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Supplementary Fig. 1. Genomic alterations in the cell cycle pathway in breast cancer.
(a) Workflow of the pooled CRISPR genetic screening strategy. (b) Genomic alteration and
cellular response to palbociclib. Data was achieved from Genomics of Drug Sensitivity in Cancer

database (https://www.cancerrxgene.org). (¢) The type and frequency of genomic alterations in the

cell cycle control genes in breast cancer. Data were obtained from the cBioPortal database. (d-i)
Genomic mutation types and frequency of cell cycle genes whose amplification drive CDK4/61
resistance identified by the CRISPR screen. Data were obtained from the cBioPortal for Cancer

Genomics database (https://www.cbioportal.org). (j-0) Genomic mutation types and frequency of

cell cycle genes whose depletion drive CDK4/61 resistance identified by the CRISPR screen. Data
were obtained from the cBioPortal database. (p) IC50 of cancer cell lines in response to palbociclib
treatment. Data was achieved from Genomics of Drug Sensitivity in Cancer database

(https://www.cancerrxgene.org). (q) Immunoblot showing the RB1 and CDK6 protein abundance

in the context of CDK4/6i treatment in HCC1143 and BT-20 breast cancer cell lines. (1)
Immunostaining showing decreased RB1 protein abundance in MCF7 and MDA-MB-231 breast
cancer cells upon CDK4/6i1 treatment. Scale bar: 100 uM. The relevant raw data and uncropped

blots are provided in Source Data.
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Supplementary Fig. 2. Suppression of cyclin D1-CDK4 promotes RB1 degradation.

(a) Exposure of cells with CDK4/61 reduced RB1 protein abundance in a time-dependent manner

6™ 4 reduced RB1 protein levels

in multiple breast cancer cell lines. (b) Ectopic expression of p1
in a dose-dependent manner in MCF7 cells. (¢) Knocking-down of cyclin DI resulted in RB1
protein reduction in MCF7 and MDA-MB-231 breast cancer cells. (d) Knocking-down of CDK4
led to RB1 protein reduction in MCF7 cells. (e) A schematic diagram of sgRNAs targeting the
human CDK4 and CDKG6 loci. (f) Knocking-out of CDK4/6 accelerated RB1 protein degradation
in MCF7 cells. (g) Knocking-out of CDK4/6 accelerated RB1 degradation in MDA-MB-231 cells.
(h) Knocking-out of CDK4/6 resulted in accumulation of K48-linked polyubiquitination of RBI.
(i) HeLa cells were treated with nocodazole (10 uM) for 16 hours and suspended cells were
harvested and washed three times with PBS before seeding. Cells were then harvested at indicated
time, and Fluorescence-activated cell sorting (FACS) analysis was performed to show cell
distribution in different cell cycle phases. (j) RT-qPCR analysis showing the transcriptional pattern
of cell cycle genes throughout the cell cycle progression (n=3). (k) Immunoblot showing that RB1
protein abundance fluctuates throughout the cell cycle. (1) Quantification of RB1 protein intensity
and mRNA levels throughout the cell cycle (n=3). (m) CHX chase assay showing the destruction
of RB1 was accelerated in the context of serum starvation in MCF7 cells. Data are presented as

mean values +/- SEM. The relevant raw data and uncropped blots are provided in Source Data.
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Supplementary Fig. 3. Cullin 1-3TrCP1 mediates hypo-phosphorylated RB1 for
proteasomal degradation in G1 phase.

(a) A schematic view of the workflow of LC-MS analysis. (b) A short list of proteins identified in
GST-RBI1 precipitates by LC-MS/MS. (¢) Knocking-down of CDC20 did not noticeably affect
RBI1 protein abundance in MCF7 cells. (d) Knocking-down of Cullin I led to RB1 accumulation
in the context of serum starvation. (e) Treatment of MCF7 and MDA-MB-231 cells with
MLN4924 suppressed cell viability in a dose-dependent manner (n=3). The P-values were
calculated by Student’s t-test (two-sided). **: P<0.01. (f) Knocking-down of Cullin I suppressed
cell proliferation (n=4). Statistical differences were assessed by two-way ANOVA (two-sided).
**. P<0.01. (g) Colony formation assay showing that knocking-down of Cullin I enhanced the
inhibitory effect of ribociclib on cell proliferation (n=3). The P-values were calculated by
Student’s t-test (two-sided). **: P<0.01. (h) Immunoprecipitation assay showing that the hyper-
phosphorylation mimetic RB1-13E mutant was compromised in the RB1-fTrCP1 interaction. (i)
CHX chase assay showing that the RB1-13E mutant was more stable than the RB1-13A mutant.
(j) BTrCP1 specifically interacted with RB1, but not p107 and p130 in cells. (k) Knocking-down
of endogenous BTrCP1 suppressed HFF1 cell proliferation (n=4). Scale bar: 50 uM. The P-values
were calculated by Student’s t-test (two-sided). *: P<0.05, **: P<0.01. (I) Immunoblot showing
that RB1 is hyper-phosphorylated in transformed cancer cells. (m) Soft agar assay showing that
knocking-down of BTrCP1 enhanced the inhibitory effect of ribociclib on MCF7 cell proliferation
(n=3). The P-values were calculated by Student’s t-test (two-sided). **: P<(.01. Data are presented

as mean values +/- SEM. The relevant raw data and uncropped blots are provided in Source Data.
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Supplementary Fig. 4. CKlg¢ is required for PTrCP1-mediated RB1 degradation.

(a) Ectopic expression of CK1¢ led to reduced RB1 protein abundance. (b) FACS analysis showing
the distribution of MDA-MB-231 cells in different cycle phases at indicated time points post serum
re-addition, related to Figure 3e. (¢) Hyper-phosphorylation mimetic mutant RB1-13E was
relatively resistant to CK1&/BTrCP1-mediated degradation. (d) Exposure of cells with D 4476
reduced cell viability in a dose-dependent manner in MCF7 and MDA-MB-231 cells (n=3). The
P-values were calculated by Student’s t-test (two-sided). **: P<0.01. (e) Treatment of HFF1 non-
transformed cells with D 4476 suppressed HFF1 cell proliferation (n=4). The P-values were
calculated by Student’s t-test (two-sided). **: P<0.01. (f) Treatment of MCF7 cells with D 4476
suppressed MCF7 cell proliferation (n=4). The P-values were calculated by Student’s t-test (two-
sided). **: P<0.01. (g) Colony formation assay showing that knocking-down of CK/¢ enhanced
the inhibitory effect of ribociclib on cell proliferation in MCF7 cells (n=3). The P-values were
calculated by Student’s t-test (two-sided). **: P<0.01. Data are presented as mean values +/- SEM.

The relevant raw data and uncropped blots are provided in Source Data.
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Supplementary Fig. 5. CKle-SP1 axis modulates CDK6 upregulation in the context of
CDK4/6i treatment.

(a) RT-gPCR analysis showing that knocking-down of CK/¢ suppressed CDK6 transcription
(n=3). The P-values were calculated by Student’s t-test (two-sided). #: no significant difference,
**. P<0.01. (b) Knocking-down of CKI¢ did not affect CDK6 protein stability. (¢) Knocking-
down of CK16/¢ reduced CDK6 protein abundance in MDA-MB-231 cells. (d) Knocking-down
of CK106/¢ reduced CDK6 protein abundance in MCF7 cells. (e) Treatment of cells with D 4476
promoted SP1 degradation in MCF7 and MDA-MB-231 cells. (f) SP1 physically interacted with
CKlegin cells. (g) CK1e phosphorylated SP1 in vitro. (h) Combination of D 4476 sensitized MCF7
and MDA-231 breast cancer cells to ribociclib treatment. (i) Combination of D 4476 with
ribociclib prevented CDK6 accumulation and exhibited enhanced suppressive effect on cell cycle
gene expression in MCF7 cells. (j) RT-qPCR analysis showing that combination of CDK4/61
(ribociclib) and CKleg kinase inhibitor (D 4476 or IC261) abolished ribociclib-induced CDK6
upregulation and exhibited enhanced inhibitory effect on cell cycle gene transcription in MDA-
MB-231 cells (n=3). The P-values were calculated by Student’s t-test (two-sided). *: P<0.05, **:
P<0.01. (k) Knocking-down of CK/¢ enhanced ribociclib-induced cell proliferation suppression
in MCF7 cells (n=4). Statistical differences were assessed by two-way ANOVA (two-sided). **:
P<0.01. () Knocking-down of CK1¢ enhanced ribociclib-induced cell proliferation suppression in
MDA-MB-231 cells (n=4). Statistical differences were assessed by two-way ANOVA (two-sided).
*%. P<0.01. Data are presented as mean values +/- SEM. The relevant raw data and uncropped

blots are provided in Source Data.
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Supplementary Fig. 6. D 4476 synergizes with ribociclib in breast cancer cells.

MDA-MB-231 cells were treated with DMSO, ribociclib (1 pM) and ribociclib (1 uM) & D 4476
(25 uM) for 48 hours. Total RNAs were extracted and RNA-sequencing was performed. Gene
expression profiles were then analyzed. Each treatment has three replicates. Cluster analysis
showing the number of responsible genes involved in different cellular process: (a) ribociclib vs
DMSO, (b) ribociclib & D 4476 vs DMSO, (¢) ribociclib & D 4476 vs ribociclib. GO analysis
showing the enriched cellular process upon drug treatment: (d) ribociclib vs DMSO, (e) ribociclib
& D 4476 vs DMSO, (f) ribociclib & D 4476 vs ribociclib. (g) Scatter plot showing the up- and
down-regulated genes in the ribociclib and D 4476 combination treatment compared to ribociclib

single treatment.
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Supplementary Fig. 7. Pharmacokinetic properties of D 4476 in vivo.

(a) Combination of D 4476 and ribociclib abolished CDK6 upregulation and overcomes CDK4/61
resistance on inhibiting RB1 phosphorylation in MDA-MB-231 cells. (b) A table showing the
major pharmacokinetic parameters of D 4476 in vivo. (¢) Administration of D4476 did not
noticeably affect the gain of body weight. Data are presented as mean values +/- SEM. (d)
Administration of D4476 had no noticeable effect on organ weight. (e-h) 4T1 xenograft tumors
(e), MDA-MB-231 xenograft tumors (f), PDX tumors (g) and BT-474 xenograft tumors (h),
treated with indicated therapeutic strategy. The relevant raw data and uncropped blots are provided

in Source Data.



Supplementary Table 1. Primers for gene cloning

Name

Sequence

sgControl

CGCTTCCGCGGCCCGTTCAA

sgRNA-hCDK4-F #1

CACCGATCTCGGTGAACGATGCAAT

sgRNA-hACDK4-R #1

AAACATTGCATCGTTCACCGAGATC

sgRNA-hCDK4-F #2

CACCGAAACTCTGAAGCCGACCAGT

sgRNA-hCDK4-R #2

AAACACTGGTCGGCTTCAGAGTTTC

sgRNA-ACDK6-F #1

CACCGTCTGAACTTCCACGAAAAAG

sgRNA-ACDK6-R #1

AAACCTTTTTCGTGGAAGTTCAGAC

sgRNA-hCDK6-F #2

CACCGCCGCCCAGCCAGAACACCT

sgRNA-hCDK6-R #2

AAACAGGTGTTCTGGCTGGGCGGC

hCDK6-p1000-F

GCATGGTACCGCTCCTCTGAAATACGTTAGTGAACC

hCDK6-p800-F

GCATGGTACCCAAAACAAATGTAGCTCATGCTG

hCDK6-p600-F

GCATGGTACCGTGTTTTTCCCATCCGTCCAC

hCDK6-p300-F

GCATGGTACCCGCCTCATTTCTCTCCGGAAGGC

hCDK6-p100-F

GCATGGTACCGCGAGCGGCGCGGGCGGCGCC

hCDK6-promoter-R

GCATCTCGAGAGACTCTGGGGAAGGAGTTACCAGCAC

hCDK6-dGC box-F

CGCCCTCCGCCGTCCCTCCGCCC

hCDK6-dGC box-R

GCGCCGCTCGCTGGGGGCGGACG

hRB1-GST-F401

GCATGGATCCCCACACACTCCAGTTAGGAC

hRB1-GST-R401

GCATCTCGAGCTACTGCAAAATATTTGTTTTCAG

hRB1-S508A/T510A-F

CAGAATCTTGATGCCGGAGCCGATTTGTCTTTCCC

hRB1-S508A/T510A-R

GGGAAAGACAAATCGGCTCCGGCATCAAGATTCTG

hRB1-S508A/S513A-F

CAGAATCTTGATGCCGGAACAGATTTGGCCTTCCCATG

hRB1-S508A/S513A-R

CATGGGAAGGCCAAATCTGTTCCGGCATCAAGATTCTG

hRB1-S508/T510/S513A-F

CAGAATCTTGATGCCGGAGCCGATTTGGCCTTCCCATG

hRB1-S508/T510/S513A-R

CATGGGAAGGCCAAATCGGCTCCGGCATCAAGATTCTG




Supplementary Table 2. Real-Time PCR primers

Name

Sequence

hRB1 Forward

TTGGATCACAGCGATACAAACTT

hRB1 Reverse

AGCGCACGCCAATAAAGACAT

hE2F1 Forward ACGTGACGTGTCAGGACCT
hE2FI Reverse GATCGGGCCTTGTTTGCTCTT
hCCNA2 Forward CGCTGGCGGTACTGAAGTC

hCCNA2 Reverse

GAGGAACGGTGACATGCTCAT

hCCNEI Forward

GCCAGCCTTGGGACAATAATG

hCCNE1 Reverse CTTGCACGTTGAGTTTGGGT
hDHFR Forward GCCACCGCTCAGGAATGAAT
hDHFR Reverse GAGCTCCTTGTGGAGGTTCC

hTKI Forward GCCAAAGACACTCGCTACAG
hTKI Reverse CCCCTCGTCGATGCCTATG
hPCNA_ Forward CCTGCTGGGATATTAGCTCCA
hPCNA Reverse CAGCGGTAGGTGTCGAAGC

hCDC6 Forward

ACCTATGCAACACTCCCCATT

hCDC6 Reverse

TGGCTAGTTCTCTTTTGCTAGGA

hTP73 Forward

GACGAGGACACGTACTACCTT

hTP73 Reverse

CTGCCGATAGGAGTCCACCA

hCCNDI1 Forward

GCTGCGAAGTGGAAACCATC

hCCND1 Reverse

CCTCCTTCTGCACACATTTGAA

hCDK4 Forward

ATGGCTACCTCTCGATATGAGC

hCDK4 Reverse

CATTGGGGACTCTCACACTCT

hCDK6 Forward

TCTTCATTCACACCGAGTAGTGC

hCDK6 Reverse

TGAGGTTAGAGCCATCTGGAAA

hCCNBI Forward

AATAAGGCGAAGATCAACATGGC

hCCNBI Reverse

TTTGTTACCAATGTCCCCAAGAG

hACTNI Forward

GCTCGTCGTCGACAACGGCTC

hACTNI Reverse

CAAACATGATCTGGGTCATCTTCTC

hCDK6-ChIP-F

CTCATTTCTCTCCGGAAGGC

hCDK6-ChIP-R

GCAGCTGGGGCGACCGTGCG




