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A genome-wide analysis of loss of heterozygosity
and chromosomal copy number variation in Proteus
syndrome using high-density SNP microarrays
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and William D Foulkes1,2,3

Excessive cell proliferation and genetic changes such as loss of an allele (loss of heterozygosity (LOH)) or amplifications or

deletions of parts of chromosomes (copy number variations (CNV)) are common findings in cancers. It is unknown whether these

changes are also present in patients with overgrowth syndromes, although the presence of small-scale CNVs (such as duplication

of 11p15 in Beckwith–Wiedemann syndrome), excessive cell proliferation and an increased frequency of tumors have all been

reported in these patients. We present results of a genome-wide scan for LOH and CNV in Proteus syndrome (PS), a severely

disfiguring overgrowth syndrome. We investigated CNV and LOH in DNA derived from affected and normal tissue samples from

six PS patients using Affymetrix GeneChip Mapping 250K Nsp high-density single-nucleotide polymorphism microarrays.

Analysis revealed that LOH and CNVs were not common in PS. We attempted to validate selected CNVs detected by microarray

analysis using quantitative genomic PCR, but the observed changes were not confirmed. These results suggest that large-scale

genome-wide CNVs and LOH as seen in cancer syndromes are not characteristic findings in PS, although we cannot rule out the

possibility that newer arrays with a higher number of probes could uncover smaller CNVs not detected in this study.
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INTRODUCTION

Proteus syndrome (PS) is a congenital and severely disabling condition
characterized by asymmetrical tissue overgrowth that may affect any
part of the body.1,2 Relentless progression, vascular anomalies and
epidermal naevi are some of the characteristic features of the syn-
drome.3,4 Several types of tumors including haemangiomas, lymphan-
giomas and lipomas have also been reported in patients with PS.5–7

The causes of PS are unknown, but it has been hypothesized that
the syndrome is a result of somatic mutations, which are lethal in the
non-mosaic state.8 A genome-wide scan could reveal genetic lesions
that might contribute to the development of PS. Specifically, chro-
mosomal copy number variations (CNVs) and loss of heterozygosity
(LOH) would be of particular interest. In cancer, LOH is frequently
observed as a reduction to homozygosity of a lesion in the tumor
DNA compared with the normal genomic DNA, often involving
tumor suppressor genes. CNVs, which are also involved in cancer,
are duplications or deletions in some parts of chromosomes ranging
from one kb to several megabases in size.9

In cancer, investigation of LOH and CNV is usually performed by
comparing DNA from lymphocytes or unaffected tissue to tumor

DNA from the same person. Here, we report a genome-wide scan for
CNV and LOH in PS. We used DNA derived from cultured fibroblasts
taken from an affected part of the body of a child with PS paired with
DNA derived from an unaffected region.

MATERIALS AND METHODS

Patients and DNA preparation
All patients were diagnosed with PS based on published diagnostic criteria10

(Table 1). Detailed clinical features in all of the patients, with the exception of

patients 5 and 6, have been published.11 Vascular malformations were pre-

dominant in patient 5, whereas connective tissue nevus, thickening of the skin

and subcutaneous tissue and facial phenotype were predominant in patient 6.

This study was approved by the Research Ethics Committee of each

institution involved. DNA was extracted from blood samples or primary

fibroblast cell cultures established from skin biopsies using commercially

available DNA isolation kits. In addition, we used DNA extracted from a pair

of normal/skin cancer cell lines obtained from American Type Culture Collec-

tion (ATCC, Manassas, VA, USA; catalog numbers CRL-7761 and CRL-7762)

to investigate whether patterns of CNVs in PS and skin cancer were similar. The

cell lines were established using samples taken from the same individual.
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SNP microarrays
The genome-wide scan was performed using GeneChip Mapping 250 K Nsp

single-nucleotide polymorphism (SNP) microarrays from Affymetrix (Santa

Clara, CA, USA). A total of 262,264 SNPs covering the whole genome at

approximately 3 kb intervals were genotyped. We also repeated microarray

analysis on a pair of lung cancer cell line DNA (ATCC catalog numbers CCL-

256D and CCL-256.1D) previously analyzed by Affymetrix. Before chip

analysis, all samples were migrated on agarose gels to ensure lack of DNA

degradation and their AD260/280 ratios were measured to ensure the absence

of significant contamination with proteins; only high quality DNA samples

were used for analysis.

Analysis of microarray data
The CNAT4.0.1 software, obtained from Affymetrix, was used to examine LOH

and CNV status of PS patients in paired analysis by comparing the affected

tissue to its normal counterpart or to the blood sample from the same person.

We first used the following parameters (tumor parameters) recommended by

the software manufacturer to detect CNV in tumor/normal paired samples:

median normalization, genomic smoothing of 0.1 Mb, transition decay (TD) of

1 Mb, priors of 0.2 for Hidden Markow Model (HMM) and s.d. of 0.07 for CN

state of 2 and 0.09 for the rest of CN states. In addition, outliers within the

range of 1 kb were automatically removed. We then used the following

modified parameters (micro deletion parameters) to detect micro deletions:

median normalization, genomic smoothing of 15 kb, TD of 0.1 Mb, priors of

0.2 for HMM, s.d. of 0.13 for CN state of 2 and 0.15 for the rest of the CN

states.

Quantitative genomic PCR
We used absolute quantitation using SybrGreenER (Invitrogen, Carlsbad, CA,

USA) to confirm copy numbers obtained in microarray analysis following the

manufacturer’s instructions (see Supplementary Tables 1 and 2 for assay results

and primer sequences).12,13 This assay correctly identified the ratio of ALB to

androgen receptor gene copy number (1.0 in six healthy females and 1.9 in six

healthy males).

RESULTS

We analyzed nine normal/affected sample pairs representing six
patients (Table 1). Patient 4 had DNA available from two independent
affected tissue samples whereas patients 2 and 3 had DNA isolated
from two normal samples (tissue or blood). SNP call rates were over

99.3% in all samples (Table 1). To ensure reproducibility of the SNP
microarrays, we re-analyzed one of the PS samples on a different date
and obtained over 99% identical genotype calls. In addition, we
genotyped a pair of lung tumor and blood sample from a patient
previously analyzed by Affymetrix; 99.6% of our genotype calls were
identical to those obtained by Affymetrix, indicating that these
microarray experiments are essentially perfectly repeatable.

As we were interested in variants likely to have a significant role in
PS development, as opposed to variations arising secondarily or as a
result of culturing of cells, we only considered CNVs that were present
in at least two patients; in addition, for patients who had more than
one normal or affected tissue, the CNV had to be present in both
comparisons for that patient to be considered positive. Finally, the
type of CNV (that is, amplification vs. deletion) also had to be
consistent between the two patients for the CNV to be considered
biologically relevant to PS. Using the tumor detection parameters we
found no LOH but detected 30 SNPs with CNV (that is, 23 SNPs with
CNV seen in a single patient and seven SNPs with CNV shared by two
patients; Supplementary Table 3). However, none of the seven SNPs
shared by two patients fulfilled the above criteria.

A total of 846 SNPs with CNV were detected using the microdele-
tion detection parameters (Figure 1 and Supplementary Table 4).
Twenty four of these were seen in at least two patients, but 21 out of
the 24 SNPs were observed in only one of the two normal/affected
pairs in a patient, in which two pairs were genotyped. Two SNPs
found in two patients showed amplification in one patient and
deletion in the other, making them less likely to be variations with
biological relevance in the development of the disease.

One interesting SNP overlapped by the SNX1 gene showed con-
sistently reduced copy number in two patients including both normal/
affected pairs from one patient by microarray analysis. However,
quantitative genomic PCR of this SNP in our patients also showed
normal copy number in all samples tested and did not confirm the
CNV observed on the chip (Supplementary Table 1). In addition, 822
SNPs were observed to show CNV in only one patient; however, only
24 of 726 SNPs were seen in two sample pairs from a patient (3.3%),
suggesting that a large proportion of the SNPs seen only in a single
patient may represent background noise.

Table 1 Details of the samples obtained from patients diagnosed with Proteus syndromea

Patient number Sample number Type of the sample Statusb Call ratesc

1 3396 Fibroblast DNA A 99.27

3397 Fibroblast DNA N 99.58

2 c13 Fibroblast DNA A 99.32

5519 Peripheral blood DNA N 99.69

3591 Fibroblast DNA N 99.38

3 c18 Skin from affected foot A 99.64

c16 Deltoid normal skin N 99.6

c17 Skin from normal calf N 99.53

4 c20 Skin from affected right chest A 99.64

c21 Skin from affected right foot A 99.56

c19 Normal skin from buttock N 99.7

5 17A Fibroblast from skin of affected limb A 99.79

17B Fibroblast from skin biopsy of normal limb N 99.45

6 21A From cells grown from affected bone A 99.48

21B From cells grown from non-affected bone N 99.46

aSamples were collected at the Greenwood Genetic Center, Greenwood, South Carolina, USA (patients 1 and 2), the Montreal Children’s Hospital, Montreal, Quebec, Canada (patients 3 and 4), and
the Institute of Cancer Research, Sutton, UK/Institute of Child Health- Great Ormond Street, London, UK (patients 5 and 6). All were male patients.
bA, affected; N, normal.
cCall rates¼percentage of SNPs with valid genotype calls obtained in BRLMM analysis of the microarray data.
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To verify the suitability of our analysis parameters to successfully
detect LOH and CNV in our PS samples, we downloaded from the
Affymetrix website microarray data from nine pairs of breast or
lung tumor and their matched normal tissue DNA genotyped
using same type of 250 K Nsp microarrays. We analyzed the data
using the same set of conditions we used in CNAT to analyze
the PS data and found widespread CNV and LOH in these as well
as in our own skin tumor samples, despite finding limited CNV in
PS (Figure 1).

DISCUSSION

To date, little is known about the molecular basis of PS, but the most
plausible underlying genetic cause is one or several somatic mutations
in a subset of cells in genes involved in cell growth or proliferation,
resulting in a mosaic state and localized phenotypes.8

Standard cytogenetic techniques did not detect any anomalies in the
PS patients in our study (data not shown), and results from karyotype
analysis by traditional methods and/or by comparative genomic
hybridization of other cases of PS do not support the notion that
large chromosomal defects are an important cause of PS (WD Foulkes
and RS Houlston, unpublished data).

In this study, based on the rationale that physiological similarities
between the uncontrolled cell proliferation observed in both tumors
and PS may reflect underlying molecular similarities, we attempted to
detect copy number changes in the genome of patients with PS in
the hope that this approach might help to uncover underlying
genetic mechanisms in the development and progression of the

disorder. However, we observed no LOH and very few CNVs
in PS. Although we cannot rule out the possibility that a higher
density array might uncover changes that were missed in this study, we
conclude that these types of genetic changes are not characteristic of
disease progression in PS as they are in tumors and suggest that future
efforts at elucidating the molecular mechanisms leading to the
development of PS should be re-directed toward identifying possible
epigenetic causes and performing next-generation sequencing of
affected parts of the body in children with this relentlessly disfiguring
disorder.
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12 Barrois, M., Bièche, I., Mazoyer, S., Champème, M. H., Bressac-de Paillerets, B. &
Lidereau, R. Real-time PCR-based gene dosage assay for detecting BRCA1 rearrange-
ments in breast-ovarian cancer families. Clin. Genet. 65, 131–136 (2004).

13 Kindich, R., Florl, A. R., Jung, V., Engers, R., Müller, M., Schulz, W. A. et al.
Application of a modified real-time PCR technique for relative gene copy number
quantification to the determination of the relationship between NKX3.1 loss and MYC
gain in prostate cancer. Clin. Chem. 51, 649–652 (2005).

Supplementary Information accompanies the paper on Journal of Human Genetics website (http://www.nature.com/jhg)

CNV and LOH in Proteus syndrome
A Yilmaz et al

630

Journal of Human Genetics

http://www.nature.com/jhg

	A genome-wide analysis of loss of heterozygosity and chromosomal copy number variation in Proteus syndrome using high-density SNP microarrays
	Introduction
	Materials and methods
	Patients and DNA preparation
	SNP microarrays
	Analysis of microarray data
	Quantitative genomic PCR

	Results
	Discussion
	Acknowledgements
	Note
	References




