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A Common Molecular Mechanism Underlies Two
Phenotypically Distinct 17p13.1 Microdeletion Syndromes

Adam Shlien,1.2 Berivan Baskin,3 Maria Isabel W. Achatz,4 Dimitrios J. Stavropoulos,35 Kim E. Nichols,®
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Ana Novokmet,10 Harriet Druker,1© Mary Shago,3 Peter N. Ray,1.3.11 Pierre Hainaut,12
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DNA copy-number variations (CNVs) underlie many neuropsychiatric conditions, but they have been less studied in cancer. We report
the association of a 17p13.1 CNV, childhood-onset developmental delay (DD), and cancer. Through a screen of over 4000 patients with
diverse diagnoses, we identified eight probands harboring microdeletions at TP53 (17p13.1). We used a purpose-built high-resolution
array with 93.75% breakpoint accuracy to fine map these microdeletions. Four patients were found to have a common phenotype
including DD, hypotonia, and hand and foot abnormalities, constituting a unique syndrome. Notably, these patients were not affected
with cancer. Moreover, none of the TP53-deletion patients affected with cancer (n = 4) had neurocognitive impairments. DD patients
have larger deletions, which encompass but do not disrupt TP53, whereas cancer-affected patients harbor CNVs with at least one break-
point within TP53. Most 17p13.1 deletions arise by Alu-mediated nonallelic homologous recombination. Furthermore, we identify a crit-
ical genomic region associated with DD and containing six underexpressed genes. We conclude that, although they overlap, 17p13.1
CNVs are associated with distinct phenotypes depending on the position of the breakpoint with respect to TP53. Further, detailed char-
acterization of breakpoints revealed a common formation signature. Future studies should consider whether other loci in the genome
also give rise to phenotypically distinct disorders by means of a common mechanism, resulting in a similar formation signature.

Introduction

As the range of diseases associated with copy-number
variation (CNV) expands, it has become apparent that
specific CNV loci can be associated with a spectrum of
unrelated conditions. For example, CNVs at 1q21.1
predispose one to schizophrenia (MIM 181500),"?
tetralogy of Fallot (MIM 187500),® cancer (including
neuroblastoma [MIM 256700]%), and a range of pediatric
conditions.® It is unclear whether individuals harboring
structural changes at these and other hotspots are predis-
posed to one or many diseases. High-resolution copy-
number platforms, such as tiling oligonucleotide arrays,
offer increased accuracy® and can therefore be applied
to disentangle overlapping CNV-based diseases. Further-
more, characterization of CNVs at the single-base-pair
level can unearth common sequence elements, which
represent signatures of the various DNA repair processes
that led to their formation.

Most pediatric cancers arise sporadically; however, at
least 5%-10% harbor an underlying germline defect,’
and there is an emerging link between CNVs and cancer
susceptibility.*®° We have previously shown that germ-
line TP53 (MIM 191170) missense mutations predispose

one to the autosomal-dominant cancer-susceptibility
condition known as Li-Fraumeni syndrome (LFS [MIM
151623]),'° in which an excess of CNVs across the genome
are observed.® Here, we investigate whether 17p13.1
CNVs, which include TP53, are sufficient to cause LFS.

To improve our understanding of 17p13.1 CNVs, we
constructed an oligonucleotide comparative genomic
hybridization (CGH) array to interrogate this genomic
region at ultrahigh resolution; overlapping probes
covering all exons of every gene in the region, were de-
signed to achieve 93.75% breakpoint accuracy. Using
this platform, we set out to determine whether patients
with 17p13.1 CNVs contain shared breakpoint
sequences, critically deleted genes, or common clinical
features.

Material and Methods

Sample Recruitment

Samples were collected from The Hospital for Sick Children, Stan-
ford University Hospital, The Children’s Hospital of Philadelphia,
The University Health Network (Toronto), Hospital do Cancer A.C.
Camargo, and Emory University. Research was approved by each
center’s institutional review board.
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TP53 Sequencing

All exons and at least 50 bp into exon-intron boundaries of TP53
were sequenced in all available samples (7/8). No base pair
sequence mutations were found.

CGH Microarray Design and Hybridization

Six of eight patients’ DNA was hybridized to custom arrays. Two
samples (from cancer patients) had insufficient DNA for custom
array analysis, and their breakpoints were not fine mapped. We
instead used multiplex ligation-dependent probe amplification
(MLPA) to determine the extent of TP53 exon deletions. Because
their exact breakpoints are not known, we excluded them from
statistics regarding formation signature (see below). Array CGH
was performed with the use of a customized 4x44K microarray
platform (Agilent Technologies, Santa Clara, CA, USA), with
genomic DNA extracted from peripheral blood via standard
methods. A total of 40,577 oligonucleotide probes were placed
on the short arm of chromosome 17, in which an 8 Mb target
region around TP53 was covered in ultrahigh resolution. Of the
38,061 in the target region, 15,762 (41%) were designed on exons.
Exonic probes were overlapping and tiled across all exons, of all
alternative splice variants, for every gene. A minimum of one
probe per 350 bp was placed in intronic and nongenic regions.
An additional set of probes was designed to also extend our
coverage to the telomere and centromere of chromosome 17p
but at a reduced density (Figure S3, available online). With this
array design, we hoped to capture all copy-number changes
anywhere within 8 Mb of TP53, from small, single-exon-sized
alterations (45-350 bp) to large macroscopic events, and to
quickly obtain breakpoint information of copy-number changes,
especially those within protein-coding regions. The lab perform-
ing array experiments was blinded to all previous results
(sequencing, MLPA, quantitative PCR [qPCR], etc.). Patient and
male reference DNA were labeled with Cy3-dCTP and Cy5-dCTP
(PerkinElmer, Waltham, MA, USA), respectively, with the use of
the BioPrime genomic labeling module (Invitrogen, Carlsbad,
CA, USA) and were hybridized to the array platform, as recommen-
ded by the manufacturer’s protocol (Agilent Technologies). The
arrays were washed and scanned with the Agilent G2505B micro-
array scanner. Data analysis was performed with DNA Analytics
version 4.0 (Agilent Technologies). Although this approach is
capable of ascertaining both forms of copy-number change
(namely deletions and duplications), only deletions were found
in this cohort.

Gene-Expression Arrays and Analysis

RNA was extracted from blood via standard methods, assessed by
Bioanalyzer (Agilent Technologies), and hybridized to Affymetrix
Exon 1.0 microarrays (Affymetrix, Santa Clara, CA, USA). High-
quality RNA was available for one individual with a large
17p13.1 deletion (encompassing TP53), two individuals with
small 17p13.1 deletions (disrupting TP53), and two individuals
harboring germline TP53 missense mutations. RNA samples
from three noncarrier siblings were used as controls. Gene-expres-
sion analysis was performed with the use of the Partek Genomics
Suite (Partek, St. Louis, MO, USA).

Breakpoint Simulation

Custom software was developed for the simulation of CNV dele-
tions across all autosomal chromosomes in the human genome.
For each size range (from 10 Kb to 2 Mb), 10,000 simulated
CNVs were assessed for intersection with Alu elements at both
breakpoints.

Quantitative PCR

To obtain better size information on these deletions, we developed
a high-throughput quantitative assay by using an automated
liquid handling system in a 384-well plate format with 176
qPCR probes (Table S2) to target and detect the copy number of
a large region of chromosome 17 (1.3 Mb). qPCR assays were per-
formed on a Roche LightCycler by relative quantification. qPCR
plates were set up with the use of a custom script and an auto-
mated liquid handling system. Primers were designed with the
use of Primer3 and the human genome reference assembly
(UCSC Genome Browser, version hg18). Deletion sizes were found
to be larger than that reported by array CGH or MLPA and, on
average, were improved by 31% with the use of this assay. The
developmental delay (DD)-associated deletions were nearly 100
times larger than those involved in early-onset cancer.

Fluorescence In Situ Hybridization
Fluorescence in situ hybridization (FISH) was performed with the
use of standard protocols.'!

Parent-of-Origin Analysis

SNP genotyping was performed with Affymetrix GeneChip 250
Sty arrays or by direct sequencing. Microsatellite-marker genotyp-
ing was performed by The Center for Applied Genomics at The
Hospital for Sick Children.

Breakpoint Mapping

After custom-array processing and analysis, breakpoints were map-
ped by first designing primers flanking the predicted breakpoints
and then amplifying junction-specific fragments with the use of
long-range PCR (Roche Expand Long Template PCR System). Junc-
tion fragments were subjected to sequencing. Putative breakpoints
were analyzed by BLAST, BLAT, and manual inspection.

Results

Rare CNVs at TP53 Are Associated with Cancer
Predisposition or Developmental Delay

Our six diagnostic labs screened 4524 patients with diverse
clinical phenotypes for DNA dosage changes via array
CGH or MLPA (Table S1). Eight probands with a microdele-
tion at TP53 (17p13.1), a tumor-suppressor gene that
predisposes one to early-onset cancer when mutated in
LFS, were identified.'® We performed interphase and meta-
phase FISH, using TP53 and 17ptel probes (Figure 1A). The
interstitial deletion could be seen in all cells and was there-
fore not due to mosaicism.

Individuals with microdeletions at TP53 had cancer
(n = 4) or a noncancer phenotype (n = 4) comprising
a spectrum of congenital anomalies (Table 1 and Figure S2)
that included pervasive DD and mental retardation, speech
difficulties, hypotonia, hand and foot abnormalities, and
facial dysmorphisms.

Different 17p13.1 Breakpoints Are Related to Two
Distinct Phenotypes

Several congenital syndromes are known to also occur in
association with cancer predisposition. Such dual pheno-
types are frequently caused by gene dosage mutations,
either through numerical chromosomal abnormalities or
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Figure 1. Discovery of a 17p13.1 CNV
Leading to Two Distinct Phenotypes

(A) FISH experiments using TP53 (red) and
17ptel (green) probes. The fluorescent
signals in this representative family trio
confirm a de novo hemizygous TP53 dele-
tion in the child’s metaphase and inter-
phase nuclei. Two hundred nuclei were
scored, and no evidence of mosaicism for
the CNV was observed. TP53 microdele-
tions were not observed by conventional
Giemsa banded karyotyping.

(B) Results of MLPA, qPCR, and clinical
array revealed two isoforms of the
17p13.1 CNV. Among DD patients, the
CNV includes and extends past TP53 in
the telomeric and centromeric directions
(n = 4; top); Among the cancer-affected
patients, the 17p13.1 CNV deletes
some—but not all—of TP53’s exons. TP53
is transcribed off of the minus DNA strand;
therefore, its introns and exons are drawn
from last to first.

&
?

surrounding regions. To determine
whether CNVs defined by MLPA
extend beyond TP53, we used qPCR
to determine the copy number of the
genes immediately flanking TP53
(Figure S1). Both ATP1B2 (telomeric;
MIM 182331) and WRAP53 (centro-

7,530,000

chrl7: 7,515,000 7,520,000 7,525,000
exon: 11 97 5 3
—
Deletions associated with early-onset cancer
5 kbp—————-—++4

through specific structural changes (e.g., trisomy 21'%). In
contrast, LFS patients do not show increased rates of neu-
rocognitive disability or any phenotype besides cancer.
Consistent with this, none of the TP53-deletion patients
affected with cancer had DD or congenital anomalies.
Similarly, none of the patients with DD exhibited any
neoplastic growth that might suggest an underlying
susceptibility, nor did they have family histories of cancer
consistent with LFS. Therefore, although they share
genomic alterations at TP53, their distinct clinical presen-
tations suggest that these patients fall into two nonover-
lapping groups.

Next, we determined the genetic basis of this dichotomy.
Our initial patient discovery was performed on two plat-
forms, with complementary depth and breadth. Clinical
array CGH provides low resolution at TP53 but provides
more information on the extent of 17p13.1 CNVs beyond
TP53, whereas MLPA provides high resolution across
TP53's 11 exons but provides little information for the

1 meric; MIM 612661) were disomic in
all cancer patients (mean copy
numbers = 2.03 and 2.11, respec-
tively). However, all patients with
DD were hemizygously deleted for
both flanking genes (mean copy
numbers = 0.87 [ATPIB2] and 1.13
[WRAPS3]), a significant reduction in
comparison to the cancer patients

(p = 2.90 x 10-4 [ATP1B2] and 2.42 x 10-8 [WRAP53]).
We also carried out MLPA experiments on all array-CGH-
ascertained samples, and we found that in every DD case
all 11 exons of TP53 were contiguously deleted. In
contrast, no cancer case harbored a CNV that included
all 11 exons. These results demonstrate that our cohort
of DD and cancer patients have overlapping but genotyp-
ically distinct CNVs at TP53; whereas DD-associated
CNVs include all exons of TP53 as well as flanking genes,
cancer-associated CNVs are within TP53, causing a change
in copy number to some— but not all—of its exons
(Figure 1B).

17p13.1 Genomic Deletions Can Be Inherited or Arise
De Novo

A review of the eight probands’ pedigrees showed that
families of DD patients did not have neurocognitive
impairment and that the pedigrees of the four cancer
patients were consistent with LFS (Figure S2). All DD
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Table 1.

Phenotypic Features of Four Patients with 17p13.1 CNVs and Developmental Delay

Patient ID 3026 2723 3148 3354
Sex F F F M

Age (yrs) 33.67 7.58 5.75 3.50
Inheritance - de novo de novo de novo
Parental origin paternal paternal maternal -
Cognitive GDD; nonverbal; severe GDD:; speech apraxia GDD; limited speech GDD

Growth (percentile)

Facial features

MSK features

Cardiovascular

Ocular

Bone marrow

Neurological

Audiology
Psychiatric

Behavioral

Hands

MR

height, < 3; weight, <
3. HC, 50t

prominent nasal
bridge; high-arched
palate; thin lips; high
forehead; bilateral low-
set ears; earlobe pits;
downslanting
palpebral fissures;
short neck with
webbing; highly arched
eyebrows that extend
laterally; low hairline; left-
sided mild ptosis; recessed
chin; bitemporal
narrowing

ligamentous laxity;
bilateral elbow
contractures

VSD

strabismus

hemolytic anemia of
infancy (self-resolved);
pure red cell aplasia (onset
age 15 yrs)

hypotonia; brisk DTRs;
ankle clonus;
hydrocephalus; broad-
based gait; brain MRI:
arrested

normal
PDD; bipolar disorder

self-injurious; aggressive

thumbs proximally
placed; short hands;
bilateral deep palmar
creases; bilateral first-
finger clinodactyly;
bilateral 5" finger IP joint
contracture

height, 25™; weight, 70'";
HC, 25"

upturned nasal tip;
high-arched palate;
thin, puckered lips;
brachycephaly

extra flexion creases
(calves, arms); mild
pectus deformity

PDA (self-resolved)

strabismus; legally
blind; right eye
hamartoma (CHRPE-like
lesion); iris hypoplasia;
astigmatism; decreased
lacrimation

N/A

hypotonia; brisk DTRs;
ankle clonus; external
hydrocephalus;
choreoathetoid
movements; brain MRI:
thinned CC, delayed
myelination, tethered
cord; upgoing plantar
responses

normal
PDD

intermittent hand-
wringing and hand
clapping

left thumb proximally
placed; short hands
(3"-25" percentile);
broad thumbs

development

height, 10"-25"; weight,
75th_90th; HC, 97th

wide nasal bridge;
high-arched palate;
high forehead;
downslanting
palpebral fissures;
broad, flat epicanthal
folds; small, recessed
chin; downturned
corners of mouth;
telecanthus; depressed
nasal tip; bifid uvula;
posterior hair whorl

ligamentous laxity;
contractures of the
elbow and knees;
dimpling at ankles
elbows, and knees;
sacral crease; bilat
vagus; deformity of ankles

normal

bilateral alternating
exotropia; myopia

N/A

hypotonia; brain MRI:
normal

decreased hearing
N/A

N/A

left transverse palmar
crease; right “hockey
stick”-shaped crease

height, 50"-75"; weight,
SO“‘—75“‘; HC, 10th_25th

broad, upturned nose
with small nares;
upswept ear lobules
with earlobe pits; short
neck with no webbing;
unusually arched
eyebrows; epicanthal
folds; small, recessed
chin; downturned
corners of mouth;
mildly upslanting
palpebral fissures; short
columella with
prominent ala nasi

asymmetric crease
with deep sacral
dimple; 13 pairs of ribs;
mild spine curvature;
partial sacralization of
lower lumbar spine

no echocardiogram
lateral vision difficulty

and difficulty tracking (11
mo of age)

N/A

hypotonia; DTRs
difficult to elicit

normal
N/A

N/A

normal
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Table 1. Continued
Patient ID 3026 2723 3148 3354
Feet short feet; big toe small feet (< 5" normal shortened feet with
abnormally long and percentile); big toe large broad big toes
narrow bilaterally; and broad bilaterally;
bilateral deep plantar pollicization of big toes
creases; flat feet; bilateral
shortened fourth toe
GU normal neurogenic bladder; normal shawl scrotum
ovarian cysts; resolved
renal cysts
SKkin normal dermoid cyst above left normal sacral Mongolian spot
eye; compound
melanocytic nevus;
epithelioid cell type of
scalp
Nipples normal bilateral inverted N/A bilateral inverted
supernumerary nipple nipples
Other failure to thrive and feeding difficulties; feeding difficulties; N/A

feeding difficulties;
sleep disturbances;
hypothyroidism and iron
overload secondary to

sleep disturbances;
GERD; chronic
constipation;
hypogammaglobinemia

GERD:; benign
paroxysmal torticollis

blood transfusions every
3-4 weeks

Bolded and italicized text indicates features shared by more than one patient. Abbreviations are as follows: HC, head circumference; CC, corpus callosum; CHRPE,
congenital hypertrophy of the retinal pigment epithelium; DTR, deep tendon reflexes; GDD, global developmental delay; GERD, gastro-esophageal reflux disease;
IP, interphalangeal; MR, mental retardation; PDD, pervasive developmental disorder.

patients with available parental samples (n = 3) had a de
novo deletion, as shown by CGH, MLPA, and FISH analysis
(200 nuclei tested, with no evidence of low-level mosai-
cism in parents). Among the cancer patients with dele-
tions, familial samples were available in two cases. Of
these, one family’s samples were sufficiently informative
to establish inheritance of the deletion. No apparent
parent-of-origin bias was observed for deletions in either
group of our cohort.

Design of a Custom Ultrahigh-Resolution Tiling Array
Obtaining sequence-level resolution is the most definitive
method of validating rearrangements,'* because it leads to
precise definitions of the CNVs’ breakpoints and gene
content, provides clues as to the mechanism underlying
their formation,"*'® and reveals their potential architec-
tural complexity.'®

We designed an ultrahigh-resolution array covering
8 Mb of chromosome 17 to get close to sequence-level reso-
lution and to use it as a clinical diagnostic platform for
identifying all possible rearrangements in future patients.
The array comprises ~45,000 oligonucleotide probes span-
ning 4 Mb upstream and 4 Mb downstream of the TP53
locus (7,512,444 to 7,531,588). All exons within this
region are tiled, representing the entire coding sequence
of 182 genes and all possible alternative transcripts
(2,130 exons; Figures S3A and S3B). The precise array
design and probe placement are described in Material
and Methods and Figure S3.

We tested our custom array on patients whose break-
points we had already successfully sequenced. These exper-

iments yielded highly precise size and breakpoint informa-
tion. For example, a patient with DD was found, by the
17p13.1 array, to have a contiguous genomic deletion of
923,492 bp, a difference in size of only 2183 bp (0.2%)
from that established by sequencing. The 5’ and 3’ break-
points of the deletion were 2341 bp and 153 bp away
from the true breakpoints, respectively.

Alu Short Interspersed Nuclear Repeats Are Associated
with Breakpoints
Using this array, we determined the size and breakpoints of
the remaining samples. Using long-range PCR, we ampli-
fied junction fragments spanning putative breakpoints.
Then, in cases for which high-molecular-weight DNA was
available, we sequenced junction fragments and deter-
mined the breakpoint and size of the deletions. The
average difference between actual CNV sizes and the
arrays’ predicted sizes was 6.25% (i.e., 93.75% accuracy).

By array, one patient was revealed to harbor another dele-
tion in 17p13.1. The secondary deletion, which is also
heterozygous, is 24 Kb in length and is located downstream
of the primary deletion’s distal breakpoint (Figure S4). In
another instance, an identical deletion was found in the
proband and the proband’s sibling, indicating the inheri-
tance of the same pathogenic CNV (Figure 3, patient
3332). Although asymptomatic, the sibling is now under-
going routine biochemical and radiographic surveillance
for cancer.

We looked for repeat elements coinciding with CNV
breakpoints. Of the 12 sequenced breakpoints, ten directly
intersect with an Alu short interspersed nuclear repeat

The American Journal of Human Genetics 87, 631-642, November 12, 2010 635



Developmental delay

(e} proximal breakpoint distal breakpoint
o
-—
c
Q0 : P53 1
"('U‘ DD critical region
o i
.. 972819bp ...
chr17:7,300,398 © chr17: 8,273,016
o proximal breakpoint distal breakpoint
N
-—
c {
L, gE2
"&s‘ - DD critical region
o
. 921308Bbp ..
GGACGOGGATGOGCGTIGTATITTTAGCCHGG: CRAG
chr17: 7,140,464 chr17: 8,061,771
g proximal breakpoint distal breakpoint
— . ot g
[sp]
—_—
c
9 P53
© B DD critical region  Sees
o
.. 542649bp ..
chr17: 7,429,371 ¢hr17: 7,972,019
proximal breakpoint distal breakpoint
<t :
™ R
-—
c )
o P :
= ,- P53
n(? =~ DD critical regiom

2,436,694 bp

chr17: 5,500,927 * chr17: 7,937,620

Figure 2. Breakpoint Maps, Sequence Resolution, and Inferred Mechanism of DD-Associated 17p13.1 CNVs

We developed an ultrahigh-resolution CGH array (see Figure S3) to obtain breakpoint-level information on 17p13.1 CNVs. Shown are
the array results for all four DD patients. Log, ratios from the array are shown, each dot representing one probe and deletions indicated in
green. The proximal and distal breakpoints were determined for all samples, revealing that all DD patients shared a critical region
including TP53 and 23 other genes (red). The precise breakpoint positions, their sizes, and the nucleotide sequence of the disrupted
regions are shown. The presence of two Alu elements (orange arrows and orange-colored nucleotides) at the junctions is consistent
with the formation of the CNV by Alu-Alu-mediated NAHR (patients 3026, 3148, and 3354). The percentage of homology between
directly oriented Alus is indicated for NAHR CNVs. In one instance an NHE] signature could be seen at the at the breakpoint sequence:
Four additional base pairs incorporated at the junction (patient 2723).

element (one from the oldest AluJ family, seven from the
intermediate AluS family, and two from the young AluY
family).

Most 17p13.1 CNVs Arise by Alu-Mediated Nonallelic
Homologous Recombination

Analysis of sequenced CNVs revealed the mechanisms by
which they arose. Four of six deletions involved nonallelic

homologous recombination (NAHR) between Alu
elements present at both the proximal and the distal
ends (Figure 2, patients 3026, 3148, 3354; Figure 3, patient
3332). The Alu elements flanking these deletions were in
the same orientation and shared a moderate degree of
homology (81%-84% similarity by BLAST). The remaining
two patients did not exhibit extensive homologies span-
ning their breakpoints. Of these, one breakpoint showed
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Breakpoint Maps, Sequence Resolution, and Inferred Mechanism of Cancer-Associated 17p13.1 CNVs

An ultrahigh-resolution CGH array (see Figure S3) was used to obtain breakpoint-level information on 17p13.1 CNVs in two cancer-
affected patients. Log, ratios from the array are shown, each dot representing one probe and deletions indicated in green. The precise
breakpoint positions, their sizes, and the nucleotide sequence of the disrupted regions are shown. The presence of two Alu elements
(orange arrows and orange-colored nucleotides) at the junctions is consistent with the formation of the CNV by Alu-Alu-mediated
NAHR (patient 3332 and brother). The percentage of homology between directly oriented Alus is indicated for NAHR CNVs. The prox-
imal and distal breakpoints were always either intronic in TP53 or intragenic, never disrupting other genes besides TP53 or leading to
gene fusions. Using high-quality DNA from one patient’s frozen tumor, we observed a second deletion on the opposite allele, conform-
ing to the classical two-hit hypothesis of tumorigenesis** (patient 2760). This custom array was used to test for the presence of the CNV
in two asymptomatic siblings of an index case affected with cancer (patient 3332). One sibling (shown) was found to harbor the identical

deletion.

a 4 bp microinsertion (CAAG), an “information scar” that
is a hallmark of nonhomologous DNA end joining'’
(NHEJ; Figure 2, patient 2723).

To evaluate the significance of the observed number of
Alus at 17p13.1 CNV breakpoints, we performed 10,000
permutation experiments using randomly distributed
CNVs of different sizes (10 Kb to 2 Mb). In these simula-
tions, less than 1% of breakpoints coincided with an Alu
pair in the same orientation. In contrast, the majority of
17p13.1 CNVs coincide with directly oriented Alus (67%;
Figure S5).

A Common Region Implicates Candidate Genes

in Developmental Delay

In our study cohort, all CNVs associated with occurrence of
childhood cancer were limited to the TP53 locus, deleting
between one and ten of 11 exons. Such deletions are pre-

dicted to cause protein truncation, thus interfering with
the gene’s tumor-suppressive activity. Indeed, in a paired
tumor specimen we observed an additional copy-number
alteration of the same size, thus inactivating the wild-
type allele (Figure 3, patient 2760).

In contrast, in the four patients with DD we found, by
fine mapping, a common deleted region (Table 2) that
includes 24 genes (critical region shown in Figure 2). There
are a number of candidate genes for the observed pheno-
types. The four patients with DD harbored between 27
and 86 fully deleted genes. Additionally, fine mapping re-
vealed that two DD patients carried partial deletions of
genes, disrupting some but not all of their exons (Table 2).

We evaluated the effect of this 17p13.1 CNV on mRNA
levels by using expression arrays (see Material and
Methods). Among the genes in the minimally deleted
region, the expression of TP53 was significantly
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Table 2. Deleted and Disrupted Genes in 17p13.1-Deletion Patients

Patient Chr. Start End No. of Deleted Genes Disrupted Gene
Developmental Delay

1 17 7,300,398 8,273,016 55 CHRNBI
2 17 7,140,464 8,061,771 58 -

3 17 7,429,371 7,972,019 28 MPDU1
4 17 5,500,927 7,937,620 86 -
Patients 1-4: Critical region 17 7,429,371 7,937,620 24 MPDU1
Cancer

1 17 7,511,866 7,516,100 1 TP53

2 17 7,505,270 7,525,566 1 TP53

3 17 7,512,445 7,519,262 1 TP53

4 17 7,520,037 7,520,315 1 TP53

The four patients with DD harbored between 27 and 86 fully deleted genes and two partially deleted genes. The minimally deleted region includes 24 genes.

underexpressed in the patient affected with cancer but not
in the patient with DD (p = 6.82 x 10~%; fold change =
—1.85797; Figures 4A and 4B).

The expression of six other genes (of the 24 candidates in
the region) were significantly changed in the patient with
DD but not in the cancer-affected patient (Figure 3B; p <
0.01; fold change < —1.5 or > 1.5). Of these DD-specific
genes, which are both hemizygously deleted and underex-
pressed in all patients, the trafficking protein particle
complex 1 gene (TRAPPC1 [MIM 610969]) is particularly
intriguing. TRAPPCI1, involved in vesicular transport
from the endoplasmic reticulum to the Golgi apparatus
as part of the TRAPP complex, is the most significantly
changed at 17pl13.1 and, of note, is also the most
significantly changed gene genome-wide (Figure S6; p =
2.90 x 10~5; fold change = —2.34146).

Three additional DD-specific genes are noteworthy:
MPDUI (MIM 604041), mutations of which result in
congenital disorder of glycosylation type If involving
severe mental and psychomotor retardation;'® FXR2
(MIM 605339), a homolog of the fragile X mental retarda-
tion gene, FMRP (MIM 309550), which itself may play
a role in that disease;'® and EFNB3 (MIM 602297), known
to be important in the development of normal locomotor
behavior.?® To determine whether the deletion unmasks
a recessive mutation, we sequenced these four genes, but
we did not find additional mutations.

Having found reduced TP53 expression in the cancer-
affected individual, we examined whether other TP53
signaling-pathway members were altered. We first
measured the mRNA levels of a proband from an LES
family carrying an established deleterious base pair muta-
tion (Arg273Cys) and conducted pathway analysis. Using
the well-annotated Ingenuity Pathway Analysis “Core
Pathways,” we noted a subtle but significant difference of
genes in the TP53 pathway in individuals with either an es-
tablished mutation or an internal deletion of TP53, but not

in those with complete deletions and DD (p = 4.74 x 10?2
and 3.01 x 102, respectively). This shows that TP53 is
aberrantly expressed in individuals affected with cancer
but not in those affected with DD. Furthermore, we find
that disregulated genes common to the missense- and
internally-deleted-mutation carriers are associated with
known molecular mechanisms of cancer (p = 2.59 x
1073%). Together, these data highlight gene-expression
differences between individuals having large or small
CNVs at 17p13.1.

Discussion

LFS is a highly penetrant susceptibility to cancer that
disproportionately affects the young. Children with germ-
line TP53 mutations are at a 20% risk of developing cancer
by 15 years of age and, over a lifetime, have a 73% to 100%
risk.>! However, the four DD patients in this report,
ranging in age from 3.5 to 33.67 yrs, are not affected
with cancer despite harboring complete deletions of
TP53. Other case reports highlight an additional six
patients with 17p13.1 deletions,?*>* of whom none are
affected with cancer. Although these reports support our
contention that DD-associated deletions involve reduced
cancer risk, it is premature to discount the possibility
that these patients may have a high risk of developing
cancers due to somatic TP53 mutation, which may become
manifest only at later ages.

The molecular basis for this apparent absence or reduc-
tion of cancer risk remains to be elucidated. Studies of
mouse models of LFS as well as the somatic mutation
spectra of TP53 in human cancers provide evidence that
tumorigenesis is accelerated when TP53 is altered by point
mutations or short insertions or deletions, rather than
completely lost. In contrast, a number of nonsense muta-
tions that predict total absence of TP53 expression are
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Figure 4. Gene-Expression Differences Distinguish between Cancer-Affected an DD Patients with 17p13.1 Deletions

We used Affymetrix exon arrays to look for gene-expression differences in available blood-derived RNA. We first evaluated which of the
24 genes in our critical region (commonly deleted in patients with DD) is significantly under- or overexpressed. Twenty of these 24 genes
could be assayed with the array and are shown. On the y axis is depicted the significance of each gene’s expression change relative to
controls (plotted in reverse order). The red dotted line represents the p value threshold of 0.01, above which all significant changes
in gene expression are highlighted (black dots).

(A) Among patients with small 17p13.1 CNV only TP53’s expression is significantly changed (p = 6.82 x 10~3; fold change = —1.9).
(B) Notably, a similar analysis of RNA from a DD patient did not show TP53 underexpression, despite the gene being fully deleted in
a large 17p13.1 CNV. There are, however, six significantly changed genes (all underexpressed). As shown, these are TRAPPC1 (p =
2.90 x 1073, fold change = —2.3), FXR2 (p=347 x 1073, fold change = —1.6), LSMD1 (p = 4.88 X 1073, fold change = -2.2),
KDM6B (p = 6.98 x 1073, fold change = —6.4), CYB5D1 (p = 8.80 x 1073, fold change = —1.6), and MPDU1 (p = 9.78 x 1073, fold
change = —1.8). In a separate analysis (Figure S6), TRAPPC1 was found to be the most significantly underexpressed gene in the
transcriptome.

strongly associated with cancer. It should be noted thatin the neurocognitive-delay phenotype is characterized by

the cancer-prone patients described here the deletions do
not include exon 1 and the long intron 1. It is possible
that sequences in the latter region may contribute to regu-
late TPS3 suppressor function. In particular, the proximal
region of intron 1 contains sequences encoding a natural
antisense transcript of TP53, WRAP53, which regulates
endogenous TP53 mRNA by targeting the 5’ untranslated
region of TP53 mRNA.?® The exact role of this sequence
in predisposition to cancer deserves further study.
Notwithstanding this caveat, we show here that mRNA
expression levels of TP53 and TP53-dependent genes are
altered in patients with partial, but not complete, dele-
tions—consistent with mutant TP53-initiated tumorigen-
esis in the former group but not in the latter. In contrast,

the dysregulation of a different set of six genes at
17p13.1 and, in particular, TRAPPC1, which is also the
most significantly underexpressed gene in the
transcriptome.

Our data support a model in which partial deletions lead
to the expression of a truncated protein, rather than the
complete absence of it due to nonsense-mediated decay.
Truncated and wild-type protein (from the opposite allele)
would oligomerize to form a defective TP53 tetramer,
leading to a dominant-negative or gain-of-function effect
similar to that observed with certain missense mutations,
resulting in inhibition of wild-type TP53 function.?”%®
We and others have previously shown that TP53 alter-
ations, whether somatic or inherited, are more commonly
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missense than nonsense or truncating mutations.?’ Tumors
will frequently accumulate dysfunctional TP53 that s struc-
turally intact. As such, tumors derive a greater advantage
from retaining dysfunctional TP53 instead of eliminating
it entirely. Likewise, in this study we demonstrate that
partial deletions lead to a stronger cancer-predisposition
phenotype than full-length deletions of TP53. Like their
somatic equivalents, these “first hits” to TP53 involve the
expression of dysfunctional TP53, which as a transcription
factor leads to the aberrant expression of a number of
targets. We go on to show that more TP53 targets are
dysfunctional in this group than in persons harboring large
and complete TP53 deletions. In light of the existing litera-
ture, we view these results as aberrant transcription of TP53
targets resulting from qualitative difference in the ex-
pressed TP53 protein, not necessarily because of a quantita-
tive difference in its abundance. Among its many targets,
TP53 also regulates its own mRNA. This feedback loop is
made possible by the direct binding of TP53 and its
mRNA, which forms a stable-stem loop structure.* Addi-
tionally, TP53 induces genes that regulate its mRNA, such
as Wig-1, which stabilizes TP53 mRNA.*! Wrap53 also stabi-
lizes TP53 mRNA, but instead of being induced by TP53, it
lies immediately proximal to it on chromosome
17p13.1.2° Mutant TP53 disrupts many of these autoregula-
tory loops through aberrant binding or transactivaion. In
this study, we show that this disruption, which leads to
reduced TP53 mRNA (Figure 4A), is associated with partial
but not large TP53-deletion mutants.

We designed a tiling array to determine accurate break-
points of CNVs at 17p13.1, the locus that we also show
to be responsible for a unique congenital syndrome. By
achieving base pair resolution, we gained insight into the
genomic basis of this dysmorphology syndrome, including
the precise determination of deletion length and gene
content, the definition of a critical region, and the recogni-
tion of a shared mechanism of CNV formation in multiple
probands. Alu retrotransposons are nearly ubiquitous at
17p13.1 breakpoints, which is highly suggestive of Alu-
mediated NAHR.*? Alus make up the largest family of
mobile elements in the human genome and have been
implicated in a number of diseases, such as neurofibroma-
tosis and breast cancer.>*3* A large proportion of MLHI
(chromosome 3p22.2) and MSH2 (chromosome 2p21)
deletions, which predispose one to Lynch syndrome, are
mediated by Alu elements present at both breakpoints
(24% and 85%, respectively, in one analysis),*> whereas
other non-Alu-mediated events are associated with the re-
maining breakpoints. Somatically acquired rearrange-
ments are common in cancer, and it has been shown
that regions with high levels of Alus are more susceptible
to recombination in tumors.**® Disruptions of TP53, by
somatic mutation or loss of heterozygosity, are a virtual
prerequisite for transformation of incipient cancer cells.
Although the breakpoint resolution achieved in our study
has yet to be examined in many cancer samples, at least
one report has demonstrated that Alus can indeed mediate

somatic rearrangements at TP53.>” Future studies of
cancer*® will determine whether Alu-mediated recombina-
tion at 17p13.1 is as widespread in tumors as we show
them to be in the germline.

This report adds 17p13.1 deletions—which result in two
seemingly distinct phenotypes—to the list of disease loci
associated with Alus. As more CNV-associated disorders
are discovered, it will be intriguing to consider whether
other loci in the genome also give rise to phenotypically
distinct disorders by means of a common mechanism.

All cancer-associated TP53 deletions reported to date are,
to our knowledge, small (< 50 Kb)**~*! and, except for one
particularly complex Alu-mediated 45 Kb rearrangement, *°
involve only partial deletion of the gene. Whereas the
cancer-specific susceptibility of LFS is well recognized, we
show that 17p13.1 deletions are associated with a contig-
uous deletion syndrome involving a recognizable pheno-
type with DD, hypotonia, and hand and foot abnormalities.
Furthermore, we demonstrate that a high-resolution array
platform improves detection of previously unrecognized
microdeletions, suggesting that it could provide a valuable
tool in the molecular diagnosis of TP53 wild-type LFS and
for patients with cognitive-delay phenotypes.

Supplemental Data

Supplemental Data include four figures and two tables and can be
found with this article online at http://www.cell.com/AJHG/.
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