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INK4 Tumor Suppressor Proteins Mediate 
Resistance to CDK4/6 Kinase Inhibitors 
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ABSTRACT Cyclin-dependent kinases 4 and 6 (CDK4/6) represent a major therapeutic vulner-
ability for breast cancer. The kinases are clinically targeted via ATP competitive 

inhibitors (CDK4/6i); however, drug resistance commonly emerges over time. To understand CDK4/6i 
resistance, we surveyed over 1,300 breast cancers and identified several genetic alterations (e.g., FAT1, 
PTEN, or ARID1A loss) converging on upregulation of CDK6. Mechanistically, we demonstrate CDK6 
causes resistance by inducing and binding CDK inhibitor INK4 proteins (e.g., p18INK4C). In vitro binding 
and kinase assays together with physical modeling reveal that the p18INK4C–cyclin D–CDK6 complex 
occludes CDK4/6i binding while only weakly suppressing ATP binding. Suppression of INK4 expres-
sion or its binding to CDK6 restores CDK4/6i sensitivity. To overcome this constraint, we developed 
bifunctional degraders conjugating palbociclib with E3 ligands. Two resulting lead compounds potently 
degraded CDK4/6, leading to substantial antitumor effects in vivo, demonstrating the promising thera-
peutic potential for retargeting CDK4/6 despite CDK4/6i resistance.

SIGNIFICANCE: CDK4/6 kinase activation represents a common mechanism by which oncogenic sign-
aling induces proliferation and is potentially targetable by ATP competitive inhibitors. We identify a 
CDK6–INK4 complex that is resilient to current-generation inhibitors and develop a new strategy for 
more effective inhibition of CDK4/6 kinases.

1Human Oncology and Pathogenesis Program, Memorial Sloan Kettering 
Cancer Center, New York, New York. 2Department of Cancer Biology, Dana-
Farber Cancer Institute, Boston, Massachusetts. 3Department of Bio-
logical Chemistry and Molecular Pharmacology, Harvard Medical School, 
Boston, Massachusetts. 4Computational & Systems Biology Program, 
Memorial Sloan Kettering Cancer Center, New York, New York. 5Anti-Tumor 
Assessment, Memorial Sloan Kettering Cancer Center, New York, New 
York. 6Breast Medicine Service, Department of Medicine, Memorial Sloan 
Kettering Cancer Center, New York, New York. 7Weill Cornell Medical Col-
lege, New York, New York. 8Broad Institute of MIT and Harvard, Cambridge, 
Massachusetts. 9Vall d’Hebron Institute of Oncology, Barcelona, Spain. 
10Department of Pathology, Memorial Sloan Kettering Cancer Center, New 
York, New York. 11Program in Molecular Pharmacology, Memorial Sloan 
Kettering Cancer Center, New York, New York. 12Program in Molecular Biol-
ogy, Memorial Sloan Kettering Cancer Center, New York, New York.

Note: Supplementary data for this article are available at Cancer Discovery 
Online (http://cancerdiscovery.aacrjournals.org/).
Q. Li, B. Jiang, and J. Guo contributed equally to this article.
Corresponding Author: Sarat Chandarlapaty, Memorial Sloan Kettering 
Cancer Center, 1275 York Avenue, Box 20, New York, NY 10065. Phone: 
646-888-4311; E-mail: chandars@mskcc.org
Cancer Discov 2022;12:356–71
doi: 10.1158/2159-8290.CD-20-1726
This open access article is distributed under Creative Commons Attribution- 
NonCommercial-NoDerivatives License 4.0 International (CC BY-NC-ND).
©2021 The Authors; Published by the American Association for Cancer Research

http://crossmark.crossref.org/dialog/?doi=10.1158/2159-8290.CD-20-1726&domain=pdf&date_stamp=20201-12-16


INK4-Mediated Resistance to CDK4/6i RESEARCH BRIEF

 FEBRUARY  2022 CANCER DISCOVERY | 357 

INTRODUCTION
Antagonism of oncogenic kinases through small-molecule 

ATP-competitive inhibitors has been a widely successful strat-
egy for anticancer therapy. Unfortunately, drug resistance is 
frequently encountered and is often commonly due to genetic 
alterations that lead to kinase reactivation and drug insensi-
tivity (1, 2). Among the most common mechanisms of kinase 
reactivation are somatic point mutations in the target kinase 
domain that remodel the drug binding pocket, thereby increas-
ing its relative affinity to ATP over drugs. Examples of such 
mutations include T790M in EGFR-driven lung cancer (3) and 
T315I in BCR–ABL-driven leukemia (4, 5), among many others. 
ATP-competitive CDK4/6 kinase inhibitors (CDK4/6i) have 
led to major improvements in the survival of patients with 
breast cancer and have shown early signs of efficacy in several 
other cancer types (6). Resistance to these drugs has been stud-
ied by many groups, but surprisingly, not a single instance of 
point mutation in CDK4 or CDK6 kinase has been described 
from thousands of tumors sequenced (5–8). In previous stud-
ies, we and others have found that upregulation of CDK6 
promotes resistance to CDK4/6i (8–10). In this study, we 
investigate the basis for CDK6-mediated resistance and find 
that upregulation of this kinase leads to a distinctive mecha-
nism to increase the relative affinity of the kinase toward ATP 
over drug. Overexpression of CDK6 causes the upregulation 
of and binding to INK4 proteins, which then serve as strong 
competitive inhibitors of the drug but only weak competitive 
inhibitors of ATP. Thus, overexpression of CDK6 leads to a 
kinase-weak but drug-insensitive complex that persistently 
drives G1 progression and cancer growth. To overcome this 
challenge, we developed a novel set of bifunctional degraders 
that can effectively bind CDK6, in part through allosteric con-
tacts. In particular, a degrader that is able to bind and degrade 
both CDK4 and CDK6 is identified and demonstrates activity 
in cancers resistant to first-generation CDK4/6i.

RESULTS
INK4 Proteins Interact with CDK6 in 
CDK4/6i-Resistant Cells

Previous studies have identified upregulation of wild-type 
(WT) CDK6 expression as a recurrent mechanism by which 
tumors restore cell proliferation during CDK4/6i therapy 
(8–10). To determine if overexpression of CDK6 leads to 
reactivation of G1 checkpoint kinase activity, we immuno-
precipitated CDK4 and CDK6 from isogenic drug-sensitive 
(MCF7 parental cells with low CDK6) and drug-resistant 
(MCF7 FAT1-loss cells with high CDK6) cells (8) and assayed 
their kinase activity using RB substrate (Fig. 1A and B; Sup-
plementary Fig.  S1A). As expected, drug-sensitive cells dis-
played higher basal levels of expression and activity of CDK4 
compared with CDK6. By contrast, drug-resistant CDK6-
high cells had similar levels of CDK4 and CDK6 kinase 
activity. Pretreatment of cells with abemaciclib potently 
inhibited the kinase activity of CDK4 in both sensitive 
(84% reduced compared with untreated) and resistant (82%) 
cells but could only partially reduce CDK6 activity (48%) 
in resistant cells despite the near-equal IC50 derived from 
using recombinant CDK4 (2 nmol/L) and CDK6 (5 nmol/L) 
kinases, as previously reported (11). As the composition of 

CDK4/6 complexes with specific members (e.g., D-cyclin, 
p16, p21, p27) can modify kinase activity and drug response 
(12–17), we investigated CDK4- and CDK6-interacting pro-
teins by immunoprecipitation (IP) of CDK4 and CDK6 from 
drug-sensitive and drug-resistant cells followed by mass 
spectrometry (MS). Across three replicates, we identified 
seven proteins that were found in association with CDK6, 
but not CDK4, in CDK4/6i-resistant cells (Fig. 1C). Among 
proteins known to interact with CDK4/6 and regulate cell 
cycle, the INK4 proteins p15INK4B and p18INK4C (parental 
cells lack endogenous p16INK4A) appeared as the top two 
that associated with CDK6 but not CDK4 (Fig. 1D and E). 
We verified these findings by IP and immunoblotting and 
again found that both p15INK4B and p18INK4C associate with 
CDK6 in the resistant CDK6-high MCF7 FAT1CR cells 
(Fig.  1F; Supplementary Fig.  S1B). We verified this strong 
association in other INK4+/CDK6-expressing breast cancer 
cell lines that were resistant to CDK4/6i (Supplementary 
Fig.  S1C and S1D). Of note, we observed that the INK4-
associated CDK6 was an active kinase by demonstrating its 
phosphorylation of RB (Supplementary Fig. S1E). Consist-
ent with previous data, expression of the INK4 proteins was 
also upregulated in resistant cells compared with sensitive 
cells (8). Finally, we conducted an unbiased screen of over 
1,000  cell lines (PRISM) and found INK4 overexpression 
(along with RB1 loss) to be among the top genomic altera-
tions associated with CDK4/6i resistance (Fig.  1G). These 
data reveal that INK4 proteins strongly associate with CDK6 
in CDK6-high cells that are resistant to CDK4/6i (18).

Interaction of INK4s and CDK6 Promotes 
Resistance to CDK4/6i

Based on previous crystallographic structures of CDK6–
INK4 (19, 20), we selected candidate residues in CDK6 that 
are in proximity of the INK4 binding site and performed site-
directed mutagenesis of apparent CDK6–INK4 interface resi-
dues. By coimmunoprecipitation, we confirmed that V16D 
and R31C alterations disrupted the interaction of CDK6 with 
p15INK4B and p18INK4C but with intact kinase activity (Fig. 1H; 
Supplementary Fig.  S1F). By contrast, classical kinase-dead 
mutations (K43M and D163N), far from the interface, did 
not disrupt the interaction. Consistent with a functional 
role for the INK4 interaction in drug resistance, mutations 
in the CDK6–INK4 interface decreased phosphorylation of 
RB and downstream signaling in response to abemaciclib 
and palbociclib to the same extent as kinase-dead muta-
tions (Fig. 1I). Cell viability assays also showed restored cel-
lular sensitivity to abemaciclib in cells expressing mutant 
forms of CDK6 impaired at binding INK4 (R31C or V16D; 
Fig.  1J). These finding were recapitulated in multiple estro-
gen receptor (ER)–positive breast cancer cell lines, including 
MCF7, T47D, ZR-75-1, CAMA1, and EFM19 (Supplemen-
tary Fig.  S1G–S1N). Moreover, overexpression of WT but 
not mutant forms of CDK6 (R31C or D163N) reduced the 
accumulation of cells in G1 after treatment with abemaciclib 
or palbociclib (Supplementary Fig.  S1O–S1Q). To confirm 
the role of INK4 proteins in mediating drug resistance, we 
genetically knocked out CDKN2B (p15) and CDKN2C (p18) 
in CDK6-high cells and found that p18INK4C loss could par-
tially restore the responsiveness of RB phosphorylation to 
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abemaciclib treatment, whereas loss of both p15INK4B and 
p18INK4C could do so almost entirely (Fig. 1K). Concordantly, 
long-term growth assays demonstrated that the loss of INK4 
proteins rendered CDK6-high cells sensitive to CDK4/6i. 
(Fig. 1L; Supplementary Fig. S1R and S1S). Conversely, over-
expression of p16INK4A in T47D cells lowered the potency of 
both abemaciclib and palbociclib (Supplementary Fig.  S1T 
and S1U). Taken together, these data implicate a drug-insen-
sitive INK4–CDK6 complex in driving persistent RB phos-
phorylation in CDK4/6i-resistant tumors.

The INK4–CDK6 Complex Is Insensitive to CDK4/6i
To further establish the role of the INK4 interaction in 

mediating the CDK4/6i insensitivity of CDK6, we used 
recombinant CDK6–cyclin D3 and p18INK4C and performed 
an in  vitro kinase assay (Fig.  2A and B; Supplementary 
Fig.  S2A–S2C). As expected, abemaciclib potently inhibited 
CDK6–cyclin D3 kinase activity with an IC50 of 8 nmol/L 
(Supplementary Fig. S2B), approximating published reports 
(21), and addition of recombinant p18INK4C protein inhibited 
CDK6 kinase activity (Supplementary Fig.  S2C). Although 
addition of p18 did lower CDK6–cyclin D activity, it also 
prevented the near-complete suppression by abemaciclib 
observed in the absence of p18 (Fig. 2A and B; Supplemen-
tary Fig.  S2D). Immunoblotting for RB phosphorylation 
confirmed that preincubation with p18 impairs abemaciclib 
inhibition of CDK6 activity (Fig. 2C).

To elucidate structural mechanisms underlying the effect 
of INK4 proteins on CDK6 drug inhibition, we inspected 
existing CDK6 structures alone [Protein Data Bank (PDB) 
ID: 2EUF; ref. 22] or in complex with INK4s (listed in the 
table of Fig.  1H). Structural superimposition indicates that 
the N-lobe of CDK6 is twisted toward cyclin D upon bind-
ing of INK4 (Fig.  2D). We found that INK4 (p16, p18, or 
p19) binding to CDK6 caused distortion of the N-lobe of 
CDK6, thereby more significantly decreasing the effective 
binding pocket volume for CDK4/6i than for AMP-PNP, a 
nonhydrolyzable analogue of ATP (Fig.  2D). This effect is 
most prominent in p18-bound CDK6, in which p18 binding 
causes a drastic reduction of the CDK4/6i binding volume 
(−87.65% for abemaciclib and  −85.03% for palbociclib) but 
minimally affects the binding volume of AMP-PNP (+0.54%; 

Fig.  2D). The p16-bound CDK6 (−87.44%/−7.64%) and p19-
bound CDK6 (−62.36%/−32.05%) led to similar reductions 
in abemaciclib and AMP-PNP binding volumes (Fig.  2E). 
The reduction of binding pocket volume upon association 
of INK4 compellingly explains the impaired CDK4/6i inhi-
bition and residual kinase activity in the presence of INK4 
observed in our biochemical assays. To directly test whether 
p18INK4C alters the binding affinity of CDK4/6i to CDK6, 
we performed microscale thermophoresis (MST) assays and 
found the Kd of abemaciclib to CDK6 was increased fourfold 
in the presence of p18INK4C (Fig.  2F). Taken together, these 
data reveal that the addition of p18INK4C to the cyclin D–
CDK6 complex suppresses CDK4/6i binding, likely mediat-
ing drug resistance.

Multiple Genetic Alterations Lead to CDK6-
Mediated Resistance in Patients

To define the prevalence of the CDK6-high, CDK4/6i-
resistant state in clinically relevant samples, we analyzed 
CDK6 and INK4 protein expression by immunohistochem-
istry, using a panel of patient-derived ER+ breast cancer 
xenografts (Fig. 3A). We found that among 14 distinct mod-
els, eight models displayed intense CDK6 staining. Of 
these, seven of eight were found to be resistant to CDK4/6i 
(Fig. 3B). Based on our prior work establishing Hippo path-
way suppression as a mechanism of CDK6 upregulation (8), 
we further analyzed FAT1 and nuclear YAP protein levels in 
these samples and indeed found that a subset of high-CDK6 
tumors featured low FAT1, high nuclear YAP1, and high 
p15/p18 (Fig.  3C; Supplementary Fig.  S3A). However, high 
CDK6 was found in some FAT1 WT tumors as well, suggest-
ing that additional genetic alterations might promote high 
CDK6 expression. Indeed, both PTEN and ARID1A have been 
implicated as potential regulators of this pathway; therefore, 
we tested whether loss of these might also increase CDK6 
abundance (23, 24). Knockdown of either PTEN or ARID1A 
in CDK4/6i-sensitive cell lines led to upregulation of CDK6 
expression and resistance to abemaciclib (Fig.  3D–G; Sup-
plementary Fig.  S3B). Given the canonical role of PTEN in 
suppressing AKT activation, we tested the effects of the AKT 
inhibitor MK-2206 and found its administration suppressed 
the expression of CDK6 in PTEN knockdown cells (Fig. 3H). 

Figure 1.  INK4–CDK6 complex promotes resistance to CDK4/6i in cells. A, Schematic for analysis of CDK4 and CDK6 interactions and activity via coimmu-
noprecipitation (co-IP) followed by ADP-Glo kinase assays and mass spectrometry. B, ADP-Glo kinase assay showing immunoprecipitated CDK4 and CDK6  
(IP-CDK4 and IP-CDK6) kinase activity from MCF7 parental and CDK6-high cells [cells with FAT1 CRISPR knockout (CR) that have high CDK6 expression, previously 
shown to have resistance to CDK4/6i ; ref. 8], with or without 100 nmol/L abemaciclib treatment. Data are shown as mean + SD of three biologically independ-
ent samples. P values were determined by unpaired two-sided Student t test. RLU, relative luminescence units. C, Venn diagram showing the number of unique 
proteins identified by mass spectrometry coimmunoprecipitated from IP-CDK4 and IP-CDK6 in FAT1-loss cells. Percentages were calculated by number of 
proteins identified in each subgroup divided by total proteins identified by IP of either CDK4 or CDK6. Data are shown as means of three replicates. D, Pathway 
analysis by Gene Ontology of proteins interacting with CDK6 but not CDK4 in the FAT1-loss cells. The proteins were grouped by their putative biological func-
tions. E, Unique peptide counts of cyclin-dependent kinases and their endogenous inhibitor proteins identified in the co-IP/mass spectrometry associated with 
CDK4 or CDK6 in the FAT1-loss cells. N = 2. F, Co-IP and immunoblotting reveal association of p15INK4B and p18INK4C with CDK6, but not CDK4, in CDK6-high 
cells. G, Cell line screening results showing that models with high CDKN2A or low RB1 mRNA expression are correlated with poor response to palbociclib. 
H, Interface residues in CDK6 in close proximity with INK4 isoforms based on previous INK4-bound CDK6 structures in the Protein Data Bank (ref. 65; no avail-
able structure for p15INK4B). CDK6-HA was immunoprecipitated using HA beads in parental MCF7 cells and MCF7 cells expressing HA-WT-CDK6-, HA-V16D-, 
and R31C-mutant CDK6 (disrupted INK4–CDK6 interaction) or HA-K43M/D163N-mutant CDK6 (kinase dead), and interaction with INK4 proteins was deter-
mined by immunoblotting. I, Disruption of INK4s and CDK6 binding or impairment of CDK6 kinase activity restores the sensitivity of CDK6-overexpressing cells 
to CDK4/6i. Cells were treated with DMSO or 100 nmol/L abemaciclib for 24 hours prior to collection. J, Percentage of cell viability of cells overexpressing WT 
CDK6 or R31C- or D163N-mutant CDK6 treated with increasing concentrations of abemaciclib compared with parental cells. IC50 values were recorded on day 5 
following treatment. Data are shown as mean ± SD; n = 6. K, Knockdown of p15INK4B and p18INK4C in FAT1-loss cells promotes suppression of RB phosphorylation 
in response to abemaciclib to a similar extent as in parental cells. Cells were collected 24 hours after 100 nmol/L abemaciclib treatment. Representative blots 
are shown, which were repeated independently three times. L, The growth rate of p15INK4B and p18INK4C knockout in FAT1-loss cells was inhibited by 100 nmol/L 
abemaciclib. The cell viability was recorded at day 14 and day 21. ****, P < 0.0001. Data are shown as mean ± SD; n = 6. See also Supplementary Fig. S1.
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Figure 3.  Multiple genetic alterations promote CDK6-mediated resistance in patients. A, IHC of FAT1, CDK6, YAP, p15INK4B, and p18INK4C in representative 
patient-derived xenograft (PDX) models that are sensitive or resistant to CDK4/6i. B, Number of cases that show high or low CDK6 in PDX models that are sensitive 
or resistant to CDK4/6i. Immunoreactive score (IRS) >2 is recorded as high CDK6 expression. C, IRS of CDK6, nuclear YAP, FAT1, p15, and p18 staining in sensitive 
and resistant PDX models. D and E, Immunoblotting demonstrating that knockdown of PTEN or ARID1A in MCF7 cells promotes upregulation of CDK6 and resist-
ance to 100 nmol/L abemaciclib (abema) treatment. Cells were treated for 24 hours prior to collection. ns, not significant. F, Cell viability (percentage of control 
cells) plots showing that both PTEN knockdown cells have decreased sensitivity to abemaciclib compared with parental cells. IC50 values were recorded on day 5. 
Data are shown as mean ± SD; n = 6. G, Cell viability (percentage of control cells) plots showing that ARID1A knockdown cells have decreased sensitivity to abemaci-
clib compared with parental cells. Knockdown of YAP1 in shARID1A cells restores its sensitivity to abemaciclib. IC50 values were recorded on day 7. Data are shown 
as mean ± SD; n = 6. H, Immunoblotting showing inhibition of AKT  (2 μmol/L MK-2206) suppresses induction of CDK6 expression in PTEN knockdown cells. I, Immu-
noblotting showing that knockdown of YAP1 in shARID1A cells decreases CDK6 expression. All blots were repeated at least three times, and representative blots 
are shown. J, The pattern, frequency, and type of genomic alterations in CDK6-associated genes in 1,366 metastatic tumors from 1,115 patients with HR+/HER2– 
metastatic breast cancer. A total of 190 cases show at least one of the genetic alterations associated with CDK6 upregulation. See also Supplementary Fig. S3.
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With respect to ARID1A and its known role in sequester-
ing YAP (24), we found that knockdown of YAP reduced 
CDK6 expression in the ARID1A knockdown cells (Fig.  3I). 
Moreover, we found an induction of INK4 protein expression 
concomitant with CDK6 upregulation in both PTEN and 
ARID1A knockdown cells (Fig.  3H and I), suggesting that 
coordinate upregulation of INK4 and CDK6 may be respon-
sible for mediating drug resistance in this context. Given 
these results, we analyzed the genomic landscape of 1,366 
metastatic tumors from 1,115 patients with hormone recep-
tor (HR)+/HER2– metastatic breast cancer (MSK-IMPACT) 
and found that 190 out of 1,115 (17%) patients showed at 
least one of the genetic alterations that might be associated 
with CDK6 upregulation and resistance to CDK4/6i (Fig. 3J). 
These findings demonstrate that mutations that can pro-
mote a CDK6–INK4 complex represent a significant cohort 
of patients in whom current ATP-competitive CDK4/6i may 
prove ineffective.

Degraders Targeting CDK6 Complexes Inhibit 
Resistant Cells

As the INK4–CDK6 complex confers resistance to the cur-
rent generation of CDK4/6i, we explored the potential of 
other compounds to target this pathway. Recently, bifunc-
tional degraders [proteolysis targeting chimera (PROTAC)] 
have emerged as a promising approach to target “undrug-
gable” proteins and overcome resistance to small-molecule 
inhibitors (25, 26). We previously identified the selective 
CDK6 degrader BSJ-03-123 (27) and here examined its effect 
in CDK6-high, CDK4/6i-resistant cells. BSJ-03-123 led to 
dose-dependent degradation of CDK6 but had no effect on 
CDK4. As a result, BSJ-03-123 could inhibit the phosphoryla-
tion of RB and expression of downstream cell-cycle signaling 
components (e.g., cyclin A2 and E2F1) in CDK4/6i-resistant 
cells (Fig. 4A). However, when the same cells were grown in 
long-term culture with effective CDK6 inhibition or knock-
down (9), we did not observe significant growth suppression 
due to preserved CDK4 activity (Supplementary Fig.  S4A). 
We thus generated a panel of CDK4/6-selective degraders 
by linking palbociclib to Cereblon (CRBN) binding (28) or 
von Hippel-Landau (VHL) binding ligands (Supplementary 
Fig.  S4B). All the chemical synthesis information is pro-
vided in Supplementary Data. Among these, BSJ-05-017 and 
BSJ-03-096 showed the highest potency in degrading CDK4 
and CDK6, acting at doses as low as 10 nmol/L (Fig.  4B; 
Supplementary Fig.  S4C and S4D). The two compounds 

demonstrated effective inhibition of the phosphorylation of 
RB and the expression of E2F1–cyclin A2 in both CDK4/6i-
sensitive and CDK4/6i-resistant cells (Fig.  4B and C; Sup-
plementary Fig. S4E and S4F). The degradation of CDK4 and 
CDK6 was abolished due to loss of binding to VHL with a 
reversal of the two chiral centers in the VHL ligand (Supple-
mentary Fig. S4G; ref. 29). To assess the therapeutic potential 
of BSJ-05-017 in CDK6-driven cells, we performed cell pro-
liferation assays and found BSJ-05-017 to be equipotent in 
suppressing proliferation (Fig. 4D; Supplementary Fig. S4H) 
and inducing cell-cycle arrest and senescence (Fig. 4E; Supple-
mentary Fig. S4I) of CDK4/6i-sensitive and CDK4/6i-resist-
ant breast cancer cells. To understand how these degraders 
could induce degradation and do so despite the presence 
of INK4, we manually constructed atomic-level molecular 
models of CDK4/6 complexed with degraders: E3 ligase 
adapter pairs (BSJ-03-123: CRBN, BSJ-05-017: VHL) in the 
presence of p18 or p27 and cyclin D based on existing crystal-
lographic data and previously reported PROTAC degrader 
binding models (12, 22). The E3 ligase adapters shifted ∼0.5 
nm from their initial conformation to adopt a new stable 
conformation in all four models (Supplementary Fig. S4J). To 
dissect the binding patterns of each of the ternary complex 
models, hydrogen bonds between the CDKs and the E3 ligase 
adapters or the degraders were identified for each simulation 
trajectory (Supplementary Fig. S4K and S4L). Comparing the 
CRBN/CDK4 versus CRBN/CDK6 conformations, it appears 
that CDK4 and CDK6 are engaging distinct regions of the 
CRBN surface with minimal overlap. The CDK6 binding 
region on the CRBN surface is closer to the binding pocket of 
BSJ-03-123, and one of the key residues identified here, H353, 
was previously reported to be important for CRBN to recruit 
and interact with various substrates (30–32). By contrast, 
CDK4 engages a set of CRBN residues that are distal to the 
degrader binding pocket. This difference potentially explains 
the selective degradation of CDK6 over CDK4 induced by 
BSJ-03-123. To investigate how both BSJ-03-123 and BSJ-05-
017 target CDK6, we examined the modeled binding modes 
of the degrader warhead to CDK6 in complex with E3 ligase 
adapters in detail. There is minimal interaction between 
BSJ-03-123 and the kinase binding pocket (no interaction 
with CDK6 and only one h-bond with the hinge region V101 
in CDK4; top row of Supplementary Fig.  S4L). Instead, the 
stabilization of the ternary complex and the effective deg-
radation of CDK6 appear to result from protein–protein 
interactions between CRBN and CDK6. In the case of the 

Figure 4.  Compounds targeting the CDK6–INK4 complex inhibit CDK4/6i-resistant tumors. A, Immunoblotting of MCF7 parental cells and cells with 
high CDK6 expression [CDK6-overexpressing (OE) cells and CDK6-high cells with FAT1 loss] treated for 24 hours with increasing concentrations of 
bifunctional degrader compound, BSJ-03-123, demonstrating dose-dependent targeting of CDK6 but not CDK4. B, Assessment of a panel of degrader 
compounds that target CDK4 and/or CDK6. Immunoblotting after 24-hour drug treatment (500 nmol/L) in FAT1-loss cells shows varying selectivity for 
CDK4 versus CDK6. Representative blots from three independent experiments are shown. Among them, BSJ-05-017 and BSJ-03-096 show the most 
significant degradation of both CDK4 and CDK6. C, Immunoblot depicting dose–response effects of BSJ-05-017 in both CDK4/6i-sensitive (left) and 
CDK4/6i-resistant (right) cells in comparison with palbociclib (500 nmol/L) after 24-hour treatment. D, Percentage of growth plot showing that BSJ-05-
017 inhibits sensitive MCF7 parental and resistant CDK6-high cells with equal potency, whereas palbociclib shows only partial inhibition of resistant 
cells. IC50 values were recorded at day 7. Data are shown as mean ± SD; n = 6. E, Assay for drug-induced senescence (Senescence Green) demonstrat-
ing number of senescence marker–positive cells induced by 8 days of treatment with DMSO, BSJ-05-017 (500 nmol/L), abemaciclib (100 nmol/L), and 
palbociclib (500 nmol/L). BSJ-05-017 induced a significantly higher number of cells into senescence compared with abemaciclib or palbociclib in CDK6-
high cells. F, Immunoblotting showing the degradation of CDK4/6 and decreased phospho-RB1 and E2F1 levels in CDK6-high (FAT1 loss) tumor-bearing 
mice administered 25 mg/kg BSJ-05-017 intraperitoneally. Tumors were collected 6 hours after 3 consecutive days of vehicle or BSJ-05-017 treatment 
(n = 2). G, Growth curve plots of cell-derived xenografts of MCF7 parental, CDK6-overexpressing, and PTEN-loss cells. Mice were treated with vehicle, 
ribociclib (25 mg/kg, orally), BSJ-05-017 (50 mg/kg, i.p.), or BSJ-03-096 (50 mg/kg, orally) daily for 25 to 35 days. Tumor volumes were recorded every 3 
to 4 days. Data are shown as mean ± SD; n = 4. See also Supplementary Fig. S4.
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BSJ-05-017 (bottom row of Supplementary Fig.  S4L), the 
degrader appears to partially interact with the kinase binding 
pocket [F164 in CDK6 and D163 in CDK4, both residues in 
the Asp–Phe–Gly (DFG) motif] despite the distorted binding 
pocket and DFG-out conformation of CDK6 in the presence 
of INK4. In this case, both the degrader–CDK interactions 
and VHL–CDK interactions contribute to the stabilization 
of the complex, explaining the robust CDK degradation by 
BSJ-05-017 observed experimentally. The capacity of these 
molecules to effectively degrade CDK6 is also consistent 
with prior reports that even PROTAC compounds with weak 
ligand binding affinity for the target protein can still achieve 
formation of a stable complex through additional interac-
tions, leading to potent protein degradation (33).

To ascertain the potential for in vivo use of BSJ-05-017 and 
BSJ-03-096, we assessed its pharmacokinetic (PK) proper-
ties following a single dose in mice intraperitoneally or per 
os (PO). Both BSJ-05-017 and BSJ-03-096 displayed high 
drug exposure in plasma, achieving a Cmax of 2.6 μmol/L and 
0.9 μmol/L, respectively, as well as good metabolic stability, as 
near equivalent to ribociclib at 20 mg/kg in a previous report 
(34). At 24 hours postdosing, the compound’s concentration 
remained near 100 nmol/L, still above the IC50 for in vitro 
CDK4/6 degradation (Supplementary Fig. S4M). Given these 
promising results, we next evaluated the in vivo effects of 
both compounds in CDK6-low and CDK6-high cell-derived 
xenografts. Compared with the vehicle control, BSJ-05-017 
induced near-complete degradation of CDK4 and CDK6, 
leading to significant suppression of RB1 phosphorylation 
and E2F1 expression (Fig. 4F). In the long term, MCF7 paren-
tal cell–derived xenografts with low CDK6 expression were 
sensitive to ribociclib, BSJ-05-017, and BSJ-03-096, whereas 
CDK6-overexpressing and shPTEN xenografts were durably 
inhibited by BSJ-03-096 (−68.9% and −54.9%) and BSJ-05-017 
(−64.9% and  −47.4%) while showing tumor outgrowth after 
initial response to ribociclib (Fig.  4G). These results reveal 
that in multiple models of CDK4/6i resistance, more potent 
and complete inhibition of the CDK4/6 kinases has substan-
tial antitumor effects.

DISCUSSION
In this report, we uncover how CDK6 evades kinase inhi-

bition by current-generation ATP-competitive CDK4/6i 
through the cloaking of its ATP binding pocket by INK4 
proteins. The results reveal a surprising mechanism of drug 
resistance to a broadly effective therapy by means of induction 
of an endogenous tumor suppressor and weak inhibitor of 
the very oncogenic kinase that the drug is targeting. Through 
a structural understanding of how this complex generates 
drug-insensitive signaling, we identify a strategy toward next-
generation therapies that can overcome this CDK6–INK4 
complex and exert more uniform CDK4/6 inhibition.

The finding of induction of CDK6 as a recurrent mecha-
nism of resistance to CDK4/6i (8–10, 35) is surprising inas-
much as the drugs all potently bind and antagonize both 
recombinant CDK4 and CDK6. To resolve this conundrum, 
we investigated the protein complexes of CDK4 and CDK6 
present in sensitive and resistant cells. Kinase pulldowns 
from CDK4/6i-sensitive models manifest high levels of 

intrinsic CDK4 activity that is CDK4/6i sensitive but express 
very little CDK6 (Fig.  1). By contrast, CDK4/6i-resistant 
models manifest high expression of CDK6, and this activity 
is CDK4/6i resistant. These results highlighted a critical dif-
ference between CDK4 and CDK6 present in resistant cells, 
which we resolved through study of the protein–protein 
interaction profiles of these kinases. We identified an abun-
dant CDK6–INK4 complex in multiple CDK4/6i-resistant 
ER+ breast cancer cell lines, which was notable given the 
known binding site for INK4 at the entrance to the CDK4/6 
ATP binding pocket (36–38). We established the significance 
of this interaction in mediating CDK4/6i resistance by block-
ing the interaction through mutation of CDK6 or knock-
down of INK4, both of which eliminated drug resistance. 
Moreover, we reconstituted the complex using recombinant 
CDK6 and p18INK4C, demonstrating that addition of INK4 
could almost completely prevent CDK4/6i from suppressing 
CDK6 activity. These data point to a CDK6–INK4 complex 
that harbors low but drug-insensitive kinase activity. Such 
a result is analogous to other forms of drug resistance, in 
which moving from complete to only partial kinase blockade 
is enough to allow tumor escape (3, 39).

To develop therapies capable of inhibiting this INK4–
CDK6 complex, we generated structural models that could 
inform how INK4 was affecting drug and ATP binding. 
Taking advantage of a panel of INK4- or drug-bound CDK4 
and CDK6 crystal structures, we were able to develop refined 
molecular simulations of how INK4 might alter ATP or 
CDK4/6i binding. The results readily explained the bio-
chemical findings, revealing that INK4 proteins cause distor-
tion of the N-lobe of CDK6 in a manner that disrupts the 
CDK4/6i binding pocket volume up to 80 times more than 
it does to the ATP pocket volume. Biophysical measurements 
by MST confirmed that p18INK4C indeed decreased CDK6 
binding affinity to CDK4/6i. These findings suggest that 
new strategies toward inhibiting CDK6–INK4 might turn 
attention to locations other than the currently targeted drug 
binding pocket.

One approach to potentially enhance inhibition of refrac-
tory targets is through PROTAC molecules that induce 
target degradation (27, 34). This emerges due to (i) poten-
tially different requirements for the affinity necessary for 
a drug to inhibit enzymatic activity compared with drug 
inducing E3 ligase recognition, (ii) vulnerabilities of certain 
proteins based on their half-lives to degradation compared 
with catalytic inhibition, and (iii) potential allosteric inter-
actions between the larger PROTAC molecules with other 
portions of the target driving binding and efficacy. To test 
this approach for CDK6–INK4, we generated a small library 
of selective and potent CDK4/6 PROTACs and identified 
compounds that could specifically target CDK4, CDK6, or 
both. Using these compounds in our sensitive and resist-
ant models, we demonstrated that degradation of CDK6 is 
feasible. Importantly, effective inhibition of both CDK4 and 
CDK6 through degradation led to potent tumor growth 
inhibition in CDK4/6i-resistant tumor models. Whether 
achieving such levels of degradation will be safe and toler-
able in the clinic is unknown, as other bifunctional degraders 
(e.g., targeting androgen receptor) are only beginning to be 
assessed in early-phase trials; however, the data in murine 
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models suggest that intraperitoneal and PO dosing can lead 
to effective circulating drug concentrations and target inhibi-
tion in xenografted tumors. Importantly, the findings convey 
that those alternative strategies that seek to overcome the 
INK4–CDK6 complex may represent a substantial therapeu-
tic advance and even lead to efficacy in tumor types in which 
expression of CDK6 is intrinsically high. Notable in this 
regard is that many of the “acquired” genetic alterations that 
lead to CDK6 upregulation in ER+ breast cancer (Fig. 3) are 
present as early events in cancers such as lung, endometrial, 
or prostate cancer.

The efficacy of the compounds is particularly notable in 
providing the very first proof that “retargeting” CDK4/6 
kinases can show efficacy even after resistance to first-
generation CDK4/6i emerges. This may be of relevance for 
several mechanisms of resistance to first-generation CDK4/6i, 
as we find a variety of genetic alterations can lead to induc-
tion of CDK6, including FAT1 loss (8), PTEN loss (40–42), and 
ARID1A loss (43). Beyond these alterations, recent literature 
has pointed to resistance to CDK4/6i through genetic altera-
tions in CCNE1 (44), RB1 (45), and FGFR1 (46). The extent to 
which these and other alterations (other than RB1) maintain 
a CDK4/6-dependent checkpoint will need to be investigated 
using such new-generation CDK4/6i as presented here. Taken 
together, our results imply that use of current-generation 
CDK4/6i should be informed by the presence or absence of 
CDK6–INK4 complexes and reveal the broader therapeutic 
potential for strategies that promote complete downregula-
tion of both CDK4 and CDK6.

METHODS
Cell Lines

MCF7, T47D, CAMA1, ZR-75-1, EFM19, and BT474 cell lines were 
obtained from the American Type Culture Collection. HEK293T was 
a gift from Ping Chi’s lab. MCF7 cells were maintained in DMEM/
F12 medium. T47D, ZR-75-1, EFM19, and BT474 cells were main-
tained in RPMI medium. CAMA1 cells were maintained in DMEM. 
All media were supplemented with 10% FBS, 2 mmol/L L-glutamine, 
20 U/mL penicillin, and 20 μg/mL streptomycin. All cell lines were 
authenticated by short tandem repeat genotyping and tested nega-
tive for Mycoplasma contamination. All cell lines were cultured and 
collected within 10 passages.

Drugs and Reagents
Abemaciclib (LY2835219) and palbociclib (PD-0332991) were 

obtained from Selleck Chemicals and TargetMol. We obtained riboci-
clib (LEE011) from Novartis. These drugs were dissolved in dimethyl 
sulfoxide. Phospho-RB1 (Ser780; #8180), phospho-RB1 (Ser807/811; 
#8516), RB1 (#9309), cyclin D1 (#2978), CDK6 (#3136), CDK4 
(#12790), CDK2 (#2546), E2F1 (#3742), cyclin A2 (#4656), cyclin 
E2 (#4132), YAP (#14074), TAZ (#4883), p18 (#2896), and  β-actin 
(#4970) antibodies were purchased from Cell Signaling Technol-
ogy. FAT1 (#ab190242) and p15INK4B (ab53034) antibodies were 
purchased from Abcam. Recombinant human CDK6–cyclin D3 
(C35-10H) and CDK4–cyclin D3 (C31-18G) were purchased from 
SignalChem. RB1 protein (#ab56270) was purchased from Abcam. 
ADP-Glo Kinase Assay Kit (V6930) was purchased from Promega.

Coimmunoprecipitation
Coimmunoprecipitation–MS. Cell pellets were lysed in coim-

munoprecipitation lysis buffer (Pierce; #87787) supplemented with 

1×  protease and phosphatase inhibitors (#78444; Pierce). After a 
10-minute incubation on ice, lysates were centrifuged at maximum 
speed for 10 minutes at 4°C, and the supernatants were obtained for 
the measurement of protein concentration. Then, 1 mg of lysates 
was immunoprecipitated by incubating 1  μg CDK4 (#sc-23896; 
Santa Cruz Biotechnology) or CDK6 (#sc-177-G; Santa Cruz Bio-
technology) antibody at 4°C overnight. Next, 20  μL of chromatin 
immunoprecipitation (ChIP)–grade magnetic beads (Thermo Fisher 
Scientific) was added into each IP tube and incubated for 2 hours. IP 
samples were washed three times with IP lysis buffer, resuspended 
in 2×  LDS sample buffer (Invitrogen), and boiled for 5 minutes at 
100°C before loading onto SDS-PAGE gels. The gel was stained with 
SimplyBlue safestain (Thermo Fisher Scientific) and used for MS. 
MS was conducted through the Q Exactive Plus mass spectrometer 
(Thermo Fisher Scientific) platform. MS raw files were converted 
into MGF by Proteome Discover (Thermo Scientific) and processed 
using Mascot 2.4 (Matrix Science) by searching against the UniProt 
human database supplemented with common contaminant proteins. 
Mascot data were assembled by Scaffold and X!-Tandem software, 
and search criteria for identification were four minimum peptides 
and 1% FDR at the peptide and protein levels. Scaffold_4.8.3 was 
used to visualize and analyze the MS data. A protein threshold above 
99% and peptide threshold above 95% were used to isolate proteins 
of interest. Gene Ontology analysis was performed using the Gene 
Ontology website (http://geneontology.org/).

IP–In Vitro Kinase Assay. For the IP-kinase assay, cells were 
lysed on  ice for 10 minutes in kinase lysis buffer [20 mmol/L Tris-
HCl (pH 7.5), 150 mmol/L NaCl, 1 mmol/L Na2EDTA, 1  mmol/L 
EGTA, 1% Triton, 2.5 mmol/L sodium pyrophosphate, 1  mmol/L 
β-glycerophosphate, 1  mmol/L Na3VO4, 1  μg/mL leupeptin, from 
Cell Signaling Technology, #9803] supplemented with 1×  protease 
and phosphatase inhibitors. Lysates were collected as described 
above. Then, 300  μg of cell lysates was incubated with 1  μg CDK4 
(#sc-23896; Santa Cruz Biotechnology) or CDK6 (#sc-177-G; Santa 
Cruz Biotechnology) antibody at 4°C overnight. Next, 20 μL of ChIP-
grade magnetic beads (Thermo Fisher Scientific) was added into each 
IP tube and incubated for 2 hours. IP samples were washed two times 
with kinase lysis buffer and two times with kinase reaction buffer 
[40 mmol/L Tris-HCl (pH 7.5), 20 mmol/L MgCl2, 0.1 mg/mL BSA, 
from SignalChem, #K03-09, with 50  μmol/L DTT added freshly]. 
Then, 100 μL of kinase reaction buffer with 0.5  μg of recombinant 
human RB1 protein and 100 μmol/L ATP was added into each tube. 
The kinase reaction system was incubated at 30°C for 30 minutes on 
a thermomixer. Next, 20 μL of reaction mixture (without beads) was 
mixed with 20 μL ADP-Glo reagent and incubated for 1 hour at room 
temperature. Then, 40 μL of kinase detection reagent was added and 
incubated for 40 minutes at room temperature. Samples were read 
on the Glomax luminometer (Promega), and kinase activities were 
calculated. The remaining reaction mixture (without beads) was 
denatured by LDS and DTT, and Western blotting was performed 
to detect phosphorylation of RB protein. The remaining proteins on 
beads were eluted by 2× LDS buffer, and Western blotting was used 
to confirm the kinase pulldown.

In Vitro Kinase Assay Using Recombinant Proteins
An in vitro kinase assay was performed in a final volume of 5  μL 

kinase buffer (#K03-09; SignalChem) supplemented with 50 μmol/L 
DTT, 100 μmol/L ATP, and 5 ng/μL RB1 recombinant protein. CDK4–
cyclin D3 (#C31-18G; SignalChem) and CDK6–cyclin D3 (#C35-10G;  
SignalChem) were used as kinases. CDK4/6i and/or INK4 proteins 
were preincubated with the kinases for 10 minutes at room tempera-
ture before adding ATP and RB1 substrate. After a 1-hour incubation 
at room temperature, 5 μL ADP-Glo reagent was added to the kinase 
reaction mixture and incubated for 1 hour, followed by incubating 
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with 10  μL kinase detection reagent for 40 minutes. The lumines-
cence was detected on SpectraMax iD5 microplate reader.

Cloning and Plasmids
LentiCRISPRv2 or lenti-sgRNA backbone was used for generating 

knockout cell lines. LentiCRISPRv2 puro, lentiCRISPRv2 hygro, and 
lenti-sgRNA neo were gifts from Brett Stringer (plasmids #98290, 
#98291, and #104992; Addgene). Single-guide RNAs were designed 
through MIT CRISPR Designer (crispr.mit.edu), and the sequences are 
as follows: FAT1-CRISPR, CACGGTGACGTTGTACTCGG; CDKN2B 
(p15)-CRISPR, ACGGAGTCAACCGTTTCGGG and CTCCACTAGT 
CCCCGCGCCG; CDKN2C (p18)-CRISPR, GAATGACAGCGAAACC 
AGTT and TTAACATCGAGGATAATGAA; and PTEN-CRISPR, TCA 
TCTGGATTATAGACCAG. Instructions for using the lentiCRISPRv2 
plasmids are as described by the Zhang laboratory (https://media.
addgene.org/cms/filer_public/53/09/53091cde-b1ee-47ee-97cf-
9b3b05d290f2/lenticrisprv2-and-lentiguide-oligo-cloning-protocol.
pdf). Oligos were annealed and ligated with BsmBI-digested lentiviral 
vector. Then, the ligation system was transformed into Stbl3 bacteria, 
and plasmids were extracted for sequencing.

pLKO-PTEN-shRNA-1320 and pLKO-PTEN-shRNA-3001 were gifts  
from Todd Waldman (plasmids #25638 and #25639; Addgene). We obtai-
ned them from Dr. Neal Rosen’s lab. Other short hairpin RNA (shRNA)  
sequences used are as follows: Renilla-sh, TGCTGTTGACAGT 
GAGCGCAGGAATTATAATGCTTATCTATAGTGAAGCCACAGAT 
GTATAGATAAGCATTATAATTCCTATGCCTACTGCCTCGGA; 
ARID1A-sh, TGCTGTTGACAGTGAGCGCAAGCGAGACACAGCTA 
TTTAATAGTG AAGCC AC AG ATGTATTAAATAGCTGTGT 
CTCGCTTTTGCCTACTGCCTCGGA; and YAP-sh, TGCTGTTGAC 
AGTGAGCGCTAGGTTGATCACTCATAATAATAGTGAAGCCAC 
AGATGTATTATTATGAGTGATCAACCTATTGCCTACTGCC 
TCGGA. Renilla, ARID1A, and YAP1 shRNAs were put into mir-E, 
an optimized microRNA backbone, as previously described (47). 
Briefly, hairpin ultramers were amplified and put into lentiviral SGEP 
or SGEN vectors, which were gifts from the Charles Sawyers lab. 
Proper insertions were verified by Sanger sequencing. ARID1A siRNA 
was purchased from Invitrogen (#4392420). pDONR223-CDK6 was 
cloned into MSCV-N-Flag-HA-IRES-PURO (a gift from William 
Hahn and David Root; #23688; Addgene) and pLenti PGK Neo 
DEST (w531-1; a gift from Eric Campeau and Paul Kaufman; plas-
mid #19067; Addgene) using the Gateway LR Clonase II Enzyme Mix 
(Invitrogen; ref. 9). Single-site mutagenesis was performed using the 
QuikChange II XL Site-Directed Mutagenesis Kit (#200522; Agilent 
Technologies). Proper mutations were verified by Sanger sequencing.

Lentiviral and Retroviral Infection and Generation of 
Stable Cell Lines

HEK293T cells were transfected with 4.5  μg of lentiviral vector,  
4.5 μg psPAX2/pCL-Ampho, and 1 μg pVSVG with 40 μL X-tremeGENE 
HP (Roche) according to the manufacturer’s protocol. Conditioned 
medium containing recombinant lentivirus was collected 48  hours 
after transfection and filtered through nonpyrogenic filters with a 
pore size of 0.45 μmol/L (Merck Millipore). Samples of these superna-
tants were applied immediately to target cells together with Polybrene 
(Sigma-Aldrich) at a final concentration of 8 μg/mL, and supernatants 
were incubated with cells for 12 hours. After infection, cells were 
placed in fresh growth medium and cultured as usual. Selection with 
2 μg/mL puromycin (Thermo Fisher Scientific), 1 mg/mL G418 (Invi-
voGen), or 200 μg/mL hygromycin (InvivoGen) was initiated 48 hours 
after infection.

Cell Viability Assay
Cell viability was measured by Resazurin (R&D Systems) as 

described previously (48). Briefly, 1,500 cells were seeded in a 96-well 

plate and allowed to recover overnight. Cells were treated with drugs 
at day 0. Resazurin was added to the cells 4 hours prior to the meas-
urements on day 3, day 5, and day 7. Fluorescent intensity was meas-
ured using a microplate reader (SpectraMax M5; Molecular Devices). 
IC50 was calculated by GraphPad Prism 7.0 (GraphPad Software) 
using a sigmoidal regression model.

Western Blotting
Cell lysates were collected in RIPA buffer (Thermo Fisher Sci-

entific) supplemented with protease and phosphatase inhibitors 
(Pierce). Protein concentration was quantified by using the BCA kit 
(Fisher Scientific). Then, 60 to 100 μg of protein lysates were loaded 
onto 4% to 12% SDS-PAGE gels (Invitrogen) for electrophoresis and 
transferred onto nitrocellular membranes. Blots were blocked with 
Intercept (TBS) Blocking Buffer (#927-60001; LI-COR Bioscience) 
and incubated with primary antibody at 4°C overnight. Secondary 
antibodies conjugated with fluorescence (#926-68071 and #926-
32210; LI-COR Bioscience) were incubated for 1 hour at room tem-
perature, and blots were scanned by Odyssey Clx Imaging System 
from LI-COR Bioscience.

IHC
IHC was performed on formalin-fixed, paraffin-embedded tumor 

specimens from patient-derived xenografts provided by Dr. Violeta 
Serra from VHIO in Barcelona, Spain. A standard multimer/diam-
inobenzidine (DAB) detection protocol was performed on a Ventana 
BenchMark ULTRA Automated stainer, as previously described (8), 
with appropriate negative and positive controls. Then, 2 μg/mL FAT1 
(#ab190242; Abcam), 1 μg/mL YAP (#14074; Cell Signaling Technol-
ogy), 1  μg/mL CDK6 (#HPA002637; Sigma-Aldrich), 1  μg/mL p15 
(#MAB6798; R&D Systems) and 1 μg/mL p18 (#2896; Cell Signaling 
Technology) antibodies were used. Images were taken under a Leica 
DMi8 microscope and evaluated by a pathologist at Memorial Sloan 
Kettering Cancer Center (MSKCC). Quantification of the stain-
ing was based on the percentage of positive staining and staining 
intensity at the indicated location. The immunoreactive scores were 
recorded as previously described (49, 50).

Computational Structural Analysis
INK4–CDK6 Interface Analysis. We superposed three crystal-

lographic structures in the PDB database of CDK6–INK4 (PDB IDs: 
1BI7, 1BI8, 1G3N; refs. 19, 20) using UCSF-Chimera v1.14 (51), and 
CDK6 residues in proximity of INK4 (≤2.7 Å) were selected (listed in 
Fig. 2A) as candidates for mutagenesis experiments.

Quantification of the Change in CDK6 Binding Pocket Volume upon 
INK4 Binding. Besides the existing INK4-bound CDK6 structures 
as listed in the table in Fig.  2A, we also selected PDB ID 2EUF 
(22) as the structure that cognately binds to palbociclib without 
INK4 bound. Structural superposition was performed using UCSF-
Chimera v1.14. For each structure, we docked AMP-PNP and pal-
bociclib into the CDK6 binding pocket using the flexible docking 
protocol in the software DOCK6.9 (52). We also used DOCK6.9 to 
generate spheres (i.e., probes along the protein surface) and selected 
those that were occupied by the predicted binding pose of the 
ligand to approximate the volume of the binding pocket. We elected 
to use the docked pose for AMP-PNP and the superposed pose for 
palbociclib due to incomplete pose generation in the distorted 
binding pocket. Input and raw docking results can be found at 
the following GitHub repository: https://github.com/choderalab/
CDK_PROTAC.

Manual Construction of the Structural Models of the Ternary 
Complex. We used various existing structures (WT, human proteins) 

https://github.com/choderalab/CDK_PROTAC
https://github.com/choderalab/CDK_PROTAC
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from the PDB to construct the complex. The catalytic domains of 
CDK6 and CDK4 were from PDB IDs 1G3N and 3G33, respectively. 
CRBN was from PDB ID 5FQD, and VHL was from PDB ID 5T35. 
Cyclin D1 was from PDB ID 6P8E. For each PROTAC degrader, first, 
the two warheads were docked to the binding pocket of the E3 ligase 
adapter and CDK4 (superposed for CDK6 due to the distorted bind-
ing pocket). Each palbociclib posed in the CDK binding pockets was 
then relaxed with a short (20 ns) molecular dynamics simulation (at 
310.15 K, 1.0 atm, 4 fs time steps with heavy hydrogen masses, to 
further open the pocket to increase compatibility with the degrader 
linker) using OpenMM package v7.4.2 (53). Then the docked poses 
for the two warheads were superimposed to common rotatable bonds 
in an extended pose of the degrader linker using UCSF-Chimera 
v1.14. Once clashes in the protein targets were eliminated by manual 
rotation and reorientation of side chains, the two warheads and the 
linker were manually bonded.

Molecular Dynamics Simulations and Postanalysis. The manually 
constructed model structures were solvated in TIP3P water (54) and 
neutralized with an amount of NaCl equivalent to the ionic strength 
of 20 mmol/L MgCl2 to match the experimental condition. The 
small-molecule ligands were parameterized using the GAFF force 
field (55) and the AM1-BCC charging method (56) implemented 
in the software package Antechamber (57). Molecular dynamics 
simulations were run using the Amber14SB force field (58) through 
the OpenMM package v7.4.2 (53). Short equilibration (5 ns) was 
performed before the production run (ended up with ∼300 ns) using 
the Langevin integrator at 400.15 K and 1.0 atm with a time step of 
4 fs (using heavy hydrogens with a mass of 4 atomic mass units). The 
arbitrarily high temperature (127°C) was used for the simulations to 
ensure that the complexes were not trapped in initial conformations 
and were able to reach reasonable equilibration. Trajectories from the 
simulations were postanalyzed (imaged on one of the protein com-
ponents and converted to the pdb format) using MDTraj v1.9.4 (59) 
and visualized using the software package PyMOL v2.2.0. Hydrogen 
bonds in each trajectory were identified using the Baker–Hubbard 
criterion in MDTraj, and the union of the three sets of the most 
frequently observed hydrogen bonds was identified. Coordinates for 
the equilibrated structures of the four ternary complex models can 
be found at the following GitHub repository: https://github.com/
choderalab/CDK_PROTAC.

MST Assay
MST assay was done by Reaction Biology Corp. Briefly, pro-

tein CDK6 was labeled using the Protein Labeling Kit RED-NHS 
(NanoTemper Technologies). The labeling reaction was performed 
according to the manufacturer’s instructions in the supplied label-
ing buffer applying a concentration of 15  μmol/L protein (molar 
dye/protein ratio ≈3:1) at room temperature for 30 minutes. Unre-
acted dye was removed with the supplied dye removal column equili-
brated with storage buffer [50 mmol/L Hepes, pH 7.5; 500 mmol/L 
NaCl; 10% glycerol; 0.25 mmol/L Tris (2-carboxy-ethyl)-phosphin-
HCl; and 0.01% Tween 20]. The degree of labeling was determined 
using UV-visible spectrophotometry at 650 and 280 nm. A degree 
of labeling of 0.6 was achieved. The labeled protein CDK6 was 
adjusted to 12 nmol/L with assay buffer (20 mmol/L K phosphate, 
pH 8.0; 50 mmol/L NaCl; and 0.05% Pluronic). Then, 250 nmol/L 
p18 was preincubated with CDK6 for 15 minutes prior to the addi-
tion of ligand. The ligand abemaciclib was dissolved in assay buffer, 
and a series of sixteen 1:1 dilutions was prepared using the same 
buffer, producing ligand concentrations ranging from 122 pmol/L 
to 4  μmol/L. Each ligand dilution was mixed with one volume of 
labeled protein, resulting in a final labeled CDK6 concentration of 
6 nmol/L and final ligand concentrations ranging from 61 pmol/L 
to 2 nmol/L. After a 20-minute incubation, the samples were 

loaded into standard Monolith NT.115 Capillaries (NanoTemper 
Technologies). MST was measured using a Monolith NT.115 instru-
ment (NanoTemper Technologies) at an ambient temperature of 
25°C. Instrument parameters were adjusted to 10% LED power and 
medium MST power. Data of three independently pipetted meas-
urements were analyzed (MO.Affinity Analysis software version 
2.1.3; NanoTemper Technologies) using the signal from an MST-on 
time of 5 seconds. The data were expressed as baseline-corrected 
normalized fluorescence,  ΔFnorm [‰]. To obtain  ΔFnorm, the 
baseline Fnorm value is subtracted from all data points of the same 
curve. (The baseline Fnorm value is equivalent to the mean Fnorm 
value of the unbound target, usually in capillaries 14–16, and is 
given by the MO.Affinity Analysis software as the “unbound” value 
when a fit is performed.)

Synthesis of PROTAC Degraders and Palbociclib–Biotin
The synthesis of the degrader library is described in detail in the 

Supplementary Materials. For the synthesis of biotin-labeled palboci-
clib, a solution of tert-butyl (2-(2-(2-(2-(4-(6-((6-acetyl-8-cyclopentyl- 
5-methyl-7-oxo-7,8-dihydropyrido[2,3-d]pyrimidin-2-yl)amino)
pyridin-3-yl)piperazin-1-yl)ethoxy)ethoxy)ethoxy)ethyl)carbamate (3, 
30.5 mg, 0.0422 mmol) in dichloromethane (DCM; 1 mL) was added 
to trifluoroacetic acid (1 mL), and the resulting solution was stirred 
for 0.5 hours at room temperature. The mixture was concentrated to 
give the primary amine intermediate, which was directly dissolved 
into 1.0  mL dimethylformamide (DMF), followed by addition of 
biotin (10.3 mg, 0.0422 mmol), Hexafluorophosphate Azabenzo-
triazole Tetramethyl Uronium (HATU; 24  mg, 0.063 mmol), and 
N,N-diisopropylethylamine (DIPEA; 0.058  mL, 0.269 mmol). The 
resulting mixture was stirred at room temperature for 0.5 hours, 
then purified by reverse-phase HPLC (5%–95% MeOH in H2O) to 
give BSJ-03-163 as a yellow solid (26.1 mg, 81%). LC/MS indicated 
m/z 849 [M+1]. All the chemical synthesis information is provided 
in Supplementary Data.

Flow Cytometry: Senescence Green and Cell Cycle
Senescence Analysis. Cells were treated with DMSO, abemaciclib 

(100 nmol/L), palbociclib (500 nmol/L), and BSJ-05-017 (500 nmol/L) 
for 8 days. Cells were harvested using trypsin/EDTA and then stained 
with the CellEvent Senescence Green Flow Cytometry Assay Kit 
(Invitrogen) according to the manufacturer’s instructions. Briefly, 
cells were fixed with 2% paraformaldehyde for 15 minutes at room 
temperature and stained with the CellEvent Senescence Green Probe 
for 2 hours at 37°C without CO2. After incubation, cells were washed 
with PBS three times and resuspended in FACS buffer (PBS with 2% 
FBS) for analysis on BD Biosciences LSR Fortessa using a 488-nm 
laser and 530-nm/30 filter (BD Biosciences). Data analysis was per-
formed with FCS Express 7 (De Novo Software).

Cell-cycle Analysis. Cells were treated with DMSO, abemaciclib 
(100 nmol/L), palbociclib (500 nmol/L), and BSJ-05-017 (500 nmol/L) 
for 24 hours. Cells were detached from the cell culture dish with 
trypsin/EDTA, and then washed with PBS and fixed in 70% ice-cold 
EtOH overnight. Prior to staining, EtOH was removed, and cells 
were washed twice with FACS buffer. Cells were then resuspended 
in staining buffer containing 1,000  μL FACS buffer with 2  μg/mL 
propidium iodide (Invitrogen) and 100 μg/mL RNase A (Invitrogen). 
Cell-cycle profiles were measured with BD Biosciences LSR Fortessa 
and analyzed with FCS Express 7.

Proteomics
Molt4 cells were treated with 250 nmol/L of either of the com-

pounds BSJ-05-017 or BSJ-03-096 (singlicate) or DMSO control (bio-
logical triplicate) for 5 hours. Cells were harvested by centrifugation 

https://github.com/choderalab/CDK_PROTAC
https://github.com/choderalab/CDK_PROTAC
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and prepared for MS as described previously (28). Data were col-
lected as reported (28). LC/MS data were analyzed using Proteome 
Discoverer 2.4 (Thermo Fisher Scientific) as previously described 
(28). Reporter ion intensities were normalized and scaled using 
in-house scripts in the R framework (https://www.R-project.org/). 
Statistical analysis was carried out using the limma package within 
the R framework (60).

In Vivo Studies
PK Study. We performed a PK study in the Drug Metabolism and 

Pharmacokinetics (DMPK) Core facility at Scripps Florida (https://
www.scripps.edu/science-and-medicine/cores-and-services/dmpk-
core/index.html). C57BL/6 male mice were dosed with BSJ-05-017 
solution formulation (i.p., 5/95 DMSO/10% captisol, dose 25 mg/kg) 
and BSJ-03-096 solution formulation (PO, 5/95 DMSO/10%, dose 10 
mg/kg). Blood samples were collected at 0.08, 0.25, 0.5, 1, 2, 4, 6, 8, 
and 24 hours. The blood samples were collected from sets of three 
mice at each time point in microcentrifuge tubes containing K2EDTA 
as an anticoagulant. Plasma samples were separated by centrifugation 
and stored below −70°C until bioanalysis. All samples were processed 
for analysis by precipitation using acetonitrile and analyzed with a 
partially validated LC/MS/MS method [lower limit of quantification 
(LLOQ), –1.22 ng/mL for i.v. and PO; LLOQ, –5.02 ng/mL for i.p.]. 
PK parameters were calculated using the noncompartmental analysis 
tool of WinNonlin Enterprise software (version 6.3). All procedures 
were approved by the Scripps Florida Institutional Animal Care and 
Use Committee (IACUC), and the Scripps Vivarium is fully accredited 
by the Association for Assessment and Accreditation of Laboratory 
Animal Care International.

Pharmacodynamic Study. NOD.Cg-Prkdc<scid>  Il2rg<tm1Wjl>/
SzJ (NSG) mice were obtained from The Jackson Laboratory (stock 
no. 005557). Each mouse was injected with FAT1-loss cells subcu-
taneously 1 week after the implantation of estradiol pellets (25 mg). 
After the tumors reached 200 mm3, mice were treated for 3 con-
secutive days with BSJ-05-017 at 25 mg/kg. Tumors were collected 
at 6  hours. Lysates were prepared by homogenization in SDS-lysis 
buffer (∼1  mL/mg tissue; 50 mmol/L Tris-HCl, pH 7.4; 2% SDS) 
and boiled for 10 minutes, followed by brief sonication as described 
previously (61). Lysates were cleared by centrifugation at 14,000 × g for 
10 minutes, and the supernatant was collected for Western blotting.

Efficacy Study. NOD.Cg-Prkdc<scid>  Il2rg<tm1Wjl>/SzJ (NSG) 
mice were obtained from The Jackson Laboratory (stock no. 005557). 
Each mouse was injected with MCF7 parental, CDK6-ovexpressing, 
or PTEN loss cells subcutaneously 1 week after the implantation of 
estradiol pellets (25 mg). After the tumors reached 150 to 200 mm3, 
mice were treated at a 5 days on/2 days off schedule for 25 to 35 days 
with ribociclib at 25 mg/kg (orally), BSJ-05-017 at 50 mg/kg (i.v.), and 
BSJ-03-096 at 50 mg/kg (orally). Tumor volumes were recorded every 
3 to 4 days. Mice were sacrificed if tumors reached 1,000 mm3 or at 
the end of the experiment. Tumors were collected and processed as 
described above.

The pharmacodynamic and efficacy studies were approved by the 
IACUC review board at MSKCC.

Human Participants
A total of 1,366 metastatic tumors from 1,115 patients with HR+/

HER2– metastatic breast cancer who underwent prospective clinical 
genomic profiling between April 2014 and March 2020 were ana-
lyzed. This study was approved by the MSKCC Institutional Review 
Board, and all patients provided written informed consent for tumor 
sequencing and review of patient medical records for detailed demo-
graphic, pathologic, and treatment information (NCT01775072). 
Detailed clinicopathologic data were obtained for each sample.

Prospective Sequencing and Analysis. For all 1,366 tumors, 
matched tumor and normal DNA samples were extracted from either 
representative formalin-fixed, paraffin-embedded tumor biopsy sam-
ples or mononuclear cells from peripheral blood, respectively. All 
specimens underwent massively parallel next-generation sequenc-
ing in a laboratory certified by Clinical Laboratory Improvement 
Amendments using MSK-IMPACT, an FDA-authorized hybridization 
capture-based next-generation sequencing assay, which analyzes all 
protein-coding exons and selected intronic and regulatory regions 
of 341 to 468 cancer-associated genes, all as previously described 
(62–64). Somatic mutations, DNA copy-number alterations, and 
structural rearrangements were identified as previously described 
(63), and all mutations were manually reviewed.

PRISM Cell Line Screening
Cell Lines. The current PRISM cell set consists of 931 cell lines 

representing more than 45 lineages, including both adherent and 
suspension/hematopoietic cell lines. These cell lines largely overlap 
with and reflect the diversity of the Cancer Cell Line Encyclopedia 
(CCLE) cell lines (see https://portals.broadinstitute.org/ccle). Cell 
lines were grown in RPMI 10% FBS without phenol red for adherent 
lines and RPMI 20% FBS without phenol red for suspension lines. 
Parental cell lines were stably infected with a unique 24-nucleotide 
DNA barcode via lentiviral transduction and blasticidin selection. 
After selection, barcoded cell lines were expanded and QCed (Myco-
plasma contamination test, an SNP test for confirming cell line iden-
tity, and barcode ID confirmation). Passing barcoded lines were then 
pooled (20–25 cell lines per pool) based on doubling time and frozen 
in assay-ready vials.

PRISM Screening. Test compounds were added to 384-well 
plates and run at 8-point dose with threefold dilutions in triplicate. 
These assay-ready plates were then seeded with the thawed cell line 
pools. Adherent cell pools were plated at 1,250 cells per well, whereas 
suspension and mixed adherent/suspension pools were plated at 
2,000 cells per well. Treated cells were incubated for 5 days and then 
lysed. Lysate plates were collapsed together prior to barcode amplifi-
cation and detection.

Barcode Amplification and Detection. Each cell line’s unique bar-
code was located at the end of the blasticidin resistance gene and 
expressed as mRNA. These mRNAs were then captured by using 
magnetic particles that recognized polyA sequences. mRNA was 
then reverse-transcribed into cDNA, and then the sequence contain-
ing the unique PRISM barcode was amplified using PCR. Finally, 
Luminex beads that recognized the specific barcode sequences in 
the cell set were hybridized to the PCR products and then detected 
using a Luminex scanner, which reported the signal as a median 
fluorescent intensity.

Biomarker Identification. After data processing, we explored the 
univariate associations between the PRISM sensitivity profiles and 
the genomic features or genetic dependencies. In particular, we com-
puted the Pearson correlations and associated P values. Correlations 
and P values for log-viability values at each dose, AUC scores, and 
logIC50 values were tabulated. For each data set, the q values were 
computed from P values using the Benjamini–Hochberg algorithm. 
Associations with q values above 0.1 were filtered out, and q values 
below 1e-20 were plotted at 1e-20 for plot readability. Univariate 
models were run on available feature sets, including CCLE genomic 
characterization data such as gene expression, cell lineage, mutation, 
copy number, metabolomics, and proteomics, as well as loss-of-
function genetic perturbation (both RNAi and CRISPR) data from 
the Dependency Map. In addition to these data sets, viability data 
from the PRISM drug repurposing project were used as a feature 
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set for univariate analysis. For discrete data, such as mutation and 
lineage, a t test was done to determine differential sensitivities. For 
continuous data, such as gene expression, correlations between sen-
sitivity and the characteristic of interest were calculated to determine 
any association.

Data Availability Statement
The computational structural information can be found in the 

following GitHub repository: https://github.com/choderalab/CDK_
PROTAC. The genomic sequencing data have been deposited in the 
following repository: https://cbioportal.mskcc.org/study/summary? 
id=breast_ink4_msk_2021.
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