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Abstract

Chromosomal microarray analysis is now commonly used in clinical practice to identify copy
number variants (CNVs) in the human genome. We report our experience with the use of the 105K
and 180K oligonucleotide microarrays in 215 consecutive patients referred with either autism or
autism spectrum disorders (ASD) or developmental delay/learning disability for genetic services at
the University of Kansas Medical Center during the past 4 years (2009-2012). Of the 215 patients
[140 males and 75 females (male/female ratio = 1.87); 65 with ASD and 150 with learning
disability], abnormal microarray results were seen in 45 individuals (21%) with a total of 49
CNVs. Of these findings, 32 represented a known diagnostic CNV contributing to the clinical
presentation and 17 represented non-diagnostic CNVs (variants of unknown significance).
Thirteen patients with ASD had a total of 14 CNVs, 6 CNVs recognized as diagnostic and 8 as
non-diagnostic. The most common chromosome involved in the ASD group was chromosome 15.
For those with a learning disability, 32 patients had a total of 35 CNVs. Twenty-six of the 35
CNVs were classified as a known diagnostic CNV, usually a deletion (n = 20). Nine CNVs were
classified as an unknown non-diagnostic CNV, usually a duplication (n = 8). For the learning
disability subgroup, chromosomes 2 and 22 were most involved. Thirteen out of 65 patients (20%)
with ASD had a CNV compared with 32 out of 150 patients (21%) with a learning disability. The
frequency of chromosomal microarray abnormalities compared by subject group or gender was
not statistically different. A higher percentage of individuals with a learning disability had clinical
findings of seizures, dysmorphic features and microcephaly, but not statistically significant. While
both groups contained more males than females, a significantly higher percentage of males were
present in the ASD group.
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Introduction

Classical autism, first described in 1943 by Kanner, belongs to a group of heterogeneous
disorders known as autism spectrum disorders (ASD) [1, 2]. Autism spectrum disorders are
characterized by impairment in three domains: social interaction, communication skills, and
restricted repetitive and stereotyped patterns of behavior, interests, and activities. The onset
of these impairments begins before the age of 3 years [2]. About 40% of individuals with
ASD also have a learning disability [3].

The etiology of ASD is complex and involves genetic factors, epigenetics, and the
environment. Single gene disorders are recognized as causative in less than 20 percent of
subjects with ASD while the remaining have other causative genetic or polygenic factors
which may be impacted by epigenetic changes influenced by the environment [4,5]. Thus,
the role of genetic testing and clinical genetic evaluation for individuals with ASD is
emphasized when identifying a cause. A diagnostic yield reported in the literature ranges
from 6 to 40% [4—7] with the most common single gene disorders being fragile X syndrome
and tuberous sclerosis [8]. Chromosomal microarray analysis in the clinical setting is now
recommended as a first tier test for children and adults presenting with ASD [9] to improve
the diagnostic yield. Microarray testing can detect copy number variation and type (i.e.,
deletions or duplications), size (e.g., < 1 Mb) and presence of known genes within the
chromosome region.

Historically, the recurrence risk for ASD in families in which one child has ASD has varied
from 4% if the first affected child is female to 7% if the first affected child is male [10] but
more recent evidence indicates that the gender and functioning of the older sibling does not
predict ASD outcome [11]. The recurrence rate of ASD for families in which two children
are diagnosed with ASD is significantly higher, estimated at 25 to 30% with recent evidence
indicating that first degree relatives of those with ASD are also at an increased risk for ASD-
related characteristics [12]. Studies of identical twins in which one twin is diagnosed with
ASD have shown at least 60% concordance [10].

Developmental delay involves any significant lag in physical, cognitive, communication,
social, emotional, and/or adaptive skills [13]. Global developmental delay is defined as
performing at more than two standard deviations below same-aged peers in two or more
developmental domains [14] and affects between 1 to 3 percent of children [15,16]. Many
children with global developmental delay will also develop intellectual disability which is
classified as having an 1Q below 70. For our study, we will group infants and children with
developmental delay and older children and adults with intellectual disability into a single
category referred to as learning disability. Various studies have examined the etiology of
learning disabilities with chromosomal microarray analysis which is now considered as a
first tier test for children and adults in the clinic setting [9]. Herein, we report our experience
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over the past 4 years using chromosomal microarray analysis to identify copy number
variation (deletions/duplications) in consecutive patients referred with ASD or learning
disability and presenting for genetic services at a rural-based Midwestern academic medical
center in the United States.

Patient Data

Methods

We studied 215 consecutive patients (140 males and 75 females; mean age + SD = 10y +
9.7y; age range = 5 months to 52 years) referred for genetic services to the Clinical Genetics
setting at the University of Kansas Medical Center (KUMC), Kansas City, Kansas during
the past 4 years (2009-2012) with autism spectrum disorders (ASD, N = 65) or learning
disability (N = 150). The patients were unrelated based on family history obtained by a
genetic counselor at the time of clinical genetics evaluation. Patients were referred from
private practice settings (family medicine, pediatricians, internists, psychiatrists/
psychologists), hospitals, and medical centers in the Kansas City and surrounding
Midwestern region of the nation. KUMC is a primary and tertiary care academic center and
includes the University of Kansas Hospital and Clinics. In 2012, KUMC reported 530,918
outpatient encounters and 28,331 inpatient discharges representing all 105 counties in
Kansas, a rural population-based state. The majority of counties in the adjoining state of
Missouri were also represented.

We obtained peripheral blood samples in EDTA tubes and sent by overnight delivery to the
clinically approved and certified commercially available CombiMatrix Diagnostics
Laboratory (Irvine, CA) for DNA isolation for 105K or 180K oligonucleotide microarray
analysis. The 105K array contained more than 99,000 probes and the 180K array contained
more than 170,000 probes covering coding and non-coding human genome sequences. The
average spatial resolution between probes for the 105K array was approximately 21 Kb,
while that of the 180K array was approximately 16 Kb. A copy number change was
identified when more than 6 consecutive probes were involved in a segment with a
maximum of contiguous probe spacing of 1 Mb. The patient DNA copy number was
compared to a reference diploid sex-matched DNA sample. Targeted evaluation of copy
number changes involving more than 6 probes was performed in all regions of the genome
with confirmation of abnormal results by BAC aCGH or FISH probes targeted to the
identified region. Most parental testing was performed by using FISH probes. Analysis was
performed using Nexus Copy Number software (BioDiscovery, Hawthorne, CA).

We conducted a clinical genetics evaluation, including a physical and dysmorphologic
examination, and obtained pregnancy, medical, family, and social histories from each
patient. We then summarized the chromosomal microarray data for comparison with
findings from the clinical genetics evaluation. The reason for referral was ASD or learning
disability. Those found with a recognized syndrome such as Down syndrome, fragile X
syndrome, or single gene disorders (e.g., neurofibromatosis, tuberous sclerosis) were not
included in the analysis and not a focus of this study.
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Among families in which more than one affected family member was evaluated, microarray
results from only one affected family member were included. For patients with abnormal
microarray results, parental testing (e.g., FISH analysis) for the deletion and/or duplication
was undertaken when possible to determine the origin of the diagnostic finding or variant of
unknown significance.

Statistical Analysis

Results

Analysis of clinical and microarray data was performed using SAS Statistical Analysis
Software Version 9.2 (SAS Institute Inc., Cary, North Carolina, USA). Statistical
significance was tested for differences in categorical distributions using the Fisher’s Exact
test and mean differences using ANOVA.

Our study included 215 consecutive male and female patients presenting with autism
spectrum disorders (ASD) or learning disability over the past four years seeking genetic
services at the University of Kansas Medical Center. Both study groups contained more
male than female subjects but statistically significantly more males were observed in the
ASD group (52 males, 13 females) compared with the learning disability group (88 males,
62 females; Fisher’s Exact test, p < 0.003). We found that approximately one out of every
five patients had an abnormal microarray finding (deletion/duplication) identified using
either the 105K or 180K oligonucleotide microarray. By searching genome variant
databases, including the UCSC Genome Browser (http://genome.ucsc.edu/cgi-bin/
hgGateway), the Database of Genomic Variants (http://projects.tcag.ca/cgi-bin/variation/
gbrowse/hg18/), Online Mendelian Inheritance in Man (http://www.ncbi.nlm.nih.gov/
omim), DECIPHER (http://decipher.sanger.ac.uk/), CombiTrak (CombiMatrix’s internal
database of over 20,000 samples) and dbVar (http://www.ncbi.nlm.nih.gov/dbvar/) along
with cited published literature, the genetic change was characterized as diagnostic copy
number variant (CNV) when reported previously to be associated with disease such as ASD
or learning disability or due to a non-diagnostic CNV or variant of unknown significance at
the time of the report. Chromosome 15 was the most common chromosome involved in the
ASD group, as previously reported [18], while chromosomes 2 and 22 were most involved
in those with learning disabilities.

Although a higher frequency of chromosomal microarray abnormalities were observed in
females (N = 20 or 27%) compared with males (N = 25 or 18%), no statistically significant
differences were observed in the frequency when compared by subject group (Fisher’s Exact
test, p = 1.0) or gender (Fisher’s Exact test, p = 0.16). For patients presenting with ASD, 13
of 65 (20%) were found to have an abnormality on microarray analysis (Table 1). The 13
patients with ASD and abnormal microarray results had a total of 14 findings, including 6
diagnostic abnormalities (36%) and 8 variants of unknown significance (64%) (Tables 1 and
2). Of the 13 patients with ASD and abnormal results, 3 (23%) had a family history of ASD,
3 (23%) had macrocephaly, and 4 (31%) had dysmorphic features (Table 3). None of the
patients with ASD and abnormal microarray results had a history of seizures. The mean +

Gene. Author manuscript; available in PMC 2015 May 07.


http://genome.ucsc.edu/cgi-bin/hgGateway
http://genome.ucsc.edu/cgi-bin/hgGateway
http://projects.tcag.ca/cgi-bin/variation/gbrowse/hg18/
http://projects.tcag.ca/cgi-bin/variation/gbrowse/hg18/
http://www.ncbi.nlm.nih.gov/omim
http://www.ncbi.nlm.nih.gov/omim
http://decipher.sanger.ac.uk/
http://www.ncbi.nlm.nih.gov/dbvar/

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roberts et al.

Page 5

SD size of the abnormality (deletion/duplication) on the microarray results for those with
ASD was 966 + 1464 Kb.

For patients presenting with learning disability, 32 of 150 (21%) were found to have an
abnormality on microarray analysis (Table 4). The 32 patients with abnormal results had a
total of 35 findings, including 26 diagnostic abnormalities (74%) and 9 variants of unknown
significance (26%) (Tables 2 and 4). Of the 32 patients with learning disability and
abnormal results, 9 (28%) had a family history of developmental delay, 8 (25%) had
microcephaly, 1 (3%) had macrocephaly, 18 (56%) had dysmorphic features, and 4 (13%)
had a history of seizures (Table 3). No obvious gender differences were seen in the
frequency of seizures, dysmorphic features, microcephaly, macrocephaly or positive family
history between the two subject groups. The mean + SD size of the abnormality (deletion/
duplication) on the microarray results of infants and younger children with developmental
delay or older children and adults with an intellectual disability was 2.90 + 2.87 Mb. The
mean age of the microarray abnormality in those with learning disability was significantly
larger than that seen in ASD (F = 2.6; p < 0.03).

Clinical Case Report

We describe a 42-year old white male with a learning disability, as a representative example
of a patient identified with an abnormal chromosomal microarray result in our study. This
patient had moderate intellectual disability, autistic features, and intermittent explosive
disorder. The parents were unavailable and therefore the prenatal and early childhood
histories were unrecorded. Medical history included congenital absence of the right kidney,
hypothyroidism, type Il diabetes, pernicious anemia, and history of seizures (petit mal and
grand mal). He did not graduate from high school. He received special education training
and has limited verbal communication. He lives in a group home setting for the intellectually
disabled. EEGs performed at age 16 years and at age 22 years noted no epileptiform
discharges. A head CT at age 24 years was normal. At age 25 years, he sustained a closed
head injury from a bicycle accident caused by a seizure. A head CT performed shortly after
the injury showed small right parietal contusions with a minimal amount of surrounding
edema. A complete blood count with differential, coagulation studies, and lipids were
normal at that time. A comprehensive metabolic panel showed low potassium and high CO»
levels. An EEG obtained at age 29 years showed a rare focal epileptiform discharge in the
left central area and mild diffuse slow wave abnormalities indicating diffuse cerebral
dysfunction. He was previously diagnosed with an intestinal volvulus and had an ischemic
area in the sigmoid colon which required removal with placement of a colostomy. At age 41
years of age, he experienced a nose bleed and aspiration pneumonia following a dental
procedure in which general anesthesia was used. He was hospitalized for 4 weeks due to
pneumonia, and a lung CT scan showed bilateral pneumonia, pleural effusion, and right lung
abnormality.

Physical examination revealed a normal head circumference (40™ centile), normal height
(50t centile), and normal weight (75t centile). He did have two posterior hair whorls and
premature graying. Malar hypoplasia, downslanting palpebral fissures, bilateral ptosis, a
high arched palate and missing teeth were seen along with a deviated nasal septum (injury-
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related) with an elongated nose, attached ear lobes, and hallux valgus deformity of both feet
(Figure 1). He had brown coloration of both legs below the knees including the feet with
sparse hair on the legs. The 180K microarray showed a 2q33.1-q34 deletion (7.8 Mb in size)
containing 46 genes (see Figure 2). Parents were not available for testing to determine if this
deletion was inherited or de novo in origin.

We previously reported a similar but smaller deletion (2933.3-q34, 3.7 Mb in size) in a
young male with autistic and dysmorphic features, including downslanting palpebral
fissures, mild right ptosis, a prominent nasal tip, abnormal ears, Cupid’s bow of upper lip,
dental anomalies, malar hypoplasia, and a high forehead [43]. Several of the cranio-facial
and developmental features seen in that report were in common with our 42-year-old male
with an overlapping but larger 2933.1-q34 deletion. This chromosome region contains genes
deleted in both subjects and involved the WNT pathway for organ development (FZD5),
calcium regulation (ALS2CR8, PTH2R), transcription (KLF7, EEF1B2), muscle function and
energy production (IDH1, MYL1, RPE, ACADL, NDUFSL1) thought to contribute to their
clinical presentations.

Discussion

Our study describes our experience of 215 consecutive patients with ASD or learning
disability and presenting for genetic services at an academic medical center in the rural-
based Midwestern region of the United States. We also describe a representative clinical
case report identified using chromosomal microarray analysis in this patient population. The
overall diagnostic yield in our study was 21% for patients with ASD or learning disability.
This yield is similar to the 18.2% yield reported by Shen et al. [83] in microarray studies
with 932 patients with ASD. Schaefer et al. [7] further reported their experience and found
significant copy number abnormalities in 22% (14 of 68) of ASD subjects. In our study the
size of the CNVs seen in each subject group varied. However, the size of the CNVs in the
ASD group (966 + 1464 Kb) was significantly smaller than seen in the learning disability
group (2.90 + 2.87 Mb). The significance or meaning of this observation in microarray
analysis is unclear but may relate to differences in genetic causation (i.e., single gene in
ASD versus larger genomic deletions or duplications involving more than one gene in those
with learning disability).

Prior to chromosomal microarray studies in ASD reported in the literature, Miles and
Hillman [6] tested 94 children for genetic causes and found that 6% (6 of 94) had
identifiable genetic disorders while Herman et al. [84] reported genetic causes in 10% (7 of
71) of ASD subjects. Schaefer and Lutz [4] reported positive genetic findings in 40% (13 of
32) of subjects with ASD including 5% with a high resolution chromosome abnormality, 5%
with fragile X syndrome, 5% with Rett syndrome, 3% with PTEN gene mutations, 10% with
other genetic syndromes such as tuberous sclerosis, and about 10% with small deletions or
duplications not detectable with high resolution chromosome analysis. Diagnostic yields are
now being reported with microarray analysis showing a wide range of deletions and
duplications while the most common chromosomal abnormality associated with non-
syndromal autism prior to chromosomal microarray analysis was a maternal duplication of
the 15¢011-g13 region which accounted for 5% of cases with autism [18]. Large
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microdeletions in the chromosome 16p11.2 and 22q regions also accounted for another 1%
of cases.

Unexplained learning disability/autism spectrum disorders associated with dysmorphic
features in pediatric patients were studied by Battaglia et al. [9] using chromosomal
microarray analysis and found 91 CNVs ranging in size from 1 Mb to 60 Kb in 77 (or 22%)
of 349 patients. Additionally, Aggarwal et al. [85] reported that 58% (196 of 338) of their
patients with developmental delay or intellectual disability had an identifiable genetic cause.
These causes included Down and microdeletion syndromes and unbalanced and balanced
chromosomal rearrangements in 33% (112 of 338) of their subjects. Non-chromosomal
syndromes, such as fragile X syndrome, tuberous sclerosis, Noonan syndrome, and Cornelia
de Lange syndrome were recognized in an additional 10% (32 of 338). Various
neurometabolic disorders were identified in 10% (34 of 338) with the remaining subjects
classified as having structural central nervous system defects, cerebral palsy, environmental
insults, or idiopathic intellectual disability. A separate report by Michelson et al. [16] on
individuals with learning disability found the diagnostic yield for karyotype studies to be at
least 4%, and the diagnostic yield for fragile X testing was approximately 2% for a full
mutation. However, with chromosomal microarray analysis, they found diagnostic
abnormalities in 8% of subjects with learning disabilities [16] and 11% in those with
learning disability and dysmorphic features, congenital anomalies, or neurologic symptoms.

Selected genes in the deletion/duplication detected by microarray analysis and/or
chromosome regions of interest were identified by searching the medical literature for
biological functions of involved genes and OMIM [Online Mendelian Inheritance in Man
(Www.ncbi.nlm.nih.gov/omim)], as a comprehensive, authoritative compendium of human
genes and genetic phenotype including chromosome regions and genomic coordinates that is
freely available online and updated daily. The goal was to search for information about
CNVs, chromosome regions, genes involved and their function (if known) along with
recognized syndromes with ASD or learning disability. Those genes present in the deletion
or duplication regions were studied to determine if they could play a role in neurological
development or function (i.e., ASD or learning disability) when disturbed by searching
published medical literature reports, websites, OMIM or previously reported as a feature of a
recognized genetic syndrome (e.g, Williams syndrome). For example, for 13 of the 65
subjects within the ASD group, selected genes and/or chromosome regions of interest were
found, see Table 1, with literature citations listed for each subject. Recognized genetic
syndromes (e.g., Williams syndrome) were noted with disturbed genes known to contribute
to ASD and also genes found in deletions/duplications reported on more than one occasion
to cause ASD (e.g., NRXN1, CACNALC). Similarly, 32 subjects with learning disability
were found to have CNV deletions/duplications by microarray analysis with selected genes
or chromosome regions of interest known to play a role in their clinical presentation (see
Table 4). Known genetic syndromes included DiGeorge/velocardiofacial syndrome.
Selected genes included NLGNZ2, IL1IRAP1, ANKRD11 and PARK2 known to play a role in
neurological development or function and when disturbed can account for learning disability
are listed in Table 4.
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The diagnostic yield of chromosomal microarray analysis for individuals with ASD or
learning disability in our study, and results reported by others, is consistently greater than
the diagnostic yield of chromosomal karyotype studies alone or for fragile X DNA testing
[16, 83]. As genetic technology continues to improve with advances in testing platforms and
access to next generation exome sequencing, further genetic lesions will be identified,
reported, and characterized as a cause of ASD or learning disability in patients presenting
for genetic services. This information will be important for medical management and
therapy with more accurate and specific genetic counseling for affected individuals and at-
risk family members. The authors encourage the reporting of other microarray experiences
at academic medical centers with similar patients presenting in the clinical setting for
genetic services to increase our knowledge base, thereby impacting on the quality of life and
outcome for affected individuals and their families.
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Figure 1.
Frontal and profile facial views of the proband with a 7.8 Mb deletion at chromosome

2033.1-g34 region at 42 years of age showing malar hypoplasia, ptosis, downslanting
palpebral fissures, an elongated abnormal nose, Cupid’s bow appearance to upper lip, dental
anomalies, and attached ear lobes.

Gene. Author manuscript; available in PMC 2015 May 07.
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GPR1, ICA1L, ICOS, IDH1, INOSOD, KLF7, LOC200726, MAP2, MDH1B, MYL1, NBEAL1, NDUFS1,
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Figure 2.

An array comparative genomic hybridization (aCGH) was carried out using DNA Array -
Oligo 180K oligonucleotide array (CombiMatrix Diagnostics, Irvine, CA) and showed a 7.8
Mb deletion at 2933.1-gq34 (203,191,088-210,989,186 bp from the p terminus). The 46 genes
found to be deleted in this chromosome region are listed alphabetically. The first
(FAM117B) and last (MYL1) genes located in the deleted region are highlighted at the top of

figure.

Gene. Author manuscript; available in PMC 2015 May 07.




Page 15

Roberts et al.

[zel _
BERERSENNY qe ¢TTd9T g9z v.1'6€2'0€-992'¥15'6¢C Z'TTdotr [eussyed +dnp wsiydiowsAQ W Aoz
[og] Te s oTh
pisueyezs  LYNAHO g E'€TDST T M 8vS 29.'0vE'0E-6TL'26L'62 £'eThgT [euJarRW —dnp 3UON W ALz
[e62] ‘e <1b
19 apisuing q'e CTIPST 8 M ¥SS 0T9'098'02-586'90€'0C Z'TTbST umouun - dnp SUON W Aoz
[62] e 1h A
19 apisuing qe C'TIPST S aMzoL Zv6'G2€'02-589'€29'6T Z'TIbST [euJareW +dnp SUON W ws!0
[sz]
‘18 N7
[22]
wnIJosu0)
SJ118U8D)
oLIBIYIAd
ay
Jo dnoig
Japlosig
-55010 q OTVNOVO T 9Y9.2 S0T'929'2-68T'0SE'Z geeTdeT onou ap ~dnp 3UON W A6
(swoupuAs
[o2] SWel[|M)
‘e 1e [elaN q€CTTbL 92 ANYVT 126'S6.'S/-€1E'09€'2L €z'11bL umouun +13p wsiydiowsAQ W ATT
[sz] ‘e
19 eewlisnn
[vel e o70d v 0052 ¥26'90L'18-GL1'95' /8 T'9ZbGT  [eulared-uou ‘umouun - dnp
19 plomsuo e 1900 T OM9eC ¥00'9€2'15-8/2'000'TS T'Zrds  rewsoyed-uou ‘umousun ~ dnp wsiydiowsAq N A6
[zl '1e
10 sBuno A
[cz]
‘e 18 UAIYD saouegInisip das|s
[t2] JejnBa.ir ‘Buisinig £
‘[e 18 noqy/ ellvd Z GANZT  ££89'T99'88T -190'T/¥'/8T z'seby umousun - 18p Asea ‘@00 ‘aHav W et
[oz]
‘e 19 BUdg q'e TNXEN T 049 80V'€CT' TS-EVY'L20'TS g'91dg [eusayed +19p  Ajeydesouoew ‘Ausago E ATT
l61] 6T 1N
‘B39 14129 gerde 9, GO9S TLT'06T'8/-L55'VSS 2L zrd-getde umouun +19p wsiydiowsAq W As
1s8491ul Jo suoibas  uonealjdnp
AWIOSOWOAYd 10 Uon3I3p
Jojpue ul sauab
ERIIEIETENS| (s)auab perosjes  Jo JequinN 9ZIS  S91BUIPJO0I SWIOSOWOAYD  UOIIRI0| BWOSOWoIyd wiBuo Joased dnqg/ieg saanjes) [ealul|D  18pus) aby

Author Manuscript

(s108lgns g9 J0 £T=N) SJopJosig wnidads wsnny Joj eleq AeLeoldIA [ewiouqy Jo Arwwng

T alqel

Author Manuscript

Author Manuscript

Author Manuscript

Gene. Author manuscript; available in PMC 2015 May 07.



Page 16

Roberts et al.

‘npa-0son‘awouaby/:dny :woly ajqe|ieAY (9002 “JBIN) SWous uewnH gAY DSDN WOolj S8IRUIPI00I BWOSOWOIYD

Aungesip Bulures|

q

{(@sw) siepJosip wnuydads Ew::mm

Bunsa o118uab Jo awi ayy 1e papodal Ajsnoiaaid Jou (suonearjdnp 1o suonajap) SAND = —

J9PJOSIP J0 3SeaSIP YlIM pareldosse aq 0} A|snoinaid pariodal asam ey (suoirealjdnp 4o suonsjep) SAND = +

[€] pauiodas Ajsnoinaid jusired

*¥x

‘[62] pauiodas Asnoinaid uaiyed

*¥

‘[e2] pauiodas Ajsnoinaid juaied
M

[2€] le1e
axo8uyag
[o€] ‘e
19 aueld q T1dvatl T oise 169'/G6.'82-0T8'6T.'82 £TzdX umousun - 18p wsiydiowsAq W A1
[g€] Te e
DesnIns | q PYORvINS 9z O 818 8/9'589'TT-/8.'298'0T zeTdeT [euJaTRW —dnp AUON 4 Ay
[vel
‘[e 19 Jopng
[ee] e
19 UIe e Tddev T OMES LT0'066'9-508'9£6'9 Z'eTdot umouun +dnp Areydaooioe|y R 4
1s8491Ul Jo suoiBas  uonealjdnp
SLIOSOWOAYD 10 UonsIap
Jo/pue ul sauab
90UB49)9 (s)auab payosjas  Jo JaquinN 9ZIS  S91BUIPJ00D SWIOSOWOAYD  UOIIRI0| SWOSOWoIyD uiblio yjouared  dngyeq saunjesy [eaUlD  JdpusD) by

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Gene. Author manuscript; available in PMC 2015 May 07.


http://genome.ucsc.edu

Page 17

Roberts et al.

Author Manuscript

ueai1ubis Jou Ing dnoub Aejap [ejuswdojansp ayl ul SAND dnsoubelp aiow 4oy puasl a]qissod e payedipul pue pawloplad sem (60°0 = d) 1591 10€X3 Jaysi4

‘[2oueo1y1UBIS UMOUNUN JO SJUBLIBA OM] UIIM 3[eWa) P|o-1eak-z  pue sAND d1isoubeip 0M] YJIM afew pjo-Jesk-6 & ‘SAND dnsoubelp
994U YIIM aJeWay) pjo-yiuow-6 & Buipnjoul Aejap [eiuswidojansp Yiim Zg pue aduedijiubls umouyun Jo sjueLieA OM) YIIM ajew plo-leak-g e Buipnjoul asy yim 1] s10algns G ul paiyniuapl SAND 05

*¥

90URIIHIUBIS UMOUNUN JO JUBLIBA SB 0 Paliajal Mou AND dnsoubeip-uoN
M

T 8 9 uopealidng
€ T 14 uoneReq
T 6 3 /ANO 2nsouBeip-uon
T (erewsy AX) T Buyo
6 9 € uonealdng
€ (074 € uoReQ
€ 12 9 AND onsoubeiq
#x08 9g $T  AlfewJiouqy Aeaaeoldin
GTZ=N 2101  0GT=N suouaq Buiutes yum Aejaq [eauswdojansg  G9=N JapJosiq wnaioads wsnny

Author Manuscript Author Manuscript Author Manuscript

$123[qns Uno 10} v1eQ ARLIROIDIN [RWIOUQY JO ArewWNS

¢ ?dlqel

Gene. Author manuscript; available in PMC 2015 May 07.



Page 18

Roberts et al.

670 (%L2) 2T (%082) 6 (%eg) & A1oisiH Ajwed samisod
100 (%6) ¥ (%e) T (%e2) € AreydasosoeN
800 (%8T1) 8 (%52) 8 0 Areydaootol
610 (%6Y) 22 (%95) 81 (%1€) ¥ saunyead aydiowsAq
1€0 (%6) v (%eT) ¥ 0 $8ANz19S
(96T2) GT2/SP=N AedreosdlN (96T2) 05T/2€=N Aed1e0I01N [EWIOUQY (%02) S9/€T=N Ae.L1eoldlN [ewiouqy
anjeA d1sa] 19ex3 s, daysiH lewaouqy yum s108lgns |1v 79 suoiaq Buluses/Aelaqg eauswdolanag 79 S19pJosig wnJydeds wsnny Buipui4 feaiund

Author Manuscript

S1INsay Aelie0JoI [ewouqy Yim s19algns ano ul uass sBulpui4 [eatuljd ayl Jo Arewwns

€9lgel

Author Manuscript

Author Manuscript

Author Manuscript

Gene. Author manuscript; available in PMC 2015 May 07.



Page 19

Roberts et al.

[gg] ‘fe 1o sosjejoueyy  (BWOIPUAS UasqODer) g T'v2bTT €6 ON 9'TT beE'ZSY ET-TS9'ET8'ZZT  SZb-TebTT umouun +18p wsiydiowskd W Ag
[#6] ‘e 18 1wBIN q€tds 98 an €'s ZLT'T8.'86—00L'T2S'EE Terd-¢etds oAOU 3p +19p wsiydiowsAQ N A9
[rs] e 19 1wBIN q€1d6 68 AN T'S 8sT'66v'8e-899'v6e'se  T'eTd-c'€1dB 0AOU 3P +19p 8UON W ke
[eg] ‘e 18 1ueLepy
[zs] uosjim 7 apienayos qe Avd 1 M L¥E YOv'v65'29T-EST L' 29T 9zhg umouun - dnp wsiydiowsAq 4 Agz
[15] |2 18 Jebeg SOXdd ‘T91A ‘2Hvd
[0s] "[e 18 pnoseq qre 62bE vz an LT TEG'2r8'86T-69E VLT L6T 62be 0AOU 3P +19p wsiydiowsAq 4 18
TONY
[6v] '1e 10 propaig dodiav 22 AN €T 868'T€0'68T-882'2T.'28T g 12be umouun ~ dnp wsiydiowsAq 4 K61
[87] “Ie 10 uelesepreA gre THNMS
[2¥] ‘e 18 ouobaioIg q TddLl v > 556 10/'1€6'7-859'286'E Z'9zde Jeusarew +18p UON 4 A1
[ov] "re 18 swenpm a o.<ocz
[s¥] ‘e 18 11321 -n0 q €'LEDe 85 AN z's BYT'TS6'Cz—LET'€9L'LEC g/ebz [eusalew +9p sainziss 4 A1
[##] *1e 18 €192N2S8d q Ncn_,&_\,_c p
[ev] ‘e 10 nepueig q VEDE'EEDT 9y an 8L 987'686'0T2-880'T6T'E0Z yeb-Tgegbe umousun +19p sainzias W e
1172108 “IXOOV
[ev] o189 nA q€tbe 1T an 8t 112'6/8'CTT-GEEVOT'TTT ethz [eusared - dnp Ansaqo ‘Aleydaooioey 4 Ae
11727108 “IXOOV
[zv] le 18 NA q€tbe a5 an oz 9T€'628'2TT-702'058'0TT eTbz umouun +19p wstydiowsAp ‘Ajeydaoosolin W ¥4
[1¥] 1e 10 siapues q Tedzotde 1z an € 6vY'066'8Y-TSP'9Z. T¥ £'91d-T2dz oAOU 8p +18p wsiydiowsAp ‘Afeydsooioiy W Ag1
[ov] "[e 18 LoweH <vxéw_
[6€] “Ie 19 eseqnsielN q
[8€] ‘le101611 0@ q 8eavlvo 69T an 0'9 ZYT'ISY'9ST-v/6'00v'0ST  T'€gb-€TehT umousun +dnp wsiydiowsAq W AS'T
1s8.9]Ul JO suolbaa uopreajdnp Jo
aWOSOWO04Y9 Jojpue uonalep ul $91eUIPJ00D uoneoo| uiblio dng saunyesy
ERIEIETEN| (s)auab paos|es sauab Jo JaquunN 9z1S awosowoayd awosowoayd 10 JuaJed /1ed [ealul))  Japuss aby
(s108lgns 0GT 40 z€=N) Aujigesiq Buiurea 10} e1eq AeLIROIDIA [BWIOUQY JO Arewwng
v 9algel

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Gene. Author manuscript; available in PMC 2015 May 07.



Page 20

Roberts et al.

[r2] ‘e 18 usziundys

(swo.puAs |eIoejoIpIRI0|OA

[22] 1e 10 jomg /3010991Q) g 2'1TbzZ 19 AN LT 292'296'6T-9ST'226'8T *® 6.€'6EL'8T-869'9€0'LT 12'TTbze [EUJSTEW -UOU ‘UMOUNUN  + [3p wsiydiowsAq 4 Aze
[e/] ‘re 18 nusqrv 1h
[22] e 30 1amig q TeTibee 29 AN T'E ¥6Y'0¥T'02-655'200'LT 12'TTbze [eusayed +dnp sainzieg 4 A9
D.m L0VdANZ
dan
[12] 1e1s usy VO
[02] "[e 19 BRI q €2bet 0z AN GG €ST'LTT'9/-888'965'0L  Jalb-g'zzhgtl umouun +19p wstydiowsAp *Aeydasosdniy 4 ALt
[69] %9z % iy 84did % M ST .8'1€5'T-062'€8E'T e'eTd.T umousun ~ dnp saInz19g 4 Aoy
Z2diNd
[89] '[e 10 Azua4-000Q ge TTTALT 14 an sy GS8'9TE'9T-166'928'TT Z'T1d-gTd/T umouun +dnp wstydiowsAp ‘Ajeydaaosoln | Ae
1479
[29] "[e 19 ojabuy. @ q Te'T1doz o1 a 905 ZvT'LSG'€-6T8'050'€2 1Z'11d0C umouun +19p
[99] e 12 ounig e IVHWA
[59] '1e 18 vadeD 95N
[¥9] ‘e 18 JopuaL €
[€9] 1e 10 wanad e CNOIN
[29] 1e 18 pJejog-yiniyos qedxd
[19] '[e 19 JepAad e 7970 912 an '8 192'192'8-0 T'e1d-101d, T umousun +dnp wsiydiowsAp ‘Areydsaooin 4 we
TTQINNY
[09] "[e 18 moJeyDES q €7ehot T aM 28T 905'20T'88-506'026'.8 £'72hot umouun +19p Areydsoosin W A8
[65] "Te 19 weBuifewey qre TT'ETAOT 8z AN 6'T 6T.'V0S'9T-€6v'TSO'YT  TT'€Td-ZT'eTd9T [eusaeW +dnp wsiydiowsAq W ALT
qTaeHs
[85] nasabe-uuewyeg gre ¢TTd9T o1 M 08¢ 968'600'62-662'0€.'82 ZT1doT [eusaRW +19p wsiydiowsAq W we
[26] "[e 10 1mexY qSNIT 5 aM €9 186'vEY'66-TT7'008'86 £'9zbsT [EUIBTEW -UOU ‘UMOUNUN - [ap wsiydiowsAq 4 As
w2 TTD
[62] ‘Ie 10 apisuing qre ¢ TIHGT g g 0SE G2€'0v9'02-58€'062'02 ZTTbST [euJBRW +[9p
[95] "1e 18 10d30819 qSOvS 0T an v'T §90'8T8'€2—€16'G8E'2C ZreTbet [eusared +18p  wsiydiowsAp ‘yoerered ‘Ajeydasosorn N A6
1S9.481U1 JO suolfiai uonealjdnp 4o
aWOSoWo1yd Jo/pue uons|ap ul $91eUIPJ002 uoiyeso| 161 dng saanyes)
LRI ETEN] (s)aual pa103|es saual Jo JaquinN azIS awiosowodyd awosowodyd 10 1Usded /18a [ealuD  Japus aby

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Gene. Author manuscript; available in PMC 2015 May 07.



Page 21

Roberts et al.

"npa-0son*awousBy/:dny :woiy a|qe|eAy (9002 “JeIN) SWouss uewnH 8TBY DSDN WOol) SeIRUIPIO0D SWIOSOWOIYD

Aujigesip mc_Emm_n

‘(asy) stapiosip wnuydads Em_Smm
Bunsal onsush Jo swil ays e papiodas Ajsnoiasid jou (suoredrjdnp 1o suons|ap) SAND = —
19pJ0sIp 10 aseasIp Yim pareroosse aq o3 Ajsnolnald papiodal aiam yey) (suopealjdnp Jo suons|ap) SAND = +

[22] pauiodas Ajsnoinaid jusied

*x¥

‘[og] pamodas Ajsnoinaid juaijed

*¥

‘(11oday 8seD [EO1UI[D 89S) UILHM papodal Jusiyed
X

wN N afeway AX WN + VN auON 4 A9
[18] ‘[e 10 sueg q TdHdN 1 aNTT GET'SPT'TTT-0.8'970'0TT eTbz [eusaTeW —dnp
dvIxX
29V1IS
[08] ‘1e 10 addifjiyd q SebX 14 aM Zv9 1S0'v77'€2T-¥59'708'22T Gebx [eulsjew-uou ‘umouun - dnp Areydaooin | Az
[62] ‘e 1 sewoy L XOHS 1 oM €02 696'822'T-70€'52S  ¢€ TTdA/E€ZedX [eusajed —dnp AKousioyap sunwu| W Az
[8.] 1 10 uoapas 20ddval 9 O €97 025'008'€T-G50'LEE'ET zzzdx [euayeW - dnp aUON W AL
[27] ‘e 18 sBunoA £
[9.] '[e 1 eremeN q T1dvaTl T a> 056 VET'Y80'0E-LVO'VET'6C ¢ Ted-€TedX [eusaew +[9p wsiydiowsAq W wxx ST
EMNVHS (swoipufs
[52] e s eyq PILIZQIN-UEIRUd) g ETDZE L aM 2T€ ZEV'169'6-0T8'6.E'6Y ee'eThze 0nOU 3p +19p 8UON 4 A8
EYNVHS (swolpuAs
[S2] e 38 eyq PILLIGQIN-UeI3Ud) g ETDZE o an LT ZEV'T69'6Y—L6T'EG6'LY  €8'ETh-2e eTbee 0nOU 3p +19p wsiydiowsAq 4 Ay
[r2] e 10 uszupdys (swoupuAs [B198401pB20|2A
[z2] e 38 owg /26108910) g 2'1TbZZ 15 an 8T £9T'856'6T-OVE'SHT LT T2'TTbzz umousjun +19p SN 4 Ag
1S9481U1 JO suolfiai uoinealjdnp 4o
aWOSoWo1yd Jo/pue uonsap ul $91eUIPJ002 uoireao| 161 dng saanyes)
ERIEIETEN] (s)aual pa10a|es saual Jo JaquinN azIS awiosowodyd awosowodyd 10 1Usded /18a [ealuD  Japus aby

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Gene. Author manuscript; available in PMC 2015 May 07.


http://genome.ucsc.edu

