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Abstract

Colorectal cancer (CRC) is characterized by specific patterns of copy number alterations (CNAs), which helped with the
identification of driver oncogenes and tumor suppressor genes (TSGs). More recently, the usage of single nucleotide
polymorphism arrays provided information of copy number neutral loss of heterozygosity, thus suggesting the occurrence of
somatic uniparental disomy (UPD) and uniparental polysomy (UPP) events. The aim of this study is to establish an integrative
profiling of recurrent UPDs/UPPs and CNAs in sporadic CRC. Our results indicate that regions showing high frequencies

of UPD/UPP mostly coincide with regions typically involved in genomic losses. Among them, chromosome arms 3p, 5q,

9q, 10q, 14q, 17p, 17q, 20p, 21qg and 22q preferentially showed UPDs/UPPs over genomic losses suggesting that tumor cells
must maintain the disomic state of certain genes to favor cellular fitness. A meta-analysis using over 300 samples from The
Cancer Genome Atlas confirmed our findings. Several regions affected by recurrent UPDs/UPPs contain well-known TSGs,

as well as novel candidates such as ARID1A, DLC1, TCF7L2 and DMBT1. In addition, VCAN, FLT4, SFRP1 and GAS7 were also
frequently involved in regions of UPD/UPP and displayed high levels of methylation. Finally, sequencing and fluorescence in
situ hybridization analysis of the gene APC underlined that a somatic UPD event might represent the second hit to achieve
biallelic inactivation of this TSG in colorectal tumors. In summary, our data define a profile of somatic UPDs/UPPs in sporadic
CRC and highlights the importance of these events as a mechanism to achieve the inactivation of TSGs.
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Abbreviations
CNA copy number alteration
cnLOH copy number neutral loss of heterozygosity
CRC colorectal cancer
FISH fluorescence in situ hybridization
PSCBS parent-specific circular binary segmentation
algorithm
LOH loss of heterozygosity
SNP single nucleotide polymorphism
TSG tumor suppressor gene
UPD uniparental disomy
UPP uniparental polysomy
Introduction

Copy number alterations (CNAs) are the defining feature of
tumors of epithelial origin, including colorectal, providing a
consistent landscape of genome-wide gains and losses in a
tumor-type specific manner (1,2). These genomic imbalances
might contain oncogenes in areas of amplification and tumor
suppressor genes (TSGs) in regions commonly subjected to
deletion. More recently, the usage of single nucleotide polymor-
phism (SNP) arrays allowed the identification of allele specific
imbalances thus defining regions of copy number neutral loss of
heterozygosity (cnLOH) or uniparental disomy (UPD) (3-5). UPD
was firstly described by Engel (6), and arises when an individual
inherits two copies of maternal or paternal chromosomes as a
result of a meiotic error. While this gives rise to constitutional
UPD associated with developmental disorders, this phenom-
enon has also been described in somatic cells, the so-called
somatically acquired UPD (3-5). In fact, UPD has been recently
described in several malignancies, including both solid tumors
and hematological neoplasias (7-9), and it has been suggested
as a mechanism to potentially alter the expression of driver
genes involved in carcinogenesis (4). In addition, in many cancer
cells of epithelial origin, whole genome duplications occur fre-
quently, thus potentially resulting in trisomies and tetrasomies
of chromosomes inherited from the same progenitor, a scenario
designated as uniparental polysomy (UPP).

Colorectal cancer (CRC) is one of the most common cancers
in Western Europe and North America (10). Continuous efforts
are made to comprehensively characterize the genome of CRC
cells in order to understand the genetic basis of this devastat-
ing disease and to identify biomarkers that can help with early
detection and improve prognostication. In particular, genomic
profiling of sporadic CRC has revealed consistent gains and
losses during the emergence and evolution of these tumors (11).
Based on the two-hit Knudson hypothesis, regions with LOH
might contain known TSGs, which can be inactivated by either
a genomic loss or a second inactivating mutation (12). In this
context, UPD arises as an alternative mechanism to reach func-
tional impairment of TSGs in cancer cells, in which one allele
holds an inactivating mutation, and due to a duplication of the
chromosome containing the mutated allele and a loss of the
chromosome with the wild-type allele, the tumor cell becomes
disomic with an inactivating mutation in homozygosis. Foremost
intriguing is the question whether different profiles of UPD/UPP
are observed depending on the tumor’s tissue of origin, and with
what frequency UPD/UPP does occur in different cancer types.
For example, deletion of chromosome 5q is very common on
myelodysplastic syndrome and acute myeloid leukemia, but
UPD at 5q is not extensively reported in these cancers types. On
the other hand, UPD on chromosome 5q containing the TSG APC

has been reported to be a common event in CRC (13-15) and in
in vitro models (16,17). Moreover, it has been recently suggested
that cnLOH affecting APC may play a role in earlier stages of
tumorigenesis as this event was already found in adenomas (18).

In the present study, we aimed at establishing a map of UPD/
UPP in sporadic CRC, and integrating these data with somatic
CNAs and the methylation status of cancer-associated genes.
Our results have been cross-compared to The Cancer Genome
Atlas (TCGA) data to confirm which specific regions of the CRC
genome are prone to develop UPD/UPP. In addition, combining
mutation analysis and fluorescence in situ hybridization (FISH)
of the gene APC provided insights into the mechanism by which
UPDs result in biallelic inactivation of TSGs.

Materials and methods

Sample collection

Thirty colorectal adenocarcinomas provided by the Hospital Clinic of
Barcelona/IDIBAPS Biobank were included in this study (Table 1). All
patients signed the corresponding informed consent and the sample col-
lection was approved by the local Ethics Committees. Fresh tumor and
adjacent normal mucosa samples were collected immediately after surgi-
cal resection and preserved in DMEM culture medium supplemented with
fetal bovine serum (Life Technologies, Carlsbad, CA), antibiotics and anti-
fungals before storage at -80°C. An experienced pathologist macroscopi-
cally dissected the fresh tumor samples in order to minimize the inclusion
of normal mucosa and necrotic tissue.

DNA extraction

DNA from tumor and matched adjacent normal mucosa was extracted
using phenol-chloroform as described previously (19). DNA concentration
and purity was assessed using a NanoDrop ND-1000 (Thermo Scientific,
Waltham, MA) spectrophotometer.

SNP array

Two hundred and fifty nanograms of DNA were processed for hybridiza-
tion on the Genechip Human Mapping 250K Sty arrays (Affymetrix, Santa
Clara, CA). The experimental procedure was performed according to rec-
ommendations of the manufacturer. After hybridization, the chips were
processed using the GeneChip Fluidics Station 450, high-resolution micro-
array GeneChip Scanner 3000 and GCOS Instrument Control Workstation
version 1.2 (Affymetrix). SNP calls were determined by GDAS version 3.0
with 25% level of confidence. Only samples with call rates >90% were
included.

Array comparative genomic hybridization

Oligonucleotide-based array comparative genomic hybridization was per-
formed according to the protocol provided by the manufacturer (Agilent
Technologies, Santa Clara, CA), with minor modifications. Briefly, 3 pg of
DNA from each sample were labeled with Cy3 and combined with DNA
from matched normal colonic mucosa labeled with Cy5. Oligonucleotide-
based Human Genome CGH Microarray (Agilent) with 244K features was
hybridized, washed accordingly and scanned with an Agilent G2565BA
scanner. Data were quality controlled and extracted using Agilent
Technologies’ Feature Extraction (version 9.1). Visualization was per-
formed using the software Nexus Copy Number version 7.5 (BioDiscovery,
El Segundo, CA).

Data processing

Genome-wide LOH and CNA information was obtained using the
Affymetrix array. The CRMA version 2.0 was used for normalizing allelic
estimates of one tumor sample based on estimates from a single matched
normal (20). Next, the Paired parent-specific circular binary segmentation
algorithm, PSCBS version 0.4, was utilized (21). Different cutoffs, com-
puted by the PSCBS algorithm, were used to consider allelic imbalances
and CNAs for each pair of samples. When the distance between two adja-
cent segments was < 2.5Mb, a single region was considered. cnLOH was
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Table 1. Clinical information and experimental setup
PatientID Sex Age* Stage Microsatellite instability status aCGH SNParray Methylation array  APC sequencing APC FISH
S1 M 51 1A Negative X X X X X
S2 F 59 I11B Negative X X X X X
S5 M 62 I n.a. X X X n.a. X
S6 M 74 11IB n.a. X X X n.a. X
S7 F 62 v n.a. X X X n.a. X
S8 F 76 1A Negative X X X X X
S9 F 59 I n.a. X X X n.a. X
S10 F 74 111B Negative X X X n.a. X
S11 M 59 IIIB n.a. X X X n.a. X
S12 M 85 1B n.a. X X X n.a. X
S13 F 65 1B Negative X X X n.a. X
S32 M 46 111B Negative X X X X X
S33 F 80 I Negative X X X X X
S34 F 80 IIA Negative X X X n.a. n.d.
S35 M 46 111B Negative X X X n.a. n.d.
S36 M 61 1B Positive X X X n.a. n.d.
S37 M 78 v n.a. X X X X n.d.
S38 M 84 I1IB n.a. X X X n.a. n.d.
S39 F 44 111B Negative X X X n.a. n.d.
S40 M 75 IIA n.a. X X X n.a. n.d.
S41 M 68 v n.a. X X X n.a. n.d.
S42 F 42 v n.a. X X X n.a. n.d.
S43 F 78 IIA n.a. X X X X n.d.
S44 M 68 111B Negative X X X n.a. n.d.
545 F 48 I Negative X X X X n.d.
S46 M 58 v Negative X X X X n.d.
S47 F 38 111B Negative X X n.d. X n.d.
S48 M 80 I n.a. X X X n.a. n.d.
S49 M 62 IIA n.a. X X X n.a. n.d.
S50 M 67 IIA n.a. X X X X n.d.

n.a., not available; n.d., not determined due to technical issues.
2Age of surgery.

defined as a region without CNAs but with LOH, including UPD and UPP
events. On the other hand, copy number gains with loss of heterozygo-
sity were defined as gained regions with LOH, including solely UPP events.
Both, cnLOH and copy number gains with loss of heterozygosity, were
added up together when identifying regions of UPD or UPP. Finally, circos
plots from different sets integrating both UPD/UPP and CNA regions were
drawn using the Rcircos package (22). The Mann-Whitney U test was per-
formed to assess the difference in the segment length and the Student’s
t-test for the comparison between stages For the Agilent platform, the
CBS algorithm was used to detect CNAs (23). For this purpose, R-functions
available in the DNAcopy package were used with default parameter val-
ues. The segment list was then converted into a matrix format by aligning
samples based on chromosome segments condensed by genes (human
genome release: hgl9). In order to measure the concordance of CNAs
between Agilent and Affymetrix platforms, the Pearson correlation was
computed using the CNAs condensed log2 ratio by gene in both platforms.
Only CNAs computed from the Affymetrix platform were taken into con-
sideration for further analysis. Finally, Gene Set Enrichment Analysis was
performed to determine whether recurrent UPD/UPP contained a statis-
tically significant number of TSGs. For this analysis, we considered the
genes obtained from the TSGene database (http://bioinfo.mc.vanderbilt.
edu/TSGene/) (24).

Data were deposited in the NCBI Gene Expression Omnibus (GSE64114).

The Cancer Genome Atlas data analysis

With the purpose to validate our results, level 1 SNP6 array data from the
colon adenocarcinoma dataset and pair-matched normal DNA obtained
from the TCGA data portal (https://tcga-data.nci.nih.gov/tcga/) were sys-
tematically curated. Only those samples showing less than 500 segments
after segmentation were included in the analysis. Finally, PSCBS algorithm
was carried out, and 303 samples were considered for analysis.

Methylation analysis

One microgram of purified DNA from each paired tumor-normal sample
was bisulfite converted using the EZ DNA Methylation-Gold Kit (Zymo
Research, Orange, CA). Subsequently, methylation status of 1505 CpG
sites representing 807 cancer-related genes were evaluated by using the
Illumina GoldenGate Methylation Cancer Panel I Array (Illumina, San
Diego, CA) as described previously (25). Methylation probes representing
a change of beta values >50% and a false discovery rate < 0.001 using the
Benjamini-Hochberg procedure were considered differentially expressed
(26).

Mutational screening

A subset of tumors and their matched normal mucosa DNA (n = 10) under-
went PCR amplification and were screened for sequence variations at the
APC mutational cluster region (exon 16: one fragment from nucleotide
3081-3210, and another fragment from nucleotide 3529-4767, NCBI hg19)
by Sanger sequencing. All samples were sequenced in either forward or
reversed orientation to ensure the highest amount of sequence overlapping
among PCR products (Supplementary Table 1, available at Carcinogenesis
Online). Only PCR products with a single amplicon went forward for
sequencing. Sequences were visualized and analyzed using the dedicated
software 4Peaks (Nucleobytes, Aalsmeer, The Netherlands). Any identi-
fied mutation was verified against the Catalogue of Somatic Mutations in
Cancer database (COSMIC, http://cancer.sanger.ac.uk/cosmic).

FISH

FISH analysis was performed on tissue microarrays containing two repli-
cates of the tumor and two replicates of the normal adjacent mucosa per
sample. Two BAC clones were used: one covering the APC gene (RP11-3B10),
kindly provided by Dr B. Espinet (IMIM-Hospital del Mar, Barcelona, Spain),
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and a second one located at 5931.2 (RP11-461014), kindly provided by Dr
X. Estivill (Center for Genomic Regulation, Barcelona, Spain), that was
used as a control. They were labeled with Spectrum Orange and Spectrum
Green (Abbott Molecular, Des Plaines, IL), respectively. DNA extraction,
nick translation and hybridization were performed as described previ-
ously (19). Signal quantification was carried out with a Nikon Eclipse 50i
fluorescence microscope in 100 nuclei per sample, and image acquisition
was done by using the Isis Fluorescence Imaging System (MetaSystems,
Altlussheim, Germany).

Results

Minimal regions of CNAs

Thirty primary colorectal adenocarcinomas were analyzed with
the GeneChip Human Mapping 250K Sty SNP arrays and oligo-
nucleotide-based Human Genome CGH microarrays. The mean
concordance of CNAs between both platforms was 92%. CNAs
were found in 28 out of 30 samples (93.3%), with a mean of 22
gains and 7 losses per sample. One of the two samples without
CNAs showed microsatellite instability, while the other sample
belonged to a patient with familial CRC Type X (27). Genomic
profiling of frequent gains and losses based on SNP-arrays
and PSCBS analysis is displayed in a circos plot (Figure 1A).
Chromosomes 7, 8q, 13 and 20q were gained in more than 40% of
the samples. Chromosomes 1p, 4, 5q, 8p, 14, 15, 17p, 18 and 20p
were lost in more than 20% of the cases. The most frequently
gained region was 20q11.21 (70%), and the most frequently
lost region was 18921.2-q22.3 (40%). Detailed frequencies of
gains and losses in a gene-centered manner are presented
in Supplementary Table 2, available at Carcinogenesis Online.
Furthermore, a comparison between samples with stages I and
11, defined as low stage tumors, and samples with stages III and
IV, defined as high stage tumors, was performed. Only genomic
regions 6p21.31, 6p24.1-p25.3 and 19913.32-q13.43 were found
significantly lost in high stage compared to low stage colorectal
adenocarcinomas (false discovery rate < 0.25).

UPD/UPP profiling

Genome-wide UPD/UPP profiling was performed on 30 adeno-
carcinomas by applying the PSCBS algorithm to the SNP array
dataset. Overall, 21 out of 30 samples (70%) showed UPD/UPP

A

segments, ranging from 1 to 17. A total of 163 genomic segments
corresponded to cnLOH, including both events UPD and UPP. In
addition, 22 segments corresponded to copy number gains with
loss of heterozygosity, including only UPP.

In order to establish an overview of regions simultane-
ously involved in UPD/UPP and CNAs, data have been displayed
in an integrative circos plot (Figure 1A). Interestingly, most of
the regions showing high frequency of UPD/UPP matched with
those regions of the genome showing high frequency of losses.
However, the median length of the segments involved in UPD/
UPP was higher than those affected by genomic losses (41.7 ver-
sus 34.8Mb) (Figure 2). While copy number losses are more fre-
quently affecting interstitial chromosome segments (28.8 versus
14.8%; P < 0.05), UPD/UPP regions displayed a tendency for whole
chromosome events (35.2 versus 23.7%). On the other hand,
UPD/UPP and copy number losses shared a similar frequency of
telomeric events (34.3 versus 33.1%) (Table 2).

Genomic regions showing a frequency of UPD/UPP greater
than 10% were located at chromosomes 1, 3,5, 8, 9, 10, 14, 17, 18,
19, 20, 21 and 22 (Table 3). Remarkably, there are several genomic
regions whose frequency of UPD/UPP events is equal or higher
than the frequency of copy number losses. This is the case for
genomic regions located at chromosome arms 3p, 5q, 9q, 10q,
14q, 17p, 17q, 20p, 21q and 22q, indicating a prevalence of UPD/
UPP over genomic loss. Among these regions, TSGs such as APC
and TP53 map to 59 (20% of UPD/UPP and 20% of losses) and
17p (23.3% of UPD/UPP and 23.3% of losses), respectively. Here,
we report a novel region of UPD/UPP in CRC at 10q11.23-g26.3
containing the TSG PTEN (13.3% of UPD/UPP and 6.7% of copy
number losses) as well as other tumor suppressor candidates,
such as TCF7L2 and DMBT1 (16.7% of UPD/UPP and 6.7% of copy
number losses). On the other hand, genomic regions with a
higher prevalence of copy number losses than UPDs/UPPs are
located on chromosomes 1p, 8p and 18. The analysis of the mini-
mal regions of interest led to the identification of several can-
didate TSGs reported in the COSMIC database, such as ARID1A
at 1p35.3 (13.3% of UPD/UPP, 20% of copy number losses), DLC1
at 8p22 (16.7% of UPD/UPP, and 33.3% of copy number losses),
and SMAD4 at 18q21.1 (20% of UPD/UPP and 36.7% of losses).
Furthermore, the Gene Set Enrichment Analysis showed a

Figure 1. Profile of CNAs and UPDs/UPPs from our study (A) and from the TCGA cohort (B). Chromosomes are represented in the outer ring of the circos plot. In the
middle, gained regions are in green and lost regions in red. The inner ring shows frequency of UPDs/UPPs in blue. To note, regions with high frequency of UPD/UPP

matched with regions with high frequency of copy number loss.
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Figure 2. Distribution of the length of UPD/UPP events and genomic losses. The
interquartile range is represented by the black box inside the violin plots. The
median is represented by the white dot. Events smaller than 2.5Mb have been
discarded.

Table 2. Distribution of UPDs/UPPs and genomic losses

Type of event UPDs/UPPs Genomic losses P value®
Whole chromosome? 38 (35.2%) 28 (23.7%) 0.0785
Span centromere® 17 (15.7%) 17 (14.4%) 0.8531
Telomeric p* 18 (16.7%) 20 (16.9%) 1
Telomeric ¢ 19 (17.6%) 19 (16.1%) 0.8591
Interstitiald 16 (14.8%) 34 (28.8%) 0.0156

2Events including the entire chromosome.

Events including the centromere but not the entire chromosome.

Events including one of the two telomeres but not the centromere.

dEvents comprised between two location within the same chromosome arm
not involving the centromere nor the telomeres.

Fisher’s exact test was performed to assess statistical significance.

statistically significant presence of TSGs in the recurrent regions
of UPD/UPP (P < 0.05) (Table 3).

In order to further narrow down novel TSGs potentially driv-
ing the selection of UPD/UPP events, we performed a cancer-
gene oriented CpG methylation analysis. Our data show that
the genes VCAN, FLT4, SFRP1 and GAS7 were located in regions
of recurrent UPD/UPP (>10%) and showed high levels of hyper-
methylation in CpG islands (A > 0.5). A total of 23.3% of the
samples showed UPD/UPP events affecting the hypermethyl-
ated gene GAS?. In addition, 46.7% of the remaining samples
showed genomic losses in 17p involving this gene. Moreover,
13.3% of the samples showed that the highly hypermethyl-
ated genes VCAN and FLT4 were included in regions with UPD/
UPP. Finally, the gene SFRP1, which is located in the commonly
gained region 8p11.21 in colorectal (and other) cancers, showed
13.3% of UPD/UPP and high levels of hypermethylation of
the promoter or exon of the gene in all samples displaying a
genomic gain.

Overall, a total of 14873 genes mapped to regions of UPD/
UPP present in at least 10% of the samples, whereas only 9092
genes were included in genomic losses. A detailed table showing
gene-centralized frequencies for each event (i.e. gains, losses,
UPDs/UPPs and LOH) is presented in Supplementary Material
(Supplementary Table 2, available at Carcinogenesis Online).
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Meta-analysis using TCGA dataset

Next, we cross-compared the results obtained in our analysis
using an independent sample set. Genome-wide CNAs and UPD/
UPP events were analyzed from 303 normal-matched colon ade-
nocarcinomas from the TCGA Level 1 dataset. An integrative cir-
cos plot with CNAs and UPD/UPP data is presented in Figure 1B.
A very similar profile of gains and losses was observed when
comparing CNAs from both cohorts. Despite the high concord-
ance of the regions affected by UPD/UPP, we detected a decreased
frequency of these events in the TCGA cohort. Regions showing
a frequency of UPD/UPP higher than 10% in both datasets were
located at 3p, 5q, 17, 18, 20, and 22. Of note, the frequency of
UPD/UPP at 5q involving the TSG APC was very similar in both
cohorts, showing a higher frequency of UPD/UPP (10.2-19.8% and
13.3-20% in the TCGA and our cohort, respectively) than copy
number losses (6.3-17.2% in TCGA and 6.7-20% in our cohort).
Regions with focal UPDs/UPPs were identified at 3p14.2, 16p13.3
and 20p12.1, which also matched with a high incidence of focal
deletions. Interestingly, the gene C200rf133 located at 20p12.1 is
the most commonly affected gene by UPD/UPP in both cohorts
(26.7% in our cohort and 22.1% in TCGA). A gene-centered table
indicating all genomic events and their associated frequencies
from the TCGA dataset is presented in Supplementary Table 3,
available at Carcinogenesis Online.

Mutational status and FISH analysis of APC

We then explored whether UPDs/UPPs affecting the TSG APC act
as a “second hit” by analyzing if a mutation, when present, could
be homozygous. Sequence variations in the APC mutational
cluster region were found in three out of six samples with UPD/
UPP events at the chromosome arm 5q. All mutations identified
were nonsense. In sample 1, the mutation c.3871C>T was found
to be heterozygous in the tumor, showing a lower frequency of
the inactivating allele. On the other hand, in samples 33 and
50 nonsense mutations c.4360A>T and c.3856G>T, respectively,
were also found in heterozygosity in the tumor; however, the
frequency of the mutated allele was much higher than the nor-
mal one, suggesting that the inactivating allele is present in the
majority of the tumor cells (Figure 3A and B). In fact, we cannot
discard that partial heterozygosity is due to the presence of non-
tumoral infiltrating cells. In addition, fluorescent-labeled DNA
probes covering APC and a control region at 5q31.2 were used to
perform FISH analysis onto two tissue microarrays containing
all samples included in our dataset. Interestingly, cases 33 and
1 displayed two signals of APC in 84% and 86% of all the cells,
respectively, confirming that these samples displayed UPD/UPP
in 5q (Figure 3C).

Discussion

Our study generated a profile of recurrent UPD/UPP regions in
sporadic CRC to identify novel TSGs important for this disease. By
utilizing the PSCBS algorithm in two different sample cohorts, we
confirmed that chromosomal regions with the highest frequency
of UPD/UPP mapped to chromosome arms 5q, 17p and 18q, con-
taining the TSGs APC, TP53, and SMAD4, respectively (13,14,16,18).
In addition, we have also identified regions of UPD/UPP affecting
chromosomes 1p, 3p, 8p, 9q, 10q, 14q, 19, 20p, 21q and 22q, several
of which have been previously reported as genomic losses in CRC
(1). Although UPD/UPP profiles are very similar between our cohort
and the TCGA sample set, some regions showed differences, most
probably due to the sample size and heterogeneity. Of note is the
high frequency of UPD/UPP events affecting chromosomes 6p
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Table 3. Minimal regions of frequent UPD/UPP?*
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Region Size (bp) Loss (%) UPD/UPP (%) LOH (%)° Number of genes® Genes of interest?
1p35.1-p36.33 15209290 16.7-20 13.3 30-33.3 243 ARID1A
1q44 372585 33 13.3 16.7 9
3p21.31-p26.3 46624171 3.3-6.7 13.3 16.7-20 314 VHL; MLH1
3g25.1 442601 0 13.3 13.3 7
5q14.1-q31.2 101633161 6.7-20 13.3-20 20-40 743 APC
8p12-p23.3 33954420 26.7-33.3 13.3-16.7 40-50 277 DLC1
8p11.21-p11.23 2364608 10-16.7 13.3 23.3-30 36
8p11.21-p11.21 9093559 0-3.3 13.3 13.3-16.7 41
8q21.13 333470 0 13.3 13.3 1
8g24.3 286530 0 13.3 13.3 1
9921.13-q34.3 64365620 10-13.3 133 23.3-26.7 599 PTCH1; DAPK1
109q11.23-g26.3 83250609 3.3-10 13.3-16.7 16.7-26.7 624 PTEN; TCF7L2; DMBT1; PLCE1
14q11.2-q24.2 52186574 10-16.7 13.3-20 30 425
14931.3-932.33 21331905 16.7-20 133 30-33.3 286
17p13.3-925.3 80999143 6.7-26.7 13.3-23.3 20-46.7 1434 TP53; NF1
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Figure 3. UPD of chromosome 5 accompanied by a homozygous nonsense mutation of sample 33. (A) Tumor-matched normal PSCBS profiling of SNP array data show-
ing total copy number (panel 1), decrease of heterozygosity (panel 2) and allele-specific copy number (panel 3). Dotted horizontal lines represent specific thresholds for
each parameter. As illustrated, APC is located in a region with cnLOH. (B) Sanger sequencing of the gene APC showing the existence of a nonsense mutation (c.4360A>T)
in the tumor. The minority allele could represent intratumoral heterogeneity and/or infiltration of normal cells. (C) Microscopic assessment of FISH signals using fluo-
rescent probes covering the gene APC (red) and a control probe at 5q31.2 (green). Single isolated nuclei displaying two copies of APC and the control probe confirmed
that most tumor population showed a disomic chromosome 5q within this sample. Scale bar = 5 pm.

and 12 in the TCGA cohort. Frequent allelic losses at these chro-
mosomes have been described previously in mismatch repair
deficient carcinomas (28). While only one sample in our cohort
showed microsatellite instability, many more microsatellite

instability positive samples are included in the TCGA cohort, thus
possibly explaining the frequency of such alterations.

The identification of LOH and high-level amplifications has
led to the discovery of driver TSGs and oncogenes, respectively



(29,30). However, fewer studies have focused on regions with
recurrent UPD/UPP. Our data show that these regions frequently
coincide with genomic losses, suggesting that these events
might also be guiding the inactivation of TSGs. In fact, several
efforts have attempted to identify TSGs on chromosome arm 8p
due to its recurrent loss in CRC (31). Integrative analysis of our
data unveiled that the frequency of LOH in this genomic loca-
tion is between 40 and 50%, including UPD/UPP events (13.3-
16.7%) and copy number losses (26.7-33.3%). Among all genes
encompassed within this area, DLC1, which encodes a RhoGAP
protein that catalyzes the conversion of GTP-bound Rho to
the inactive GDP-bound form, falls within the minimal region
of UPD/UPP. DLC1, has been suggested to function as a TSG in
several common cancers including hepatocellular carcinoma
and CRC (32-34). Furthermore, mutations in this gene have
been identified in nearly 10% of all CRC reported in the COSMIC
database, thus representing a highly mutated gene and a good
candidate for biallelic inactivation via UPD/UPP or genomic loss.
Furthermore, here we also report novel regions of UPD/UPP that
have not previously been associated with CRC. Among the 624
genes encompassing the 10911.23-q26.3 region, PTEN stands
out having already been considered a TSG in CRC (35). Likewise,
TCF7L2, encoding a transcription factor that plays a key role in
the Wnt/p-catenin pathway, is also located within this region
and has been found to be mutated in 9% of CRC (1,36). Moreover,
a candidate TSG located at 1p35.3, ARID1A, a subunit of the SWI/
SNF chromatin remodeler and transcription regulator of MYC,
showed a high frequency of UPD/UPP (16.7%) and has been also
found recurrently mutated (5%) in CRC (1,37).

The genome-wide integration of regions with UPD/UPP and
methylation patterns has provided insights into the identification
of novel putative TSGs. Of note, the genes VCAN, FLT4, SFRP1 and
GAS7 were among the highest hypermethylated genes and were
consistently involved in UPDs/UPPs. Foremost interesting is the
gene SFRP1, which is a soluble modulator of the Wnt/p-catenin
signaling pathway and is located at 8p11.21, a genomic region with
a high incidence of copy number gains in CRC (38). Our results
revealed that in all cases with copy number gains of SFRP1, simul-
taneous hypermethylation of the promoter or the exon close to
the promoter occurred. SFRP1 has been already identified as being
hypermethylated in CRC (39); however, our data suggest the mech-
anism by which biallelic inactivation of this candidate TSG might
have arisen in the presence of copy number gains. Importantly,
gene expression data extracted from the Oncomine Portal (https://
www.oncomine.org) and the Cancer Genomics Browser (https://
genome-cancer.ucsc.edu) supported the hypothesis that the
aforementioned genes might be considered TSGs as three out of
four candidates (SFRP1, GAS7 and FLT4) showed downregulation in
colorectal tumors compared to normal mucosa (data not shown).

Besides whole chromosome or chromosomal arm UPD/UPP
events, we have also detected focal regions of UPD/UPP at 3p14.2,
16p13.3 and 20p12.1, containing the genes FHIT, RBFOX1 and
C200rf133, respectively. Interestingly, these regions have been also
described as recurrent focal deletions in several cancer types, and
the genes located at these genomic regions are among the largest
genes in the genome (2). Whether deletions of these genes have an
impact on tumorigenesis or whether they occur as a consequence
of the genome plasticity in these regions (e.g. the presence of
fragile sites or the fact that they encode structural proteins which
carry tandem repeats prone to recombination) remains unknown
(40,41). Further analysis of genes with high incidence of UPD/UPP
is required in order to understand their functional role as TSGs.

Whole-chromosome UPD/UPP can occur in cancer cells as a
consequence of segregation errors in mitosis through anaphase

K.Torabietal. | 1109

lagging and/or non-disjunction events (4). On the other hand,
homologous recombination, with the purpose of repairing a
double-strand break, has been proposed as a possible mecha-
nism of segmental UPD/UPP formation in cancer (42). In fact,
mitotic recombination as a result of double strand breaks on the
long arm of chromosome 5 has been suggested to be the most
frequent mechanism to achieve cnLOH affecting APC in patients
with familial adenomatous polyposis (43). Moreover, a high fre-
quency of segmental UPD has been described in base excision
repair deficient MUTYH-associated polyposis carcinomas (44). In
our sample set, the frequency of UPD in the genomic region 5921
is as high as the frequency of genomic loss, suggesting that UPD
is indeed an alternative mechanism to acquire biallelic inactiva-
tion of APC. The higher prevalence of UPD/UPP in chromosome
5q, as well as in other chromosomes, compared to the frequency
of genomic loss, suggests that tumor cells need to preserve such
chromosomes in two or more copies in order to maintain cel-
lular viability and fitness. Despite the fact that most of the cases
showed segmental UPD for 5q, one specific sample displayed
cnLOH involving the centromere region of chromosome 5, thus
indicating that one possibility for the origin of such rearrange-
ment was through a chromosome segregation error. As FISH
analysis proved that 16% of cells in this tumor showed mono-
somy or trisomy for the chromosome arm 5gq, it is plausible to
hypothesize that a non-disjunction event occurred early in the
tumor development and originated the UPD, which resulted in
biallelic representation of a nonsense mutation required for
tumor progression. Furthermore, the TCGA dataset showed sev-
eral samples with whole chromosome 5 UPD events. Altogether,
this would indicate that mitotic recombination is not the only
mechanism to generate cnLOH affecting APC, and a missegrega-
tion event resulting in a whole chromosome UPD/UPP might as
well represent the second hit to achieve homozygosity for an
inactivating mutation.

In summary, sporadic CRC shows a specific pattern of UPD/
UPP, which greatly coincides with regions of recurrent genomic
losses. Further research efforts are needed to determine whether
other cancer types present unique landscapes of UPD/UPP as well.
The integrative analysis of regions with UPDs/UPPs, CNAs, meth-
ylation patterns, and mutational gene status provided further
evidence of novel putative TSGs. In fact, we propose that UPD/
UPP events act as the second hit suggested by Knudson. Finally,
our data show that cnLOH affecting APC can occur by either chro-
mosome segregation errors or mitotic recombination events, thus
generating whole chromosome or segmental UPD, respectively.
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Supplementary Tables 1-3 can be found at http://carcin.oxford-
journals.org/
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