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enomic instability in colorectal cancer (CRC) is frequently
indicated by losses and gains in large portions of chromosomes, but may also be manifested in small genomic regions.
Analysis of the genomic changes in a large series of CRCs for
alterations in DNA copy number (DCN) across the whole genome
has demonstrated the existence of restricted localized regions of
DCN change (1). Here, we select chromosome 6 for detailed examination due to the relatively low prevalence of DCN changes to
this chromosome in CRC and identify the PARK2 gene as affected
by small, intragenic deletions in a high proportion of CRC.
PARK2 has previously been associated with the pathogenesis of
familial Parkinson disease in early-onset autosomal recessive juvenile Parkinsonism (AR-JP) (2). It encodes a multifaceted protein, PARKIN, that contains a ubiquitin-like (UBL) C-terminal
domain and a cysteine-rich RING-IBR-RING N-terminal motif
and functions as an E3-ubiquitin ligase (3–5). PARK2 lies at 6q26
within FRA6E, one of the common fragile sites (CFSs) (6). CFSs
are characterized as regions prone to DNA breakage under conditions of replicative stress. Thus, one minimalist explanation for
restricted DCN changes within CFSs is that they are epiphenomena, attributable to chromosome damage secondary to the replicative stress imposed by carcinogenesis (7). However, other genes,
such as FHIT and WWOX, that lie within the CFSs FRA3B and
FRA16D, respectively, have already been shown by functional
studies to act as tumor suppressor genes in multiple cancers including lung, kidney, myeloma, and cervix (reviewed in ref. 8).
www.pnas.org/cgi/doi/10.1073/pnas.1009941107

Here, we provide both in vitro and in vivo evidence that PARK2
can act as a haploinsufﬁcient tumor suppressor.
Results
Focal Copy Number Abnormalities in Colorectal Cancer Genomes.

Array-CGH analysis (1Mb pan-genomic array) of the DCN
changes across the whole genome in more than 100 primary CRCs
inclusive of the present set (1) had identiﬁed large contiguous DCN
alterations spanning many megabases, with frequent losses at 1p,
8p, 17p, and 18q, and gains at 7, 8q, 13q, and 20q (Fig. 1A). Focal
deletions (∼7.7 Mb) of adenomatous polyposis coli (APC) at
5q22.2, PTEN at 10q23.31, and ampliﬁcations (∼8.3 Mb) of MYC at
8q24.21 and SRC at 20q11.23 were also identiﬁed.
To identify CRC-related genes within smaller, focal chromosomal rearrangements we developed an algorithm to count the
number of consecutive bacterial artiﬁcial chromosome (BAC)
clones that were altered along each chromosome (Fig. S1A) relative to the chromosome length. The distributions of the sizes of
DNA regions affected by DCN alterations across all chromosomes
in this set of primary CRCs (1) showed that the chromosomes with
the smallest median proportions affected by DCN alterations were
chromosomes 2 (median = 1.23%), 6 (2.35%), and 10 (2.82%)
(Fig. 1B). The frequencies of DCN changes were plotted from
similar resolution array-CGH data derived from 49 CRC lines (9)
and 51 hepatic resections of metastatic CRC (10) (Fig. S1 B and C)
showing similar patterns of rearrangement. Chromosome 6 was
found to have a low prevalence of DCN changes across all three
datasets, indicating that high-resolution genomic proﬁling of this
chromosome might reveal DCN changes sufﬁciently small to
identify single cancer-associated genes.
Chromosome 6 tiling-path aCGH analysis of 100 primary CRCs
was performed and the overall frequencies of copy number
changes were plotted (Fig. 1C). As anticipated from our genomewide analysis and analyses performed by others (9, 11, 12) few
CRCs showed gains or losses of chromosome 6 extending over the
whole or a large part of the chromosome. An interesting pattern
emerged when the search for DCN abnormalities was restricted to
small genomic regions, here operationally deﬁned as those that
occupied less than 20 adjacent consecutive/overlapping clones
(≈0.1–2 Mb). Twelve regions were identiﬁed as showing changes in
DCN of small genomic regions in more than 3% of the tumors
studied (Fig. 1D and Table S1). The most frequent DCN alteration
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In 100 primary colorectal carcinomas, we demonstrate by array
comparative genomic hybridization (aCGH) that 33% show DNA
copy number (DCN) loss involving PARK2, the gene encoding PARKIN,
the E3 ubiquitin ligase whose deﬁciency is responsible for a form of
autosomal recessive juvenile parkinsonism. PARK2 is located on chromosome 6 (at 6q25–27), a chromosome with one of the lowest overall frequencies of DNA copy number alterations recorded in
colorectal cancers. The PARK2 deletions are mostly focal (31% ∼0.5
Mb on average), heterozygous, and show maximum incidence in
exons 3 and 4. As PARK2 lies within FRA6E, a large common fragile
site, it has been argued that the observed DCN losses in PARK2 in
cancer may represent merely the result of enforced replication of
locally vulnerable DNA. However, we show that deﬁciency in expression of PARK2 is signiﬁcantly associated with adenomatous polyposis
coli (APC) deﬁciency in human colorectal cancer. Evidence of some
PARK2 mutations and promoter hypermethylation is described.
PARK2 overexpression inhibits cell proliferation in vitro. Moreover,
interbreeding of Park2 heterozygous knockout mice with ApcMin
mice resulted in a dramatic acceleration of intestinal adenoma development and increased polyp multiplicity. We conclude that PARK2
is a tumor suppressor gene whose haploinsufﬁciency cooperates
with mutant APC in colorectal carcinogenesis.
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Fig. 1. Genome and transcriptome alterations in CRCs. (A) Overall frequencies of DCN alterations (y axis) as assessed by 1 Mb array-CGH in >100 CRC tumors,
plotted by chromosome position (x axis) with gains (black) above and losses (gray) below the x axis zero line (1). (B) Boxplots indicating the distribution of the
lesion sizes (y axis, plotted as % of chromosome affected) of DCN changes for each chromosome (x axis). (C) Summary of the frequencies of DCN alterations of
chromosome 6 clones by tiling-path array-CGH in 100 CRC tumors. Clones are plotted along the x axis from 6pter (Left) to 6qter (Right). The proportion (y axis)
of tumors showing gains (red) or losses (green), ampliﬁcations of four or more copies (dark blue), and homozygous losses (two copies deleted) (black) are
plotted for each clone. (D) Summary of the frequencies of DCN alterations affecting only small regions (≤20 consecutive clones) identiﬁed in chromosome 6.
The most frequent changes are highlighted by numbered boxes (1–12). (E) Negative log2-transformed P values obtained from the Pearson correlation analyses
of the expression-SNP data from Reid et al. (15) that are present within the 12 regions identiﬁed by tiling-path array CGH as the smallest and most frequent
DCN alterations on chromosome 6.

was detected for region 11 at 6q26, where over 28% of DCN losses
lay within a region no larger than 1.2 Mb, entirely within PARK2.
One closely adjacent small deletion overlay the promoter region
common to PARK2 and its head-to-head partner PACRG. Another region frequently affected by short deletions overlay the
MHC loci on chromosome 6p21.3–22.3. Unlike the PARK2 deletions, however, this region included several clone sites at which
ampliﬁcation as well as deletion were observed, perhaps reﬂecting
selective pressure for a variety of genomic abnormalities at this
site, concordant with existing data on MHC expression abnormalities in CRC (13, 14).
We further explored the inﬂuence of DCN changes on expression of the genes located within these 12 regions. An integrative approach was used to correlate the expression proﬁles
and the genomic copy number data from SNP arrays previously
produced in a set of 48 primary CRC tumors (15) (Fig. 1E). There
was a signiﬁcant correlation between PARK2 mRNA expression
and DCN loss (P = 0.04). As a comparison, the best correlation
was between PTK7 expression and DCN gain (P < 0.001). In15146 | www.pnas.org/cgi/doi/10.1073/pnas.1009941107

creased expression of PTK7 (also known as colon carcinoma
kinase-4, CCK-4), has previously been shown in various cancers
including CRC (16).
Genetic Alterations of PARK2 in CRC Primary Tumors and Cell Lines.

Chromosome 6 tiling-path array-CGH was also used to analyze
a group of CRC cell lines (DLD1, HCT116, LoVo, SW620, and
HT29) previously studied by spectral karyotyping (SKY) and
conventional metaphase CGH (11). As detected by these three
methods, the overall pattern of DCN changes of large size was very
similar. However, the high resolution array revealed several additional microdeletions and microgains including DCN loss within
PARK2 in 2 of the 5 CRC cell lines (SW620 and HT29) (Fig. S2 B1
and B2). The skygram of HT29 (11) suggested a complex translocation involving chromosomes 6 and 14 (Fig. S3 A and B). The
data described here show that the gene mapping to the distal 6q
breakpoint of this translocation is PARK2 (Fig. S3C).
In all, of the 100 sporadic CRCs studied by chromosome 6
tiling-path array-CGH, 33 showed DCN changes suggestive of
Poulogiannis et al.
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local allelic loss affecting PARK2 (Fig. 2A). A total of 25 were
heterozygous, whereas 3 appeared to be homozygous (3%). A
further 5 showed DCN loss within a much longer region of DCN
gain, bringing the total proportion of this set of primary CRCs with
evidence of DCN loss affecting PARK2 to 33% (Fig. 2A).
In three tumors, gene scan analysis of PCR-ampliﬁed DNA at
seven microsatellite markers distributed across PARK2 conﬁrmed the presence of allelic imbalance in the regions of heterozygous deletion indicated by the array-CGH proﬁles and allelic
balance in the regions of homozygous deletion (Fig. S4).
Mutation and Methylation Studies of the PARK2 Gene. To further
evaluate whether there are mutations in the retained alleles of
PARK2, as expected of a classical tumor suppressor gene, DNA
sequence was obtained from all reported PARK2 exons and splice
sites. The methylation status of the PARK2 promoter was also
analyzed by methylation speciﬁc PCR (MSP). In this analysis, all
cases in which there were DCN alterations in PARK2 (n = 33) were
included, as well as 5 CRC lines and 10 further primary CRCs with
no DCN change in PARK2. Sequence alterations were veriﬁed as
somatically acquired by examination of the corresponding sequence in genomic DNA from normal tissue. Five somatic PARK2
point mutations were found, one in a primary CRC with no alteration in the corresponding normal tissue, and four in the CRC
lines LoVo and DLD1 (two mutations in each line) (Fig. 2B). None
of these mutations corresponded to any currently reported SNPs.
One (211C > T, found in LoVo) was in exon 2, within the UBL
domain (Pro37Leu) (Fig. S5) a region previously shown to be required for the interaction between PARKIN and its ligands or the
proteasome (17). Notably, this mutation has been found in the
germline of a patient with AR-JP (18). We also identiﬁed two primary CRCs with hypermethylation of the PARK2 promoter. InPoulogiannis et al.

terestingly, one of these (H18), also had the only point mutation that
we identiﬁed in a primary CRC, 619C > T in exon 4 (Thr173Ile).
PARK2 promoter hypermethylation was also detected in DLD1 (a
CRC cell line) and in the ALL cell line U937 and BL cell line Raji
(Fig. 2C), consistent with the reported high frequency of PARK2
promoter hypermethylation in leukemia/lymphoma cell lines (19).
Expression Analysis of PARK2. Real-time quantitative PCR (qPCR)
was performed to measure the transcript levels of PARK2 in
a representative set of CRC primary tumors with deleted PARK2
(n = 6) versus wild-type (WT) PARK2 (n = 6). PARK2 transcript
levels were signiﬁcantly lower (Mann–Whitney test, P = 0.002)
in the tumor samples with deleted PARK2 versus wild-type
PARK2 (Fig. 2D).
The transcriptional proﬁles of microdissected CRCs in a previously published database (20) were analyzed to compare the
group lower than the 50th percentile with the group higher than the
50th percentile in terms of PARK2 expression. A key gene that was
differentially expressed (P = 0.006) between these two groups was
APC, a regulator of Wnt signaling that is mutated in 60–80% of
sporadic CRCs and in the germline of patients with familial adenomatous polyposis coli. Pearson’s correlation analysis showed
that the expression of APC was signiﬁcantly (P < 0.001) correlated
with PARK2 expression indicating that these genes are down-regulated in concert (Fig. 3A). Furthermore, PARKIN protein levels
were signiﬁcantly lower in all of the CRC cell lines with deleted or
mutated PARK2 compared with HCT116, the only CRC line in
which we demonstrated neither DCN alterations, point mutations
nor PARK2 promoter hypermethylation (Fig. 3B).
PARK2 Overexpression Inhibits Cell Proliferation. Stable cell lines
overexpressing PARK2 were made to test the hypothesis that alPNAS | August 24, 2010 | vol. 107 | no. 34 | 15147
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Fig. 2. (A) Schematic representation of the DCN changes detected at 6q26 by tiling-path aCGH. Green bars indicate heterozygous deletions; red bars indicate
gains; black bars indicate homozygous deletions; white/transparent bars indicate retention of two alleles. The numbers above the colored boxes (Upper)
indicate the PARK2 exons. The most frequent deletion events target exons 3 and 4 of PARK2. (B) Summary of somatic mutations of PARK2 found in CRC
primary tumors and cell lines. The location and type of the mutations is shown by the red arrows in relation to the cDNA (Upper) and protein (Lower). The
black arrow indicates an intronic change at the splice site (−2A > G) between exons 2 and 3. (C) MSP analysis of the CpG islands of the PARK2 promoter in
cancer-derived cell lines. The cancer cell lines DLD1, U937, and Raji showed ampliﬁcation of a methylated allele of the PARK2 promoter (Upper), whereas all of
the samples showed ampliﬁcation of the product corresponding to the unmethylated PARK2 promoter (Lower). (D) Boxplot indicating the relative transcript
levels of PARK2 expression in PARK2 wild-type versus mutated PARK2 bearing CRC primary tumors.

trols, as evidenced by the signiﬁcantly lower rates of [3H]thymidine incorporation (Fig. 4D).
Heterozygous Park2 Deletion Accelerates Intestinal Adenoma Development in ApcMin Mutant Mice. The concordant reduction in the

Fig. 3. Concordant expression of PARK2 and APC in primary CRCs and CRC
cell lines. (A) Unsupervised hierarchical clustering and heatmap of PARK2
and APC relative transcript levels in microdissected CRC show concordant
changes for these two transcripts. (B) Western blot indicating PARKIN protein expression in the APC and PARK2 WT (HCT116) and mutant (HT29,
SW620, LoVo, DLD1) CRC cell lines.
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tered PARK2 expression affects colon cancer cell proliferation.
Given the concordant expression of PARK2 and APC levels in
primary CRC tumors and cell lines, we tried to identify whether
there is a differential effect of PARK2 overexpression on cell
proliferation in the presence or absence of a background APC
mutation. Thus, we used the well-characterized APC-deﬁcient
DLD1 and APC-wild-type HCT116 CRC cell lines. Both DLD1
and HCT116 cells stably expressing PARK2 showed a dramatic
decrease in cell proliferation compared with GFP controls (Fig. 4
A and B). The effect was more profound in the APC-deﬁcient
DLD1 cell line, where the doubling time of the PARK2-expressing
cells was signiﬁcantly increased by ∼3-fold compared with GFP
controls, whereas the corresponding difference in the HCT116
cells was ∼2-fold (Fig. 4C). The reduction of cell proliferation was
conﬁrmed by a lower proportion of PARK2-expressing cells (both
HCT116 and DLD1) entering S phase compared with GFP con-

Fig. 4. PARK2 overexpression is associated with decreased cell proliferation.
(A) Immunoblotting of DLD1 and HCT116 cells stably expressing GFP control
and PARK2-expressing lentiviral constructs. (B) Proliferation curves, (C)
doubling times, and (D) rates of [3H]thymidine incorporation of the PARK2overexpressing and GFP-control HCT116 and DLD1 cells. Error bars denote
SEM from triplicate experiments; **P < 0.01, ***P < 0.001.

15148 | www.pnas.org/cgi/doi/10.1073/pnas.1009941107

transcriptional levels of PARK2 and APC in CRCs (Fig. 3) and the
more dramatic antiproliferative effect of PARK2 overexpression
on the APC-deﬁcient DLD1 cell line suggested a possible functional relationship between the two genes. To test this hypothesis,
mice with a targeted knockout of exon 3 of Park2 (21) were crossed
with Apc+/Min mice with an Apc mutation at codon 850 (22). Although Park2+/−/Apc+/+ mice did not form intestinal adenomas,
Park2+/−/Apc+/Min mice showed an approximately 4-fold increase
in adenoma prevalence in the intestines when compared with
control Park2+/+/Apc+/Min littermates (P < 1 × 10−4, Student’s t
test) (Fig. 5 A and B). Furthermore, there was earlier development
of all stages of intestinal neoplasm including monocryptal, oligocryptal, and established adenomas in Park2+/−/Apc+/Min, with
a median harvest time of the murine intestines obstructed by adenomas at 12 wk instead of 16 wk for the Park2+/+/Apc+/Min mice.
Equivalent neoplasms from both cohorts showed the same degree
of moderate dysplasia in the established adenomas (Fig. 5C).
Parkin protein expression was examined by immunohistochemistry on adenoma sections derived from these mice. Although
Parkin protein expression is completely absent in sections of normal colonic epithelium of Park2−/− mice (Fig. 5D), normal intestinal mucosa of both Park2+/+/Apc+/Min and Park2+/−/Apc+/Min
mice showed Parkin immunohistochemical expression in the cytoplasm of the epithelial cells at moderate intensity in the crypts
and only weakly in the villi. The wild-type Park2 allele appears to
be retained in the tumors of the Park2 heterozygous mice, as adenomas from both Park2+/−/Apc+/Min (28/30 polyps, 93%) and
Park2+/+/Apc+/Min (34/35 polyps, 97%) mice showed moderate
levels of Parkin immunohistochemical expression (Fig. 5D), suggesting that Park2 acts as a haploinsufﬁcient tumor suppressor.
Finally, immunohistochemical analysis of β-catenin protein ex-

Fig. 5. PARK2 loss accelerates intestinal adenoma development in ApcMin
mice. (A) Signiﬁcantly higher prevalence (y axis) of macroscopic intestinal
adenomatous polyps (greater than 1.5 mm in diameter) in Park2+/− (n = 6) mice
compared with Park2+/+ (n = 7) mice bred on to an Apc+/Min background (circles,
16–wk-old mice; triangles, 12-wk-old mice). (B) Macroscopic photographs of
Apc+/Min/Park2+/+ and Apc+/Min/Park2+/− murine small intestines at 12–16 wk of
age, showing many more adenomatous polyps in the latter cohort. (C) Photomicrographs of H&E stained mono/oligocryptal and established adenomas
from Apc+/Min/Park2+/+ and Apc+/Min/Park2+/− mice at 12–16 wk of age, showing
similar appearances. (D) Photomicrographs of Parkin immunohistochemically
stained normal mucosa from Park2 homozygous knockout mice (Left), adenomas from Apc+/Min/Park2+/− (Center), and Apc+/Min/Park2+/+ (Right) mice (all
sections shown are magniﬁcations 200×).

Poulogiannis et al.
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Discussion
We show here that PARK2 is subject to DCN loss in around one
third of sporadic CRCs. In more than 28% of affected tumors the
region of DCN extends for less than 1.2 Mb, is usually heterozygous, and most commonly affects exons 3–4. These features are
similar to those in a recently reported series of sporadic CRCs and
glioblastomas (23). Point mutations in PARK2 are rare in CRC:
we found none in 33 primary tumors carrying PARK2 deletions
and only 1 in 10 tumors without deletion. However, of four
mutations in two CRC cell lines at least one (211C > T) is presumptively functional, as an identical mutation has been recorded
in the germline of a kindred with AR-JP and has been predicted to
compromise PARKIN–proteasome interactions (Fig. S5) (18). In
CRC, the high frequency of small deletions in PARK2 relative to
point mutations, and the predilection for DCN loss involving
exons 3 and 4, are also broadly similar to the spectrum of germline
alterations in juvenile Parkinson disease (24).
PARK2 promoter hypermethylation was also observed, albeit
infrequently, as an alternative mode of silencing PARK2, whereas quantitative RT-PCR analysis conﬁrmed the reduction in
PARK2 transcript levels in a small subset of CRCs with mutant or
deleted PARK2.
A recent, large, genomewide study of DCN alterations in cancers suggests that radically different selection pressures are responsible for the different patterns of allelic deletion found in
classical tumor suppressor genes on one hand and in genes that
happen to span fragile sites on the other (25). According to this
logic, the biallelic suppression of tumor suppressor genes that is
widely considered necessary for driving carcinogenesis, results in
DCN loss that is commonly homozygous, or if hemizygous is frequently associated with evidence of some other mechanism for
silencing the retained alleles, such as point mutation or promoter
methylation. In contrast, predominantly heterozygous deletions,
unaccompanied by point mutations or promoter methylation, as
found in PARK2, is a pattern identical to that of other large genes
at common fragile sites, such as WWOX and FHIT, and may
merely reﬂect the result of enforced replication cycles at intrinsically vulnerable genomic locations. In this paper, however,
we show clearly that heterozygotic PARK2 deletion cooperates
with APC suppression to accelerate tumor progression. Thus, although we are aware of no records of enhanced intestinal neoplasia in any of the strains of Park2-deﬁcient mice currently
available, mice with heterozygous inactivation of both APC and
PARK2 have greatly accelerated adenoma growth when compared
with siblings with APC mutation alone, with evidence of expression of the retained wild-type Park2 allele and aberrant Wnt signaling in the adenomas. In parallel, using a bioinformatic approach applied to published data (20), we showed that microdissected
human CRC tissue demonstrates coordinate suppression of APC
and PARK2 expression. Furthermore, PARK2 overexpression inhibits cell proliferation in CRC cell lines and the effect is more
prominent in the APC-deﬁcient DLD1 cell line.
The data presented here suggest a pathway of colorectal carcinogenesis in which the initiating event provided by suppression
of a classical tumor suppressor (APC) selects for a subsequent
enhancing lesion (haploinsufﬁciency of PARK2 expression). Data
describing intragenic PARK2 DCN loss in glioblastoma (23) and
carcinomas of ovary (26), lung (23, 27), and breast (27, 28) suggest
that PARK2 may play a similar role in a wide spectrum of common
cancers. It is intriguing that Parkinson’s disease patients have
a higher risk for at least one cancer type—that of melanomas (29),
Poulogiannis et al.

suggesting the possible contribution of PARK2 loss/mutation in
the initiation of this cancer.
Doubt still remains as to the mechanisms adopted by PARKIN,
the PARK2 product, in effecting this tumor-suppressor function.
Much of the published literature regarding PARKIN is concerned
with its E3 ubiquitin ligase activity, the absence of which leads to
intraneuronal accumulation of intracytoplasmic insoluble aggregates of synuclein, nucleophysin, and other proteins, forming the
pathognomonic Lewy bodies (30, 31). Lewy bodies are not a feature of CRC, however, and other potential targets of PARKIN’s
E3 ubiquitin ligase activities should be considered. Cyclin E is one
such target molecule and its accumulation in PARKIN-depleted
cells because of delayed proteolysis could provide a stimulus toward adenoma growth and mitotic instability (23, 31). Perhaps
related is the observation that ectopic expression of PARK2 in
hepatocellular carcinoma cell lines retarded growth in vitro and
was associated with increased sensitivity to chemotherapeutic
agents (32).
PARKIN’s E3 ligase functions include both mono- and polyubiquitination, and hence may involve regulation of protein localization and intracellular trafﬁcking as well as proteasomal
proteolysis (17, 33–37). PARKIN has also been implicated in the
binding and stabilization of microtubules (38) and in the biogenesis of mitochondria, where it localizes in proliferating cells
(39). It is also a key player supporting the repair of mitochondrial
DNA (40) and in the identiﬁcation and autophagy of damaged
mitochondria (41). Concordantly, the mitochondria of Park2-null
mice are deﬁcient in respiratory capacity, showing age-dependent
accumulation of hydroxynonenal, a biomarker of damage to lipid
membranes by reactive oxygen intermediates (42). Hence, PARK2
mutations are predicted to lead to accumulation of defective mitochondria and possibly altered susceptibility to apoptosis.
Following the identiﬁcation of PARK2 as a target for intragenic
deletion in about one third of CRCs, we have validated PARK2 as
a haploinsufﬁcient tumor suppressor, demonstrating cooperation
between PARK2 deletion and mutated APC. The mechanism underlying this cooperation remains to be elucidated, but PARKIN
has been shown to ubiquitinate and promote the degradation of
the nuclear pore complex protein RANBP2 (43), the accumulation of which results in enhanced Wnt signaling with increased
expression of the Wnt target genes cyclin D1 and c-myc (44).
Materials and Methods
Primary Colorectal Tumor Samples, Cell Lines, and DNA/RNA Extraction. As
described previously (1), fresh frozen tissue from surgically resected colons
was collected from 100 CRC patients, generating a sample set of paired
tumor and normal tissues for DNA and RNA extraction. Patient consent was
obtained in accordance with local ethical committee guidelines and samples
were anonymized at collection. Subconﬂuent cultures of CRC cell lines
HCT116, LoVo, DLD1, SW620, and HT29, were grown in 100-mm dishes as
previously described (11). DNA and RNA were extracted using the QIAamp
DNA and RNeasy minikit protocols, (Qiagen), respectively.
Array Comparative Genomic Hybridization. The chromosome 6 tiling-path
resolution array was constructed using BAC clones obtained from the
Wellcome Trust Sanger Institute. Array hybridization and data analysis was
performed as previously described (45). The bioinformatic analysis of genome and transcriptome data are described in detail in SI Materials
and Methods.
Mutation Detection and Methylation Analysis of the PARK2 Gene and
Promoter. Samples that were identiﬁed as showing DCN alterations of the
PARK2 gene (n = 33) and the cell lines HCT116, LoVo, DLD1, SW620, and
HT29 were subjected to mutational screening by PCR ampliﬁcation of all
coding exons followed by capillary sequencing as previously described (24).
MSP was used to detect CpG methylation of the promoter region of the
PARK2 gene (Table S2).
Real-Time Quantitative PCR (qPCR) Total RNA was reverse transcribed using
the QuantiTect reverse transcription kit (Qiagen). Real-time analysis of PARK2
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pression and localization showed that both Park2+/−/Apc+/Min and
Park2+/+/Apc+/Min adenomas had greater than 20% β-catenin
staining localized to the nuclei in 26/30 (87%) and 33/35 (94%),
respectively, conﬁrming very similar patterns of aberrant Wnt signaling in both cohorts (Fig. S6).

transcripts was performed using a LightCycler (Roche Diagnostics) essentially
as described previously (46) using primer pairs binding to exons 3 and 4 of
PARK2. The 18S ribosomal RNA gene was used as an internal reference for
expression analysis. Six samples with deleted PARK2 were compared with six
samples with wild-type PARK2.
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Lentiviral Transfections and in Vitro Proliferation Assays. A Gateway compatible lentivirus vector was constructed through the insertion of a Gateway
cloning system reading frame cassette into the pDONR221 vector (Invitrogen)
that was then transferred into the pLenti 6.2 (Invitrogen) expression vector as
described previously (47). For the proliferation assays, HCT116 and DLD1 cells
were seeded in triplicate in 6-well plates, at densities of 5 × 104 and 1 × 105 per
well, respectively, and were counted after trypsinization at days 1–5. The DNA
synthesis assay was performed on tritiated [3H]thymidine (0.8 microcuries/
mL)-treated cells and radioactivity was counted in radioactive scintillation
ﬂuid (Beckman LS6000SC).

bodies: anti-Parkin (Santa Cruz Biotechnology, sc-32282), anti-β-actin
(Abcam, ab6276), and anti-α-tubulin (Sigma, T6199).
Analysis of Intestinal Adenomas in Park2+/− ApcMin Mice. Park2+/− mice (heterozygous for deletion of Park2 exon 3) (21) were crossed with ApcMin mice
(bearing a codon 850 mutation in the Apc gene) (22) on a C57BL/6J background. Mice were genotyped by PCR for ApcMin and Park2 alleles as described previously (21, 22, 48). The intestines of tumor watch mice were
macroscopically dissected to determine the number and location of adenomas in the small and large intestines at 12–16 wk of age. The intestines were
then prepared as Swiss rolls (49) and processed for histological analysis.
Sections 5 μm thick were stained with hematoxylin and eosin (H&E).

Immunoblotting. Cells were lysed in buffer containing 20 mM Tris (pH 7.5), 150
mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 μg/mL Leupeptin,
and 1 mM DTT. Western blotting was performed with the following anti-
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