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Coordinate control of different classes of cyclins is fundamentally important for cell cycle 

regulation and tumor suppression, yet the underlying mechanisms are incompletely understood. 

Here we show that the PARK2 tumor suppressor mediates this coordination. The PARK2 E3 

ubiquitin ligase coordinately controls the stability of both cyclin D and cyclin E. Analysis of 

approximately 5,000 tumor genomes shows that PARK2 is a very frequently deleted gene in 

human cancer and uncovers a striking pattern of mutual exclusivity between PARK2 deletion and 

amplification of CCND1, CCNE1 or CDK4—implicating these genes in a common pathway. 

Inactivation of PARK2 results in the accumulation of cyclin D and acceleration of cell cycle 

progression. Furthermore, PARK2 is a component of a new class of cullin-RING-containing 

ubiquitin ligases targeting both cyclin D and cyclin E for degradation. Thus, PARK2 regulates 

cyclin-CDK complexes, as does the CDK inhibitor p16, but acts as a master regulator of the 

stability of G1/S cyclins.

Proper progression through the cell cycle is dependent on an ordered sequence of events, 

including DNA replication, chromosome condensation and cytokinesis. In eukaryotic cells, 

waves of cyclin-dependent kinase (CDK) activity coordinate these events1–3. During the 

G1/S transition, cyclin D–CDK4, cyclin D–CDK6 and cyclin E–CDK2 complexes are 

active4. The activities of the cyclin-CDK complexes are further refined by a number of CDK 

inhibitors (CKIs) such as p16, which simultaneously inhibits multiple CDKs and whose 

gene (CDKN2A) is a frequent target of deletion in cancer5,6. These processes establish 

proper cell cycle control and the maintenance of genomic integrity.

Orderly and unidirectional progression from one cell cycle phase to the next is accomplished 

by a cascade of tightly regulated ubiquitination events targeting the cyclins2. Two families 

of ubiquitin ligases, the Skp/cullin/F-box–containing (SCF) complexes and the anaphase-

promoting complexes (APCs), ubiquitinate and target specific cyclins for destruction7,8. For 

the cyclins involved in the G1/S transition, cullin-RING ligases (CRLs)—such as the SCF or 

SCF-like complexes—execute this process9. The FBX4-containing SCF complex (SCF4) 

targets cyclin D for proteolysis, and the FBXW7-containing SCF complex (SCF7) targets 

cyclin E for degradation10,11. It has been known for decades that cyclin levels during the 

G1/S transition are tightly coordinated, but how the stabilities of cyclin D and cyclin E are 

tied together is a fundamentally important question that has remained unanswered12.

PARK2 genetic alterations are common across many human cancers as well as in hereditary 

Parkinson's disease13–15. In cancer, the PARK2 gene is mutated and/or deleted, with copy 

number loss being the primary mode of alteration13,16. One approach to determine the 

function of a somatic genetic alteration is to identify alterations that are mutually exclusive 

with it, as patterns of genetic alteration can be used to infer and inform biological pathways 

and function17–19. We therefore examined patterns of PARK2 deletion across 4,934 tumors 

spanning 11 cancer types. Deletions of PARK2 were the fourth most significant deletion 

among 70 significantly recurrent regions of deletion across the entire data set, and the focus 

(minimal commonly deleted region) of these deletions included no genes other than PARK2 

(false discovery rate (FDR)-corrected q value; Fig. 1a), identifying PARK2 as the driver of 

this region of loss. Focal deletions of PARK2 occurred in 11% of tumors across all lineages 

and loss of the entire chromosome arm occurred in 19% of samples, resulting in an overall 
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30% rate of loss. Deletions of PARK2 were most common in serous ovarian, bladder and 

breast carcinomas (62%, 38% and 32% deletion rates, respectively; Supplementary Fig. 1). 

These pan-cancer data indicate that PARK2 is one of the most frequently deleted genes in 

human cancer.

Focal deletions involving PARK2 were significantly anticorrelated with focal amplifications 

of five known oncogenes (CCND1, CCNE1, CDK4, BCL2L1 and PAX8) and one known 

tumor suppressor (BRCA1; Fig. 1b and Supplementary Tables 1 and 2). We identified these 

instances of anticorrelation after rigorously controlling for tumor lineage and for overall 

levels of genomic disruption; both of these factors can confound correlation analyses 

(Online Methods)20,21. PARK2 deletions anticorrelated with more recurrent somatic copy 

number alterations (SCNAs) than deletion of any other large gene, suggesting that loss of 

PARK2 is selected for because of its contribution to tumorigenic potential rather than 

occurring passively (Fig. 1c). Many of the largest genes in the genome tend to be recurrently 

deleted, with 20 of the top 70 most frequently deleted regions containing 1 of the 100 largest 

genes in the genome21. Many deletions encompassing large genes might arise owing to 

processes that occur during cancer evolution, rather than contributing to oncogenesis13,22. In 

this case, we expect that SCNAs affecting regions containing large genes would show few 

anticorrelations with other regions of significant alteration. Among the 34 significant 

regions with known driver genes and 20 significant regions with large genes, driver genes 

exhibited significantly more anticorrelations with other regions (median of 1 and 4 

anticorrelations for large genes and driver genes, respectively; MWW = 0.0002; Fig. 1c)21. 

However, PARK2 deletion was an exception to this trend, with only three other significant 

deletions having more interactions than PARK2—STK11, NF1 and BRCA1—all known 

tumor suppressors that often undergo copy number loss. These findings strongly support a 

tumor suppressive role for PARK2 in human tumors and suggest that PARK2 deletions 

might serve some of the same functions as the alterations with which they anticorrelate.

The genetic relationship between PARK2, CCND1 (cyclin D1), CCNE1 (cyclin E1) and 

CDK4 is particularly intriguing. Cyclin D1, cyclin E1 and CDK4 all control G1/S 

progression and are all encoded by oncogenes that are frequently amplified in many 

different types of human malignancy13,23–25. One possibility is that, if PARK2 loss serves a 

similar function as copy gains of these cyclin genes and CDK4, this redundancy should lead 

to anticorrelation of these events in primary tumors19,26,27. Our analysis, which used a 

lineage control to detect anticorrelations between peak regions of significance, found strong 

anticorrelation between the presence of amplifications at the loci containing CCNE1 and 

CCND1, as expected, as well as between the presence of amplification of either of these 

regions and PARK2 loss (Fig. 1b and Supplementary Table 2). The anticorrelations between 

PARK2 loss and CCND1, CCNE1 and CDK4 gain were highly statistically significant and 

were much stronger than would be expected in the absence of selective pressure (Fig. 1d). 

These relationships were especially strong in tumor lineages where CCND1, CCNE1 or 

CDK4 amplification is frequent and is known to have an oncogenic role (i.e., breast and 

ovarian lineages). Such a pattern of mutual exclusivity is consistent with PARK2, cyclin D1, 

cyclin E1 and CDK4 functioning in a common pathway19,26,27.
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Although our genetic data implicate a functional relationship between PARK2 and cyclin 

D1, cyclin E1 and CDK4, the molecular mechanisms underlying this relationship are 

unclear. To characterize the effects of PARK2 inactivation in cells, we knocked down 

PARK2 in three different cell lines with intact PARK2 expression and examined the effects 

on cell proliferation. In all lines tested, depletion of PARK2 resulted in increased 

proliferation (Fig. 2a,b). Accordingly, inactivation of PARK2 resulted in significantly 

greater numbers of cells undergoing DNA synthesis (determined through analysis of 5-

bromo-2′-deoxyuridine (BrdU) incorporation) (Fig. 2c and Supplementary Fig. 2). We next 

measured the amount of cyclin D1–CDK complex–dependent RB phosphorylation activity 

after PARK2 knockdown. We observed that enhanced cell cycle progression after PARK2 

depletion was accompanied by an increase in cyclin D–CDK complex–mediated RB 

phosphorylation activity (Fig. 2d). To study global changes in the transcriptome resulting 

from PARK2 depletion, we performed expression array analyses with two cell lines (SF539 

and SNB19) (Supplementary Fig. 3 and Supplementary Table 3). Pathway analysis of genes 

with altered expression showed consistent enrichment of the transcriptional programs 

governing cell growth and cell cycle control (Supplementary Fig. 4 and Supplementary 

Table 4). Depletion of PARK2 resulted in the consistent upregulation of genes associated 

with cell growth and proliferation (Supplementary Tables 3 and 4).

PARK2 is an E3 ubiquitin ligase that targets proteins for destruction, and mutations in the 

PARK2 gene in both cancer and Parkinson's disease inactivate this function15,16,28–32. Given 

this observation and our genetic data implicating PARK2 in cyclin biology (Fig. 1), we 

examined how inactivation of PARK2 affected the protein levels of key components of the 

cell cycle machinery (Fig. 3a). Knockdown of PARK2 resulted in a substantial accumulation 

of the cyclin D1 and cyclin E1 proteins but not of other cell cycle effectors. This 

accumulation of cyclin D1 and cyclin E1 was not due to increased transcription of the 

corresponding genes (Supplementary Fig. 5). We also found that the protein levels of cyclin 

D2 and cyclin D3 were higher after PARK2 knockdown (Supplementary Fig. 6). 

Furthermore, overexpression of the PARK2 E3 ubiquitin ligase resulted in a coordinate 

decrease in the levels of cyclin D1 and cyclin E1 but not in the levels of cyclin A and cyclin 

B (Fig. 3b). Interestingly, PARK2 mutations that we previously identified in cancer16 

abrogated the ability of the E3 ligase to degrade both cyclin D1 and cyclin E1. In 

combination, these data demonstrate that PARK2 is required for the normal regulation of 

cyclin D and cyclin E levels and that cancer-specific mutations affecting PARK2 abrogate 

its ability to target these cyclins for degradation.

We next examined the molecular details of how PARK2 controls the amount of cyclin D1 

protein. PARK2-mediated degradation of cyclin D1 was dependent on the proteasome, as it 

could be reversed using the proteasome inhibitor MG132 (ref. 33) (Fig. 4a). Moreover, the 

Thr286Ala mutant of cyclin D1 was resistant to degradation by PARK2 (Fig. 4b). As 

phosphorylation of cyclin D1 at Thr286 is required for its ubiquitin-mediated degradation by 

SCF4, these data show that PARK2-mediated destruction of cyclin D1 is dependent on this 

process34,35. PARK2 mutations that we previously identified in cancer16 abrogated E3 ligase 

activity (Fig. 4c). We found that wild-type PARK2 directly bound to and ubiquitinated 

cyclin D1, whereas cancer-specific mutations affecting PARK2 abrogated its ability to do 
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both (Fig. 4d,e). PARK2 also interacted with cyclin D2 and cyclin D3 (Supplementary Fig. 

7). Overexpression of PARK2 in cells lacking PARK2 resulted in a significant decrease in 

the half-life of cyclin D1, whereas knockdown of PARK2 in cells that expressed the protein 

resulted in an increase in cyclin D1 half-life (Fig. 4f).

Cyclins are ubiquitinated and marked for proteasome-dependent degradation by CRL 

complexes36. Although FBX4 is a known mediator of cyclin D destruction, its activity does 

not fully account for all cyclin D regulation37–39. We next sought to determine whether 

PARK2 acts within the context of an SCF-related CRL complex. We found that PARK2 is a 

component of a new FBX4-containing SCF-like ubiquitin ligase complex (Fig. 5a). The 

PARK2-containing CRL complex includes the E3 ligase FBX4, the scaffold protein cullin-1 

(CUL-1) and αβ-crystallin but not SKP1 or RBX1 (hereafter referred to as PCF4; Fig. 5a). 

The PCF4 complex bears similarity to SCF4, and this complex also ubiquitinates and targets 

cyclin D1 for destruction in a phosphorylation-dependent manner (Thr286)35. We verified 

the interaction of PARK2 and CRL components by systematically expressing these proteins 

in combination using baculoviruses and characterizing their associations (Fig. 5b). As 

expected, PARK2 interacted with FBX4, CUL-1 and αβ-crystallin but not with SKP1 or 

RBX1. These data indicate that PARK2 is a component of a new SCF-like ubiquitin 

complex that targets cyclin D1 for destruction.

Because both PARK2 and FBX4 can bind to and ubiquitinate cyclin D, we wondered what 

the functional relationship was between these two E3 ligases. To address this question, we 

knocked down FBX4, PARK2 or both genes simultaneously and characterized the resultant 

effects on cyclin D1 protein levels. Loss of either FBX4 or PARK2 alone resulted in 

accumulation of cyclin D1 protein (Fig. 5c). Moderate loss of both ubiquitin E3 ligases 

resulted in a synergistic effect, leading to dramatic accumulation of cyclin D1. When 

recombinant PARK2 and FBX4 were combined in vitro, the E3 ligases clearly synergized to 

ubiquitinate cyclin D1 (Fig. 5d). Taken together, these data show that PARK2 and FBX4 

work together to regulate cyclin D.

Along with regulating cyclin D levels during the G1/S transition, PARK2 also targets cyclin 

E for degradation. Depletion of PARK2 with small interfering RNA (siRNA) resulted in 

accumulation of cyclin E1 protein (Fig. 3a). Overexpression of wild-type but not mutant 

PARK2 resulted in a decrease in cyclin E1 levels but not in the levels of cyclin A or cyclin 

B (Fig. 3b). Using in vitro ubiquitination assays, we found that, as with cyclin D1, wild-type 

PARK2 ubiquitinated cyclin E1, but cancer-specific mutations affecting PARK2 abrogated 

the ability of the E3 ligase to do so (Fig. 6a). Furthermore, wild-type PARK2 can bind to 

cyclin E1, whereas PARK2 mutations found in cancer disrupt this association16,40 (Fig. 6b). 

Using immunoprecipitation, we found that PARK2 binds cyclin E1 and FBXW7 and is part 

of an SCF-like ubiquitin complex that contains both FBXW7 and CUL-1 but not SKP1 

(hereafter called PCF7)41–43 (Fig. 6b,c). As with cyclin D, mutations affecting PARK2 

disrupted its ability to bind to components of this CRL complex (Fig. 6c). We validated the 

association of PARK2 and FBXW7 by expressing both proteins using baculoviruses and 

demonstrated that the two proteins precipitate together (Fig. 6d). We then knocked down 

PARK2 and FBXW7 individually or simultaneously, as with FBX4 (Fig. 6e). Depletion of 

either protein increased cyclin E1 levels. However, in contrast to results with FBX4 
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depletion, knockdown of PARK2 and FBXW7 together had an additive effect on cyclin E1 

degradation, as least in the system we employed. Thus, as in the PCF4 complex, PARK2 and 

FBXW7 cooperate in the PCF7 complex to ubiquitinate cyclin E, albeit with different 

kinetics. Nevertheless, as part of PCF complexes, PARK2 coordinates the levels of multiple 

G1/S cyclins and, in essence, acts analogously to p16, although at the level of cyclin 

stability (Fig. 6f).

Colorectal cancers (CRCs) can harbor substantial numbers of FBXW7 mutations and PARK2 

deletions. Interestingly, most tumors contained an alteration in either FBXW7 or PARK2, 

although a small set of tumors did have alterations in both genes (Supplementary Fig. 8).

Our findings have a number of critical implications. Notably, we provide a mechanistic basis 

for how different classes of cyclins can be coregulated at the protein level. Although 

transcriptional mechanisms have a role in regulating cyclin D and cyclin E, these 

mechanisms do not explain the rapid, coordinated changes in protein levels that occur. Our 

data demonstrate that new PARK2-based ubiquitin E3 complexes (PCFs) help mediate this 

coordination. Regulation of the activity of these complexes may involve a number of other 

processes such as post-translational modification, as is common for the fine-tuning of CRL 

complex activity9,44–47.

PARK2 can affect a number of processes that differ depending on cell type. In neural 

models, it can regulate processes such as cell survival and mitochondrial motility and 

clearance31,40,48–53. The genetic relationship between somatic events in PARK2, CCND1, 

CCNE1 and CDK4 strongly implicates these genes in a common aberrant process in cancer 

cells—the disruption of cell cycle control. Our observations show that PARK2 can control 

the activity of multiple proteins that regulate cell growth. Notably, genes that reside at such 

nodal points, such as TP53, are frequent targets of mutation in cancer cells. PARK2 may be 

such a gene. We believe our study has wide implications for understanding both cell cycle 

regulation and oncogenesis.

Online Methods

Genomic analyses

GISTIC2.0 analysis was performed across 11 primary tumor lineages as outlined 

previously20,21. To identify significant regions that anticorrelated with one another, we 

performed a permutation test that maintained the overall SCNA distribution and event 

structure and controlled for each of the 11 lineages in the TCGA Pan-Cancer data set (colon 

and rectal cancers were combined into a single group)21. We looked for interactions between 

the 34 regions with known drivers (23 amplifications and 11 deletions), as well as the 20 

regions of significant deletion that contained large genes (54 regions in total). The 

Benjamini-Hochberg method was used to correct for FDR54, and anticorrelations with an 

FDR P value of less than or equal to 0.25 were considered significant.

Cell culture

Cell lines were obtained from the American Type Culture Collection (ATCC) and cultured 

using recommended media supplemented with 10% FBS (Invitrogen) and penicillin-
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streptomycin at 37 °C in 5% CO2. Specifically, DMEM (Invitrogen) was used to culture 

SNB19, T98G and HEK 293FT cells, MEM (Invitrogen) was used to culture SF539 cells 

and MEM+NEAA (Invitrogen) was used to culture T202 cells. Grace's Insect Cell Culture 

Medium (Invitrogen) was used for Sf9 insect cells. Growth curve assays were performed 

with Vi-CELL Cell Viability Analyzers (Beckman Coulter). All experiments were 

performed in triplicate. All cells were tested and confirmed to be negative for mycoplasma.

siRNA knockdown and plasmid transfection

siRNAs to PARK2, FBX4 and FBXW7 were obtained from Invitrogen and Integrated DNA 

Technologies. The targeted sequences are listed in Supplementary Table 5. siRNAs were 

transfected into cells in antibiotic-free medium using Lipofectamine RNAiMAX 

(Invitrogen), medium was changed after 4–6 h and cells were collected after 48 h. For 

exogenous expression, cells were transfected with Lipofectamine (Invitrogen) in serum- and 

antibiotic-free medium. The medium was changed after 4–6 h, and cells were collected after 

48 h.

Baculovirus expression in insect cells

Full-length human cDNAs for PARK2, CUL-1, SKP1, RBX1, FBX4, αβ-crystallin and 

FBXW7 were cloned into pENTR-D-TOPO (Invitrogen). All constructs were verified by 

Sanger sequencing. The LR reaction was performed between the entry clone and C-terminal 

BaculoDirect linear DNA (Invitrogen) to generate recombinant baculovirus DNA, as 

directed by the manufacturer. Sf9 insect cells were coinfected with different combinations of 

baculovirus and grown to produce protein. Cells were collected and lysed for 

immunoprecipitation in buffer containing 50 mM Tris, pH 7.4, 150 mM NaCl and 10% 

glycerol.

Flow cytometry

Cells were trypsinized, fixed and stained using standard methods (BD Biosciences). Cell 

cycle and BrdU analyses were performed using a FACSCalibur laser flow cytometer 

(Becton Dickinson Immunocytometry Systems). Ten thousand events were acquired for 

each sample. Results were quantified using FlowJo software.

Immunoprecipitation

Cells were collected and lysed in lysis buffer (50 mM Tris, pH 7.4, 250 mM NaCl, 5 mM 

EDTA, 50 mM NaF, 1 mM Na3VO4, 1% Nonidet P-40 (NP-40), 0.02% NaN3) containing 

protease inhibitors. Lysates were clarified by centrifugation at 12,000g for 10 min, and 

protein concentration was determined using a BCA assay kit (Thermo). For 

immunoprecipitation assays on endogenous protein, samples were incubated with antibodies 

(40 μl of antibody to cyclin D1 (72-13G, sc-450, Santa Cruz Biotechnology); 10 μl of 

antibody to PARK2 (4211, Cell Signaling Technology); or 3.3 μl of non-specific mouse IgG 

(Invitrogen)). Proteins were precipitated using protein A–Sepharose beads that had been 

blocked with 3% powdered milk in TBS. For samples from cells transfected with constructs 

encoding Flag-tagged protein, EZview Red ANTI-FLAG M2 Affinity Gel (Sigma) was used 

according to the manufacturer's protocol. Beads were washed four times with lysis buffer 
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and then mixed with 2× Laemmli sample buffer. Protein blotting was performed using 

standard methods.

Antibodies

Antibodies used included those against Flag (Sigma, F7425), actin (Sigma, A2066), PARK2 

(Cell Signaling Technology, 4211 and 2132), FBXW7 (Aviva Systems Biology, 

ARP47419), cyclin E1 (Cell Signaling Technology, 4129), FBXO4 (Rockland, 

100-401-963; Abcam, ab153803; Santa Cruz Biotechnology, sc-134721), cyclin A2 (Cell 

Signaling Technology, 4656), cyclin B1 (Santa Cruz Biotechnology, sc-245), cyclin D1 

(Santa Cruz Biotechnology, sc-450; Cell Signaling Technology, 2922 and 2926), cyclin D2 

(Cell Signaling Technology, 3741), cyclin D3 (Cell Signaling Technology, 2936), CDK2 

(Santa Cruz Biotechnology, 163), CDK4 (Santa Cruz Biotechnology, 260), αβ-crystallin 

(Enzo Life Science, ADI-SPA-223), GAPDH (Cell Signaling Technology, 2118), SKP1 

(Santa Cruz Biotechnology, sc-7163), CUL-1 (Invitrogen, 71-8700), p16 (Cell Signaling 

Technology, 4824), Myc tag (Cell Signaling Technology, 2272), RB (Cell Signaling 

Technology, 9313), phosphorylated RB Ser795 (Cell Signaling Technology, 9301) and 

RBX1 (Invitrogen, 34-2500). Antibodies were used at 1:1,000 dilutions.

RB kinase assays

Detection of phosphorylation of RB was modified from the method of Gitig and Koff55. 

Briefly, cells were lysed in buffer containing 50 mM HEPES-KOH, pH 7.5, 150 mM NaCl, 

1 mM EDTA, 2.5 mM EGTA, 1 mM DTT, 0.1% Tween-20, 10% glycerol, 80 mM β-

glycerophosphate, 1 mM NaF, 0.1 mM Na3VO4, 1 mM PMSF and 1× protease inhibitor 

cocktail. Lysates were incubated with 1 μl of antibody to cyclin D1 (72-13G, sc-450, Santa 

Cruz Biotechnology) and precipitated using protein A–Sepharose beads. Samples were 

eluted into kinase buffer (20 mM HEPES-KOH, pH 7.5, containing 7.5 mM MgCl2, 1 mM 

DTT and 10% glycerol) and supplemented with 200 μM ATP and purified glutathione S-

transferase (GST)-RB protein substrate. After incubation for 30 min at 37 °C, reactions were 

terminated and analyzed by protein blotting.

Protein stability and half-life analyses

Protein stability and half-life were measured using a standard cycloheximide release assay56. 

For analysis of cyclin D1 decay after the inhibition of protein synthesis, cells were treated 

with cycloheximide (Sigma) at a final concentration of 10 μg/ml 48 h after transfection (time 

0). Cell extracts from each time point were analyzed by protein blotting. Protein intensity 

was quantified and measured using ImageJ software (Research Services Branch, US 

National Institutes of Health).

Ubiquitination assays

In vivo ubiquitination assays were performed as previously described29. In vitro 

ubiquitination assays were performed using a commercial ubiquitination kit (Boston 

Biochem) according to the manufacturer's protocol.
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Expression microarray analysis

RNA was extracted and analyzed on Affymetrix U133A 2.0 expression arrays. Data were 

imported into Partek Genomics Suite 6.5 and were background corrected, log2 transformed 

and quantile normalized with Robust Mutliarray Average (RMA). Differentially expressed 

probes in cells with PARK2 knockdown compared to cells transfected with scrambled 

siRNA were identified in each cell line and were ranked by P value. The top ranked 

differentially expressed probes in each cell line were stringently filtered using standard 

methods57,58 to only keep those altered in consistent directions in both cell lines (4,255 

probes) with an absolute alteration ratio of > 1.1 (3,378 probes). These probes were then 

interrogated using DAVID Bioinformatics Resources 6.7 for functional category 

enrichment. Functional categories in the Gene Ontology (GO), Biocarta and SwissProt–

Protein Information Resource (SP-PIR) were curated, and P values were calculated using 

EASE scores, from a conservative modification of Fisher's exact test with FDR correction.

Quantitative RT-PCR

Approximately 1 μg of RNA extracted from each cell line was used to generate cDNA with 

SuperScript III (Invitrogen). Reactions were performed using a MasterCycler Epgradient S 

instrument and Realplex software (Eppendorf). Primers for cyclin D1 (CCND1) and cyclin 

E1 (CCNE1) are listed in Supplementary Table 5. The 2ΔΔCt method was used to calculate 

ΔΔCt values. mRNA expression levels of target genes were normalized against GAPDH 

levels. All assays were performed in triplicate.

Statistical analysis

All experiments were performed at least in triplicate. Statistical significance was evaluated 

using either t tests or ANOVA as appropriate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Genetic evidence from approximately 5,000 primary tumors suggests that PARK2 is a tumor 

suppressor integrally involved in cell cycle regulation. (a) GISTIC2.0 analysis across 4,934 

SNP6.0 Affymetrix copy number arrays from primary tumors (The Cancer Genome Atlas, 

TCGA) shows high significance of deletion in a very narrow region containing the PARK2 

gene. (b) Network of significant regions of amplification and deletion that anticorrelate with 

deletion of PARK2. (c) Extent of genetic anticorrelation between significant regions of copy 

number alteration. In general, driver genes anticorrelate with many more features than large 

genes, with PARK2 being an exception, supporting its tumor suppressive role. (d) 

Significance of anticorrelations between PARK2 deletion and amplification of CCND1, 

CCNE1 and CDK4. Each graph represents the distribution of co-occurrences of PARK2 

deletion and amplification of one of three cell cycle–related genes in our lineage-controlled 

permutations. The red line represents the observed number of co-occurrences. Blue lines 

represent the predicted number of co-occurrences in the absence of a correlative 

relationship, as calculated by multiple permutations. P values that correspond to these 

graphs are provided in Supplementary Table 2.
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Figure 2. 
PARK2 regulates cell cycle progression and proliferation. (a) Growth curves showing 

increased cell proliferation after PARK2 knockdown in the indicated cells. Protein blots 

showing PARK2 levels 48 h after transfection with two independent siRNAs or with 

scrambled siRNA control are shown in the insets. Experiments were performed in triplicate. 

(b) Cell cycle analysis showing a greater number of cells entering S phase after PARK2 

knockdown. The indicated cell lines were either transfected with one of two PARK2 siRNAs 

or with scrambled siRNA control, in triplicate. Top, FACS distributions; bottom, numbers of 

cells in specific cell cycle phases. (c) BrdU incorporation assays showing increased DNA 

synthesis after PARK2 knockdown. Experiments were performed in triplicate. (d) PARK2 

depletion causes increased cyclin D1–CDK complex activity. The indicated cells were 

transfected with scrambled siRNA control or with PARK2 siRNAs. Lysates were 

immunoprecipitated with antibody to cyclin D1 (IP). Purified RB protein and the 

immunoprecipitated cyclin-CDK complexes were incubated in the presence of ATP for 30 

min at 37 °C. Protein blotting with antibodies specific for phosphorylated RB (pRB) and 

total RB was used to evaluate RB phosphorylation. Representative results from triplicate 

experiments are shown. T202 is a colon cancer line, and SNB19 is a GBM line. Error bars, 1 

s.d. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, t test.
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Figure 3. 
Coordinate control of cyclin D and cyclin E by the PARK2 ubiquitin ligase. (a) Knockdown 

of PARK2 results in increased cyclin D and cyclin E levels but not in altered levels of other 

cyclins, CDKs or p16. The indicated cells were transfected with scrambled siRNA control or 

with PARK2 siRNAs, and protein blots were performed with the indicated antibodies. 

Representative results are shown from triplicate experiments. (b) Expression of wild-type 

(WT) but not mutant PARK2 decreases cyclin D1 and cyclin E1 levels but not those of 

cyclin A or cyclin B. T98G glioma cells were transfected with vector only (pcDNA3.1) or 

with vector encoding wild-type PARK2 (Flag tagged) or one of three mutant PARK2 

proteins (Flag tagged).
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Figure 4. 
Molecular mechanisms of PARK2 regulation of cyclin D1 protein. (a) PARK2-dependent 

cyclin D1 degradation is mediated by the proteasome. Cyclin D1 levels are shown in T98G 

cells transfected with empty vector or with vector encoding PARK2, in the presence or 

absence of the proteasome inhibitor MG132 (25 μM). (b) A phosphorylation-deficient cyclin 

D1 mutant (Thr286Ala) is resistant to PARK2-mediated degradation. T98G cells were 

transfected with either empty vector or vector expressing wild-type PARK2 together with 

vector encoding either wild-type or mutant (Thr286Ala) Myc-tagged cyclin D1. (c) Tumor-

derived mutations disrupt PARK2-mediated ubiquitin ligase activity in cancer cells. T98G 

cells were transfected with vector encoding hemagglutinin-tagged ubiquitin (HA-Ub) and 

with either vector only (pcDNA3.1) or with vector encoding wild-type PARK2 (Flag 

tagged) or one of three mutant PARK2 proteins (Flag tagged). Assays were performed as 

previously described16. IB, immunoblot. (d) Wild-type but not mutant PARK2 associates 

with cyclin D1. Left, immunoprecipitation assays showing binding of wild-type PARK2 to 

endogenous cyclin D1. Right, immunoprecipitation of Flag-tagged PARK2 constructs 

demonstrating that mutated PARK2 proteins lose binding to cyclin D1. (e) PARK2 

ubiquitinates cyclin D1 in vitro. In vitro ubiquitination assays showing the cyclin D1 

ubiquitin ligase activity of wild-type and mutant PARK2. PARK2 mutants have decreased 

cyclin D1 ubiquitination activity. (f) PARK2 regulates the half-life (t1/2) of cyclin D1 

protein. Time course showing the levels of cyclin D1 at various time points after pulse 

treatment of cells with cycloheximide (CHX; 10 μM). Left, ectopic expression of PARK2 

reduced the half-life of cyclin D1 in T98G cells (cells lacking PARK2 expression). Right, 
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PARK2 knockdown increased cyclin D1 half-life in T202 cells (cells with PARK2 

expression). Results are representatitve of triplicate experiments.
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Figure 5. 
PARK2 is a component of new ubiquitin ligase complexes controlling cyclin D degradation. 

(a) PARK2 associates with a new complex containing FBX4, CUL-1 and αβ-crystallin 

(PCF4). T98G cells were transfected with vector encoding wild-type or mutant Flag-tagged 

PARK2 as indicated. Equal amounts of lysate were subjected to immunoprecipitation with 

antibody to Flag followed by protein blotting with the indicated antibodies. (b) 

Recapitulation of PARK2 binding associations using baculoviruses. Sf9 cells were 

cotransduced with baculoviruses encoding PARK2 and other proteins as indicated. 

Associated proteins were copurified using immunoprecipitation. PARK2 binds to CUL-1, 

FBX4 and αβ-crystallin but not to RBX1 or SKP1. (c) Synergistic effects of PARK2 and 

FBX4 on the regulation of cyclin D1 stability. T202 cells were transfected with scrambled 

siRNA control or with a combination of PARK2 and FBX4 siRNAs as indicated. The graph 

shows quantification of the results from triplicate experiments. Numbers in parentheses 

represent the concentrations (in nM) of siRNA. Error bars, 1 s.d. ***P < 0.001, t test. KD, 

knockdown. (d) PARK2 and FBX4 synergize in cyclin D1 ubiquitination in assays in vitro. 

Purified proteins were used at the indicated concentrations.
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Figure 6. 
PARK2 is a master regulator of G1/S cyclin stability. (a) PARK2 ubiquitinates cyclin E1 in 

vitro. In vitro ubiquitination assays showing the cyclin E1 ubiquitin ligase activity of wild-

type and mutant PARK2. PARK2 mutations decrease cyclin E1 ubiquitination activity. (b) 

Cancer-derived PARK2 mutants have decreased association with cyclin E1. 

Immunoprecipitation of Flag-tagged PARK2 was followed by protein blotting with the 

indicated antibodies. (c) PARK2 is associated with a complex containing FBXW7 and 

CUL-1 but not SKP1 (PCF7). T98G cells were transfected with vector encoding Flag-tagged 

wild-type PARK2 or one of three PARK2 mutants. Equal amounts of lysate were subjected 

to immunoprecipitation with antibody to Flag followed by protein blotting with the indicated 

antibodies. (d) Recapitulation of PARK2 and FBXW7 binding using baculoviruses. Sf9 cells 

were cotransduced with baculoviruses expressing PARK2 and FBXW7. Associated proteins 
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were copurified using immunoprecipitation and detected using protein blotting. (e) Additive 

relationship of PARK2 and FBXW7 on the regulation of cyclin E1 stability. T202 cells were 

transfected with scrambled siRNA control or with a combination of PARK2 and FBXW7 

siRNAs as indicated. The graph shows quantification from triplicate experiments. Numbers 

in parentheses represent the concentrations (in nM) of siRNA. Error bars, 1 s.d. *P < 0.05, 

**P < 0.01, ***P < 0.001, t test. (f) Model of coordinate regulation of multiple G1/S cyclins 

by PARK2-based ubiquitin E3 ligase complexes. PARK2-containing PCFs control both 

cyclin D and cyclin E stability. αβ, αβ-crystallin.
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