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Abstract

The cause of posterior urethral valves (PUV) is unknown, but genetic factors are suspected given
their familial occurrence. We examined cases of isolated PUV to identify novel copy number
variants (CNVs). We identified 56 cases of isolated PUV from all live-births in New York State
(1998-2005). Samples were genotyped using IHlumina HumanOmni2.5 microarrays. Autosomal
and sex-linked CNVs were identified using PennCNV and cnvPartition software. CNVs were
prioritized for follow-up if they were absent from in-house controls, contained =10 consecutive
probes, were =20 Kb in size, had <20% overlap with variants detected in other birth defect
phenotypes screened in our lab, and were rare in population reference controls. We identified 47
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rare candidate PUV-associated CNVs in 32 cases; one case had a 3.9 Mb deletion encompassing
BMP7. Mutationsin BMP7 have been associated with severe anomalies in the mouse urethra.
Other interesting CNVs, each detected in a single PUV case included: a deletion of P/IK3R3and
TSPANI, duplication/triplication in FGF12, duplication of FATI—a gene essential for normal
growth and development, a large deletion (>2 Mb) on chromosome 17q that involves 7BX2and
TBX4, and large duplications (>1 Mb) on chromosomes 3q and 6q. Our finding of previously
unreported novel CNVs in PUV suggests that genetic factors may play a larger role than
previously understood. Our data show a potential role of CNVs in up to 57% of cases examined.
Investigation of genes in these CNVs may provide further insights into genetic variants that
contribute to PUV.

Keywords

posterior urethral valve; congenital urinary tract obstruction; copy number variant; urethra; urinary
tract malformation

INTRODUCTION

Posterior urethral valves (PUV) are the most common cause of bilateral renal obstruction.
They occur exclusively in male births with an estimated incidence of one in 5,000-8,000
[Krishnan et al., 2006]. Although PUV are relatively uncommon, they remain an important
contributor to pediatric morbidity. Approximately 24-45% of patients with PUV will
develop renal insufficiency [Yohannes and Hanna, 2002] and 13-28% will develop end-stage
renal disease during childhood [Indudhara et al., 1998].

The majority of PUV cases reported in the literature are sporadic, but there have been
several reports showing that PUV run in families, occurring in both twin and non-twin
siblings as well as in successive generations [Weber et al., 2005; Schreuder et al., 2008]. As
some cases are familial, it is recommended that brothers of affected males be screened using
antenatal ultrasound to provide timely and optimal care [Thomalla et al., 1989; Schreuder et
al., 2008]. Suggested modes of PUV inheritance have included autosomal recessive,
autosomal dominant with reduced penetrance, X-linked recessive, and polygenic or
multifactorial inheritance [Trembath and Rijhsinghani, 2002; Weber et al., 2005].

Very few studies have investigated gene variants and PUV [Laksmi et al., 2010; Caruana et
al., 2015]. To our knowledge only one study has examined copy number variants (CNVSs) in
the etiology of birth defects of the kidney and urinary tract, including 29 patients with PUV
with or without other associated defects [Caruana et al., 2015]. Our study was conducted to
identify recurring, potentially causal CNVs.

MATERIALS AND METHODS

Cases

New York State (NYS) has mandatory reporting of major structural birth defects identified
within the first 2 years of life to the NYS Congenital Malformations Registry (CMR). Each
birth defect is coded using the expanded British Pediatric Association (BPA) coding system
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based on hospital provided descriptions entered as a text field and reviewed by a clinician as
needed. To identify isolated PUV cases, we searched for a BPA code corresponding to
congenital PUV or posterior urethral obstruction (BPA code 753.600). To ensure cases were
not missed because of an error in BPA coding, we also searched the text field for “posterior
urethral valves.” In total we identified 104 PUV cases from all male live-births occurring in
NYS from 1998 through 2005 (n = 1,036,842). We excluded those with a known genetic
syndrome (n = 6) and those with other major birth defects, such as heart defects (n = 8) or
other genitourinary defects (n = 31) that were not specifically a result of PUV. Cases with
PUV plus other genitourinary defects that could have occurred as a consequence of PUV
such as hydronephrosis, ureteral dilation, ureteral anomaly not otherwise specified, and renal
pelvic dilation/obstruction were not excluded. This resulted in a total of 59 cases with
isolated PUV to examine. We excluded two additional cases to meet the platform sample
number requirements from the genotyping lab resulting in a total of 57 isolated PUV cases
for the current study.

Birth certificates were used to extract demographic information. Maternal and demographic
characteristics were compared between PUV cases and a random sample of NYS male live-
births (n = 3,916) using Fisher’s exact test or t-test, where applicable. NYS Department of
Health Institutional Review Board approved this study (IRB 07-007).

A random ID number was assigned to each case and all personally identifying information
was removed prior to genotyping and analysis. A total of 57 PUV cases, three unaffected
controls and one quality control sample were batched and genotyped along with 114 cases
with other unrelated phenotypes. Using an established method [Saavedra-Matiz et al., 2013],
DNA was extracted from two 3-mm newborn dried blood spot (DBS) punches yielding
approximately 200-1200 ng of DNA per subject for array genotyping. The Biomedical
Genomics Center Core Facility at the University of Minnesota genotyped all samples using
[llumina Human-Omni2.5-8_v1 bead arrays and the Infinium HD assay protocol. lllumina
GenomeStudio v2011.1 was used for data analysis. Genotypes were set to missing if the
GenCall score was <0.15. Genotypes were clustered based on the data generated in this
project, which included a total of 174 DBS samples. Genotypes and clusters were manually
reviewed, re-clustered, edited, and excluded where appropriate according to parameters and
quality control metrics as described in Illumina’s Infinium Genotyping Data Analysis
Technical Note [Illumina].

and Annotation

Autosomal CNVs were called using PennCNV v2011/05/03 [Wang et al., 2007] and
Illumina’s cnvPartition algorithm v3.1.6. For both algorithms, data were GC-wave adjusted,
and the minimum number of probes required for a CNV call was three. The confidence
threshold for CNV calling was set to the default value of 10 for PennCNV and 35 for
cnvPartition. Sex chromosome CNVs were called using PennCNV after recomputing Log R
ratio (LRR) and B allele frequency (BAF) values using sex-specific centroids. Median
values for R and theta were computed for each marker on the X and Y chromosomes in
males and females separately and then applied using in-house software that implemented the
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standard formulas (ref = PMID 16899659) to generate new LRR and BAF values. These new
values were fed into PennCNV as “autosomal” probes using custom sex-specific population
frequency of B allele (.pfb) and GC content (.gcmodel) files. The PennCNV function
clean_cnv.pl was run with default parameters to merge adjACEnt CNV calls. Autosomal
CNV call files were annotated using custom C++ programs as previously described [Rigler
et al., 2015] to compare concordance between CNV calling algorithms, count the number of
cases and controls carrying overlapping CNVs in the current study, determine overlap with
an in-house database of CNVs generated from cases and controls of other unrelated defects,
determine overlap with the Database of Genomic Variants archive (DGV2), and identify
intersecting transcripts and genes [lafrate et al., 2004]. Transcripts included full-length
coding transcripts and full-length non-coding transcripts with a well characterized biotype
downloaded from GENCODE (version 19, accessed via UCSC genome browser May 2014)
[Harrow et al., 2012]. Genes were defined as those included in the Consensus Coding
Sequence project (CCDS; release 15, accessed via UCSC genome browser June 2014)
[Pruitt et al., 2009]. Each sex chromosome CNV call was manually reviewed and annotated.

CNV Selection and Prioritization

We examined CNVs if they were absent from our in-house controls (i.e., PUV CNVs of the
same type and with the same predicted breakpoints as in-house controls), if they contained at
least 10 consecutive single nucleotide polymorphism (SNP) probes, were at least 20 Kb in
size, had <20% overlap with common variants in HapMap [Altshuler et al., 2010] and
Children’s Hospital of Philadelphia (CHOP) [Shaikh et al., 2009] CNV datasets, and had
20% overlap with any variant previously detected in other birth defect phenotypes screened
in our lab. The remaining CNVs were then uploaded to the DGV2 genome browser, using
build37/hg19 coordinates, and were examined for overlap with known CNVs. For follow-up,
we prioritized CNVs that did not have significant overlap (>50%) with any catalogued CNV
of the same type in DGV?2 (date accessed July 23, 2013). Additionally, CNVs with >50%
overlap with a DGV?2 entry were prioritized if the non-overlapped portion intersected a gene
with no overlap with any DGV?2 entry. We also looked for significant overlap (>50%) with
CNVs identified in an internal set of 1928 population controls that were genotyped on the
same Omni 2.5 platform (624 individuals ascertained by the Social Development Research
Groupandl,304 individuals participating in studies of Youth Drug Abuse, ADHD, and
Related Disorders) and processed using the same CNV calling pipeline.

CNV Validation

A subset of the autosomal CNVs that met the above criteria were validated in the laboratory
using two to three quantitative real-time PCR (qPCR) TagManassays (Applied Biosystems,
Carlsbad, CA) per region. Genomic DNA was extracted from one 3-mm DBS,[10] diluted
1:10 in water, and amplified using TagMan Environmental MasterMix (ABI) in5 ul reaction
volumes. A fragment of the RNaseP H1 RNA gene was co-amplified and used as an internal
control (TagMan Copy Number Reference Assay, ABI). Assays were run in quadruplicate
on either an ABI 7900HT or an ABI QuantStudio. Seventeen autosomal CNVs were chosen
for validation based on their size and/or overlap with genes deemed potentially biologically
relevant to PUV. CopyCaller software v2.0 (ABI) was used to analyze the real-time data
using relative quantitation (2-AACt method). The manual Ct threshold was set to 0.2 with the
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automatic baseline on. CopyCaller software parameters were as follows: the median ACt for
each experiment was used as the calibrator, wells with an RNaseP Ct >38 were excluded and
the zero copy ACt threshold was set to 6. The average copy number and a software-
generated confidence value were calculated for each subject. Samples with confidence
values =0.95 were considered valid; samples with confidence values <0.95 were rerun in
quadruplicate. Since multiple assays targeted each CNV, in all cases, no single sample
contained all low confidence calls throughout a CNV region. One probe (Hs03380682_cn)
was excluded due to discordant results obtained when retesting multiple samples with low
confidence calls (Supplemental Table SI). All assays were tested in each of the 57 cases and
32 unaffected NY'S control subjects. We subsequently screened all validated CNVs against
an additional 149 control samples from unaffected NY'S births using at least one assay
targeting the area of interest. Therefore, 181 unaffected controls were screened for at least
one candidate CNV region.

RESULTS

We identified a total of 110 patients with PUV in the NYS CMR from the population of
1,036,842 male live-births resulting in a birth prevalence of 1 in 9,500 male live-births. After
genotyping the 57 PUV cases, we discovered a trisomy 21 case that was not reported as such
in the CMR, and we subsequently excluded this case from the results to meet our initial
selection criteria of isolated PUV.

Isolated PUV cases (n = 56) did not differ significantly from the random sample of male
control infants from NYS (n = 3,916) in maternal age, rACE/ethnicity, education, body mass
index, or smoking status (Table I). PUV cases were significantly more likely than the control
subjects to be born early (37.6 vs. 39.1 weeks, respectively) and to be of low birth-weight
(<2,500 g; 17.9 vs. 6.2%, respectively). While cases were more likely than controls to be
small for gestational age (SGA, defined as less than the 10th percentile of birth weight for
gestational age) [Kramer et al., 2001] (18.2 vs. 11.6%, respectively), this difference did not
reach statistical significance (P-value = 0.10).

The microarray analysis of all 56 PUV samples resulted in a total of 4,879 autosomal
PennCNV calls, 19 chromosome x PennCNV calls, and 2,045 autosomal cnvPartition calls.
After applying the inclusion criteria reported in the methods, we identified 47 candidate
CNVs (43 autosomal and 4 x chromosome CNVSs) of interest in 32 different cases (19 cases
with 1 CNV, 11 cases each with 2 CNVs, and two cases each with 3 CNVs) generated from
the PennCNV analysis. All 43 autosomal CNVs were identified by both the cnvPartition and
PennCNV algorithms (all cnvPartition calls had >83% overlap with PennCNV calls). Table
Il shows the 17 CNVs that met our in clusion criteria and were selected for follow-up as they
were more biologically relevant based on the genes affected and/or were large in size. All 17
CNV calls were validated using qPCR. Supplemental Table SII shows 30 additional CNVs
(26 autosomal CNVs and 4 x chromosome CNVSs) that met our inclusion criteria, including
not having significant overlap with catalogued CNVs, but were not selected for validation by
gPCR.
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The 17 CNVs that were validated (Table I1) ranged in size from 21 Kb to 3.9 Mb and were
found in 15 different cases. These included: 1 intergenic duplication, 1 duplication
intersecting at least one GENCODE transcript, five heterozygous deletions intersecting
genes, and 10 duplications intersecting genes; one CNV predicted to be a duplication by
both algorithms was determined to be copy-number 4-5 via qPCR (most likely a triplication
and henceforth described as a duplication/triplication). In screening 181 controls via g°PCR
for the rare variants listed in Table 11, we found no controls with the same copy-number as
that of our cases across all probes spanning each region. However, one control subject
carried a duplication at both probe locations in the 21922.11 region, whereas our case
carried a deletion. In silico screening against 1928 controls, none of the controls harbored an
autosomal CNV at the same locus with the same copy-number as our cases; however, there
was major overlap (>50% of the region is overlapped by a CNV in a control sample) with
one heterozygous deletion in the chromosome 2 region that was duplicated in patient ID 11.
For the x chromosome calls (Supplemental Table SII), there were two controls that
overlapped the CNV at 92 Mb (one deletion and one duplication; the case had a deletion),
one control that overlapped the CNV at 112 Mb (a deletion; the case had a duplication), five
controls that overlapped the CNV at the 149 Mb (two deletions and three duplications; the
case had a duplication), and zero controls that significantly overlapped the duplication at 153
Mb. Therefore, CNVs at each of these four chromosome x loci were very rare, with a minor
allele frequency less than of 0.002.

The rare CNVs found in individual cases included: a 3.9 Mb deletion at 20q13.2-13.31 that
comprises the coding region of bone morphogenic protein 7 (BMP?7) (Fig. 1); a 40 Kb
duplication/triplication at 3928 that overlaps the fibroblast growth factor 12 (FGF12) gene
(Fig. 2); a 91 Kb heterozygous deletion at 1p34.1 that includes phosphoinositide-3-kinase
regulatory subunit 3 (P/K3R3) and tetraspanin-1 ( 7SPANI); a 149 Kb duplication at 4935.2
that includes FAT atypical cadherin 1 (FATI) gene; and a large heterozygous deletion 2.2
Mb at 17923.1-23.2 that includes T-box 2 (7BX2) and T-box 4 (7BX4) (Fig. 3). We also
identified two large duplications 1 Mb at 3g23 and 1.4 Mb at 6q24.1, neither of which
encompasses genes of known function in growth and development.

Of the 30 CNVs reported in Supplemental Table SlI not selected for validation, 12
duplications and three heterozygous deletions intersected genes, four heterozygous deletions
and two duplications intersected at least one GENCODE transcript, and six heterozygous
deletions and three duplications were intergenic.

DISCUSSION

The exact mechanism which causes PUV is unknown. Some have suggested that PUV
represents an anomalous insertion of the mesonephric duct into the urogenital sinus and
others have suggested that PUV represents remnants of the cloacal membrane [Krishnan et
al., 2006]. More recent studies support the concept of a persistent urogenital membrane as
the etiology of PUV and call for well-designed studies that aid in the understanding of the
embryological origin of PUV [Krishnan et al., 2006]. Our study has identified genes in
CNVs that possibly contribute to development of PUV. In this first genome-wide population
based study of CNVs in isolated PUV, we identified several novel candidate gene regions
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that have not been previously reported including a 3.9 Mb deletion that includes BMFP7, a
2.2 Mb deletion that involves 7TBX2and TBX4, a deletion that involves PIK3R3and
TSPANI, a duplication/triplication that involves FGF12, and a duplication encompassing
FAT1.

Among the regions we identified as potentially causal is a large heterozygous deletion of 3.9
Mb on chromosome 20 harboring many genes, several of which are overlapped by CNVs
carried by subjects with hydronephrosis, a common condition linked to PUV, in the
Database of Chromosomal Imbalance and Phenotype in Humans using Ensembl Resources
(DECIPHER). Among the deleted genes in this region is BMP7which belongs to a family of
secreted signaling molecules that are expressed early in embryogenesis and have a potential
role in early development [Solloway and Robertson, 1999]. In late embryogenesis of the
mouse urogenital system, BMP7 has been shown to be expressed in the urethra and its loss
resulted in arrest in cloacal septation and severe anomalies in morphogenesis of the genital
urethra and mesenchyme [Wu et al., 2009]. Several of the other genes in this region play a
role in multiple types of cancer [Xu et al., 2003; Cox et al., 2006; Hobaus et al., 2013]. We
are not, however, aware of any reports linking patients with PUV to increased cancer
incidence in later life.

Among the other identified CNVs is a duplication/triplication in FGF12, a member of the
fibroblast growth factor (FGF) family. The duplication/triplication is intronic, but does
overlap transcription factors and a regulatory region (UCSC Browser; Fig. 4). To the best of
our knowledge, there are no data examining the clinical significance of this duplication/
triplication. FGF family members play many important roles in development. These include
pre-gastrulation embryonic growth, patterning the central nervous system, and formation,
growth, and shaping of several organs and tissues [Goldfarb, 1996]. FGF12has been shown
to be expressed in male reproductive organs including the ductus deferens, a derivative of the
mesonephric duct [Mouse Genome Database]. This overlaps with one of the theories on
PUV etiology namely, the abnormal insertion of the mesonephric duct into the urogenital
sinus. The 40 Kb duplication/triplication in FGF12also overlaps with a deletion in a subject
with hydro-nephrosis in the DECIPHER database.

The 91 Kb deletion at 1p34.1 spans exonic regions of both PIK3R3and TSPANI genes. The
mouse expresses P/K3R3in the urinary system at embryonic day 14.5 [Mouse Genome
Database] which is equivalent to Carnegie stage 20 or week 8 following ovulation in
humans, the time during which the urogenital system begins to develop. Additionally, both
PIK3R3and TSPANI have a medium to high protein localization score in the urinary
bladder of adult humans [Uhlen et al., 2015]. P/K3R3belongs to a family of lipid lipases
responsible for coordinating a diverse range of cell functions including proliferation, cell
survival, and cell migration [Genecards]. Proteins encoded by the 7SPANI gene are
involved in signal transduction events regulating cell development, activation, growth, and
motility [Genecards]. These genes have not been investigated previously for involvement in
genitourinary system development or malformations.

The 149 Kb duplication on chromosome 4¢35.2 involves several FATI exons. FATIis
highly expressed in a number of fetal epithelia, including the lower urinary tract. It
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facilitates cell to cell adhesion and is likely essential in developmental processes and cell
communication [GUDMAP].

Other CNVs identified in a separate patient included a large 2.2 Mb deletion on
chromosome 17g23.1-23.2 that involves 7BX2and TBX4, a phylogenetically conserved
family of genes involved in the regulation of developmental processes [Showell et al., 2004].
Both 7BX2and 7BX4 are expressed in the male urethra [Mouse Genome Database]. To our
knowledge, this is the first study to report urinary system involvement in the phenotypical
spectrum of chr17q23.1-q23.2 deletion syndrome [Ballif et al., 2010].

Both of the above regions on chromosomes 4q and 17q as well as regions on chromosomes
16913.12 and 21g22.11 have been associated with hypospadias. Although reports of
hypospadias occurring in conjunction with PUV are rare [Bhagat et al., 2008; Carvell and
Mulik, 2013; Ranawaka and Dickson, 2013], several gene variants, including BMP7, that
contribute to early urethral development have been shown to be associated with hypospadias
risk in humans [Carmichael et al., 2013].

Few studies have investigated associations between gene variants and PUV. One recent study
demonstrated an association between PUV and two renin-angiotensin system gene
polymorphisms including angiotensin converting enzyme insertion/deletion (ACE1/D) and
angiotensin type 2 receptor (A72R A1332G) [Laksmi et al., 2010]. Specifically, a
significantly higher frequency of the A72R GG genotype was found among PUV patients as
compared to control subjects. Both the ACE DD and the AT2R GG genotypes were also
associated with more severe renal disease in PUV patients [Laksmi et al., 2010]. ACEDD
genotype has been implicated in affecting the activity of the Renin-Angiotensin System
while the A72R polymorphism has been associated with abnormal splicing resulting in
shorter length mRNA and defective protein synthesis [Laksmi et al., 2010]. While we did
not investigate gene polymorphisms in the etiology of our PUV cases, we can effectively
rule out large (>20 Kb) CNVs including ACE as a common cause of PUV.

We identified only one previous study by Caruana et al. that has examined CNVs in PUV in
a group of patients [Caruana et al., 2015]. In a cohort of 178 patients with congenital
anomalies of the kidney and urinary tract, 29 were reported to have PUV with or without
other associated anomalies. Of the 18 subjects in whom CNVs with a threshold =200 Kb
were identified, those diagnosed with PUV were the most common (n = 7; six had isolated
PUV and one had PUV, hypothyroidism, and a left hydrocele) [Caruana et al., 2015]. None
of our CNVs overlapped those reported in the Caruana et al. study. Possible explanations
include different demographics and the inclusion of renal anomalies in the Caruana study
which was an exclusionary criterion for our study. We also conducted a higher resolution
than Caruana et al. considering CNVs =20 Kb irrespective of whether they were intergenic
regions allowing us to identify additional, potentially important CNVs.

Other identified studies included a case report of PUV with chronic renal disease in a child
with mild intellectual disability carrying a homozygous 16p13.11 duplication [Houcinat et
al., 2015], which we did not replicate in this study. As several of the CNV regions that we

identified have been previously associated with renal anomalies, despite the different
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embryonic origins for the kidney and the urethra, we also examined studies with reported
CNVs in anomalies of the kidney and urinary tract. In one study of pediatric patients with
chronic kidney disease due to congenital and non-congenital abnormalities of the kidney and
urinary tract, none of the reported CNVs overlapped ours [Verbitsky et al., 2015]. In another
study of individuals with renal hypodysplasia, a region of one of our duplicated CNVs
(chromosome 16p11, study subject 24) that was not selected for validation, overlapped a
duplicated region of the study’s reported CNVs [Sanna-Cherchi et al., 2012]. There is a
potential that the CNV overlap between studies might differ given the breakpoint estimate
inaccuracies.

Our study had some limitations common to CNV investigations. There is some inherent
degree of uncertainty when examining catalogued CNVs in databases due to technical and
platform limitations, stringency of the parameters used to impute CNVs, and whether the
imputed CNVs were validated [Duclos et al., 2011]. Additionally, while hospitals and
physicians are required to report birth defect cases, there is the possibility of under-
ascertainment of PUV cases and PUV-associated birth defects in the CMR. Our birth
prevalence estimate of 1 in 9,500 male live-births however, is similar to a recent study of 1
in 11,000 live-births [Lloyd et al., 2013]. Several strengths should also be noted. Our study
is one of the largest to examine genetics of isolated PUV in a population-based setting.
While we restricted our case definition to isolated PUV in an attempt to identify CNVs
common to a more homogeneous group of cases, none of the CNVs analyzed occurred in
more than one case. Given the population-based nature of our study, we were also able to
examine the demographics of this group of infants and we noted lower gestational age and
birth weight in comparison with a random sample of NY'S births, a finding that is common
among infants with genetic syndromes [Boghossian et al., 2012]. Our study is the second to
provide data demonstrating that CNVs can reliably be detected from DNA extracted from
DBS without whole-genome amplification. We recently reported using DBS to detect 20 rare
CNVs, including a deletion of BMPZ, in the etiology of classic heterotaxy [Rigler et al.,
2015]. At this point, diagnosis using microarrays is unlikely to be implemented clinically
given the genetic heterogeneity in the cases and the uncertainty associated with
interpretation.

Although we deliberately excluded PUV cases with associated defects, we surprisingly
detected several CNV regions that have been previously associated with renal anomalies.
This finding suggests that there might be a common genetic pathway shared between PUV
and renal anomalies. Our finding of previously unreported novel CNVs in PUV suggests that
genetic factors may play a larger role, in as many as 57% (32/56) of cases, than previously
understood. Follow-up studies might include sequencing genes in the regions we identified
to determine whether point mutations in candidate genes also play a role in PUV etiology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1.

Visualization of the 3.9 Mb deletion in patient 15 at 20q13.2-13.31 encompassing bone
morphogenic protein 7 (BMP7), exported from the lllumina Genome Viewer. The top panel
depicts B-allele frequency (ratio of minor to major alleles) and the bottom panel depicts the
logR ratio data (signal intensity). Tracks provided by Illumina show cytobands, CpG islands
and the location of SNPs on the array. Custom tracks were created to display the location
targeted by copy number assays used to validate CNVs (“CN probes”), and copy number
losses (“DGV Deletions,” shown in red) and gains (“DGV Duplications,” shown in blue),
both of which were downloaded from the DGV2 database (2014-10-16 version). A subset of
genes/transcripts overlapping CNVs are listed below the panels. Genes mentioned in the
tables/text are in red. CNV calls made using the pennCNV algorithm are highlighted
(heterozygous deletions in orange and duplications are in blue). hg19 coordinates shown.
[Color figure can be seen in the online version of this article, available at http://
wileyonlinelibrary.com/journal/ajmga].
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FIG. 2.
Visualization of the 40 Kb duplication/triplication in patient 9 at 3q28 that overlaps the

fibroblast growth factor 12 (FGF12) gene, exported from the Illumina Genome Viewer. The
top panel depicts B-allele frequency (ratio of minor to major alleles) and the bottom panel
depicts the logR ratio data (signal intensity). Tracks provided by Illumina show cytobands,
CpG islands and the location of SNPs on the array. Custom tracks were created to display
the location targeted by copy number assays used to validate CNVs (“CN probes”), and copy
number losses (“DGV Deletions,” shown in red) and gains (“DGV Duplications,” shown in
blue), both of which were downloaded from the DGV2 database (2014-10-16 version). A
subset of genes/transcripts overlapping CNVs are listed below the panels. Genes mentioned
in the tables/text are in red. CNV calls made using the pennCNV algorithm are highlighted
(heterozygous deletions in orange and duplications are in blue). hg19 coordinates shown.
[Color figure can be seen in the online version of this article, available at http://
wileyonlinelibrary.com/journal/ajmga].
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Visualization of the 2.2 Mb deletion in patient 1 at 17923.1-23.2 that includes T-box 2
(TBX2) and TBX4, exported from the Illumina Genome Viewer. The top panel depicts B-
allele frequency (ratio of minor to major alleles) and the bottom panel depicts the logR ratio
data (signal intensity). Tracks provided by Illumina show cytobands, CpG islands and the
location of SNPs on the array. Custom tracks were created to display the location targeted by
copy number assays used to validate CNVs (“CN probes”), and copy number losses (“DGV
Deletions,” shown in red) and gains (“DGV Duplications,” shown in blue), both of which
were downloaded from the DGV2 database (2014-10-16 version). A subset of genes/
transcripts overlapping CNVs are listed below the panels. Genes mentioned in the tables/text
are in red. CNV calls made using the pennCNV algorithm are highlighted (heterozygous
deletions in orange and duplications are in blue). hg19 coordinates shown. [Color figure can
be seen in the online version of this article, available at http://wileyonlinelibrary.com/
journal/ajmgal.
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FIG. 4.
Visualization of the transcription factors and regulatory regions overlapped by the 40 Kb

duplication/triplication in the intron of fibroblast growth factor 12 (FGF12) gene, exported
from the UCSC genome browser. hg19 coordinates shown. [Color figure can be seen in the
online version of this article, available at http://wileyonlinelibrary.com/journal/ajmga].
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