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Autism is a complex neurodevelopmental disorder having both genetic and epigenetic etiological elements.
Isodicentric chromosome 15 (Idic15), characterized by duplications of the multi-disorder critical region of
15q11–q14, is a relatively common cytogenetic event. When the duplication involves maternally derived con-
tent, this abnormality is strongly correlated with autism disorder. However, the mechanistic links between
Idic15 and autism are ill-defined. To gain insight into the potential role of these duplications, we performed
a comprehensive, genomics-based characterization of an in vitro model system consisting of lymphoblast
cell lines derived from individuals with both autism and Idic15. Array-based comparative genomic hybridiz-
ation using commercial single nucleotide polymorphism arrays was conducted and found to be capable of
sub-classifying Idic15 samples by virtue of the lengths of the duplicated chromosomal region. In further
analysis, whole-genome expression profiling revealed that 112 transcripts were significantly dysregulated
in samples harboring duplications. Paramount among changing genes was ubiquitin protein ligase E3A
(UBE3A; 15q11–q13), which was found to be nearly 1.5–2.0-fold up-regulated in duplicated samples at
both the RNA and protein levels. Other key findings from gene expression analysis included two down-
regulated genes, APP and SUMO1, with well-characterized roles in the process of apoptosis. We further
demonstrate in this lymphoblast model that the gene-dosage directed increases in UBE3A levels can lead
to dysregulation of the process of ubiquitination in response to genotoxic insult. This study provides insight
into the direct and indirect effects of copy number gains in chromosome 15 and provides a framework for the
study of these effects in neuronal systems.

INTRODUCTION

Childhood autism (MIM 209850) is characterized as a
pervasive neurodevelopmental disorder with onset before
30–36 months of age, resulting in impairment in social inter-
action and communication and manifestation of repetitive
stereotypic behavior. The estimated prevalence of this disorder
is one to two per 1000 births (1). The involvement of genetic

factors for autism has been well established in family and
twin studies. Additionally, there is an emerging evidence
that the presence of chromosomal abnormalities may play a
significant role in the etiology of autism. This is based on
the high frequency of large chromosomal anomalies identified
in patients with autism spectrum disorders (ASD), which
range from 1.7 to 4.8% depending on the population screened
and the method of detection applied (2,3). These have
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included unbalanced translocations, inversions, rings and
interstitial deletions and duplications. Although most of these
rearrangements are unique to a single patient or family, a
number of recurrent chromosome abnormalities have been
reported in unrelated patients, including duplication of 15q,
deletions of 18q, Xp, 2q and sex chromosome aneuploidies:
47,XYY and 45,X (4,5).

In these studies, chromosomal abnormalities have been
identified by using traditional cytogenetics and fluorescence
in situ hybridization (FISH), which allow detection of whole-
chromosome losses or gains or large chromosomal deletions
and duplications. Over the last several years, however,
smaller chromosomal aberrations in the range of 5 kb to
10 Mb, which have traditionally been undetectable with
classic cytogenetics, have been detected in a number of dis-
eases. New genomic technologies have been developed,
which can scan the genome at a very high resolution (6) in
order to analyze DNA copy number. Large insert clones that
contain mapped genomic segments have been utilized for
copy number alteration (CNA) detection either by directly
spotting onto glass slides or by amplifying these regions and
then spotting them (6). Similarly, oligonucleotides represent-
ing specific spacing and regions in the genome have been
developed and utilized for copy number analysis (7). Recently,
single nucleotide polymorphism (SNP) arrays, initially uti-
lized for loss of heterozygosity in cancer (8–10), have been
applied for use in copy number analysis (11).

In this study, we applied the SNP array-based comparative
genomic hybridization (CGH) approach to a known dupli-
cation of the chromosome 15q11–q13 region that is associated
with autism. Duplications of chromosome 15q11–q13 account
for �1–3% of autism and are the second most prevalent
genomic aberration associated with autism next to fragile X
syndrome. These duplications range from 8 to 12 Mb and,
when associated with autism, are derived from the maternal
chromosome (12,13). These duplications can occur either
through generation of a supernumerary isodicentric chromo-
some 15 (idic15) or as an interstitial duplication. With proof
of principle that the SNP array approach is robust in accurately
identifying and determining the breakpoints of this region, this
technology could be extended to analyze a large cohort of
children with autism.

The importance of this genomic approach in autism is that
there is a significant co-morbidity with mental retardation
(MR). Recently, Lugtenberg et al. (14) applied array-based
CGH to a cohort of mentally retarded patients who were con-
sidered to be cytogenetically normal based on classic cyto-
genetics and FISH. These studies demonstrated that 10% of
these MR cases carried small chromosomal abnormalities
ranging from 100 kb to 12 Mb. This suggests that in autism
there may be a large number of undetected chromosomal
aberrations.

Beyond identifying these aberrant regions, the ability to
determine their importance and association with disease has
remained elusive. In this study, we took a systems biology
approach to analyze aberrations within a commonly duplicated
region on the proximal long arm of chromosome 15.
Expression microarrays were utilized to examine expression
of genes in the duplicated region as well as potential down-
stream genes using samples from patients with supernumerary

isodicentric chromosomes. Analysis of differentially expressed
genes demonstrated an overabundance of genes in pathways
associated with ubiquitination and apoptosis, suggesting that
these pathways may be altered in Idic15 subjects. Of
prominence was UBE3A, located within the 15q11–q13
contig area, which was found to be overexpressed at both the
transcriptional and protein levels. Furthermore, functional
data presented here suggest that this overexpression of
UBE3A is associated with dysregulated ubiquitination triggered
by genotoxic stress and altered apoptosis in patients with
Idic15. Therefore, we demonstrate a systems biology approach
to analyze copy number changes, demonstrating a link between
DNA copy, transcriptional activity and protein production, as
well as identifying functional repercussions.

RESULTS

Affymetrix mapping arrays identify Idic15 amplifications
in samples previously characterized by CGH

To identify chromosomal amplifications using commercially
available SNP arrays and a nascent array-based CGH
approach, we profiled 10 samples with known chromosome
15 duplications and nine control cell lines with Affymetrix
arrays. The samples with duplications have been previously
found to have variable duplications of chromosome 15q11–
q13, a region spanning �10 Mb. The Affymetrix mapping
10K array includes 32 SNPs in this region separated by a
median distance of 191 kb.

To evaluate whether the SNP arrays would be able to
differentiate between control and duplicated samples, we
hybridized genomic DNA from nine samples from typically
developing children to the arrays and analyzed using the
Chromosomal Copy Number Tool (CCNT) for regions of sig-
nificant consecutive copy change, which we defined to be
above a 2log10(meta P-value) of 5. None of the samples
from the typically developing children showed meta P-value
scores above 5 for the target region (Fig. 1A). Conversely,
when the same region was examined in the samples with
known duplications, chromosomal copy number increase for
the 15q11–q13 region was identified in all samples. The
meta P-values for these samples were found to be at the theor-
etical maximum of 20 (P-value ¼ 1 � 10220) for the entire
length of the duplication, a region containing 22–31 SNPs
(Fig. 1B). Additionally, the data from the CCNT discriminated
the characteristic breakpoints of each sample, making it poss-
ible to classify them by the length of their duplications
(Fig. 2). In summary, these data support the utilization of
the SNP arrays and CCNT as a valid approach for the identi-
fication of copy number changes in chromosomal regions.

Chromosomal copy number analysis using Affymetrix
SNP arrays segregate duplicated chromosome
15 samples by breakpoint position

Copy number data obtained from the 32 SNPs, located in the
15q11–q13 region, provided the ability to resolve the point at
which chromosomal amplification terminates in each sample
and is detailed in Figure 2. The amplification termination
points correlate well with previous data obtained through
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traditional CGH and two-color array-based CGH analysis
conducted by Wang et al. (15). Four samples, 99-70,
99-30b, 02-4 and 02-07 were classified as [ptel:BP4:BP5:ptel]
duplications and showed evidence of increased copy number

extending to the physical position of 31.1 Mb on chromosome
15 (Probe set ID: SNP_A-1512326). These samples were
easily distinguished from other samples that carried
[ptel:BP3:BP3:ptel] duplications. Copy number analysis

Figure 1. (A) SNP array-based aCGH reveals copy number gain at high levels of significance for representative Idic15 samples over the proximal region of
chromosome 15q (left-most portion). Estimated copy number (shown in blue) and meta P-value (shown in green) for each interrogated SNP probe set are dis-
played in an increasing order (along the X-axis) by physical position on chromosome 15q. (B) Analysis of representative control samples shows no evidence of
CNA over the entire long arm of chromosome 15.
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indicates that amplification extends for 2.6 Mb distal to
the BP3 breakpoint spanning an additional two to five con-
tiguous SNPs on the array. Array 01–19, containing a
[ptel:BP3:BP3:ptel] duplication, showed a deviation in appar-
ent dosage compared with other samples with cytogenetically
similar duplications. Data from this study indicate that the
centromeric portion of the duplication �21.4 Mb was over
1.9 Mb (one to two SNP probe sets) beyond the other arrays.
Additionally, this array showed an extended duplication
range when compared with other [ptel:BP3:BP3:ptel]
samples. Subsequent analysis of this sample with another
oligonucleotide-based array platform corroborated this result
(data not shown).

Gene expression analysis identifies distinct expression
patterns between duplicated chromosome 15 and
normal samples

To explore the transcriptome variation imparted by dupli-
cation of chromosome 15, we performed microarray gene
expression analysis on Affymetrix HG-U133 Plus 2.0 arrays
with approximately 38 000 well-characterized genes. Analysis

of the data was performed to identify differential gene
expression patterns between the two groups and to evaluate
the correlation of changes in copy number to those in
expression.

An initial filtering of more than 54 000 probe sets was con-
ducted using criteria that eliminated genes that had fewer than
three observations of centered signal values above an absolute
value of 0.7 for all arrays. This reduction enabled the elimin-
ation of a large portion of probe sets with invariant expression
profiles. The remaining 5534 probe sets were subjected to
univariate significance testing with Benjamini–Hochberg
false discovery rate (FDR) correction. This stringent analysis
found 112 probe sets below a defined P-value
threshold of 0.05. This resultant gene list contained several
probe sets mapping to four unique genes located in the
15q11–q13 region of the genome. Additionally, we found
that these genes were all up-regulated in samples with
genomic amplifications when compared with controls. These
genes and their corresponding fold change increase were
UBE3A (1.92-, 1.6- and 1.6-fold, three different probe sets),
NIPA1 (1.99-fold), NIPA2 (1.58-fold) and HERC2
(1.89-fold). As this probe list contained only four unique

Figure 2. Summarization of copy number gain, as determined by elevated meta P-value (.5), found for Idic15 samples in this study. Traditional breakpoints
(BP1–5), identified in previous studies, are labeled and shown as dashed lines. The position of the first and last SNPs showing evidence of copy gain is shown
inside the colored hanging bar plots. Differences in amplification length between samples are clearly visible and demonstrate the ability to resolve length-variable
sub-types of Idic15 samples.
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known genes out of a total of 80 located within the duplicated
area of chromosome 15, the majority of the changes in the
Epstein–Barr virus (EBV)-transformed lymphocytes are not
due to increased gene dosage of chromosome 15, but rather
represent potential down-stream effects of this duplication.
Interestingly, we also detected up-regulation of a poorly
annotated probe set, 1559343_at, which maps to GenBank
AF400500, a sequence identified as containing untranslated,
alternatively spliced exons of the SNRPN transcript (16). A
search of the reference database RNAdb (research.imb.uq.
edu.au/rnadb/) identifies the accession number as containing
an exon that is antisense to UBE3A. A detailed investigation
of the genomic positioning of this Affymetrix probe set found
it to be located on the sense strand within the 30-UTR of the
antisense transcriptional unit of UBE3A. These genes were
further evaluated using hierarchical clustering, which pro-
vides insight into potential co-regulation patterns (Fig. 3).
This list of genes categorized the controls and duplicated
15 into their respective classes with the hierarchical
clustering.

Gene proximity analysis

On the basis of the finding that a subset of the statistically
relevant genes identified via t-test was located within the
15q region, the data were further analyzed to evaluate
whether the four differentially expressed genes located on
chromosome 15 occurred over a statistically relevant stretch
of the genome. To accomplish this, we conducted a gene
proximity analysis using dChip software (17). Focussing on
the 112 genes identified in the univariate analysis, the soft-
ware evaluated the statistical likelihood that these genes
would occur over a given genome stretch by chance. At a
P-value threshold of 2 � 1025, we found only three signifi-
cant regions containing more than two probe sets as deter-
mined by normalized rank-distance (outlined in blue in
Fig. 4). One of the identified regions contained the four
genes in the critical chromosome 15 region. The other
regions were identified as conserved histone clusters on
chromosome 6p21 and 1q21. Referring back to the copy
number data, we found no evidence of chromosomal
change for those regions, indicating that the observed regional
gene expression change may be merely due to co-regulation
of the clusters.

Gene ontology comparison analysis

The observation that the majority of significantly differen-
tially expressed genes may be a product of down-stream
effects of increased gene dosage on chromosome 15 suggests
that the observed changes may reflect disruption of specific
pathways. In an attempt to uncover similarities among these
genes, expression data and significance analysis results
for the 5534 probe sets were analyzed using the ErmineJ
Gene Score Resampling application. The software analyzed
gene significance scores between the Idic15 and control
groups and identified 15 significant (P-value , 0.001) gene
ontology (GO) biological process terms, shown in Table 1.
It is noteworthy to mention that several functional

categories associated with macromolecular catabolic pro-
cesses were identified, including the ubiquitin-dependent
protein catabolism category. Not surprisingly, many of the
genes identified by t-test are members of these enriched
functional categories, most notably UBE3A and HERC2,
both mapping within the duplicated region of chromosome
15, as well as SUMO1, a ubiquitin-like molecule located on
chromosome 2.

TaqMan confirmation

Quantitative TaqMan RT-PCR was utilized to verify that the
genes identified by the array analysis were differentially
expressed. Four genes were selected for this confirmation
based upon being implicated in playing vital roles in cellular
homeostasis, such as in the regulation of ubiquitin-mediated pro-
teolysis and/or apoptosis. All of the genes analyzed by TaqMan
demonstrated significant differential expression and showed
similar directional change when compared with microarray
data (Table 2).

Figure 3. Two-way, centroid-linked hierarchical clustering of probe sets found
to be differentially expressed graphically illustrate the ability to segregate
Idic15 from typically developing with this data segmentation. Standardized
levels of expression are displayed in heat-map format with red and green
representing elevated and reduced expression values, respectively. Gene
branches (left) have been colored red or green (as above) to indicate levels
of expression within the Idic15 group.
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Idic15-bearing cells display altered regulation of
ubiquitination in response to genotoxic stress

The findings of genomic duplication of the UBE3A locus and
its approximate 1.5–2-fold overexpression (log expression
difference range of 0.684–0.9870) suggest that cells harboring
the Idic15 chromosome possess a deregulated ubiquitin-
mediated proteasome pathway (UPP). In turn, this could
lead to altered levels of proteins that are degraded via UBE3A-
mediated ubiquitination. Interestingly, UBE3A exhibits
complex regulation of expression in that, although many cell
types (e.g. fibroblasts, lymphoblasts) exhibit biallelic
expression, UBE3A is transcribed from the maternal allele
in restricted subsets of cells, such as the Purkinje cells and hip-
pocampal neurons (18). The basis for specific repression of
paternal gene suppression is thought to be due to the
expression of an antisense UBE3A transcript driven by the

Prader–Willi syndrome-imprinting center of the paternal
allele (19).

As a first step in investigating this, we wanted to confirm
that the increase in UBE3A message resulted in a similar
increase in protein levels in the cells carrying the chromosome
15 duplications. Immunoblot analysis of UBE3A expression in
a subset of our unaffected and Idic15 cell lines revealed a
1.6–1.9-fold up-regulation of UBE3A protein relative to the
controls (Fig. 5A). On the basis of this, we next wanted to
test the hypothesis that this would result in higher levels of
ubiquitination of its target substrates. Because p53 is a promi-
nent UBE3A substrate (20,21), we used it as a surrogate
marker of UBE3A ubiquitin–protein ligase activity.
However, steady-state p53 protein levels were found to be
uniform among the panel of cell lines when normalized to
b-actin expression (Fig. 5A). To investigate the possibility
that stress-responsive modulation of p53 levels was altered,

Figure 4. Gene proximity analysis of 112 significantly dysregulated probe sets identify the 15q11.2–13.3 contig among only 3 regions found to contain
differentially expressed genes over a significant length of the genome. Significant gene stretches (P-value , 2 � 1025, with more than 2 gene members) are
highlighted in blue outline. Expression probe sets (shown in gray) are displayed in order by chromosome, with probe sets that are up- and down-regulated
in Idic15, shown in red and green, respectively.
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cells were treated with doxorubicin, a DNA-damaging chemo-
therapeutic agent known to mediate cell cycle inhibition and
apoptosis in a p53-dependent manner (22). Exposure of both
control and Idic15 cell lines to doxorubicin resulted in a
marked elevation of p53 protein levels (Fig. 5B), but a signifi-
cant difference in the magnitude of the increase between the
two groups of cells was not observed. Therefore, we were
curious as to whether there were differences in basal or
stress-induced levels of ubiquitination. To better visualize
mono- and poly-ubiquitinated forms of p53, cells were pre-
treated with the proteasome inhibitor MG-132 to prevent
degradation of ubiquitinated proteins (Fig. 5B). As expected,
inhibition of the proteasome led to stabilization and increased
levels of the native p53 protein (Fig. 5B, middle panel,
MG-132 lanes). Ubiquitinated p53 species were visualized
by increasing the exposure time of the same blot (Fig. 5B,
upper panel). In control cell lines, the levels of ubiquitination,
particularly of poly-ubiquitinated species, declined markedly
in response to doxorubicin treatment. In contrast, this trend
was not universally obvious in the duplicated 15 cell lines;
in one case, p53 ubiquitination increased substantially by
doxorubicin. In summary, these results demonstrate that

UBE3A expression is indeed overexpressed in the cell lines
carrying the chromosome 15 duplications and raise the possi-
bility that p53 ubiquitination triggered by genotoxic stress is
dysregulated.

DISCUSSION

We performed whole-genome, array-based CGH analysis of
a panel of samples derived from children with autism harbor-
ing known duplications of chromosome 15. Expanding on the
considerable amount of data previously published on charac-
terization of chromosome 15q11–q13 duplications using tradi-
tional CGH approaches, as well as dual-channel array-CGH
data (15), we verified the efficacy of Affymetrix technology’s
ability to accurately detect the dosage and the applicability of
this approach for the characterization of genomic duplications
(Fig. 1A). In our study of 10 samples with known duplications,
we found convincing evidence of duplication in the critical
15q11–13 region in all samples analyzed (Fig. 2). Moreover,
the significance data generated by the CCNT software for
these samples were particularly compelling with meta
P-values (the metric that expresses the likelihood of consecu-
tive dosage variations) reaching the theoretical maximum of
20 in 2log10 space. Conversely, data derived from our panel
of cell lines from typically developing individuals showed
no instances of significant copy number or meta P-value
changes, indicating that this array-based CGH approach has
a high level of accuracy and can easily discriminate between
both groups with good resolution.

Evaluation of mapping 10K-based array-CGH
applicability

Chromosomal gain and loss analysis using mapping 10K SNP
arrays was conducted in this directed study of duplications
on chromosome 15. With a mean inter-SNP distance of
244 kb (10), this approach enabled CNA discovery at a
reasonably high level of resolution not typically available
using traditional methods of cytogenetics. Although the
length of duplication studied was in a range detectable by
other approaches, we are confident, based on successful
mapping of duplication breakpoints, that it would be possible
to detect much smaller CNAs using the strategies employed in
this study. The mapping 10K array and CCNT algorithm
together provided sufficient resolution for the detection of
duplication endpoints and the variation in length characteristic
in the two sub-classes of duplicated samples included in this
study. For the distal breakpoints, the SNP data correlate
with the data described by Wang et al. (15) using a BAC
array approach. Although the nucleotide position reported here
is different from that by Wang et al., the mapping of these
BACs has been updated in Santa Cruz database and correlates
with the data reported for the SNP arrays. In contrast, the start
point of duplicated regions may have been underestimated in
some samples due to the paucity of probes in the most proxi-
mal region of 15q. However, in the case of sample 01-19,
the evidence of a more distal start point was reproduced
using another oligonuceotide high-resolution array approach
(data not shown). These effects may be less important when
conducting similar experiments with higher density SNP

Table 2. Results of TaqMan expression analysis

Gene Fold change P-value

APP 2218.45 0.00106
HERC2 1.52 0.01808
SUMO1 21.19 0.02961
UBE3A 1.54 0.00276

Table 1. Results of ErmineJ GO gene score resampling

Rank Name GO ID P-value FDR P-value

1 Nucleosome assembly GO:0006334 1.00E–12 9.606E–11
2 Response to

endogenous stimulus
GO:0009719 1.00E–12 1.0293E–10

3 Gametogenesis GO:0007276 1.00E–12 1.1085E–10
4 DNA packaging GO:0006323 1.00E–12 1.2008E–10
5 Response to DNA

damage stimulus
GO:0006974 1.00E–12 1.31E–10

6 Chromatin assembly or
disassembly

GO:0006333 1.00E–12 1.411E–10

7 Chromosome
organization and
biogenesis (sensu
Eukaryota)

GO:0007001 1.00E–12 1.6011E–10

8 Homeostasis GO:0042592 1.00E–12 1.8012E–10
9 Metal ion homeostasis GO:0006875 1.00E–12 2.0586E–10

10 Di-, tri-valent inorganic
cation homeostasis

GO:0030005 1.00E–12 2.4017E–10

11 Ubiquitin-dependent
protein catabolism

GO:0006511 1.00E–12 2.88E–10

12 Establishment and/or
maintenance of
chromatin
architecture

GO:0006325 1.00E–12 3.60E–10

13 Protein complex
assembly

GO:0006461 1.00E–12 4.80E–10

14 Modification-dependent
protein catabolism

GO:0019941 1.00E–12 7.21E–10

15 DNA repair GO:0006281 1.00E–12 1.44E–09
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Figure 5. Idic15 cell lines exhibit alterations in UPP-mediated regulation of p53 in response to genotoxic stress. (A) UBE3A protein levels are elevated in Idic15
cell lines. NP-40 lysates were prepared from asynchronous cultures of the indicated cell lines. Immunoblot analysis was performed using antibodies specific for
UBE3A, p53 and b-actin. Densitometry was performed using the scanned images to quantitate relative levels of p53 and UBE3A expression (indicated below the
bottom panel). The HI 1556 unaffected line was used as baseline and values were normalized to b-actin expression. (B) p53 ubiquitination is dysregulated in
Idic15 cell lines. Cells were left untreated (DMSO vehicle), treated with doxorubicin (0.1 mg/ml) for 8 h, MG-132 (2.5 mM) for 10 h or pre-treated with MG-132
(2.5 mM, 2 h) followed by doxorubicin (8 h). Immunoblot analysis was performed for p53 and actin as described above. In the top panel, the mono- and poly-
ubiquitinated p53 species (Ub-p53) are indicated and were visualized by increasing the exposure time of the film.
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arrays, such as the 100K and 500K sets. It is also assumed that
the ability to resolve increasingly smaller duplications will be
possible with the implementation of SNP arrays of increased
density, namely the mapping 100K and 500K sets.

Copy number and significance values generated by the
whole-genome sampling analysis (WGSA) algorithm are
derived from a reference data set containing over 110
normal samples and quantitative dosage–response exper-
iments. The copy number data generated from our typically
developing children control samples showed minimal altera-
tion compared with our experiment group, indicating that the
control pool accurately approximates a representative control
sample. The contrast observed between the two groups poss-
ibly indicates that a minimum number of control samples
are required to be tested in parallel with experimental
groups, thereby increasing the overall feasibility of screening
large numbers of samples at time.

Gene expression analysis

To determine whether the effect of increased gene dosage on
15q11.2–13.3 would eventuate in distinctive gene expression
patterns for the duplicated 15 group versus the control group,
we analyzed representative samples for differential gene
expression. Results from an FDR-corrected t-test found 112
probe sets to have P-values below the targeted significance
level. Examination of the genes within this culling revealed
four unique genes located within the critical region, all of
which were up-regulated in our duplicated 15 group. A gene
proximity analysis found this group of genes to be one of only
three stretches of the genome to be significantly dysregulated
at P ¼ 2 � 1025 or lower (Fig. 4). This finding, coupled with
the fact that all of the genes in this region were up-regulated,
leads us to suggest a regional gene-dosage effect resulting
in increased transcriptional activity. In addition, these data
suggest that a minority of the genes in this region (�5%)
are directly affected by copy number, potentially suggesting
that a majority of the genes are regulated through alternative
mechanisms. It is important to note that expression profiling
was conducted using cultured lymphoblasts, not neuronal
cells, and therefore may be subject to unique tissue-specific
regulation. Additionally, there are several imprinted and
neuro-related genes located in the duplicated 15q region,
which are known to undergo alternative regulation. This
may explain why we were unable to find evidence for
increased expression levels for many of the traditional pos-
itional candidates located on chromosome 15q11.2–13.3,
including GABRB3 (23), GABRG3 (24) and ATP10C (25)
for autism. Although the use of blood genomics to serve as
proxy for neurological systems in the identification of neuro-
logical disorders is not well documented, it is assumed and
many of the same genes or pathways may be implicated. In
a study of a pair of twins discordant with respect to bipolar
disorder, gene expression profiling identified down-regulation
of expression of genes related to endoplasmic reticulum stress
response in both affected twins. Subsequent analysis of DNA
from the identified genes and pathways found a polymorphism
(2116C!G) in the promoter region of XBP1 (26). This
study, along with our data, suggests that gene expression of

peripheral blood can be used to identify genes or pathways
that have importance in CNS phenotypes.

Notably, we found UBE3A, a ubiquitin E3 ligase that is
deficient in patients with Angelman syndrome (MIM 105830),
to be the most significantly (P ¼ 0.00057) differentially
expressed gene overall, showing an approximate 2-fold increase
in the duplicated group. UBE3A has been found to exhibit exclu-
sive maternal expression in neurons (27) and preferential bialle-
lic expression in lymphocytes (28). In certain regions of the
brain, expression regulation of UBE3A has been found to be
regulated through an antisense transcript, first proposed by Rou-
geulle et al. (29), in part through the transcriptional repressor
MeCP2 (29,30). Further study of the effect of MeCP2 on the
expression of UBE3A has demonstrated that the former protein
helps to facilitate a closed chromatin structure to repress the
expression of an antisense sequence (UBE3A-ATS) on the
maternal chromosome (31). In typically functioning neurons,
this mechanism leads to the silencing of the paternal allele,
leaving only monoallelic expression of the maternal allele.
Only trace levels of the this antisense transcript were detected
in blood in a study conducted by Runte et al. (32). From the
data in this experiment, it seems likely that UBE3A expression
responds to dosage effects due to genomic copy number gain.
However, the differential expression seen in the probe set
1559343_at may indicate that UBE3A-ATS levels are also elev-
ated in duplicated 15 samples relative to controls; however, it
seems to have had neglible effect on UBE3A signal attenuation.

Copy number-dependent overexpression of UBE3A has
been predicted to have down-stream effects on the stability
of its protein targets (33), as well as potentially causing anom-
alous neurological development (28). Recently, Jiang et al.
(34) have proposed a model describing a modest role for
UBE3A in autism, emphasizing that a gene subject to ubiqui-
tination of UBE3A may be directly implicated in this disorder.
In addition to validation of our microarray findings by
qRT–PCR, a comparable up-regulation of UBE3A protein
levels was verified (Fig. 5). The most notable interaction
involving this E3 ubiquitin ligase is with p53, in which the
latter protein is targeted for ubiquitin-mediated degradation
(20). On the basis of this interaction, it has been assumed
that cells harboring duplications of UBE3A could potentially
exhibit decreased apoptotic potential (28) or a propensity to
accumulate DNA lesions. To discern potential aberrant regu-
lation of the UPP in the duplicated 15 samples, we monitored
the p53 response to treatment with the chemotherapeutic agent
doxorubicin to induce genotoxic stress (i.e. stabilization of
topoisomerase II complexes). Ubiquitinated species of p53
were stabilized by co-treatment with the proteasome inhibitor
MG-132. Although both steady-state and doxorubicin-induced
levels of p53 were similar in both sets of cell lines, increased
levels of poly-ubiquitinated p53 in response to doxorubicin
were detected in a cell line overexpressing UBE3A. This
suggests that the integrity of regulation of p53 levels and
function may not be conserved in the cell lines carrying
chromosome 15q duplications. In contrast, decreased p53 ubi-
quitination in the control cell lines under the same conditions
is consistent with the enhanced stability of p53 required to
mediate its normal functions of transcriptional regulation,
growth arrest and/or apoptosis. This could impact cellular
homeostasis when present in the appropriate setting (tissue,
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Table 3. Results of FDR-corrected t-test

Affymetrix
probe set ID

P-value Log expression
difference Idic15
versus baseline

Baseline Gene
symbol

Location Selected GO
biological process

211285_s_at 0.000206 0.9870 20.0021 UBE3A chr15q11–q13 Proteolysis and peptidolysis
213291_s_at 0.000390 0.7260 20.0038 UBE3A chr15q11–q13 Proteolysis and peptidolysis
214953_s_at 0.004296 23.5132 20.2060 APP chr21q21.3 Copper ion homeostasis
225752_at 0.004296 1.0076 20.0138 NIPA1 chr15q11.2
202028_s_at 0.004497 0.6814 20.0070
208762_at 0.007437 20.6882 20.0088 SUMO1 chr2q33 DNA repair
213128_s_at 0.008025 0.7697 20.0089 UBE3A chr15q11–q13 Proteolysis and peptidolysis
203923_s_at 0.008754 21.0134 20.0077 CYBB chrxp21.1 Energy pathways
208610_s_at 0.008754 1.0378 20.0119 SRRM2 chr16p13.3
218195_at 0.009070 20.5621 20.0024 C6orf211 chr6q25.1
218823_s_at 0.009070 20.7540 20.0078 KCTD9 chr8p21.1
231818_x_at 0.009070 0.6412 20.0078
212129_at 0.009932 0.6654 20.0040 NIPA2 chr15q11.2
1558290_a_at 0.011668 1.1777 20.0058 PVT1 chr8q24
200602_at 0.011668 24.2403 20.1953 APP chr21q21.3 Copper ion homeostasis
205704_s_at 0.011668 20.9537 20.0345 ATP6V0A2 chr12q24.31 Immune response
208579_x_at 0.011668 1.3069 20.0714 HIST1H2BK chr6p21.33 Nucleosome assembly
209806_at 0.011668 1.1900 20.0606 HIST1H2BK chr6p21.33 Nucleosome assembly
214290_s_at 0.011668 1.3953 20.0685 HIST2H2AA chr1q21.2 Nucleosome assembly
227960_s_at 0.011668 20.6707 20.0128 FAHD1 chr16p13.3 Metabolism
229420_at 0.011668 0.6638 20.0099 3q26.1
235190_at 0.011668 0.7995 20.0093 CALM2 2p21
241163_at 0.011668 3.4225 20.2578 NAALADL2 3q26.31 Proteolysis and peptidolysis
242116_x_at 0.011668 20.7558 20.0264
203058_s_at 0.014555 21.0869 20.0634 PAPSS2 chr10q23–q24 Sulfate assimilation
238142_at 0.014555 1.0284 20.0121 KCTD13 16p11.2 Potassium ion transport
208523_x_at 0.014682 0.7245 20.0263 HIST1H2BI chr6p21.3
218280_x_at 0.014682 1.3885 20.0719 HIST2H2AA chr1q21.2 Nucleosome assembly
224342_x_at 0.014682 23.3113 20.3304
210152_at 0.016735 21.5041 20.0702 LILRB4 chr19q13.4 Immune response
217902_s_at 0.016735 0.9045 20.0044 HERC2 chr15q13 Ubiquitin cycle
228638_at 0.016735 20.6032 20.0069 MGC34648 1p35.3
211575_s_at 0.018350 0.6864 20.0047 UBE3A chr15q11–q13 Proteolysis and peptidolysis
219027_s_at 0.019052 0.6895 20.0223 MYO9A chr15q22–q23 Intracellular signaling cascade
1569030_s_at 0.020179 20.6672 20.0130 NYREN18 chr7q36
209398_at 0.020179 1.4273 20.1173 HIST1H1C chr6p21.3 Nucleosome assembly
213350_at 0.020179 1.2244 20.0094 RPS11 19q13.3 Protein biosynthesis
217179_x_at 0.020179 24.0074 20.3828
208490_x_at 0.020427 0.9745 20.0501 HIST1H2BG chr6p21.3
204604_at 0.021237 20.8609 20.0145 PFTK1 chr7q21–q22 Protein amino acid phosphorylation
218674_at 0.021237 20.6330 20.0088 FLJ13611 chr5q12.3
226142_at 0.021237 20.9374 20.0276 GLIPR1 chr12q21.1
235802_at 0.021237 21.7363 20.1164 LOC122618 chr14q32.33 Metabolism
208527_x_at 0.022886 0.9745 20.0453 HIST1H2BE chr6p21.3
212209_at 0.023990 21.4356 20.0900 THRAP2 chr12q24.21
212044_s_at 0.025001 0.7393 20.0096
235048_at 0.025001 2.9918 20.1579 KIAA0888 chr5q13.3
202600_s_at 0.026659 22.2078 20.0960 NRIP1 chr21q11.2 Transcription
200894_s_at 0.031565 20.6802 20.0297 FKBP4 chr12p13.33 Protein folding
204507_s_at 0.031565 21.2038 20.0292 PPP3R1 chr2p15
206695_x_at 0.031565 21.0592 20.0062 ZNF43 chr19p13.1–p12 Regulation of transcription, DNA-dependent
210042_s_at 0.031565 21.2855 20.0473 CTSZ 20q13 Proteolysis and peptidolysis
211628_x_at 0.031565 20.6533 20.0164 FTHP1 chr6p21.3–p12
219247_s_at 0.031565 2.0511 20.0704 ZDHHC14 chr6q25.3
222067_x_at 0.031565 0.9753 20.0583 HIST1H2BD chr6p21.3 Nucleosome assembly
226849_at 0.031565 0.9465 20.0530 KIAA1608 chr9q33.3
227271_at 0.031565 1.3465 20.0984 FGF11 chr17p13.1 Signal transduction
227292_at 0.031565 20.5695 20.0024 LOC144097 chr11q13.1
229444_at 0.031565 1.0220 20.0117
1559343_at 0.031646 0.8293 20.0494
217022_s_at 0.031646 26.4958 20.4568 MGC27165 chr14q32.33
227525_at 0.031646 0.6207 20.0226 GLCCI1 chr7p21.3
235253_at 0.031646 20.6470 20.0207 RAD1 chr5p13.2 Cell cycle checkpoint
202599_s_at 0.031717 22.7742 20.1190 NRIP1 chr21q11.2 Transcription

Continued
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biological process, stimulus, etc.). Taken together, we believe
our findings, which point to a potential link between genomic
copy number and up-regulation of UBE3A, add to the growing
literature implicating this gene’s involvement in autism.

In light of UBE3A overexpression and potential deregulation
of the ubiquitin–proteasome pathway, it is noteworthy that
expression of small ubiquitin-like modifier 1 (SUMO-1) is down-
regulated in the Idic15 cell lines. Indeed, deregulated sumoylation
has been implicated in the pathogenesis of neurological diseases
(35,36). Similar to ubiquitination, sumoylation is a reversible,
post-translational modification occurring at lysine residues of
specific target proteins and is mediated by the cooperative
actions of the SUMO conjugating (E2) enzyme Ubc9 and

SUMO ligase (E3) at specific consensus motifs (37). This
brings up an important point regarding our observations.
Despite having a statistically significant change, SUMO-1
expression exhibited a down-regulation of 1.61-fold (microarray
gene expression profiling, Table 3) and a modest 1.19-fold
(qRT–PCR, Fig. 3). If this difference is preserved through trans-
lation, this would correlate with a 60 or 20% reduction in
SUMO-1 protein levels, respectively. Whether such a change
would have an influence on cellular function is worth consider-
ation, but this could conceivably impact the levels of sumoylation
as a consequence of decreasing the level of ‘SUMO-charged’
Ubc9 that interacts with its substrates. Depending upon the
protein, a modest alteration in the levels of its sumoylated

Table 3. Continued

Affymetrix
probe set ID

P-value Log expression
difference Idic15
versus baseline

Baseline Gene
symbol

Location Selected GO
biological process

206194_at 0.031717 1.0968 20.0645 HOXC4 chr12q13.3 Regulation of transcription, DNA-dependent
208890_s_at 0.031717 1.2229 20.0557 PLXNB2 chr22q13.33 Development
217258_x_at 0.031717 23.0039 20.4089
227776_at 0.031717 20.8101 20.0109
235068_at 0.032742 20.6630 20.0260 ZDHHC21 9p22.3
201961_s_at 0.035463 20.5744 20.0187 RNF41 chr12q13.2–q13.3 Protein ubiquitination
204679_at 0.037723 1.6536 20.1142 KCNK1 chr1q42–q43 Ion transport
209764_at 0.037723 0.7007 20.0391 MGAT3 chr22q13.1 N-linked glycosylation
222474_s_at 0.037723 20.6451 20.0139 TOMM22 22q12–q13 Protein-mitochondrial targeting
225105_at 0.037723 20.6961 20.0277 LOC387882 chr12q24.11
235729_at 0.037723 0.8000 20.0411 ZNF514 chr2q11.1 Regulation of transcription, DNA-dependent
202544_at 0.037872 20.5719 20.0035 GMFB chr14q22.2
207813_s_at 0.037872 1.2466 20.0325 FDXR chr17q24–q25 Energy pathways
209967_s_at 0.037872 20.9815 20.0219 CREM chr10p11.21 Regulation of transcription, DNA-dependent
1568781_at 0.038933 21.0736 20.0410 UROS 10q25.2–q26.3 Uroporphyrinogen III biosynthesis
212133_at 0.038933 0.7147 20.0169 NIPA2 chr15q11.2
215016_x_at 0.038933 1.0719 20.1121 DST chr6p12–p11 Cytoskeleton organization and biogenesis
215629_s_at 0.038933 20.7513 20.0394 DLEU2 chr13q14.3 Negative regulation of cell cycle
235199_at 0.038933 22.2180 20.0713
225706_at 0.039318 0.8047 20.0306 GLCCI1 chr7p21.3
221538_s_at 0.039378 1.2761 20.1460 PLXNA1 chr3q21.3 Development
229679_at 0.039378 0.7064 20.0094 FLJ40142 chr12q24.12
228824_s_at 0.039489 21.6005 20.0796 LTB4DH chr9q31.3 Leukotriene metabolism
203870_at 0.040047 20.8095 20.0096 USP46 chr4q12 Ubiquitin-dependent protein catabolism
212254_s_at 0.040047 1.0906 20.1012 DST chr6p12–p11 Cytoskeleton organization and biogenesis
225710_at 0.042091 23.0920 20.0973
235215_at 0.042276 20.7132 20.0148
201968_s_at 0.043579 0.5809 20.0102 PGM1 chr1p31 Carbohydrate metabolism
209375_at 0.043579 0.6815 20.0091 XPC chr3p25 Nucleotide-excision repair
223161_at 0.043579 0.7368 20.0535 LCHN chr7q34
230795_at 0.043579 1.0177 20.0476
214777_at 0.043982 25.4426 20.5765
223511_at 0.043982 20.5732 20.0216 DKFZP547N043 chr1q42.12–q43 DNA repair
223686_at 0.043982 20.9423 20.0485 TPK1 chr7q34–q35 Thiamin metabolism
224565_at 0.043982 0.7000 20.0149 TncRNA chr11q13.1
229389_at 0.045575 0.9448 20.0513 FLJ00012 11q13.4
208546_x_at 0.047399 0.7636 20.0482 HIST1H2BH 6p21.3 Nucleosome assembly
202708_s_at 0.047424 0.8548 20.0505 HIST2H2BE chr1q21–q23 Nucleosome assembly
215779_s_at 0.047424 0.8517 20.0520 HIST1H2BG chr6p21.3 Nucleosomes assembly
218346_s_at 0.047424 1.1107 20.0186 SESN1 chr6q21 Response to DNA damage stimulus
32088_at 0.047424 20.5235 20.0121 BLZF1 chr1q24
207630_s_at 0.047912 20.7781 20.0158 CREM chr10p11.21 Regulation of transcription, DNA-dependent
215118_s_at 0.047912 26.1028 21.1609 MGC27165 chr14q32.33
227210_at 0.048276 20.7458 20.0237 SFMBT2 chr10p15.1 Regulation of transcription
231967_at 0.048929 20.8795 20.0143 CGI–72 chr8q24.22
38149_at 0.048929 21.4581 20.1671 ARHGAP25 chr2p13.3
221679_s_at 0.049388 1.1062 20.0153 ABHD6 chr3p14.3 Aromatic compound metabolism
235571_at 0.049741 0.9127 20.0511
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species (which in many cases are at low levels in vivo) could
produce an aberration in the process it participates in. Addition-
ally, it is quite possible that the two SUMO paralogs (i.e.
SUMO-2/3) cannot serve as substitutes for SUMO-1 in vivo
because it has been demonstrated that the three SUMO paralogs
are functionally distinct based upon their dynamics of utilization
and localization during the cell cycle (38).

Rather than marking proteins for degradation, SUMO
modification functions to regulate cellular localization,
transcriptional activity, genome maintenance and signal
transduction (37). In some cases, SUMO promotes protein
stability through competition with ubiquitin at binding sites.
Accordingly, protein sumoylation influences a variety of cellu-
lar processes, including cell cycle progression and apoptosis.

Without experimental evidence of the critical SUMO
substrates in the model system used in this study, we can
only speculate upon the significance of SUMO-1 down-
regulation and assume this would lead to a generalized
reduction in the modified level of its targets. This could
have varied effects on the regulation of apoptosis signaling.
For instance, decreased SUMO-1 levels could sensitize cells
to death receptor-mediated apoptosis (39) and heighten p53
levels and responses via decreased mdm2 levels resulting
from its diminished sumoylation and consequent increased
self-ubiquitination and degradation (40).

Alternatively, survival would be favored by reduced p53
transcriptional activity as a result of decreased K386 sumoyla-
tion (41) and reduced relocalization of p53 to nuclear bodies
(42), as well as by enhanced NF-kB signaling resulting from
decreased competition for ubiquitination of IkBb at K21
(43). It is also possible that the reduced levels of SUMO-1
provide a partial basis for the expression signature of the
Idic15 cells as a result of altered activity (i.e. de-repression
in the absence of sumoylation) of one or more transcription
factors (44). Finally, the fact that sumoylation figures promi-
nently in regulating DNA replication, recombination and
repair processes suggests that our findings of overexpression
of several nucleosome core histone genes might be related
to dysregulation of one or more of these pathways as a
result of SUMO-1 down-regulation.

Further examination of the data found that amyloid
precursor protein (APP) was significantly down-regulated in
Idic15 samples, nearly 10-fold with a corrected P-value of
0.01178. Aside from its implication in Alzheimer’s (MIM
no. 104300) disease and Down syndrome (no. 190685),
expression of APP has been found to play a pivotal role
in the induction of neuronal apoptosis via activation of
a ‘ubiquitin-like’ neddylation pathway, as reviewed by
Chen (45). It has been found that disruption of this pathway
hinders cellular transition out of S-phase (46), which, in
neurons, may lead to an impaired ability to undergo
apoptosis. Additionally, it has been found that APP knockout
mice exhibit reactive gliosis and impaired motor function
(47), although follow-up knockout studies were unable to
confirm the essential function of APP in neurological
development (48). Dramatic reductions of mRNA levels of
APP may provide further support for a pro-survival tendency
in these cells.

Interestingly, ATP10A, which lies immediately distal to
UBE3A, showed no evidence of expression dysregulation in

the cell lines, despite having been previously found to show
preferential maternal expression (49). On the basis of its
maternal expression, ATP10A has been suggested to be
involved in chromosome 15-associated autism (50). The lack
of concordant expression patterns between UBE3A and
ATP10A could indicate that the latter gene is subject to a
specific regulation beyond that of the SNRPN-IC and is there-
fore less sensitive to increased maternal copy number in lym-
phoblasts. Additionally, expression data from this experiment
seem to be in agreement with linkage studies interrogating the
ATP10A region that did not find statistical evidence of the
involvement of this gene in autism (25).

The pattern of anti-apoptotic elements seen in this study-
may provide a possible mechanism for chromosome
15-related autism cases. It has been previously postulated
that increased gray and white matter seen at particular
development stages in autism cases could be due to excessive
sparing of neurons or axon formations (51). If the findings of
this study using a lymphoblast model were confirmed in a
neuronal model, a broad study of apoptosis regulation in
early development would be well merited. A focussed inter-
action network of the findings of this study (Fig. 6) reveals
how the observed transcriptional and protein variations may
impact cell stability.

Overall, this study demonstrates that an SNP array approach
can identify relatively small chromosomal gains. Further, this
segmental duplication of proximal chromosome 15q leads to
an increased expression of genes directly in the contig, with
evidence for dysregulation of numerous down-stream genes
scattered throughout the genome. The specific overexpression
of UBE3A protein may be a primary mediator of the down-
stream effects, as the data presented here indicate augmented
ubiquitination triggered by genotoxic stress in coincidence
with UBE3A overexpression. In turn, this might translate

Figure 6. Proposed interaction network summarizes the expression values of
three genes (UBE3A, APP, SUMO1), with red and green ovals corresponding
to up- and down-regulated expression in Idic15 versus control, and reveals
how they may affect the stability of p53 and 2 biological processes.
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into an inappropriate reduction in apoptosis due to decreased
sensitivity to apoptotic stimuli and tolerance to DNA
damage. Taken together, these may represent contributing
factors to the etiology of ASD.

MATERIALS AND METHODS

Cell lines

Human EBV-transformed lymphocytes from patients with
duplication of chromosome 15 were obtained after informed
parental consent with the use of protocols approved by the insti-
tutional review boards of the University of California, Los
Angeles, Alfred I. duPont Hospital for Children, and
University of California, Davis. These cell lines have been ver-
ified to have duplications in the 15q11–q13 region by Southern
blot, FISH and genomic array CGH and have been described
previously (15). Cytogenetically normal cell lines derived
from non-affected siblings in families with autism were
obtained from similar EBV-derived cell lines from the autism
genetic resource exchange (AGRE). This internationally recog-
nized central repository and family registry for autism was
created by Cure Autism Now (CAN) and the Human Biological
Data Interchange for autism studies. The family recruitment
and diagnostic assessments for the cytogenetically normal
cell lines were based on the procedures established by CAN
and are fully described by Geschwind et al. (52). A complete
description of each sample used in this study is available
through AGRE at http://www.agre.org. The selection criteria
for control cell lines used in this study required that the individ-
ual was categorized as non-affected; for the purposes of this
paper, these samples will be termed as typically developing
or control samples. The control cell lines used in this study
include HI 1276, HI 1715, HI 0083, HI 1871, HI 1556, HI
1085, HI 1688, HI 1539 and HI 0238.

Cell culture

Cell lines were cultured in RPMI-1640, 15% fetal bovine
serum, 50 U/ml penicillin, 50 mg/ml streptomycin and 2 mM

L-glutamine in a 5% CO2-humidified tissue culture incubator.
For DNA harvest, a total of 2 � 106 cells were seeded out in a
T-75 flask in 10 ml of medium and harvested after 2 days of
growth. For RNA, a total of 2 � 106 cells were seeded out
in a T-75 flask in 10 ml of medium and harvested when
cells reached a density of 8 � 105–1.5 � 106 cells/ml. For
each line, RNA and protein were extracted during the logarith-
mic growth phase, in order to minimize experimental variabil-
ity that might lead to differences in gene and protein
expression. This procedure ensures that RNA and protein are
collected in a reproducible manner and can be compared
between cell lines. Previous studies have shown that this
procedure produces RNA transcript profiles that are highly
correlative between replicate cell culture experiments (57).

DNA isolation

For each sample, a total of 4 � 106 cells were collected for
DNA isolation using the QIAamp DNA Blood Mini Kit
(Qiagen, Valencia, CA, USA). A cell pellet was obtained

after centrifugation. The cell pellet was re-suspended in PBS
and then treated with Proteinase K with lysis buffer added sub-
sequently to ensure efficient lysis and digestion of proteins.
Following these steps, ethanol was incorporated in the reaction
volume to allow the binding of the DNA to the silica gel
membrane of the QIAamp spin column after centrifugation.
The pellet was then washed several times in order to purify
the DNA before the elution of the DNA in buffer AE. The
purity and quality of the DNA were analyzed by fiberoptic
spectrophotometry using the Nanodrop ND-1000 and by gel
electrophoresis on a 1% agarose gel. The genomic DNA iso-
lated and utilized for the genomic analysis had an A260/A280

absorbance ratio of 1.8; gel electrophoresis revealed a major
band at �10–20 kb. The DNA samples were then processed
and hybridized to GeneChipw Human 10K Mapping arrays
(Affymetrix Inc., Santa Clara, CA, USA).

RNA isolation

Total RNA was isolated immediately upon cell harvest, as
described by the TRIzol Reagent (Invitrogen, Carlsbad, CA,
USA) RNA isolation procedure, and further purified using
the RNeasy kit (Qiagen, Chatsworth, CA, USA). RNA
quality was assessed using the Agilent 2100 Bioanalyzer
(Agilent Technologies Inc., Foster City, CA, USA) and quan-
tified by fiberoptic spectrophotometry using the Nanodrop
ND-1000 (Nanodrop Inc., Wilmington, DE, USA). RNA
yielding both an A260/A280 absorbance ratio greater than 2.0
and a 28s/18s rRNA ratio equal to or exceeding 1.8 was
utilized. The RNA samples were then processed and hybri-
dized to Human Genome GeneChip human U133 2.0 Plus
arrays (Affymetrix Inc.).

SNP mapping array processing

The Affymetrix Mapping 10K GeneChip is a single array that
enables genotyping of approximately 11 500 SNPs with the
use of a single PCR primer. This mapping array provides sub-
stantial coverage with an average genomic distance between
SNPs of only 210 kb. Starting with 250 ng of genomic DNA,
each sample was digested with an XbaI restriction enzyme. A
process-negative control was included at the beginning of the
assay to assess the presence of contamination. The digestion
step generated single-stranded overhangs specific to the
restriction enzyme, which was then targeted by a specific
adaptor in a ligation step. PCR was then performed with a
single primer that recognized the adaptor-ligated fragments
of genomic DNA. The PCR reaction is optimized to amplify
fragments from 250 to 1000 bp size. This size range and the
absence of contamination were checked by gel electrophoresis.
PCR products were purified using the MinElute 96 UF PCR
Purification kit (Qiagen) and quantified by fiberoptic spectro-
photometry using the Nanodrop ND-1000. The samples under-
went fragmentation to reduce the average size to ,180 bp,
which was verified by gel electrophoresis. They were then
labeled with a proprietary biotin-ddNTP and hybridized for
16 h on the array. The arrays were washed and stained on a
Fluidics Station 450 and were scanned on a GeneChip
Scanner 3000. Each SNP is interrogated by 10 probe quartets
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of 25mers, where each probe quartet is comprised a perfect
match and a mismatch probe for each allele.

Gene expression array processing

Purified total RNA (10 mg) was used for cDNA synthesis
followed by in vitro transcription to incorporate biotin labels
and subsequent hybridization to Human Genome U133 Plus
2.0 (Affymetrix) according to manufacturer’s protocol. The
arrays were washed and stained on a Fluidics Station 450 and
were scanned on a GeneChip Scanner 3000. The HG-U133
Plus 2.0 array represents 38 500 well-characterized genes.

Microarray mapping and copy number analysis

Data obtained from the SNP mapping arrays were processed
and analyzed by the GeneChip DNA Analysis Software
(GDAS) v3.0. GDAS, using a model-based algorithm, and
generated SNP allele calls and intensity measurements for
all the arrays analyzed. These data were subsequently pro-
cessed by the Affymetrix CCNT to generate copy number
estimations and significance calculations. The CCNT uses an
algorithm, WGSA, to extract intensities from the array
image file and to estimate the genomic copy number of each
SNP. Calculation of the genomic copy was enabled using a
variety of dosage-controlled samples and was calibrated for
strong dosage–response in the 1X–5X copy number range
(10). Additionally, the CCNT performed a significance calcu-
lation by comparing each SNP’s calculated copy number to a
sample pool of 110 normal individuals to determine the sig-
nificance of each probe set’s deviation from the normalized
data set. Finally, a meta-analysis of the data was conducted,
which assigned greater significance to consecutive SNPs that
show copy number gains or losses in the same direction.
The data generated by the CCNT and GDAS were exported
from the software and imported into a custom Microsoft
Access database for filtering and data visualization.

Gene expression statistical analysis and
data visualization

Data analysis of all gene expression arrays was conducted
using ArrayAssist 3.3 software (Stratagene, La Jolla, CA,
USA). Probe-level analysis, normalization and summarization
were performed by ArrayAssist’s implementation of the
GC-RMA algorithm (53). GC-RMA provides increased accu-
racy over the RMA algorithm by extending the model-based
approach through the use of thermodynamic informatics to
include the use of mismatch probes to generate final signal
values. The arrays were classified into two biological groups:
a control group derived from typically developing children
from the AGRE cell lines (n ¼ 8) and a group of samples
from cell lines with known chromosome 15 duplications
(n ¼ 7). Signal values for all arrays were centered relative to
the mean value of the normal cell line group and log2 trans-
formed. Significance analysis was conducted using a stringent
unpaired t-test with Benjamini–Hochberg FDR correction
and filtered for genes showing significant differential gene
expression above a log difference of 0.5 and below an
FDR-adjusted P-value of 0.05.

The GC-RMA signal values were exported from
ArrayAssist and imported into the dChip software v1.3 (17)
for data visualization. Supervised, two-way, centroid-linkage
hierarchical clustering analyses were performed using the
genes identified by t-test. The gene branches of the hierarchi-
cal clustering tree were labeled using green to represent genes
up-regulated in duplicated chromosome 15 samples and red
to signify genes down-regulated in the same group when
compared with normal.

dChip’s ‘Genome View’ tool was used to visualize the
genes from the FDR-corrected t-test to evaluate whether the
identified changes occurred over a statistically significant
stretch of the genome. Briefly, the software ranks all genes
by physical position and then tests the likelihood that the
proximity of the genes in the subset could have occurred
merely by chance. The genes in the list were plotted by chro-
mosome and labeled with the corresponding green or red label
from the clustering analysis. A significance calculation was
used to assess the likelihood of multiple instances of genes
at close, relative proximity as described in the dChip
manual. Those stretches of the genome passing a significance
threshold of P , 0.001 were labeled with a blue outline by the
software.

The expression data were further analyzed to detect signifi-
cantly dysregulated GO categories using ErmineJ software
(54) (http://microarray.cu-genome.org/ermineJ/). The analysis
conducted a gene score resampling that provides a robust stat-
istical approach to evaluate GO biological function gene
classes. Unfiltered results of FDR-corrected t-test described
above were imported by ErmineJ. The software then deter-
mined whether any Biological Process categories were found
to be significantly represented using a 100 000 iteration
re-sampling technique. Categories with raw P . 0.001 were
exported and ranked by Benjamini–Hochberg FDR-corrected
P-value.

Quantitative RT–PCR confirmation of array results

RT–PCR was performed for four genes (UBE3A, APP,
HERC2 and SUMO1) identified as differentially expressed.
These genes were selected on the basis of their differential
expression and their relevance to our proposed dysregulated
pathways.

Total RNA, remaining from probe synthesis, was used in
conjunction with SS II reverse transcriptase and random hex-
amers (Invitrogen) to generate first strand cDNA. For the PCR
step, 10 ng of total RNA converted to cDNA was used in 20 ml
reactions with TaqManw Universal PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) and the corresponding
sequence-specific primers/probes assay mix. Each reaction
was performed in triplicate according to the default PCR
thermal cycling conditions described in the product protocol.
Fluorescence detection was measured utilizing an ABI Prism
7900 platform (Applied Biosystems). After an initial step at
508C for 5 min, there was an activation step at 958C for
10 min. Thermal cycling proceeded with 40 cycles at 958C
for 15 s and 1 min at 608C. Normalization to 18s RNA was
performed to account for variability in the initial concentration
and quality of total RNA and in the conversion efficiency of
the reverse transcription reaction. 18s rRNA was used rather
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than beta-actin, GAPDH, or other possible internal controls
because it was shown to be the most stable RNA species
from cell lines. The endpoint, CT, identified by the ABI soft-
ware as the PCR cycle number at which the signal crosses
a specified threshold value was calculated for each gene.
Transcript abundance is directly related to the cycle at which
this threshold is crossed. Fold difference was calculated for
each gene between comparison groups utilizing the comparative
CT method, as outlined in the ABI Sequence Detector User
Bulletin No. 2 (http://docs.appliedbiosystems.com/pebiodocs/
04303859.pdf/), and normalized to an 18S rRNA endogenous
reference. Significance analysis was performed by computing
P-values of mean RQ values from the duplication group
versus control group, using an unpaired t-test on the RQ values.

Growth curves

Cells were seeded at a concentration of 2 � 105 cells/ml into
triplicate wells of 24-well plates. Aliquots were removed
at each time point for determination of cell numbers using
standard hemocytometer counting.

Reagents

Mouse monoclonal antibodies used in these experiments
included anti-p53 (clone DO-1, IgG2A; BD Pharmingen,
San Diego, CA, USA), anti-UBE3A (clone 13, IgG1; BD
Transduction Laboratories, San Diego, CA, USA) and anti-
b-actin (clone AC-15; IgG1, ascites fluid; Sigma Chemical
Company, St Louis, MO, USA). MG-132 and doxorubicin
were purchased from Calbiochem (San Diego, CA, USA).
Stock solutions of each were made in DMSO and stored
at 2208C.

Immunoblot analysis

Immunoblot analysis was performed using standard protocols
as previously described (55,56). Nuclear-free cell lysates
were made in NP-40 lysis buffer (25 mM Tris–Cl, pH 7.5,
150 mM NaCl, 1% NP-40, 10% glycerol) supplemented with
a cocktail of proteases inhibitors (1 mg/ml of aprotinin, leupep-
tin and pepstatin A) and phosphatase inhibitors (1 mM each of
sodium fluoride and sodium orthovanadate). Nuclei and cellular
debris were removed by centrifugation at 16 000g for 15 min at
48C. Protein concentration of the 16K supernatant was then
quantified with the bicinchoninic acid protein assay reagent
(PIERCE, Rockford, IL, USA). Proteins (20 mg) were
separated by denaturing SDS–PAGE and transferred to
Immobilon-P PVDF membranes (Millipore) with semi-dry
transfer (Bio-Rad, Hercules, CA, USA). Membranes were
blocked for 1 h with 5% non-fat dry milk or bovine serum
albumin in Tris-buffered saline (TBS) containing 0.05%
Tween-20 (TBST). Primary antibodies were diluted in
blocking buffer according to manufacturers’ protocols and sub-
sequently incubated with the blots for 2 h at room temperature
or overnight at 48C. The membranes were washed three times
with TBST and incubated with a 1:2500 dilution of the appro-
priate horseradish peroxidase-conjugated anti-IgG in blocking
buffer for 1 h at room temperature. After washing, the blots
were developed with ECL Plus western blotting reagents

(Amersham Biosciences, Piscataway, NJ, USA) and exposed
to BioMax X-ray film (Kodak). The films were subsequently
scanned and densitometry performed on digital TIFF images
using TotalLab 2.0 software (Nonlinear Dynamics, BioSyste-
matica, UK). Relative p53 expression was determined and nor-
malized to b-actin signals.
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