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Utilizing extended pedigree information for discovery
and confirmation of copy number variable regions
among Mexican Americans

August Blackburn!, Harald HH G6ring2, Angela Dean3, Melanie A Carless?, Thomas Dyerz, Satish Kumar?,

Sharon Fowler?, Joanne E Curran2, Laura Almasyz, Michael Mahaneyz, Anthony Comuzzie?,

Ravindranath Duggirala?, John Blangero? and Donna M Lehman*?

Copy number variation (CNV) remains poorly defined in many populations, including Mexican Americans. We report the
discovery and genetic confirmation of copy number variable regions (CNVRs) in subjects of the San Antonio Family Heart and
the San Antonio Family Diabetes Gallbladder Studies, both comprised of multigenerational pedigrees of Mexican American
descent. In a discovery group of 1677 participants genotyped using lllumina Infinium Beadchips, we identified 2937 unique
CNVRs, some with observation frequencies as low as 0.002, using a process that integrates pedigree information with CNV
calls made by PennCNV and/or QuantiSNP. Quantitative copy number values had statistically significant (P<1.792e-5)
heritability estimates ranging from 0.139 to 0.863 for 2776 CNVRs. Additionally, 920 CNVRs showed evidence of linkage to
their genomic location, providing strong genetic confirmation. Linked CNVRs were enriched in a set of independently identified
CNVRs from a second group of 380 samples, confirming that these CNVRs can be used as predefined CNVRs of high
confidence. Interestingly, we identified 765 putatively novel variants that do not overlap with the Database of Genomic Variants.
This study is the first to use linkage and heritability in multigenerational pedigrees as a confirmation approach for the discovery
of CNVRs, and the largest study to date investigating copy number variation on a genome-wide scale in individuals of Mexican
American descent. These results provide insight to the structural variation present in Mexican Americans and show the strength

of multigenerational pedigrees to elucidate structural variation in the human genome.
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INTRODUCTION

Copy number variants (CNVs), gains or losses of DNA sequence larger than
1kb, were first recognized as widespread in the human genome in 2004.!
Since this initial discovery multiple studies have further characterized copy
number variation in the human genome.?* Recent reports suggest that
CNVs have a role in multiple complex disorders, such as schizophrenia,”
autism,® autoimmune disorders,” and diabetes syndlrornes.7’8

However, despite this progress, copy number variation remains
poorly defined in many populations. Understanding genetic variation
in human populations besides Caucasians may reveal important
biological insights not observable in the Caucasian population and
is important for extending the benefits of understanding genetic risk
to these underrepresented populations.

Despite methodological advancements for identifying, genotyping,
and characterizing CNVs,? there is currently no comprehensive cost-
effective method that has reached universal adoption. Several studies,
including HapMap3,* have recently used the Illumina Infinium
technology to characterize CNVs.

Given the current limitations of CNV analysis, most studies have
taken the approach of limiting type I error by either requiring CNVs

to be identified by more than one algorithm, or by limiting the size or
number of probes identifying a CNV so that an acceptable portion are
confirmed by orthogonal approaches. However, investigating copy
number variation in multigenerational pedigrees allows for additional
quality control metrics such as observation of transmission, and
linkage with adjacent markers to confirm the genomic location of
CNVs. Additionally, some rare CNVs will be present in the founders
and may be inherited by younger generations in the pedigree, thus
allowing for higher confidence in rare CNV identification. Despite
these strengths, there are currently no large-scale studies reporting
CNVs identified in multigenerational cohorts that use this informa-
tion as a form of quality control.

In this study, we investigate copy number variation in 2057
participants of the San Antonio Family Heart Study (SAFHS) and
San Antonio Family Diabetes/Gallbladder Study (SAFDGS), both
comprised of multigenerational pedigrees of Mexican American
descent. We present the identification, genotyping, and confirmation
of copy number variable regions (CNVRs) using heritability and
linkage. We report their genomic distribution, potential disease
relevance, and discovery of novel variants. Most importantly, this
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study provides novel insight into the structural variation specific to
Mexican Americans.

MATERIALS AND METHODS

Study design

Participants in this study are members of extended, multigenerational families
of Mexican American descent who have taken part in the SAFHS or the
SAFDGS. Study-related clinical exams were conducted in San Antonio, Texas.
SAFHS is a family study where the subjects were not ascertained on disease
status. SAFDGS probands were ascertained on type 2 diabetes status. The
current study was approved by the Institutional Review Board at the University
of Texas Health Science Center San Antonio, and informed consent was
obtained from all participants. Both cohorts have previously been described in
detail.1®1!

Study group 1. DNA isolated from primary blood mononuclear cells for 1677
participants was previously genotyped using four versions of the Illumina
(San Diego, CA, USA) Infinium Beadchips: 767 participants were genotyped
on the 1M duo beadchip, 327 individuals were genotyped on the 1M beadchip,
and 583 individuals were genotyped on both the 510 and 550 beadchips. The
SNP markers on the 510 and 550 beadchips are unique and together represent
the content on the 1M beadchip.

Study group 2. Participants of this group are members of the SAFDGS for
which DNA from lymphoblastoid cell lines were genotyped on the Illumina
660W beadchip. Data from a total of 380 participants were available for
analyses.

CNVR identification

Approach.  We first applied a ‘wide’ method of identification of CNVs to these
data by applying CNV-calling algorithms to identify CNVs in individual
samples. As these methods are known to have high rates of type I and type II
errors, we also reassigned copy number values to individual participants based
on comparison of the samples to each other, described in the section ‘CNVR
genotyping’ referred to here as a ‘deep’ method.

To minimize type II errors that may be present using one algorithm, we
chose to employ two algorithms, PennCNV!? and QuantiSNP.!* Standard
quality control measures implemented within PennCNV were utilized for
sample exclusion. The Log ratio SD, b-allele ratio drift, and genomic waviness
were set at maximums of 0.3, 0.01, and 0.05, respectively. QuantiSNP calls were
limited to CNV calls with a Maximum Bayesian Factor >10.

Recent CNV studies have taken the approach of reporting only those CNVs
that are similarly identified by at least two algorithms in the same individual.'*
Given that our downstream analyses could be used to identify type I errors, we
chose to take a more liberal approach to CNV inclusion so as to identify as
much variation as possible. As pedigree data gives us additional information by
which we could validate CNVs, we took the approach of including CNVs even
if they are only identified by one algorithm.

Using the individual CNV calls, CNVRs, which are regions of overlap of
CNVs, were identified. To reduce the rate of type I errors we limited our
downstream analysis to regions harboring a CNV call in at least two
individuals of the same pedigree on the same beadchip. To determine
breakpoints for this set of CNVRs, we expanded the CNV breakpoints to
the largest overlapping region identified in each pedigree. This set of CNVRs
we have termed Pedigree CNVRs. To further summarize the observed CNV
calls, we consolidated CNVRs across all pedigrees by using the most common
breakpoints observed for overlapping Pedigree CNVRs. For those consolidated
CNVRs that were observed to be overlapping on multiple platforms, we used
the breakpoints identified by the higher density beadchips. Priority was given
to breakpoints identified using PennCNV, when the CNV was identified by
both algorithms. Each CNVR was then manually inspected to ensure the
individual CNV calls indicated the identified CNVR breakpoints, which
resulted in removing five CNVRs and redefining the breakpoints for
CNVR887. All other CNVRs remained unchanged.
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CNVR genotyping

Considering each beadchip independently, for each final CNVR we used
CNVtools!” to identify the first principal component of log R ratios of markers
falling within the CNVR breakpoints. Using this value, we used CNVtools to
cluster individuals into groups harboring the same copy number genotype. To
improve our power for downstream analyses, we combined the Log R ratio
data from the 1M duo, 1M, 550, and 510 beadchips into a single matrix and
performed the same procedures using CNVtools.

CNVR characterization

PennCNV calls and histograms of the first principal component were used to
categorize each CNVR as a deletion, duplication, complex, overlapping, or
unknown. CNVRs were considered overlapping if there were two clear variants
of different lengths, either duplication or deletion, which were both over-
lapping and present in multiple individuals. Complex regions were labeled
based on their location in either centromeric, telomeric, or immunoglobulin
regions. Unknown regions were those that we were unable to clearly classify
based on the available data, but may fit into any of the other four categories.
Tables from the UCSC genome browser summarizing OMIM genes, RefSeq
genes, segmental duplications, microRNAs, and disease association SNPs from
the National Human Genome Research Institute were downloaded on 1 March
2011 and used as reference datasets. A table from the UCSC genome browser
summarizing the Database of Genomic Variants (DGVs) was downloaded on 4
February 2012 and used as a reference dataset. Copy Number Polymorphisms
were downloaded from HapMap3 on 23 March 2011 for comparison of
lengths.

Heritability and linkage analysis

For each CNVR, the first principal component value identified by CNVtools
was rank normalized. Subsequently, heritability was calculated and each
CNVR was tested for linkage to its own genomic location. Both tests were
conducted using a variance components approach using the statistical
models implemented within the software package SOLAR.'®!7 Heritability
and linkage was also calculated for binned copy number values by treating the
values as a categorical trait, either harboring or not harboring a deletion or
duplication.

Statistical analyses of results

CNVR lengths and minor allele frequencies were log transformed to provide a
normal distribution. Correlation of lengths between this study and HapMap3
was tested using linear regression. Correlations between the observed minor
allele frequency and heritability or linkage LOD scores were tested using linear
regression. The difference in lengths between deletions and duplications was
tested using a one-sided f-test. The difference in ratios of deletions and
duplications which overlap genes was tested using a y? test. The correlation
between length and observed minor allele frequency of deletions was tested
using a linear model. The difference in size between novel and known CNVRs
was tested using a two sided f-test. CNVRs that were linked to their genomic
location in group 1were tested for enrichment in group 2 using a y> test.

RESULTS

Study group 1

We identified 2937 unique CNVRs, representing 120959 and 75932
autosomal CNV calls by either PennCNV or QuantiSNP, respectively,
detected across all individuals genotyped on any SNP microarray
type. In all, 1201 CNVRs are pedigree specific, 399 of which have not
been previously reported in the DGVs and potentially represent
private variants enriched within the pedigrees through transmission.
Summary information for CNV calls is presented in Table 1.

When applying the Gaussian mixture model implemented within
CNVtools,!> we were able to confidently fit 186 CNVRs into defined
classes. When coded as a dichotomous trait, 169 (90.9%) of these
CNVRs had a statistically significant (P<2.7e-4) heritability of 1.00,
as would be expected for a correctly genotyped copy number variant.

405

European Journal of Human Genetics



o

CNVs in Mexican Americans
A Blackburn et al

406

Table 1 Summary of CNV calls made by either PennCNV or QuantiSNP

Beadchip Imduo M 550 510 660W
Samples passing QC 688 (89.7%) 289 (88.4%) 568 (97.4%) 564 (96.7%) 324 (85.3%)
Algorithm PennCNV  QuantiSNP  PennCNV  QuantiSNP  PennCNV  QuantiSNP ~ PennCNV  QuantiSNP PennCNV QuantiSNP
Total autosomal calls 46440 34841 25924 16574 16054 9713 32541 14804 106219 116505
Median size (all) 24314 31540 22271 35998 29730 35407 22134 32215 2821 2848
Pedigree CNVRs 6552 5294 3583 2383 2210 1591 4762 2342 20243 20500
Deletions

Median Size 20398 25659 14935 18064 18344 15800 12779 14823 2683 2324

CNV calls/individual 29/41.12 23/34.41 42/57.01 28/32.77 15/18.1 11/11.1 33/36.48 16/16.38 232.5/240.5 278/287.1

(median/mean)

Markers/CNV call 10/18.82 11/20.6 8/15.19 8/17.56 6/12.41 6/13.12  6/10.01 6/10.26 17/16.34 16/15.3

(median/mean)
Duplications

Median size 31214 47731 40285 74701 69100 105804 41523 181879 3493 8934

CNV calls/individual 20/26.38 13/19.11 23/32.99 15/24.98 5/10.16 4/6.33 17/21.21 7/10.29 77.5/87.34 67.5/72.52

(median/mean)

Markers/CNV call 12/25.8 19/43.6 12/36.31 22/67.38 13/39.92 16/51.43  9/25.54 15/32.47 16/19.26 18/25.76

(median/mean)
Deletion:duplication ratio 1.56 1.80 1.73 1.31 1.78 1.75 1.72 1.59 2.75 3.96
Abbreviations: CNV, copy number variable; CNVR, copy number variable region; QC, quality control.
Table 2 Summary information for CNVRs identified in group 1

Heritable Linked
All CNVRs (P<1.702E-5) (P<0.05) (P<1.702E-5) Novel

Total 2937 2776 (94.5%) 920 (31.3%) 431 (14.7%) 727 (24.8%)
Deletion 1453 (49.5%) 1373 505 235 403
Duplication 464 (15.8%) 437 178 68 110
Complex 131 (4.5%) 128 36 21 1
Overlapping Variants 48 (1.6%) 45 16 7 4
Unknown 841 (28.6%) 793 185 100 209
Within 50 kb of disease SNP from NHGRI 409 (13.9%) 390 109 44 95
Novel 727 (24.8%) 670 146 32 -
1 Pedigree 1201 (40.9%) 1115 273 61 399
>1 Pedigree 1736 (59.1%) 1661 647 370 328

Abbreviation: CNVR, copy number variable region.

Ten additional CNVRs had statistically significant (P<2.7e-4)
heritabilities ranging from 0.723 to 0.977. In all, 151 (81.2%)
CNVRs showed evidence of linkage to their genomic location
(P<0.05), 131 (70.4%) of which are linked after Bonferroni
correction for the number of CNVRs investigated (P<2.7e-4).

Given the high ratio of observed posterior probability errors when
fitting these measurements into defined bins, we chose to work with
the first principal component as a measurement of copy number as it
was available for all 2937 CNVRs, an approach that has been used
previously.'® For 2776 (94.5%) CNVRs the first principal component
had statistically significant (P<1.702e-5) heritabilities ranging from
0.139 to 0.863. For 920 (31.3%) CNVRs the first principal component
showed evidence of linkage to its genomic location (P<0.05). Of 727
novel CNVRs, 670 (92.2%) are significantly heritable, and 146
(20.1%) show evidence of linkage (P<0.05), providing very strong
evidence of the validity of these novel variants. Linkage and
heritability information for different classes of variants is presented
in Table 2.
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We hypothesized that rare variants may not be sufficiently
measured by the first principal component value for significant
linkage to be observed. We investigated the relationship between the
observation frequency of 186 CNVRs that were binned into defined
classes and their respective heritability and linkage LOD values using
the first principal component. These CNVRs had observation
frequencies ranging from 0.002 to 0.477. Observation frequency was
positively correlated with heritability (P<2e-16), as shown in
Figure 1. Observation frequency was also associated with linkage
LOD values (P<2e-16), supporting our hypothesis that common
variants were more likely to be linked in our analysis. On the basis of
this observation and the observation that dispersed duplications may
insert elsewhere in the genome, we conclude that lack of linkage to
their genomic location does not indicate that a CNVR is the result of
a type 1 error. Rather we consider those that have statistically
significant heritability estimates to be confirmed, and those that are
linked to be of the highest confidence, having evidence of their
genomic location. The location, class, heritability estimates, and
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Figure 1 Relationship of minor allele frequency and heritability of the first
principal component. Minor allele frequency is significantly associated with
the heritability of the first principal component measurement of each CNVR.
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Figure 2 Comparison of lengths between this study and HapMap3. The
length of CNVRs that overlap a single CNP from HapMap3 are plotted on
the y axis. The length of corresponding CNPs from HapMap3 are plotted on
the x axis.

linkage LOD values for all CNVRs are presented in the Supplementary
Materials.

The lengths of the CNVRs identified in this study correlated
significantly (P<2.2e-16) with lengths of overlapping CNVRs from
HapMap3 (392 CNVRs).# Visual inspection, presented in Figure 2,
indicates a generally good agreement of lengths between studies.
When considering those CNVRs that show evidence of linkage
(P<0.05), the average length of deletions and duplications are 21.8
and 45.5 kb, respectively (P = 4.62E-5), as shown in Figure 3. Twenty-
nine of 178 (16.3%) duplications encompass at least 1 gene compared
with 25 of 505 (5.0%) deletions (P = 1.42E-6), but this difference is
not statistically significant when corrected for the length of the
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Figure 3 Size distribution of deletions and duplications linked to their
genomic location. The size distribution of duplications is presented in
transparent white and is superimposed over the size distribution of
deletions, which is presented in dark gray. There is a statistically significant
difference in size distribution likely representing an improved ability to
detect small deletions.

CNVRs. Interestingly, within 186 CNVRs, which were binned into
defined states, large deletions had lower observation frequencies than
smaller deletions (P = 1.2E-8).

Four-hundred and nine CNVRs identified in this study are within
50kb of a disease associated SNP from the NHGRI GWAS catalog.
Among these, was a CNVR harboring two overlapping deletions, a
common ~ 1-kb deletion within the ACACA gene and a ~1.44-Mb
deletion of 16 genes, including HNFIB, which is responsible for Renal
Cyst and Diabetes Syndrome, also referred to as Maturity Onset
Diabetes of the Young 5 (MODY5[MIM 137920]). This is a recurrent
deletion that has been associated with multiple phenotypes including
MODYS5 and psychiatric disorders.!*! The deletion was apparent in
three individuals, a woman and her two daughters. We hypothesized
that these individuals had MODY5. Retrospective investigation of
clinical data showed that the mother and one daughter were
diagnosed with diabetes at ages 17 and 22.4 years, respectively.
One daughter remained diabetes free at her last visit at age 31,
indicating incomplete penetrance.

We discovered 727 putatively novel CNVRs that do not overlap
with variants reported in the DGVs.! Of these, 328 were detected in
multiple pedigrees. These CNVRs may have been missed in previous
studies or may be unique to the Mexican American population in this
study. Considering CNVRs, which showed evidence of linkage to their
genomic location (P<0.05), novel CNVRs identified in this study
were smaller on average than previously known CNVRs (P =0.0004),
as shown in Figure 4.

Of 146 novel and linked CNVRs, 21 are within 50kb of a disease
associated SNP from the NHGRI. Of these 21, 10 overlap with gene
exons, providing novel testable hypotheses, which are summarized in
the Supplementary Materials. One of these 10 is a ~5.2-kb deletion
of the IL2 gene. This CNVR is significantly heritable (P = 6.35E-12),
linked (P=0.045), and is flanked by SNPs associated with immune-
related functions.”>?> A second of these 10 is a 370-bp CNVR within
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Figure 4 Novel linked CNVR information. (a) The ratio of novel CNVRs
within CNVRs linked to their own location. (b) Boxplot showing that there
were few very large (>100KB) novel, linked CNVRs. (c) The mean and
95% CI of lengths of novel and known CNVRs. (d) The ratio of various
classes of novel linked CNVR.

the first exon of the UGT1A7 gene. This CNVR is highly linked to its
own genomic location (P=5.44E-60), and ~6.6kb from rs2602381,
which was previously associated with attention-deficit hyperactivity
disorder.?*

Study group 2

We identified 2555 CNVRs representing 106219 and 116 505 auto-
somal CNV calls using PennCNV and QuantiSNP, respectively. Of 72
putatively novel CNVRs discovered in this group, 34 were also
discovered in group 1. Despite being identified using separate
platforms, CNVRs in group 2 overlap 745 CNVRs identified in Study
group 1, of which 420 (56.4%) showed evidence of linkage (P<0.05)
in group 1. This enrichment is statistically significant (P<1.0e-10),
showing that those which were linked in the first study were more
likely to be observed in a second study group, as well as validating
linkage as a useful confirmation approach.

DISCUSSION

Copy number variation makes up a significant portion of genetic
variation in humans. The current limitations regarding CNVs are
largely due to a lack of an affordable comprehensive identification and
genotyping strategy, although methods have been proposed to address
this issue.>?> We have applied a strategy that takes advantage of the
benefit of pedigree information to identify, confirm, and localize
CNVs in the largely understudied Mexican American population.
In an effort to limit type 1 errors, previous reports have limited their
analysis to CNVs identified using at least two algorithms in the same
individual. However, in this study we were able to rely on pedigree
information as a form of quality control, so we did not restrict
CNVRs based on this convention. Of 431 CNVRs which we have
confirmed beyond doubt using linkage analysis, 144 CNVRs were
identified by PennCNV only and 21 CNVRs were identified by
QuantiSNP only in at least two individuals in the same pedigree,
indicating that restricting CNVRs based on algorithm overlap can be
overly conservative.
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Similar to previous reports,”!® we observed poor cluster separation

for many regions and were unable to confidently bin individuals into
defined classes. However, we are able to show that for ~95% of the
CNVRs identified here, representative values for these regions had
statistically significant heritability estimates. Additionally, 920 CNVRs
showed evidence of linkage to their genomic location, providing
exceptionally strong genetic confirmation. This nicely highlights the
continued difficulty of genotyping CNVs, and supports the use of
representative values in the absence of high-confidence binning.

Through linkage we obtained evidence that 178 duplications have
inserted near their genomic location. This does not mean that these
are tandem duplications, because a dispersed duplication could
potentially be close enough to its original genomic location to be
linked. The extent to which dispersed duplications are responsible for
associations on other chromosomes is currently unknown. Future
studies aimed at using linkage analysis in multigenerational pedigrees
may help to identify the insertion locations of common duplications.

The observed difference in size between duplications and deletions
in this study could be the result of a methodological bias toward
detecting large CNVs. Similarly, the correlation between deletion size
and frequency may indicate an increased ability to detect large
deletions. Alternatively, these observations could indicate that large
deletions are under stronger selective pressure than duplications or
small deletions.

In summary, we have identified and genotyped CNVRs that are
polymorphic in Mexican Americans from San Antonio, Texas. The
majority of CNVRs identified have been previously reported, indicat-
ing Mexican Americans share much of their genetic diversity with
other populations. However, about 25% of copy number variation in
this population may be specific to this ethnic group and has not been
previously characterized due to the limited number of studies in
Mexican American populations.

Importantly, we show that CNVRs that were confirmed using
linkage analysis in this study are likely to be identified again in a
separate study, and therefore can be used as predefined CNVRs of
high confidence in future studies investigating CNVs in Mexican
Americans. Our application of heritability and linkage analysis to
confirm CNVR genotype measurements shows the promise of using
multigenerational pedigrees to improve the power and accuracy with
which we can characterize structural variation in the human genome,
and should be considered orthogonal to other quality metrics for
CNV calling. We suggest that future studies investigating copy
number variation in multigenerational pedigrees should incorporate
similar approaches to for CNVR confirmation.
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