
RESEARCH ARTICLE

High Resolution Genomic Analysis of 18q� Using
Oligo-Microarray Comparative Genomic Hybridization
(aCGH)
Patricia L. Heard, Erika M. Carter, AnaLisa C. Crandall, Courtney Sebold, Daniel E. Hale,
and Jannine D. Cody*
Department of Pediatrics, University of Texas Health Science Center at San Antonio, San Antonio, Texas

Received 8 November 2008; Accepted 15 March 2009

The advent of oligonucleotide array comparative genomic hy-

bridization (aCGH) has revolutionized diagnosis of chromo-

some abnormalities in the genetics clinic. This new technology

also has valuable potential as a research tool to investigate larger

genomic rearrangements that are typically diagnosed via routine

karyotype. aCGH was used as a tool for the high-resolution

analysis of chromosome content in individuals with known

deletions of chromosome 18. The aim of this study was to clarify

the precise location of the breakpoints as well as to determine the

presence of occult translocations creating additional deletions

and duplications. One hundred eighty-nine DNA samples from

individuals with 18q deletions were analyzed. No breakpoint

clusters were identified, as no more than two individuals had

breakpoints within 2 kb of each other. Only two regions of 18q

were never found to be haploid, suggesting the existence of

haplolethal genes in those regions. Of the individuals with only

a chromosome 18 abnormality, 17% (n¼ 29) had interstitial

deletions. Six percent (n¼ 11) had a region of duplication

immediately proximal to the deletion. Eight percent (n¼ 15)

had more complex rearrangements with captured (non-18q)

telomeres thus creating a trisomic region. The 15 captured

telomeres originated from a limited number of other telomeres

(4q, 10q, 17p, 18p, 20q, and Xq). These data were converted into a

format for ease of viewing and analysis by creating custom tracks

for the UCSC Genome Browser. Taken together, these findings

confirm a higher level of variability and genomic complexity

surrounding deletions of 18q than has previously been appre-

ciated. � 2009 Wiley-Liss, Inc.
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INTRODUCTION

Variations of chromosome number and content were first associ-

ated with human disease in 1959 when trisomy 21 was discovered to

be the cause of Down syndrome [Lejeune et al., 1959]. Five years

later, deletions of chromosome 18 were first described by de

Grouchy et al. [1964] who believed that the exact size of the missing

chromosome segment was minimally variable and the clinical

presentation was well-defined and clinically apparent [de Grouchy,

1969]. However, by 1970 the number of identified cases had

increased to the point that it was becoming clear that both the size

of the deletion and the clinical presentation varied greatly and that

there may, in fact, be a correlation between the two [Šubrt and

Pokorn�y, 1970]. When tools such as molecular analysis and FISH

became available to detect greater chromosome aberration com-

plexity, it became clear that routine karyotyping was insufficient to

fully characterize deletions of 18q [Brkanac et al., 1998].

Appreciating the molecular complexity and determining which

genes are not diploid is central to the ability to elucidate genotype/

phenotype correlations. These correlations will one day help us to

understand the role that specific genes play, thereby enabling better

predictions of clinical outcome as well as forming the basis for
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treatments targeting the molecular basis of differences in individ-

uals with 18q deletions.

Identification of genotype/phenotype correlations is challenging

and involves several steps. First, it is necessary to define critical

regions and then to identify genes that are dosage sensitive within

those regions. Second, it is necessary to rule out as candidate genes

those genes on 18q that are associated with a known recessive

condition. As evidenced by the normal state of carriers of such

conditions, it is clear that these genes are involved in processes that

are haplosufficient and therefore unlikely to contribute to the

phenotype of individuals with deletions of 18q. Third, it is necessary

to rule out copy number variants as potential candidate genes (or

regions) in the search for genotype/phenotype correlations because

by definition their hemizygosity is not sufficient to cause an

abnormal phenotype. Rapid and precise molecular genotyping of

affected individuals is central to the process of establishing

genotype/phenotype correlations.

Here we report on the findings using oligonucleotide array

comparative genomic hybridization (aCGH) in a cohort of 189

individuals with deletions of chromosome 18q, revealing an even

greater level of genomic variability and complexity than previously

appreciated.

METHODS

Study Participants
This study was approved by the University of Texas Health Science

Center at San Antonio Institutional Review Board. Participants

were eligible for the study if they had a clinically suspected or

diagnosed abnormality of chromosome 18. Participants learned of

the research principally through the Chromosome 18 Registry &

Research Society and the Internet. Medical records were collected

including the karyotype of the affected individual and their parents.

Blood samples were also collected from the proband and parents, if

available, for DNA, chromosomes, and the establishment of cell

lines. Samples were processed as previously described [Cody et al.,

1997]. Informed consent was appropriately documented at all

stages of the process.

Array Design
Custom oligonucleotide arrays were produced by Agilent Technol-

ogies (Santa Clara, CA). The data reported here employed several

array designs over the life of this longitudinal study. The current

platform employs 32,000 features (60-mers) across chromosome 18

and 12,000 features across the remainder of the genome. These

chromosome 18 zoom arrays were designed using the Agilent e-

array software. This allowed us to generate very high-resolution

chromosome 18 breakpoint data for the individuals in our study. It

also allows us to rule out other significant imbalances in the rest of

the genome. However, as this has been an evolving project, not every

individual was assayed using the same array design platform. In our

analysis of 189 participants, 6 were analyzed using an 185 K whole

genome array, 7 were analyzed using a 44 K whole genome array,

and 31 were analyzed with a custom 11 K chromosome 18 zoom

array. The remaining 145 participants were analyzed with the most

current platform, a 44 K chromosome 18 zoom array.

Array Hybridization and Analysis
The hybridization was performed as described in the Agilent

protocol. Comparative genomic hybridization (CGH) uses a

two-sample comparative method in which the test (or patient)

sample is assessed in comparison to a reference sample. The two

DNA samples are labeled with different fluorophores, then mixed

together and allowed to competitively hybridize to the oligonu-

cleotides on the array slide. The reference DNA samples were from

Promega (Madison, WI) and consisted of pooled same sex DNA

samples. The reference sample is from the opposite sex as the test

sample thus providing an internal copy number control. No second

confirmatory dye swap experiment was performed in individuals in

whom the initial experiment revealed a simple deletion because

each study participant had a previous diagnosis of a chromosome

18 deletion. However, when our aCGH experiments detected a

more complex rearrangement these results were confirmed in a dye

swap experiment. In addition, in these cases we also assessed the

parents’ DNA samples using aCGH. For those samples that poten-

tially defined a critical region, we also confirmed those breakpoints

with BAC FISH.

Each array was scanned using the Agilent laser scanner. The scan

data were extracted using Agilent Feature Extraction (version

8.1.1). Those data were then analyzed using the CGH Analytics

3.4.27 software. Data points were analyzed in continuous groups of

eight probes and log2 ratios of sample DNA were compared to

control DNA. Arrays were normalized to a median log2 ratio of zero,

except for the X and Y chromosomes. Features that were less than

�1 or greater thanþ0.5 were identified by the gray bar. Breakpoints

were determined to be between the ends of the array features on

either side of the deletion breakpoint.

Custom Genome Browser Tracks
The data from the analysis of 189 participants with an 18q deletion

were entered into the University of California at Santa Cruz

Genome Browser (http://genome/ucsc.edu) as a set of custom

tracks.

RESULTS

High-resolution genome copy number changes were determined

for 189 individuals with a clinical laboratory diagnosed or a

clinically suspected chromosome 18q deletion. All samples were

analyzed using an oligonucleotide microarray comparative geno-

mic hybridization (aCGH) platform manufactured by Agilent

Technologies. An example of the data from one individual is shown

in Figure 1A. The panel on the left displays the data for all of

chromosome 18. The panel on the right shows a zoomed in ‘‘gene

view’’ of the breakpoint region.

The aCGH data from the entire cohort have been converted into

custom tracks on the University of Santa Cruz Genome Browser

(http://genome.ucsc.edu). The data from 21 of the 189 participants

is shown in Figure 1B. These data were selected to illustrate the

variety of chromosome content from our study participants. The

data from all 189 participants can be viewed in the supporting

information (supporting information Fig. 1 may be found in the

online version of this article). All 189 participants’ chromosomes
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FIG. 1. A: Example of aCGH data using the CHG Analytics software package from Agilent Technologies. The colored bars indicate the features that are

significantly different from 0 on the log2 scale. Features exactly on the 0 line have a 1:1 red green color ratio between the test and reference DNA

samples. Left panel: The ‘‘Chromosome View’’ from the CGH Analytics software program showing the data from an individual with an 18q deletion.

Right panel: The ‘‘Gene View’’ from CGH Analytics showing the breakpoint in relation to the location of the genes in that region. B: Chromosome 18

content aCGH data from 21 individuals displayed as custom tracks on the UCSC Genome Browser. The horizontal light blue bars depict the region of

chromosome 18 that is present in two copies. The darker blue sections are the breakpoint regions. The red regions are present in three copies. All

individuals who have retained a distal segment of chromosome 18 have interstitial deletions and not translocations to other chromosomes. Those

individuals with as single asterisk by their study number have a rearrangement involving another chromosome, but that other chromosome had no

net copy number change. Those individuals who have a double asterisk by their study number have a net copy number abnormality involving a non-

18q region of the genome. C: A zoomed in view of the data in Figure 2 showing the breakpoints of seven individuals aligned with the RefSeq genes in the

region.
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have been assessed by FISH using a commercial 18q telomere probe.

The individuals who have retained a distal segment of chromosome

18 that is translocated to a different chromosome with no net copy

number change of the other chromosome are indicated in Figure

1B,C by an asterisk after their participant number. Those who have

interstitial deletions of chromosome 18 have no asterisk after their

participant number. The individuals with an additional net copy

number change that involves a non-18q chromosome region are

indicated in the custom tracks by the presence of two asterisks after

their participant number.

Interestingly, the breakpoints do not cluster within certain

regions of 18q. With the exception of the two individuals with

4;18 translocations [Horbinski et al., 2008] no two unrelated

individuals had identical aberrations. In addition, there was a wide

variation in the size of the deletion. The person with the largest

terminal deletion was hemizygous for 30.076 Mb of DNA. The

person with the smallest terminal deletion was hemizygous for

0.5 Mb. However, this individual was identified through parental

studies and not because of any phenotypic abnormality [South

et al., 2008]. The person with the smallest terminal deletion with any

clinical consequences had a 3.78 Mb deletion.

The categorical findings of the aCGH data are shown in Table I.

One hundred eighty-nine samples were analyzed, of which 170

involved only chromosome 18q. Of the 170 samples with abnor-

malities involving only 18q, 29 (17%) are interstitial and 141 (83%)

are terminal deletions.

Among the terminal deletions, 11 of the 140 (8%) have a

segmental duplication immediately proximal to their hemizygous

region. These duplications varied in size from 58.06 kb to 14.3 Mb

of DNA. Two samples with larger duplications were assessed for

their location and orientation using two color FISH. The results for

both cases indicated that the duplication was in an inverted

orientation (data not shown). The finding that the duplicated

regions are inverted is consistent with similar results involving

chromosome 1p deletions [Ballif et al., 2003].

One hundred seventy-seven of the 189 cases analyzed (94%) were

found to be de novo events based on normal parental karyotypes.

Regardless of the type of 18q deletion, only about 12% of the de

novo events arose on the maternally inherited chromosome. Of

those individuals with an inherited chromosome 18 abnormality,

six (3% of the total) were inherited from a parent who also had an

18q deletion and in every case that parent was the mother. The other

six (3% of the total) were the consequence of a parent with a

balanced rearrangement. In those cases, two of the six resulted in a

child with an 18q deletion and four resulted in the child having an

18q deletion as well as the gain of a non-18q telomere.

Additionally, two regions have not yet been found in a hemizy-

gous state in any of the 189 individuals assessed. These two regions

and the genes in those regions are illustrated in Figure 2. These

regions are between the centromere and 22,826,284 bp and between

43,832,732 and 45,297,446 bp.

We also identified 19 individuals (10%) who had more complex

chromosome 18 abnormalities involving another chromosome.

Four of these individuals’ only copy number abnormality involved

chromosome 18, the other chromosome involved in the rearrange-

ment showed no detectable net copy number change. These in-

dividuals are indicated by an asterisk after their participant number

in Figure 1B,C. Fifteen of those 19 people had terminal deletions of

18q with a gain of a non-chromosome 18q telomere. These indi-

viduals are identified by a double asterisk next to the participant

number in Figure 1B,C. These captured telomeres involved a

limited number of chromosomes. Four were from 18p, three

from 4q, three from 17p, two from Xq, two from 20q, and one

from 10q.

DISCUSSION

Ultimately, high-resolution genotyping and subsequent identifica-

tion of genotype/phenotype correlations will inform prognosis and

TABLE I. Type and Parental Origin of 18q Deletions

Aberration description Total
Parent

with 18q�

Parent with
balanced

rearrangement De novo

Parental origin of de novo

Mat Pat Unknown
1. Simple terminal deletions 130 3 1 126 10 71 45
2. 18q�/18qþ 11 1 0 10 0 6 4
3. Simple interstitial deletions 29 2 1 26 2 12 12
Subtotal 170 6 2 162 12 89 61
4. Translocation with only an 18q deletion 4 0 0 4 0 2 2
5. 18q terminal deletion with a telomere

gain of a non-18q telomere
15 0 4 11 2 4 5

Total 189 6 6 177 14 95 68

Simple terminal deletion: These individuals had a net copy number loss only from 18q that extended from a breakpoint to the end of the chromosome. All of these individuals had a single 18q
signal using a commercial 18q telomere FISH probe.
18q�/18qþ: These individuals had terminal deletions of 18q as well as a net copy number gain of the 18q region just proximal to their deletion.
Simple interstitial deletion: These individuals’ net copy number change was within the long arm of chromosome18. FISH with a commercial 18q telomere probe showed the 18q telomere to be
located at the end of the long arm of 18q, confirming an interstitial deletion without an inversion or translocation.
Translocation with only an 18q deletion: These individuals’ only net copy number change was a deletion of an interstitial portion of 18q. Their 18q telomere was exchanged with one from another
chromosome. These individuals are identified in Figure 2 with an asterisk next to their study number.
18q terminal deletion with a telomere gain of a non-18q telomere: This group of individuals have an unbalanced translocation or a captured telomere that involved the gain of a non-18q telomere.
They therefore have a segmental trisomy in addition to 18q�. These individuals are identified in Figure 2 with a double asterisk next to their study number.
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treatment options for people with 18q deletions. Here we report the

first step in this process: the use of rapid high-resolution genotyping

for determining which genes are not diploid in each individual with

an 18q deletion. Oligonucletotide microarray comparative geno-

mic hybridization (aCGH) facilitates this goal. In order to visualize

and analyze the data, we have converted them to custom tracks on

the University of California Santa Cruz Genome Browser. The data

conversion to the genome browser allows us to view the data from

all participants at a resolution varying from a whole chromosome

view to a base pair view. This format also allows the data to be

aligned with all of the other genome annotation tracks such as

RefSeq Genes, Self Chain, etc. To illustrate this, Figure 1C shows the

chromosome content of seven individuals aligned with the genes in

that region. This will be an important tool for addressing many

questions about correlations with both genotype and phenotype

data.

The region of hemizygosity in our study population is highly

variable. This leads us to conclude that a specific genomic archi-

tecture does not exist in 18q that creates hotspots for chromosome

breaks. The presence of terminal, interstitial, and more complex

abnormalities without breakpoint clustering is consistent with

findings reported in deletions of 1p [Gajecka et al., 2007], 4p

[Maas et al., 2008], 5p [Zhang et al., 2005], 9p [Hauge et al.,

2008; Swinkels et al., 2008], 11q [Grossfeld et al., 2004], and 13q

[Qu�elin et al., 2008]. Our group reported previously on breakpoint

clustering in individuals with 18p terminal deletions [Schaub et al.,

FIG. 2. UCSC Genome Browser depictions of the RefSeq genes in the two regions of chromosome 18 that have not been found to be hemizygous.
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2002]. However, those clustered breakpoints were all within the

centromeric region.

We do appreciate that in this study we are measuring the healing

point on the chromosome, not necessarily the precise breakpoint.

The breakpoint and the healing point may not be the same in cases

with de novo telomeres. The possibility exists that double stranded

breaks do arise in a common region or a limited number of regions,

but that unprotected chromosome ends lead to DNA erosion until

the end is stabilized with the addition of a telomere. Since de novo

telomere addition requires no more than a few base pair homology

with telomerase [Ballif et al., 2003] telomeres can be acquired at

numerous places along a chromosome arm. The only instance in

which a break and heal presumably occur virtually simultaneously

is in chromosome translocations. In our dataset it is interesting that

only the two unrelated individuals with 4;18 translocations have

identical breakpoints on both chromosomes. However, the other

individuals with translocations (‘‘captured’’ telomeres) all have

unique chromosome 18 breakpoints similar to those individuals

with terminal or interstitial deletions. This suggests that predis-

posing genomic architecture is not a prerequisite for chromosome

deletions.

The finding that there are a limited number of chromosomes

which provide a captured telomere is interesting. The non-random

nature of this finding may be due to the proximity of chromosome

regions within the nucleus during meiosis. Alternatively, it may be

the result of a limited number of trisomies that are viable in

conjunction with an 18q deletion. The impact that the trisomic

telomere region has on the 18q� phenotype is currently under

investigation.

There are only two regions of 18q which have to date not been

found to be hemizygous. We hypothesize that these regions may

contain genes that are prenatally lethal when hemizygous. These

regions and the genes they contain are shown in Figure 2. In the data

reported by Feenstra et al. [2007] two similar and overlapping

regions can be identified. Their patient 1 narrows the proximal

region we describe to between the centromere and 18.9 Mb; a region

containing eight genes. There is gene dosage information on only

one of those genes; RBBP8, (retinoblastoma binding protein 8). The

heterozygous-targeted knock-out mice for RBBP8 have a shortened

lifespan and die with multiple tumors. Interestingly, the null

embryos fail to form an egg cylinder meaning that RBBP8 is

essential very early in embryonic development [Chen et al., 2005].

The potential hemizygous lethal region that we describe in the

middle of the long arm between 43.83 and 45.30 Mb is within a

region also not shown to be hemizygous by Feenstra et al. This

region contains only five genes. One gene DYM (dymeclin) is an

unlikely candidate as it is associated with the rare autosomal

recessive condition Dyggve–Melchior–Clausen syndrome (DMC)

[OMIM:223800]. There is also a known copy number variation

within this gene [Wong et al., 2007], which is not surprising since it

is associated with a recessive condition. An interesting candidate for

a dosage sensitive lethal gene is SMAD7 which negatively modulates

members of the TGF-b superfamily of growth and differentiation

factors. The only current mouse knock-out model has a deletion in

exon 1, leading to partial gene function [Li et al., 2006]. Thus no

truly hemizygous mouse model exists that would test this

hypothesis.

The growing appreciation of the existence of copy number

variations in the human genome may be helpful in defining regions

carrying genes that are in haplosufficient pathways or processes.

However, caution should be used when making assumptions about

haplosufficiency based on these studies since the phenotyping of the

‘‘normal’’ subjects is generally superficial at best. Multiple tracks on

the UCSC Genome Browser contain data from numerous databases

such as the Database of Genomic Variants [Iafrate et al., 2004] that

can be viewed for any region of interest.

The results of this study provide additional insight into the

underlying genomic architecture of chromosome 18. Excluding

two regions previously discussed, there have been individuals

reported with segmental aneusomy involving all regions of chro-

mosome 18. We have speculated that this finding is due to the low

density of genes on chromosome 18 reducing the probability of an

individual aneusomic region generating too many haploinsuffi-

cient phenotypes to sustain life. This hypothesis would lead to the

prediction that there might be more chromosome 18 copy number

variations (i.e., without phenotypic effect) in more regions and in

more individuals than for other chromosomes because the paucity

of genes would reduce the chance of negative selection against

CNVs.

Of interest, 88% of the de novo deletions were of paternal origin.

This number varied no more than 2% points regardless of the type

of deletion. We anticipated that there may be mechanistic difference

between terminal deletions and interstitial deletions, leading to

parental origin differences. However, the data do not support such a

difference. In addition, the size and location of the deletions did not

differ between those located on maternally derived chromosomes

versus those located on paternally derived chromosomes. There-

fore, we do not have reason to suspect there are viability differences

between those individuals with maternally derived deletions and

those with paternally derived deletions. Because the number of

individuals with maternal deletions is small and because every

aberration is unique, it is difficult to determine if there are im-

printing effects on the phenotype. However, when assessing the

phenotype data we are taking parental origin into account and have

not yet seen any evidence of such an effect.

Unfortunately, few of the recent molecular studies of chromo-

some deletions report parental origin findings with which to

compare our own results. In contrast to our finding, Gajecka

et al. [2007] found that 60% of 1p deletions occur on the maternal

chromosome. Whether this is due to mechanistic differences or to

imprinting and therefore viability differences is unknown at this

time and is an interesting area for future investigation.

One interesting observation is that of the children in this cohort

who have a parent who also has an 18q deletion, all of the parents

were mothers. To our knowledge there has not been a male with an

18q deletion who has fathered children. Male infertility has not been

previously reported for this syndrome; therefore, this is an area

under current investigation.

Lastly, the findings of this study suggest that 18q� cannot be

considered a ‘‘syndrome’’ in the truest sense of the word. A

syndrome is defined as a cluster of characteristics with a single

cause. However, no two individuals have the same aberration,

with the exception of the cases discussed in Horbinski et al.

[2008]. Also, no region of the chromosome is hemizygous in every
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study participant. Attempts to identify a critical region for ‘‘the

18q� syndrome’’ are not possible because there is no common

underlying defect, much less a common set of phenotypic charac-

teristics. However, the identification of the critical regions for

specific phenotypic components and ultimately the causal genes

is a feasible goal. This work represents the first steps in this process.
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