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Purpose: Technological advances now allow for multiplex plat-
forms to simultaneously test many genetic conditions. Typically,
such platforms are validated by assaying samples with known geno-
types and/or phenotypes and/or with synthetic plasmids; however,
these methods have limitations and with the inclusion of rarer
diseases and mutations, we can no longer rely solely on them. We
used a novel genomic database to validate an expanded genetic car-
rier screening platform.

Methods: Our expanded carrier screening assay uses the
Ilumina Infinium iSelect HD Custom genotyping platform to test
for 213 genetic diseases by assaying 1,663 pathogenic mutations.
We leveraged two Coriell Institute biorepositories for validation:
the Subcollection of Heritable Diseases and the 1000 Geno
Project.

There are over 6,000 known single-gene disorders,
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than previous methods, Several professional societies have rec-
ognized the rationale for expanded, panethnic screening and
have published position statements regarding the incorpora-
tion of such platforms into clinical practice for patients during
pregnancy or before conception.’

Multiplex genotyping platforms have been validated using a
number of different methods. A common method of validation
is to assay samples with a known genotype and/or phenotype
sourced from biorepositories, such as the Coriell Subcollection
of Heritable Diseases.”® However, these biorepositories pro-
vide a limited number of available validation samples for these
genotyping assays. Another method that has been implemented

Results: We measured 12,394 mutation observations in 206 samples,
resulting in 246 true positives, 12,147 true negatives, 1 false posi-
tive, and no false negati Results demonstrated high sensitivity

es not available through other biore-
pth of validated variants. We recommend

platforms.

00 Genomes Project; bioinformatics; carrier screening;

geneti@ testing; genetic diseases

is the use of plasmids containing assay-specific mutations.”
However, this method is also limited; for example, the gene-
specific sequence included in the plasmid is not representative
of full-length genomic DNA and may therefore affect the ability
of the assay to detect the mutation being targeted.” Additionally,
the mixture of plasmids and genomic DNA can interfere with
accurate mutation detection.'® These current validation meth-
ods are not sufficient to test the analytical validity of multiplex
genotyping platforms screening for an increasing number of
rare diseases and mutations, which are now routinely used in
a clinical setting.

To address the limitations of current validation methods,
we used the 1000 Genomes Project, a global catalog of genetic
variation across numerous ethnic populations using high-
throughput sequencing.''* Unlike most biorepositories, sam-
ples from the 1000 Genomes Project have curated sequencing
results, allowing for validation of multiple variants, including
true positives and true negatives, within every sample. The
accessibility of these data addresses the issues and limitations of
previous validation methods, representing a novel approach for
validation of a multiplex genotyping platform.

We designed a custom, panethnic, expanded genetic car-
rier screening assay built on the Illumina Infinium iSelect
HD Custom genotyping platform. Our customized multiplex
array screens for 213 genetic diseases by testing for 1,663
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pathogenic mutations. By using the 1000 Genomes Project in
combination with a more traditional biorepository, we suc-
cessfully validated our multiplex genotyping platform to show
high sensitivity and specificity.

MATERIALS AND METHODS

Disease and mutation selection and curation

Diseases were selected for inclusion on the assay based on the
following criteria: (i) autosomal recessive or X-linked recessive
inheritance; (ii) disease phenotype that affects life expectancy
and/or quality of life; (iii) inclusion in professional society rec-
ommendations (e.g., American Congress of Obstetricians and
Gynecologists, American College of Medical Genetics and
Genomics),” newborn screening guidelines,”® disease advocacy
group opinions (e.g., the Jewish Genetic Disease Consortium');
and (iv) preimplantation genetic diagnosis for the condi-
tion. A total of 213 autosomal recessive and X-linked diseases
were selected for screening. An extensive literature search for
population-wide studies and individual case study reports was
conducted to select 1,663 associated pathogenic mutations,
including point mutations, insertions, and deletions across
intronic and exonic regions; splice-site mutations; and promoter
region mutations.

Probe design
For each mutation, single-base extension probes were d
according to specifications outlined in Illumina’s custom
process for the Infinium iSelect HD Custom Geno
BeadChip microarray. The Reference Sequeg

from the February 2009 release of hgl9/

that nonpathogenic polym
additional probes wercggg

possible flanking re

Primer 1: 3’ (C/A) @R TAATCA...CTAGCA 5’
Primer 2: 3’ (C/A) AGRSRAATCA...CTAGCA 5’

Here, a set of probes was developed targeting a C>A substitu-
tion. Four bases upstream of the point of interest exists a T>C
polymorphism. To account for individuals with each genotype,
probes were designed for both sequences.

Sample ascertainment

Samples were selected from two biorepositories housed by the
Coriell Institute (Camden, NJ): the Subcollection of Heritable
Diseases and the 1000 Genomes Project.

Validation samples of mutations included in our assay were
selected from the Subcollection of Heritable Diseases based
on known status as heterozygous, homozygous, or com-
pound heterozygous. A total of 126 genomic DNA samples
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covering 94 unique mutations were used for validation,
providing 161 true-positive observations (Supplementary
Table S1 online).

A total of 80 samples from the 1000 Genomes Project were
selected, with specific attention to samples from a diverse range
of ethnic groups (Supplementary Table S2 online). For each eth-
nic group selected, at least one male and one female sample were
included to cover mutations found on the sex chromosomes. We
focused on validating 155 mutations in each selected sample, of
which 49 mutations were reported as heterozygous within these
samples. Multiple samples were heterozygous and/or wild-type
for the same genetic variant; this provided 86 true-positive obser-
vations and 12,147 true-negative observations for sensitivity and
specificity calculations (Supplementary Table S2 online).
between the samples ascer-
, resulting in a total of 133
ples selected for validation,

Purification Protocol via QIAcube (QIAGEN,
The Netherlands). Samples were assayed using

mina, San Diego, CA). This is a two-channel assay
fluorescently-labeled nucleotides (red and green) are
o genotype each mutation. All analyses were performed
CLIA-certified laboratory (Reprogenetics, Livingston, NJ).

Bioinformatics analysis and quality control

The resulting genotype for each of the 1,663 genetic mutations
assayed was analyzed through a clustering algorithm via the
GenomeStudio Genotyping Module version 1.0 (Illumina).
Genotypes are called based on the intensity of the two fluo-
rescent signals for each assayed variant. These two intensities
are translated into normalized values (x and y) for each probe,
corresponding to a specific genetic variant. The normalized
values are used to calculate R, the total allele intensity from
both channels (x + y), and theta, the allelic intensity ratio
(2/m*arctan(y/x)). Based on R and theta for each probe, a geno-
type for each mutation is reported in a standard homozygous
wild-type, heterozygous, and homozygous mutant format.

RESULTS

Validation results allowed us to effectively assess the accu-
racy, sensitivity, and specificity of our genotyping assay.
A total of 206 samples sourced from the Coriell Subcollection
of Heritable Diseases and 1000 Genomes Project were analyzed
(Supplementary Tables S1 and S2 online). Samples varied in
gender, ethnicity, and carrier/affected status to maximize the
pool of variants for validation (Supplementary Tables S1
and S2 online). Genotype calls were reported as homozygous
wild-type, heterozygous, or homozygous mutant accord-
ing to the clustering algorithm as analyzed by Illumina’s
GenomeStudio Module version 1.0 (Figure 1).
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Assay-generated genotype calls then were compared with the
genotypes provided by the Coriell Subcollection of Heritable
Diseases and the 1000 Genome Project database and demon-
strated the high sensitivity (99.99%) and specificity (99.99%) of
our genotyping assay (Table 1). We measured 12,394 mutation
observations, resulting in 246 true positives, 12,147 true nega-
tives, and no false negatives. The assay yielded one false-positive
result for mutation ¢.1448T>C/p.L444P (rs421016) in the GBA
gene associated with Gaucher disease.

DISCUSSION
Through our validation, we have demonstrated the high sensi-
tivity, specificity, negative predictive value (NPV), and positive
predictive value (PPV) of our assay (Table 1). Not only have
we shown the benefits of using the 1000 Genomes Project as a
validation tool, but we have also provided the necessary analyti-
cal validity and support for the use of our platform as a clinical
expanded carrier screen.

Traditional validation studies relied on samples with a known
genotype and a corresponding single phenotype, such as those
available through the Subcollection of Heritable Diseases, or
used synthesized plasmids.”® Multiplex platforms are now
designed to detect many rare diseases and mutations, but rel
ing solely on these methods can affect the integrity and ap
cability of clinical genotyping assays. We used a novel appro
to validate our genotyping platform by utilizing samples fro
the 1000 Genomes Project. As these samples are seq
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Figure 1 Example of a cluster graph used for calling genotypes: Tay
Sachs ¢.1278_1279insTATC. Visual interpretation of genotype calls for
multiple samples based on R and theta demonstrate how each genotype
clusters based on allele intensity ratios. Each dot corresponds to a unique
sample. Blue indicates homozygous wild-type; orange, heterozygous mutant;
green, homozygous mutant. The homozygous mutant case in this example
is a validation sample from the Coriell Subcollection of Heritable Diseases
(NA11852).
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extent of information available allows us to validate many more
genotype observations per sample, including both positive and
negative calls. Leveraging the 1000 Genomes Project for valida-
tion expanded the number of biological samples available to use
for validation of multiplex genotyping platforms. This not only
addressed the limitations of current validation methods but also
allowed for more accurate calculations of specificity. As a result,
our panethnic, expanded carrier screening panel, inclusive of
rare diseases and mutations, with demonstrated high sensitivity
and specificity, can be confidently offered in a clinical setting.
Several professional societies have recognized the rationale
for expanded, panethnic screening and have recently published
a joint statement outlining criteria for the incorporation of such
platforms into clinical practice for patients during pregnancy
or before conceptiog criteria include the following: (i)
p severe enough to warrant con-
(ii) data on carrier frequencies

before and after testing. In spite of
there is much variability in expanded

of the types and clinical variability of diseases for which
re being screened. The available technologies for carrier
eening, including chip-based genotyping and sequencing, all
have inherent advantages and limitations. Ultimately, a combi-
nation of both technologies will provide the greatest reduction
in residual risk. Regardless of platform, accurate validation of
the platform is what will allow physicians to have confidence in
results and thus drive their panel selection.

Although the combination of Coriell's Subcollection of
Heritable Diseases and the 1000 Genomes Project does allow
for validation of a broader range of mutations, it is still not pos-
sible to validate all tested mutations because validation samples
for certain mutations are not available through biorepositories.
To account for this, we routinely use polymerase chain reaction
and Sanger sequencing to confirm calls for variants that have
not been validated previously as part of our expanded carrier
screening process.

There are also assay-specific limitations to consider, such as
polymorphisms near disease-causing mutations, triallelic vari-
ants, and pseudogenes. We have taken these limitations into
consideration while developing our assay by designing mul-
tiple, bidirectional, sequence-specific probes for each mutation
tested. This allows our assay to provide comprehensive cover-
age and accurate clinical results. While these design methods

Table 1 Comparison of genotype calls with a known sample genotype

Measurement Sensitivity Specificity Accuracy PPV NPV
Equation TP/ATP + FN) TN/(FP + TN) (TP + TN)ATP + FP + TN) TP/(TP + FP) 1 — (FP/TP + FP))
Calculation 246/(246 +0) 12,147/(1 +12,147) (246+12,147)/(246+1 + 12,147) 246/(246+1) 1-(1/246+1))
Value 99.99% 99.99% 99.99% 99.60% 99.60%
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significantly increase the sensitivity and specificity of the assay,
pseudogenes can still be particularly challenging because of
their high sequence similarity. For instance, the false positive
identified within the GBA gene in this study is likely a result of
the presence of a GBA pseudogene (GBAPI). Therefore, as part
of our expanded carrier screening process, mutations within
genes with pseudogenes undergo a secondary bioinformat-
ics review of the clustering algorithm to ensure accurate calls.
This additional review is also applied for the analysis of triallelic
variants and other unique cases.

In conclusion, we have introduced a novel validation method
applicable to all multiplex platforms, using an easily accessible,
highly accurate biorepository that allows for the validation of not
only positive calls but also negative calls. On the basis of results
from this study, we recommend including samples from the 1000
Genomes Project in the validation process of future multiplex
platforms, which will increase confidence in their clinical use.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper
at http:/Awww.nature.com/gim
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The authors have requested a retraction of the above article based on an error in the analysis of sample number. The authors have
provided the following explanation:

“During routine quality control using one of the validation samples, it was discovered that there was an error regarding how the sample
was entered into the Supplementary Table 2. This prompted further investigation, which resulted in the discovery that all source material
from the original data analysis was lost in a data migration when moving to a new engineering platform. In order to rectify the identi-
fied sample error, and reconfirm the accuracy of all other samples, the original listing of all validation samples and mutations would
be needed. Due to the aforementioned data migration, we unfortunately no longer have access to this raw data for the validation
samples.”

While this error does not affect the clinical validity of the expanded carrier screening panel, due to the nature of the error, the authors,
editors and publisher think it prudent to retract the paper. We apologize for any adverse consequences this may have caused.

Advance online publication 22 October 2015
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