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Abstract

Proteolysis Targeting Chimeras (PROTACS) are attractive therapeutic modalities for degrading
disease-causing proteins. While many PROTACs have been developed for numerous protein
targets, current small-molecule PROTAC approaches cannot target undruggable proteins that do
not have small-molecule binders. Here, we present a novel PROTAC approach, termed bridged
PROTAC, which utilizes a small-molecule binder of the target protein’s binding partner to recruit
the protein complex into close proximity with an E3 ubiquitin ligase to target undruggable
proteins. Applying this bridged PROTAC strategy, we discovered MS28, the first-in-class degrader
of cyclin D1, which lacks a small-molecule binder. MS28 effectively degrades cyclin D1, with
faster degradation kinetics and superior degradation efficiency than CDK4/6, through recruiting
the CDK4/6-cyclin D1 complex to the von Hippel-Lindau E3 ligase. MS28 also suppressed the
proliferation of cancer cells more effectively than CDK4/6 inhibitors and degraders. Altogether,
the bridged PROTAC strategy could provide a generalizable platform for targeting undruggable
proteins.
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INTRODUCTION

Targeted protein degradation using proteolysis targeting chimeras (PROTACS) is a promising
therapeutic strategy for the treatment of diseases such as cancer that are linked to

aberrant high levels of disease-causing proteins. PROTACs are heterobifunctional small
molecules with an E3 ubiquitin ligase binding moiety linked to a protein of interest

(POI) binding moiety. The PROTAC-induced proximity leads to selective polyubiquitination
of the POI and its subsequent degradation by the ubiquitin—proteasome system (UPS).

Since PROTACS do not require high-affinity target binding nor binding to an active

site, they have the potential to target disease-related proteins that are intractable to small-
molecule inhibitors.1~3 Indeed, PROTACs have been successfully applied on difficult-to-
target proteins, such as the STAT3 transcription factor. Additionally, alternative PROTAC
strategies® 12 have been developed for proteins that lack small-molecule binders, such as
TF-PROTAGCs,> that target undruggable transcription factors (TFs) and RNA-PROTACs®
that target RNA-binding proteins. Despite these efforts, there still remains a large portion of
the human proteome that is undruggable.13-15 In particular, although there are as many as
700 identified cancer-related protein targets, only approximately 40 of them have approved
treatments, 16 whereas the remaining targets, including ones commonly altered in cancer, do
not.14

Cyclin D1 (encoded by CCNDJ) is an important cell cycle regulator that activates
cyclin-dependent kinase 4/6 (CDK4/6).17:18 Upon activation, CDK4/6 phosphorylates the
retinoblastoma (Rb) protein, thereby releasing its repression on the transcription factor E2F,
which is then free to induce the expression of proteins involved in G; to S phase transition.1®
Due to its integral role in mitogen-dependent cell cycle control, cyclin D1 is frequently
amplified and overexpressed in many cancer types, including esophageal, breast, and lung
cancer (Figure S1). Cyclin D1 is essential in both tumor initiation and maintenance. Cyclin
D1 ablation protected mice from developing breast cancer induced by the nevand ras
oncogene,?? and inducible deletion of cyclin D1 in adult mice with £rbB2-driven breast
cancer halted tumor growth.2! Despite the importance of cyclin D1 in cancer, it is largely
dispensable for normal physiology as mice deficient in CCNDZ1 were viable with minor and
restricted developmental defects.?122 Taken together, cyclin D1 is a promising therapeutic
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target for cancer. Indeed, the Cancer Dependency Map (DepMap) project ranked cyclin D1
as a top cancer drug target among 627 priority targets.14

However, cyclin D1 is undruggable, and there are no reported small-molecule cyclin D1
binders. Due to the lack of small-molecule binders, cyclin D1 cannot be targeted by the
conventional PROTAC strategy. We hypothesized that cyclin D1 and other traditionally
undruggable proteins could be targeted by a novel PROTAC approach, termed bridged
PROTAC, which utilizes a small-molecule binder that recruits a bridge protein and its
binding partner (POI), thus bringing the protein complex into proximity with an E3 ligase
and inducing preferential degradation of the POI over the bridge protein (Figure 1A). While
protein complex degraders have been reported?3-29 such as EZH2 and EED PROTACs that
also degraded other PRC2 (polycomb repressive complex 2) components?3-26.29.30 and g
hydrophobic tag-based CDK9 degrader that induced the degradation of both CDK9 and
cyclin T1,31 none of these degraders preferentially degraded partner proteins over the protein
that binds the degraders directly. In fact, the degradation of these partner proteins is likely
the consequence of the initial degradation of the protein that directly binds the PROTAC
and subsequent destabilization of the protein complex. On the other hand, we thought it is
possible to preferentially degrade the partner protein (POI) over the bridge protein (Figure
1A) by utilizing appropriate linkers and/or E3 ligase ligands. To test this hypothesis, we
selected cyclin D1 as the undruggable target because cyclin D1 forms a complex with
CDK4/6,32 and highly potent and selective small-molecule inhibitors/binders of CDK4/6
have been developed.33-36

In this proof-of-concept study, we utilize this novel bridged PROTAC approach to degrade
cyclin D1, an undruggable protein, by engaging the cyclin D1-CDK4/6 complex with the
von Hippel-Lindau (VHL) E3 ligase through the use of a direct CDK4/6 small-molecule
binder linked to a VHL ligand. The discovery and functional characterization of our lead
bridged PROTAC, MS28, and its negative controls have demonstrated for the first time
that, even without direct binding, PROTACSs can effectively degrade an undruggable target
by recruiting its partner protein, thereby potentially expanding the scope of the targetable
human proteome.

2. RESULTS AND DISCUSSION

2.1.

Discovery of the First Cyclin D1 Degrader MS28.

We first designed and synthesized a set of putative PROTACS based on the crystal

structure (PDB ID: 5L.21)37 of CDKG6 in complex with the FDA-approved CDK4/6 inhibitor
Palbociclib33:34 (PB). We linked the solvent-exposed piperazine moiety (Figure S2A) to
VHL-1, a well-known ligand of the E3 ligase VHL,38 via multiple linkers (Figure S2B).

We then evaluated the effect of these compounds on reducing the cyclin D1 protein level

in Calu-1 cells, a cyclin D1-dependent and -overexpressing non-small cell lung cancer
(NSCLC) cell line (DepMap 22Q2). While most of these compounds did not degrade cyclin
D1, several compounds, including MS28 (compound 5, Figure 1B), effectively degraded
cyclin D1 in Calu-1 cells (Figure S2C,D). We next developed two negative controls for
MS28, MS28N1, and MS28N2 (Figure 1C). MS28N1 contains the identical CDK4/6 binder
and linker to MS28 to maintain a similar binding affinity to CDK4/6, but a diastereoisomer
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of VHL-1 that abrogates its binding to VHL.39 MS28N2 contains the identical VHL binder
and linker to MS28 to maintain similar binding affinity to VHL, but a modified CDK4/6
binder that was designed to disrupt its binding to CDK4/6.

In addition to cyclin D1, MS28 selectively degraded CDK6 over CDK4 in Calu-1 cells
(Figures 1D, S3). Specifically, MS28 at 0.3 4M reduced the CDKG® protein level close

to 50%, while it had no effect on CDK4 (Figures 1D, S3), suggesting that MS28 may
prefer the CDK6-cyclin D1 complex over CDK4-cyclin D1 complex. Interestingly, we found
that two published cereblon (CRBN)-recruiting CDK4/6 PROTACS, BSJ-03-204 (BSJ)*0
and MS140,41 did not degrade cyclin D1, even though they effectively degraded CDK4/6
(Figures 1D, S3). It was reported that CP-10, another CRBN-recruiting PROTAC that
effectively degraded CDK4/6, also did not degrade cyclin D1.42 These results indicate that
the cyclin D1 degradation by MS28 is not due to cyclin D1 destabilization from CDK4/6
degradation and dissociation of the cyclin D1-CDK4/6 complex. We next assessed the
binding affinities of MS28, MS28N1, MS28N2, and PB to CDK4/6 in competitive binding
assays. Compared with PB, MS28 and MS28N1 maintained sufficient binding affinities to
CDKA4/6, albeit they displayed 10- to 30-fold weaker affinities (Figure 1E). As expected,
MS28N2 did not bind CDK4/6 at up to 30 M. In addition, MS28 and MS28N1 displayed a
higher binding affinity to CDK6 than CDK4 (Figure 1E), which could explain the selective
degradation of CDK6 over CDK4 by MS28. Next, we evaluated the effect of MS28N1

and MS28N2 on degrading cyclin D1. As expected, none of the negative controls, nor PB,
degraded cyclin D1 or CDK4/6 (Figure 1D), suggesting that the cyclin D1 degradation by
MS28 is dependent on VHL and CDK4/6 binding.

2.2. MS28 Preferentially Degrades Cyclin D1 over CDK4/6.

2.3. Cyclin

We next assessed the time course of the cyclin D1 and CDK4/6 degradation induced by
MS28. MS28 degraded cyclin D1 by approximately 50% as early as 1 h, whereas CDK4/6
degradation was not observed until 4 h of treatment (Figure 2A). At almost all treatment
time points, MS28 reduced the protein level of cyclin D1 to a greater extent than that

of CDK4/6. Together with the observation that BSJ and MS140 degraded CDK4/6 but

not cyclin D1 (Figures 1D, S3), this time course study further supports that cyclin D1
degradation by MS28 is not a consequence of CDK4/6 degradation. Rather, since cyclin D1
degradation occurred before CDK4/6, MS28 likely induces a quaternary complex formation,
leading to cyclin D1 being ubiquitinated and degraded first. MS28 also degraded cyclin D1
in a concentration-dependent manner in Calu-1 cells with a DCsg of 950 + 66 nM and a
Dmax 0f 90 + 1% (Figure 2B,C) and displayed modest degradation effects on CDK4/6 with
DCgg > 10 M and Dyax < 50% at the 8 h time point (Figure S4). Since cyclin D1 is also a
target of the downstream Rb-E2F pathway,*3 we next determined the effect of MS28 on the
CCND1 and CDK4/6 mRNA levels using RT-qPCR studies. MS28, as well as PB, did not
change the mRNA levels of CCND1, CDK4, and CDK&6 (Figure 2D). Thus, the reduction in
cyclin D1 occurs at the protein level and is not due to changes in transcription.

D1 Degradation Induced by MS28 is Dependent on VHL, CDK®6, and UPS.

For MS28 to be a bridged PROTAC, it must bind to CDK4/6 directly, thus recruiting
the cyclin D1-CDK4/6 complex and not cyclin D1. As described above, we have already
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confirmed that MS28 bound CDK4/6 with high affinity (Figure 1E). We next assessed the
binding of MS28 to cyclin D1 using isothermal titration calorimetry (ITC) and confirmed
that MS28 did not bind cyclin D1, while the positive control, a 16-mer peptide based on the
CDK4/6 binding sequence to cyclin D1, did bind cyclin D1 (Figure S5). Therefore, cyclin
D1 degradation by MS28 is not due to direct interaction between cyclin D1 and MS28.
Instead, it occurs through the binding of the CDK4/6-cyclin D1 complex.

To further demonstrate that the cyclin D1 degradation mediated by MS28 occurs through
the recruitment of VHL and CDK®6, we ablated VHL and CDKS6, which are required

for the formation of the cyclin D1-CDK6-MS28-VHL quaternary complex. Specifically,
we generated VHL knockout (KO) via CRISPR-Cas9 (Figure 3A) and CDK6 knockdown
(KD) via siRNA (Figure 3B) in Calu-1 cells. Upon VHL or CDKG6 depletion, the ability

of MS28 to degrade cyclin D1 was substantially weakened (cyclin D1 degradation was
rescued by >50% in both cases), suggesting that MS28 degrades cyclin D1 by recruiting
the CDK®6-cyclin D1 complex to VHL. Since MS28 degraded CDK6 more effectively than
CDK4 (Figure 2A) and displayed higher binding affinity to CDK6 than CDK4 (Figure
1E), it is not surprising that CDK6 KD alone effectively rescued MS28-induced cyclin D1
degradation. To demonstrate the formation of the cyclin D1-CDK6-MS28-VHL quaternary
complex, an /n vitro pull-down experiment was conducted using recombinant CDK6-cyclin
D1 and VHL-ELOC-ELOB (VCB) protein complexes. Cyclin D1 and VHL were coeluted,
along with CDKS®, in the presence of MS28 (Figure 3C), thereby supporting that MS28
induces the interaction of the cyclin D1-CDK6 complex with VHL. Finally, to confirm
that the cyclin D1 degradation by MS28 occurs through the UPS, we performed rescue
studies by pretreating Calu-1 cells with the proteasome inhibitor MG1324° (Figure 3D)

or the neddylation inhibitor MLN4924%¢ (Figure 3E). Inhibition of the UPS successfully
rescued MS28-induced cyclin D1 degradation. Taken together, these results indicate that
MS28 degraded cyclin D1 in a VHL-, CDK6- and UPS-dependent manner.

2.4. Selectivity of MS28.

Next, using WB analysis, we confirmed that, in addition to cyclin D1, CDK®6, and CDK4 (to
a lesser extent), MS28 also degraded cyclin D3 and slightly reduced the cyclin A2 protein
level (Figure 4A). This reduction in cyclin A2 is likely due to the downstream transcriptional
effect of CDK4/6 inhibition (see below). We also confirmed that MS28 did not degrade
cyclin D2 or other major cyclins and CDKs, such as cyclin B1 and CDK2. The negative
control MS28N1 did not degrade any of these cyclins and CDKs in Calu-1 cells. We also
evaluated the selectivity of MS28 against a panel of 58 kinases. MS28 at 1 1M significantly
inhibited CDKG®6 but not the other 57 kinases (Figure 4B and Table S1). In an unbiased

mass spectrometry (MS)-based global proteomic profiling study, we found that out of ~7500
proteins detected, cyclin D1 and CDK4/6 are among a very small portion of the proteins
showing a significant decrease in protein levels in Calu-1 cells treated with MS28 versus
DMSO or MS28N1 (Figure S6, Table S2). In addition, most of the other proteins shown

to be significantly downregulated by MS28 have cell cycle-related functions, thus they are
likely downregulated due to the degradation of cyclin D1 and CDK4/6, the key regulators of
cell cycle progression. Consistent with our WB result (Figure 4A), cyclin A2, a downstream
target of the cyclin D1-CDK4/6-RB-E2F pathway, was also downregulated in the proteomics
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study. Interestingly, cyclin D3 was also degraded, while cyclin D2 was not detected in the
MS study due to its low expression level in Calu-1 cells. Collectively, these results support
that MS28 is a selective cyclin D1/3 and CDK4/6 degrader.

2.5. MS28 Effectively Suppresses the Growth of NSCLC Cells.

Since cyclin D1 is well-known for its regulatory role on CDK4/6 and the Rb-E2F pathway,
we next assessed the effect of MS28 on the downstream E2F target genes using RT-gPCR.
MS28, as well as PB, significantly reduced the mRNA levels of E2F target genes at 8

h of treatment in Calu-1 cells (Figure 5A). This result also suggests that the decrease

in the cyclin A2 protein level observed previously (Figure 4A) is a consequence of the
CCNAZtranscription downregulation. Importantly, MS28 (Glsg = 1.0 + 0.32 M) also
more effectively suppressed the proliferation of Calu-1 cells than PB and the CDK4/6
degrader, BSJ, which had negligible effects at up to 10 zM (Figure 5B). The effect of MS28
phenocopied that of CCND1 KO in Calu-1 cells (Figure S7). Furthermore, we evaluated the
effect of MS28, MS28N1, BSJ, and PB on the clonogenicity of Calu-1 cells in a soft agar
colony formation assay. Following 20 days of treatment with 0.3 ¢M of each compound,
MS28 inhibited the clonogenicity of Calu-1 cells more profoundly than MS28N1, BSJ, or
PB, as all of the colonies in the MS28 treatment condition were less than 100 gm in diameter
(Figures 5C and S8).

We next explored the degradation effect of MS28 in another NSCLC cell line, NCI-H2110,
which is also dependent on CCND1 (Figure S9). MS28 preferentially degraded cyclin

D1, while BSJ had no effect on degrading cyclin D1 and CDK4/6 (Figures 5D, S10). As
expected, PB, MS28N1 and MS28N2 did not degrade cyclin D1 and CDK4/6. Interestingly,
in contrast to the potent degradation of cyclin D1, MS28 slightly reduced the CDK4 level at
1 1M and had no effect on the CDKG6 level in NCI-H2110 cells treated for 8 h, suggesting a
different degradation Kinetic in this cell line. Furthermore, different cellular contexts, such as
the abundance of cyclin D1, CDK4/6, and the cyclin D1-CDK4 or cyclin D1-CDKG® binary
complexes, may lead to different degradation profiles of MS28. In addition, consistent

with results in other tested cell lines, the cyclin D3 protein level can also be effectively
reduced by MS28 in NCI-H2110 cells (Figure S11). We also tested the effect of MS28,

PB, and BSJ on cell viability in NCI-H2110 cells. Similar to Calu-1 cells, MS28 displayed

a superior anti-proliferative effect (Glsg = 750 + 90 nM) than PB and BSJ, which were
ineffective in suppressing NCI-H2110 proliferation even at 10 4/M (Figure 5E). We also
evaluated MS28 in another cancer type, the BT-549 breast cancer cell line. Similarly, MS28
preferentially degraded cyclin D1 and cyclin D3 over cyclin D2 and CDK2/4/6 (Figure S12).
Next, we evaluated the cytotoxicity of MS28 in normal human PNT2 cells. Although MS28
concentration-dependently reduced the cyclin D1 and CDK4/6 protein levels, it did not show
significant antiproliferation effect in PNT2 cells (Figure S13), suggesting that degradation
of cyclin D1 and CDKA4/6 are nontoxic to normal cells. Finally, we evaluated mouse PK
properties of MS28. Following a single intraperitoneal (i.p.) injection of MS28 at 30 mg/kg
dose, compound concentrations in plasma were maintained above 1 £M up to 12 h (Figure
S14). Together, these results indicate that MS28 is more effective than CDK4/6 inhibitors
and degraders in suppressing the proliferation and tumorigenesis of cancer cells, safe in
normal tissue, and suitable for /n vivo efficacy studies.
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3. CONCLUSIONS

While PROTACS have been applied successfully in targeting numerous proteins, the current
small-molecule-based PROTAC approaches require a small-molecule binder of the POI,
which means that undruggable proteins, which lack small-molecule binders, cannot be
targeted by these traditional PROTAC approaches. In this study, we present a novel PROTAC
strategy, termed bridged PROTAC, to target currently undruggable proteins using a small-
molecule binder of the POI’s binding partner. We demonstrated the applicability of this
bridged PROTAC strategy to degrade cyclin D1, an undruggable protein, by engaging the
cyclin D1-CDK4/6 complex with the VHL E3 ligase through the use of a direct CDK4/6
binder. Our lead cyclin D1 bridged PROTAC, MS28, preferentially degrades cyclin D1
over CDK4/6 in a time-, concentration-, VHL-, CDK6- and UPS-dependent manner. MS28
induces the formation of a cyclin D1-CDK6-MS28-VHL quaternary complex. MS28 also
inhibited the proliferation and tumorigenesis in NSCLC cells much more effectively than
CDKA4/6 inhibitors and degraders, which did not degrade cyclin D1. Overall, the bridged
PROTAC strategy has the potential to target currently undruggable proteins such as TFs
that lack small-molecule binders but interact with other proteins with well-characterized
small-molecule ligands. This potentially generalizable platform could expand the targetable
human proteome.

4. EXPERIMENTAL METHODS

4.1. Compound Synthesis.

Synthesis and characterization of MS28, MS28N1, MS28N2, and compounds 1-4, 6-9, as
well as the intermediates, are detailed in the Supporting Information.

4.2. Cell Lines and Tissue Culture.

Human NSCLC cell line, Calu-1 (American Tissue Culture Collection [ATCC], HTB-54),
was cultured in DMEM base medium supplemented with 10% heat-inactivated fetal bovine
serum (FBS) and 1% Penicillin/Streptomycin. The NSCLC cell line, NCI-H2110 (ATCC,
CRL-5924), the BT-549 (ATCC, HTB-122) breast cancer cell line, and the PNT2 normal
prostate cell line (Sigma-Aldrich, cat# 95012613) were cultured in RPMI 1640 base
medium supplemented with 10% heat-inactivated FBS and 1% Penicillin/Streptomycin.
CCND1 and/or VHL knock-outs (KOs) were generated in Calu-1 and NCI-H2110 cell lines
using CRISPR/Cas9-based strategies detailed below, and corresponding KO cell lines were
maintained in the same culture condition as their parental cell lines. CDK6 knockdown (KD)
Calu-1 cells were generated using Silencer Select siRNA from Thermo Fisher Scientific and
were maintained in the same culture condition as the Calu-1 parental cell line during cellular
assays.

4.3. Antibodies and Immunoblotting.

Total cell lysate was used for western blots, as previously described.#” The following
primary antibodies were used in the study: g-Actin (Cell Signaling Technology [CST],
3700), VHL (CST, 68547), cyclin D1 (CST, 55506), CDK4 (CST, 12790), CDK®6 (CST,
13331), CDK2 (CST, 2546), cyclin B1 (CST, 4138), cyclin A2 (CST, 4656T), vinculin
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(CST, 139015S), cyclin D3 (CST, 2936S), and cyclin D2 (Santa Cruz, sc-56305). Blots were
imaged using fluorescence-labeled secondary antibodies on LI-COR Odyssey CLx Imaging
Systems.

4.4. CDK4/6 Binding Assays.

CDKA4/6 binding affinities were determined with the KINOMEscan assay performed by
Eurofins, as described previously.48 Test compounds were prepared as 111x stocks in 100%
DMSO. Ky values were determined using an 11concentration 3-fold compound dilution
series (top concentration = 30,000 nM for MS28, MS28N1, and MS28N2; 3000 nM for PB),
with three DMSO control points in duplicates.

4.5. Isothermal Titration Calorimetry (ITC).
Binding of PSTAIRE peptide (16-mer peptide) (Sigma-Aldrich) to cyclin D1 as a positive
control and binding of MS28 to cyclin D1 were analyzed using a MicroCal iTC200
(Malvern, UK) in 50 mM Tris-HCI pH 7.5, 150 mM NaCl, 5% glycerol, 1% DMSO.
After an initial 0.4 gL injection, 13 injections from the syringe solution (200 /M of 16-mer
peptide or MS28) were titrated into 300 i of the protein solution (20 ¢M of Cyclin D1)
in the cell, which was stirred at 750 rpm. The data were fitted by single-binding site model
using Microcal Origin 7.0 (Malvern). The reported values represent the mean + SD from two
independent measurements.

4.6. Quantitative Reverse Transcriptase Polymerase Chain Reaction (RT-qPCR).

Calu-1 cells were seeded in a 60 mm dish at a density of 1.5 million cells. The next day,
cells were treated with DMSO, 3 xM MS28, or 3 1M PB for 4 h or 8 h. Cells were collected
at the end of treatment, and RNA was extracted using the Monarch Total RNA Miniprep
Kit (New England BioLabs Inc., T2010S) according to the manufacturer’s protocol. Using
1 1g of total RNA, cDNA was generated using the SuperScript Il First-Strand Synthesis
System kit (Thermo Fisher Scientific, 18080051) according to the manufacturer’s protocol.
Gene expression was then measured using PowerUp SYBR Green Master Mix (Thermo
Fisher Scientific, A25742) on the ViiA 7 Real-Time PCR machine. The mRNA expression
for each target gene was first normalized to internal GAPDH and then calculated relative to
the DMSO control. Experiments were performed twice in quadruplicate. The human primer
sequences used in the RT-gPCR studies are listed in Table 1.

4.7. CRISPR/Cas9-Mediated Knockout (KO) (VHL + Cyclin D1).
The sgRNA sequences used in CRISPR/Cas9-mediated KO studies are listed in Table 2.

The sgRNA sequence targeting human VAL gene was chosen from the CRISPR

sgRNA database from GenScript (https://www.genscript.com/gRNA-database.html). The
SgRNA sequences targeting the human CCNDZ gene were selected from predesigned

Alt-R CRISPR-Cas9 guide RNAs from Integrated DNA Technologies (IDT; https://
www.idtdna.com/site/order/designtool/index/CRISPR_PREDESIGN). All sgRNA sequences
cloned into the pLentiCRISPR v2 vector (Addgene #52961) were purchased from
GenScript. sgRNA-containing pLentiCRISPR v2 plasmid or the empty pLentiCRISPR

v2 plasmid was transfected into HEK293T cells along with the lentiviral packaging
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plasmid Pax2 (Addgene #12260) and the envelope plasmid VSVG (Addgene #8454) using
Lipofectamine 3000 (Thermo Fisher Scientific). Media were collected on day 2 and day 3
and filtered using Corning 0.45 ym filter tube. The lentivirus from the filtered media was
condensed using Takara Lenti-X Concentrator (Takara, Cat. # 631232) and titered using
Lenti-X GoStix Plus (Takara, Cat. # 631280). Target cell lines, Calu-1 and NCI-H2110,
were transduced with lentiviruses in the presence of Polybrene for 4 days and selected using
2 tg/mL of puromycin. Once all cells in the control well (not containing lentiviruses) died
of puromycin treatment, lentiviral-transduced cells were collected to check for cyclin D1 and
VHL levels. CCND1 KO and VHL KO were examined by immunoblotting with anti-Cyclin
D1 antibody (Cell Signaling Technology, #55506) and anti-VHL antibody (Cell Signaling
Technology, #68547), respectively. Once cells showed efficient target gene KO, the cells
were used in the following experiments.

siRNA-Mediated CDK6 Knockdown (KD).

Validated Silencer Select predesigned siRNA targeting CDK®6 and a Silencer Cy3-labeled
negative control siRNA (Thermo Fisher Scientific, AM4621) were purchased from Thermo
Fisher Scientific. Calu-1 cells were seeded at a density of 500,000 cells/well in a 6-

well plate and transfected with siRNA targeting CDK®6 using Lipofectamine RNAIMAX
Transfection Reagent (Thermo Fisher Scientific) for 2 days, according to the manufacturer’s
recommendations. The KD efficiency was analyzed using Western blot analysis. Once target
gene KD achieved more than 80% on the protein level compared to nontransfected parental
cells, cells were collected, split into 3 fractions, seeded onto 12-well plates, and treated with
DMSO or MS28 (1 or 3 1) for 8 h.

4.9. Recombinant Proteins.

Recombinant human CCNDL1 protein, full length (1-295aa), containing an N-terminal GST-
tag, and recombinant human CDKG6 protein, full length (1-326aa), containing an N-terminal
His-tag were purchased from BPS Bioscience (San Diego, CA). Untagged recombinant
human ELOB/ELOC/VHL (VCB) complex was purchased from Bio-Techne R&D Systems
(Minneapolis, MN). These proteins were used in the pull-down studies. For the ITC
experiment, recombinant human CCND1 protein (1-295aa) fused to N-terminal His-tag was
purchased from Creative Biomart.

4.10. Recombinant His-CDK6 Pull-Down Experiments.

Recombinant His-tagged CDK6 and GST-tagged cyclin D1 complex were purchased from
BPS Bioscience (cat. # 40097), and recombinant human VCB complex was purchased
from R&D Systems (cat. # E3-600). The Pierce His Protein Interaction Pull-Down Kit
(Thermo Fisher Scientific, cat. # 21277) was used for all pull-down experiments. Briefly,
0.5 14 of His-CDK6/GST-cyclin D1 complex was incubated with cobalt agarose resin
overnight at 4 °C in Pierce Pull-down Lysis Buffer (25 mM Tris-HCI pH 7.4, 150 mM
NaCl) for immobilization. His-CDKG6-coupled cobalt beads were washed with diluted Pierce
Pull-down Lysis Buffer (wash buffer) and incubated with 0.5 zg of the VCB complex in the
presence of DMSO or 3 /M MS28 for at least 4 h at 4 °C. Beads were then washed three
times with wash buffer, eluted with 290 mM Imidazole Elution Buffer, boiled for 10 min,
and loaded onto polyacrylamide gel for Western blot analysis.
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4.11. Proteomics Studies.

Proteomics studies were conducted following the previously reported method using TMT-
based proteomics global profiling samples.4°

4.12. Selectivity Assays.

Selectivity of MS28 against a panel of 58 human kinases was carried out in radiometric
kinase enzymatic inhibition assays by Eurofins Cerep. The assays were performed in
duplicate, and MS28 was tested at 1 zM1.

4.13. Cell Proliferation Assay for Evaluating MS28 in Calu-1, NCI-H2110, and PNT2 Cells.

Cell proliferation assays were performed for MS28 (and PB, BSJ, MS28N1) in Calu-1 and
NCI-H2110 cells. Cells were seeded (4000 cells/well for Calu-1, 10,000 cells/well for NCI-
H2110, and 5000 cells/well for PNT2) in white, cell culture-treated, flat and clear-bottom
96-well plates in triplicate and incubated at 37 °C overnight. After 16 h, cells were treated
with 0.01% DMSO or MS28 at 7 concentrations, with 10 M as the highest concentration
and 13 nM as the lowest concentration (3-fold dilution). Following a 5-day incubation

with MS28 at 37 °C and 5% CO,, cell viability was assessed by CCK-8 (Cell Counting
Kit-8, WST-8). Briefly, cells were treated with 1x solution of CCK-8 (Dojindo, CK04) and
re-incubated at 37 °C for 2—4 h until the absorbance at 450 nm reads 1.0 or greater for the
DMSO control group. Absorbance of 690 nm was used as a reference using an Infinite F
PLEX plate reader (TECAN). Glsg values were calculated using GraphPad Prism 8 using
the nonlinear regression analysis. Error bars represent £ SD for three biological independent
experiments.

4.14. Soft Agar Assay.

For the 1% agarose base layer, prewarmed DMEM medium supplemented with 10% heat-
inactivated fetal bovine serum (FBS) and 1% Penicillin/Streptomycin was mixed ina 1:1
ratio with autoclaved 2% agarose (Research Products International [RPI], A20070-50.0) and
transferred into a 24-well plate, which was then incubated at 4 °C for 10 min for solidifying.
Subsequently, Calu-1 cells were collected via trypsinization and counted. Enough cells
required for a seeding density of 10,000 cells per well were resuspended in a complete
DMEM medium and passed through a 70-micron filter to obtain single cells. Cells were
then mixed with the 2% agarose in a 1:3 ratio to make the 0.5% agarose layer containing
cells, which were pipetted on top of the base layer. Once the top agarose cell layer solidifies,
a medium containing complete DMEM with compounds was added, and the plate was
cultured under standard cell culture conditions. Medium with compounds was changed every
3 days. The colonies were visualized and measured around 3 weeks of culturing using
normal light microscopy.

4.15. Statistics and Reproducibility.

Experimental data are presented as the mean = SD or SEM of three independent experiments
unless otherwise noted. Statistical analysis was performed using an unpaired two-sided

Student’s ttest for comparing two sets of data with assumed normal distribution. The results
for immunoblotting are representative of at least three biologically independent experiments
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unless otherwise noted. All statistical analyses and visualizations were performed using
GraphPad (Prism v8.4.2) or Excel.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Discovery of MS28, the first cyclin D1 degrader. (A) Schematic representation of bridged
PROTAC. The bridged PROTAC, which binds a bridge protein but not its binding partner
(POI), recruits the protein complex into proximity with an E3 ligase, resulting in preferential
polyubiquitination and subsequent degradation of the POI by the proteasome over the bridge
protein. (B) Chemical structure of MS28. (C) Chemical structures of MS28N1 and MS28N2.
(D) Western blot (WB) results of MS28, MS28N1, BSJ-03-204 (BSJ), MS140, and PB on
degrading cyclin D1 and CDK4/6. Calu-1 cells were treated with the indicated compound

at the indicated concentrations for 8 h. Results shown are representative of at least two
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independent experiments. (E) Binding affinities of MS28, MS28N1, MS28N2, and PB to
CDK4 and CDKG® in biochemical assays. Results shown are the mean + SD from duplicate
experiments.
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Figure 2.

MS28 preferentially degrades cyclin D1 over CDK4/6 in Calu-1 cells. (A) Left, MS28
degrades cyclin D1 first and CDK4/6 subsequently. Calu-1 cells were treated with DMSO or
3 1M of MS28 for the indicated time. Results shown are representative of three independent
experiments. Right, quantification of relative cyclin D1, CDK4, and CDK6 abundance

at each time point, following 3 /M MS28 treatment (four technical repeats from three
biological repeats). P-values were calculated for each protein relative to its abundance at 0.5
h. ****P < 0.0001, ***P< 0.001, and **P < 0.01. The line above the bars indicates that

all of the encompassed bars share the same p-value above the line. (B) MS28 concentration-
dependently degrades cyclin D1. Calu-1 cells were treated with MS28 at the indicated
concentration for 8 h. Results shown are representative of two independent experiments. (C)
DCgp and Dypax Values of MS28 in Calu-1 cells (calculated from the WB data in panel B
and biological repeat). (D) MS28 did not change the mRNA levels of CCND1, CDK4, and
CDK®6in RT-gPCR studies. Calu-1 cells were treated with DMSO, 3 /M MS28, or 3 M
PB for 4 h. mRNA levels are relative to DMSO control. Results are representative of two
biological repeats.
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Figure 3.
MS28 effectively degrades cyclin D1 in a VHL-, CDK®6-, and UPS-dependent manner.

(A) Left, VHL KO rescues the MS28-induced degradation of cyclin D1 and CDK4/6.
Calu-1 cells were transduced with lentivirus containing VHL-targeting SgRNA or an empty
vector. Antibiotic-selected cells were checked for VHL expression (Top: WB results confirm
CRISPR-mediated VHL KO in Calu-1 cells), followed by treatment with MS28 for 8 h.
Right, quantification of cyclin D1 and CDK4/6 abundance in the indicated experimental
groups. P-values for each protein were calculated between the mock and VHL KO groups
(indicated by bar) within each concentration. (B) Left, CDK6 KD via siRNA rescues the
MS28-induced degradation of cyclin D1. Calu-1 cells were transfected with CDK6-targeting
siRNA for 2 days, followed by treatment with MS28 for 8 h. Right, quantification of cyclin
D1 abundance in the indicated experimental groups. P-values were calculated between the
control and CDK6 KD group within each MS28 concentration. (C) VHL coelutes with
cyclin D1-CDKG6 in the presence of MS28. His-tagged CDK®6 was immobilized on cobalt
agarose resin and incubated overnight along with cyclin D1. The VCB complex was added
the next day with either DMSO or MS28. Pretreatment with MG132 (D) or MLN4924 (E)
rescues the MS28-induced degradation of cyclin D1 and CDK4/6. Quantification of cyclin
D1 and CDK4/6 abundance are listed aside. For each protein, p-values were calculated
between groups indicated by the lines above the bars. Calu-1 cells were pretreated with
MG132 or MLN4924 for 1 h, followed by treatment with MS28 for 8 h. WB results shown
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in panels A—E are representative of at least two independent experiments. ****£< 0.0001,
***p<0.001, **P<0.01, and *P < 0.05.
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Figure 4.
MS28 is selective for cyclin D1/D3 and CDK4/6. (A) Left, MS28, but not MS28N1,

degrades cyclin D1/3 and CDK4/6, and reduces the cyclin A2 level, but not cyclin D2/B1
and CDK2 in Calu-1 cells (4 h-treatment at 3 ¢M). WB data shown are representative

of two biological repeats. Right, quantification of the relative abundance of cyclins and
CDKs analyzed in the WB upon DMSO, MS28, or MS28N1 treatment. P-values were
calculated relative to the DMSO control for each protein. ****£ < 0.0001, ***P< 0.001,
and **P< 0.01. (B) MS28 is selective for CDK6 over a panel of 57 other kinases at 1 /M
concentration. Data are the means = SD from duplicate experiments.
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Figure 5.

MS28 effectively suppresses the downstream Rb-E2F pathway, proliferation, and
tumorigenesis in cancer cells. (A) MS28 and PB significantly reduced mRNA levels of
E2F target genes (CCNAZ, CCNE1, CDC6, PCNA, and PLKI) in RT-gPCR studies. Calu-1
cells were treated with DMSO, 3 pM of MS28, or PB for 8 h. P-values were calculated in
comparison to DMSO from two biological repeats. ****P< 0.0001, ***P< 0.001, **P<
0.01, and *P< 0.05. (B) MS28 inhibits cell growth much more effectively than PB, BSJ, and
MS28N1 in Calu-1 cells (treated with the indicated compound for 5 days). Data shown are
the mean values = SD from two biological repeats (each with three technical repeats). (C)
MS28 suppresses clonogenicity of Calu-1 cells in a soft agar assay more effectively than PB,
BSJ, and MS28N1. Images were taken at the end of the 20-day treatment. Each treatment
group (at 0.3 1M) is representative of three independent experiments, each with at least five
technical repeats. (D) MS28, not MS28N1, BSJ, or PB, effectively degrades cyclin D1 in
NCI-H2110 cells (treated with the indicated compound at the indicated concentrations for
8 h). Results are representative of two biological repeats. (E) MS28, but not MS28N1, BSJ
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or PB, potently inhibits the growth of NCI-H2110 cells (5 days treatment, three biological
repeats).
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Table 2.
SsgRNA Sequences Used in CRISPR/Cas9-Mediated KO Studies

ID target gene sequence
VHL sgRNA VHL 5 -GCCGTCGAAGTTGAGCCATA-3’
CCND1sgRNA1 CCND1 5 -TTTTCACGGGCTCCAGCGAC-3’
CCND1sgRNA2 CCND1 5’-ATGCCAACCTCCTCAACGAC-3’
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