddylation
inhibitor MLN4924, 20 pM proteasome inhibitor MG-132 insulated the cells from
CDK4/6 degradation by the PROTACs. (b) Quantified data for (a), normalized to DMSO
control set as 100%. (c) Washout of the PROTACs from the cells facilitates recovery
of CDK4/6 levels after 24 h. (d) Quantified data for (c), normalized to DMSO control
set as 100%.

Table 1. Comparison of kinase affinity (K4) and DCs, for CDK4/6 depletion for
the featured PROTACs.
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. 3 B.O'Leary, R.S. Finn, N. C. Turner, Nat. Rev. Clin. Oncol.,
pal-pom rib-pom
pal rib 2016, 13, 417-430.
kinase | K¢ (nM) | Ky (nM) K, DGy K, DGy 4 D.W. Fry, P.J. Harvey, P. R. Keller, W. L. Elliott, M. Meade, E.
(nM) (M) (uM) (nM) Trachet, M. Albassam, X. Zheng, W. R. Leopold, N. K. Pryer, P.
L. Toogood, Mol. Cancer Ther., 2004, 3, 1427-1438.
CDK4 | 77+2 | 530:00 | 900+100 | 12.9+35 | 1.65:0.05 | 97:09 5 M. E. Klein, M. Kovatcheva, L. E. Davis, W. D. Tap, A. Koff,
Cancer Cell, 2018, 34, 9-20.
CDK6 | 9.7:0.4 | 2555 235+15 34.1£7.3 6.1£0.1 ~300@ 6 H.Xu,S.Yu, Q. Liu, X. Yuan, S. Mani, R. G. Pestell, K. Wu, J.
Hematol. Oncol., 2017, 10, 97.
[a] Estimated value based on quantification of Western blot in Fig. 2d. 7 M. Toure, C. M. Crews, Angew. Chem. Int. Ed., 2016, 55,
1966-1973.
8 G. M. Burslem, B. E. Smith, A. C. Lai, S. Jaime-Figueroa, D. C.
Kinase inhibitors such as palbociclib and ribociclib are intended to McQuaid, D. P. Bondeson, M. Toure, H. Dong, Y. Qian, J.
induce cell senescence rather than cytotoxicity.'® Cytotoxicities of Wang, A. P. Crew, J. Hines, C. M. Crews, Cell Chem. Biol.,
X . 2018, 25, 67-77.
pal-pom and rib-pom on MDA-MB-231 cells were determined to 9 S.Gu, D. Cui, X. Chen, X. Xiong, Y. Zhao, BioEssays, 2018, 40,
be modest (ICs estimated to be in the 10 — 50 uM range, Fig. S4a), 1-11.
though definitive quantitation was limited by the solubilities of these 10 D. P. Bondeson, A. Mares, I. E. Smith, E. Ko, S. Campos, A. H.
compounds. Miah, K. E. Mulholland, N. Routly, D. L. Buckley, J. L.
Gustafson, N. Zinn, P. Grandi, S. Shimamura, G. Bergamini,
The work above features CDK4/6 PROTACSs on a triple negative M. Faelth-Savitski, M. Bantscheff, C. Cox, D. A. Gordon, R. R.
breast cancer cell line instead of the approved therapeutic end- \é\glltaer:’li JF'aFrl?n:a%aE} bidl\cle.nci::llliassl BC ajét\é?tja,D WH:re“r;g |
point: estrc.)gen r.eceptor-posm\./e, .HER2-negat|ve breast ca.nc.er. Churcher, C. M. Crews, Nat. Chem. Biol, 2015, 11, 611-617.
To further investigate the application of these PROTACs, S|m|.Iar 11 C. M. Robb, J. I. Contreras, S. Kour, M. A. Taylor, M. Abid, Y.
experiments were performed on MCF-7 breast cancer cells, which A. Sonawane, M. Zahid, D. J. Murry, A. Natarajan, S. Rana,
are estrogen receptor-positive, HER2-negative; the PROTAC pal- Chem. Commun., 2017, 53, 7577-7580.
pom worked, though, curiously, not as effectively as it did on MDA- 12 J. M. Hatcher, E. S. Wang, L. Johannessen, N. Kwiatkowski, T.
MB-231 cells in protein degradation and cytotoxicity assay (Fig. Sim, N. S. Gray, ACS Med. Chem. Lett., 2018, 9, 540-545.
S4b and S5a). However, it did inhibit the MCF-7 cell proliferation 13 W. Li, C. Gao, L. Zhao, Z. Yuan, Y. Chen, Y. Jiang, Eur. J. Med.
over extended periods (up to 6 days, Fig. S6). This observation Chem., 2018, _151' 237'247' . .
motivated us to try a cell line for a completely different type of 14 F.S. Wolenski, C. D. Fisher, T. Sanp, 5. D. Wyllie, L. A. Cicia,
. . ] M. J. Gallacher, R. A. Baker, P. J. Kirby, J. J. Senn, Cell Death
cancer: U87 ce.lls corresponding to glloblastoma.. .In this casef both Discov, 2015, 1, 15034.
pal-pom and rib-pom at 20 - 200 nM gave significant depletion of 15 p_H. Lee, A. L. Goldberg, Trends Cell Biol., 1998, 8, 397-403.
CDK4 (Fig. S5b). 16 A.Yoshida, J. A. Diehl, Oncoscience, 2015, 2, 896-897.
17 C.Qin, Y. Hu, B. Zhou, E. Fernandez-Salas, C.-Y. Yang, L. Liu,
In summary, as far as we are aware, this is the first report of a D. McEachern, S. Przybranowski, M. Wang, J. Stuckey, J.
PROTACS that acts on CDK4/6. This finding is more significant Meagher, L. Bai, Z. Chen, M. Lin, J. Yang, D. N. Ziazadeh, F.
than the closest work in the area, ie PROTACs suppression of Xu, J. Hu, W. Xing, L. Huang, S. Li, B. Wen, D. Sun, S. Wang, J.
CDKB8/9, because only CDK4/6 are validated targets for cancer, Med. Che‘m., 2918’ 61, 6685-6704. .
- o 18 A. D. Buhimschi, H. A. Armstrong, M. Toure, S. Jaime-
and the PROTACs here feature FDA approved kinase inhibitors. Figueroa, T. L. Chen, A. M. Lehman, J. A. Woyach, A. J.
Moreover, the potency of lead compound, pal-pom (DCs 20 — 50 Johnson, J. C. Byrd, C. M. Crews, Biochemistry, 2018, 57,
nM) are conspicuously higher than for the compounds reported to 3564-3575.
affect CDK8 and 9 (we estimate DCsgs of 1 — 10 uM from the data 19 K. Yang, Y. Song, H. Xie, H. Wu, Y.-T. Wu, E. D. Leisten, W.

reported, Table S1). For further calibration, Table S1 also
summarizes DCsys of PROTACs on other completely different
kinases and related proteins,'""'317-19 and this supports our
assertion that the compounds reported here are relatively potent.
Finally, observation of PROTACSs activity for pal-pom and rib-pom
on U87 glioblastoma cells bodes well for application of the same
compounds to other cancer types.
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