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Abstract

Next Generation Sequencing (NGS) technologies have emerged as a
powerful tool for the discovery of causative mutations and novel
Mendelian disease genes, and are rapidly impacting genetic
diagnostics. NGS technologies can be used in combination with
DNA enrichment methods to generate deep sequencing of target
genome regions, such as the exome or known disease loci,
delivering fast, inexpensive and detailed genetic information. This
thesis describes the application of targeted NGS to identify a novel
disease gene for familial hyperkalemic hypertension. In addition, it
also explores the clinical translation of NGS technologies to the
genetic diagnostics of a heterogeneous panel of Mendelian diseases,
including cystic fibrosis, hyperphenylalaninemias and autosomal
dominant polycystic kidney disease. The results of this thesis do not
only ratify targeted NGS as a powerful tool for Mendelian disease
gene discovery, but also show that it is ready to substitute

traditional molecular methods in medical genetics.
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Resum

Les tecnologies de sequenciacid de nova generacid (NGS) han
emergit com a una poderosa eina per al descobriment de mutacions
causals i nous gens per a malalties Mendelianes, i estan tenint un
rapid impacte en I’ambit del diagnostic geneétic. Les tecnologies de
NGS es poden utilitzar en combinacié amb métodes d’enriquiment
de I’ADN per a sequenciar en profunditat regions genomiques
diana, com I’exoma 0 gens associats a malalties, entregant
informacid genética d’una manera rapida, barata i acurada. Aquesta
tesi descriu I’aplicacio de la NGS dirigida per a identificar un nou
gen per a la hipertensio hipercaliémica familiar. També s’explora la
traduccio clinica de les tecnologies de NGS per a millorar el
diagnostic genetic d’un panell heterogeni de malalties Mendelianes,
qué inclou la fibrosi quistica, hiperfenilalaninemies i la malaltia
renal poliquistica autosomica dominant. Els resultats d’aquesta tesi
no nomes ratifiquen la NGS dirigida com a una potent eina per al
descobriment de gens de malalties Mendelianes, sind que també
demostren que aquesta tecnologia esta preparada per a substituir els
metodes moleculars tradicionals a I’ambit de la genética médica.






Preface

Next Generation Sequencing (NGS) coupled to genomic capture
technologies represents an important milestone in genomics,
revolutionizing the way geneticists screen for disease-causing
mutations in Mendelian disorders. This has shifted the focus of
molecular analysis in human diseases from Sanger sequencing and
array-based methods to deep sequencing of linkage intervals,
candidate regions or exomes at higher resolution and greater
sensitivity than previously possible. The objective of this thesis was
to examine the possibilities of targeted NGS for the identification of
causative variants and novel disease genes to improve the genetic
diagnostics of Mendelian disorders. The first chapter of this thesis
gives a general introduction about genetic variability and disease.
This section also contains a general description of both classic
molecular methods and NGS technologies applied to the study of
Mendelian diseases. The results chapter contains four articles
describing the different studies and methodology followed in each
of them. The first article describes the identification of a novel gene
for familial hyperkalemic hypertension by exome sequencing. The
other three report the application of targeted NGS to improve the
genetic diagnostics of cystic fibrosis, hyperphenylalaninemias and
autosomal dominant polycystic kidney disease, respectively. The
following chapter provides a general discussion about the future
implications of NGS technologies both at basic research and clinical
levels. This thesis ends with a chapter that summarizes the main

conclusions of the work presented here.
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1. INTRODUCTION

1.1. Genetic variation

Genetic variation allows for the uniqueness of each individual, but
is also the cause underlying several human diseases, mostly based
on mutations that affect either the functionality of the genes or their
regulatory elements. The discovery and study of human genetic
variation has been traditionally driven by technological innovations.
Following the completion of the human genome sequence,'”
research efforts at the population level, such as the SNP Consortium
and HapMap projects, characterized population variation at
approximately 3.5 million mostly-common single nucleotide

polymorphisms (SNPs).?

Nowadays, the advent of next generation sequencing (NGS) has
revolutionized the way in which we interrogate the genome. With
the new sequencing technology platforms in action, the
characterization of genetic variation has been extended into the
1000 Genomes Project (1000GP) in a subset of different ethnic
groups,” and is being expanded to 2,500 samples representing
populations from different geographic origins. In addition to this,
other projects, such as the International Cancer Genomics
Consortium (ICGC),” and other initiatives in several countries (UK,
The Netherlands, Denmark, Iceland, and others) are producing
genomic sequence from thousands of individuals across the world.
This, in combination with other projects collecting dense genotype

data from numerous disease cohorts, will provide a large collection



of different sources of genomic variation, which should help to gain

knowledge on the genetic basis of human disease.

These recent large scale human population genetic studies have
unveiled that genetic diversity between individuals is much larger
than what was expected, both at the single nucleotide and at the
genome structure levels. It has been estimated that even if all men
and women were whole-genome sequenced, up to 60 unique
mutations would be found per individual.® Fortunately, most of
these variants have no medical consequences, especially those
present in healthy individuals. However, their presence in databases

can help to identify disease-related mutations.’
1.1.1. Single Nucleotide Variants

Watson-Crick DNA base pair changes or single nucleotide variants
(SNVs) are the most prevalent class of genetic variation amongst
individuals.® When at a given locus the nucleotide composition
varies more than 1% in the general population, then the SNV is
referred as single nucleotide polymorphism (SNP). It has been
estimated that every two haploid human genomes would differ in 1
nucleotide per 1331 bp across the 3 billion bp of the human

genome.9
1.1.2. Short Insertions and Deletions

A single or a sequence of nucleotides can also be deleted or inserted
in the genome, giving rise to the second most common type of

polymorphisms, collectively known as InDels.'” A human genome



contains approximately one million of this type of genomic
variation, although this figure might be an underestimation since

InDels are more difficult to detect than SNVs.!!
1.1.3. Structural Variants

Structural variants are genomic rearrangements of hundreds to
millions of consecutive base pairs that include large insertions,
deletions and duplications (also known as copy number variants or
CNVs), inversions and complex combinations of different
rearrangements. These changes can have an important impact on
gene function and expression, and have been appreciated only more
recently as a significant source for human genetic variation. In fact,
structural variants have already been associated to human disease
providing new insights on the genetic basis of phenotypic and

disease-susceptibility differences between individuals.'?

1.2. Classic methods for the detection of genetic

variation and disease gene identification

Genetic variation is the driving force behind evolution. However,
the phenotypic consequence of novel or inherited variation can
provide a selective advantage or affect negatively the fitness of an
individual, for example predisposing to disease. For this reason, it is
a core activity of human genetics to identify the specific genetic
defects that cause diseases, so that their diagnosis and treatment can
be improved. So far, according to the Human Gene Mutation

Database (HGMD; http://www.hgmd.org) more than 140,000



disease mutations, spread across >5,700 different nuclear genes,

have been annotated, and these numbers keep increasing.

Following, the main methodological approaches used to detect
genetic variation and disease gene identification are described. The
main goal of all these approaches is to identify a certain sequence

variation only found in patients and not in healthy individuals.
1.2.1. Candidate gene approach

Candidate genes are selected on the basis of previous evidence
linking a given locus to the disease phenotype."> This hypothesis-
based approach takes advantage of previous knowledge, including
previously implicated genes, genes associated with similar diseases
or on the biological activity of proteins relevant to the physiology of
the disease. Then, the candidate genes are screened for causal
mutations using Sanger sequencing or other methods specific for
the analysis of genomic rearrangements. Although this approach has
been successful in the identification of genes involved in
monogenic and complex diseases,'® it is clearly biased towards the

current biological knowledge.
1.2.2. Positional cloning, linkage and homozygosity mapping

Positional cloning strategies aim at identifying in an unbiased and
hypothesis-free manner genomic loci likely related to the disease.
Once the candidate loci are defined, Sanger sequencing is applied to
screen for causal variants. During the past decades, the development

of highly reliable positional cloning strategies, including high-



throughput linkage analysis using DNA microarrays, along with the
availability of the human genome sequence, has accelerated the
search for the causative genes of diseases with Mendelian traits.
Positional cloning starts with the ascertainment of large families

inheriting the disease in a Mendelian fashion.

Linkage analysis uses highly polymorphic markers throughout the
genome to identify chromosomal regions that segregate with disease
susceptibility within families."”” This strategy has led to the
identification of genes underlying major human diseases, such as
cystic fibrosis.''™® A limit of this approach is that it allows
discovering genes that exert a major effect on susceptibility but it is
less likely to be successful when several genetic determinants are
involved with a small individual effect. Moreover, when the
pedigree size is limited, it is difficult to narrow the candidate region
by linkage analysis; hence, tremendous effort is still required to

identify the causative genes.

Homozygosity mapping also benefits from the existence of dense
SNP genotyping arrays, and it tests the assumption that a
homozygous mutation in a recessive disease gene is identical by
descent by segregating twice to the affected child from a common
ancestor through both the maternal line and the paternal line. This
short segment of homozygosity by descent can then be detected by
multipoint homozygosity mapping and will harbor the sought-after
disease gene. Until now, successful gene identification by
homozygosity mapping has been mostly based on consanguineous

families that have several affected individuals.'’



1.2.3. Genome wide association studies

More recently, genome-wide association studies (GWAS) have
been applied to discover novel disease loci for complex disorders
and common traits. GWAS analyze genetic association by
comparing SNP allele frequencies in affected individuals with those
of controls. High-density genotyping arrays containing between
100,000 and 5 million SNPs, based on the existence of linkage
disequilibrium blocks, allow screening variation in the human
genome for any disease and trait with enough cases for adequate
statistical power.”’ The unbiased approach of GWAS eliminates the
disadvantages of the earlier association studies, which genotyped
only few SNP from a candidate gene. Actually, GWAS using high-
throughput approaches, have provided >2,600 associated common
risk alleles, with convincing associations in >350 different complex

diseases and common traits (Figure 1.2
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Figure 1. Published Genome-Wide Associations for 17 trait categories
(p<5x10’®). From Hindorff et al., 2013.



GWAS are more suited for the identification of variants associated
to common disorders under the assumption of the “common-disease
common-variant” hypothesis.”> However, despite the success of
GWAS in defining several hundred genes with disease associations,
they fail to detect much of the genetic variation impacting on
disease outcomes. This is likely due to the fact that GWAS cannot
detect many sources of genetic variability such as complex copy
number variants or low-frequency variants. In fact, low frequency
(1%-5%), rare (<1%) and novel variants would not show up in
either GWAS or linkage studies, and will only be detectable by
efforts that explore the complete variability of the genome (Figure
2). Thus, it is clear that this approach can access only a small
proportion of the genomic contribution to diseases and
phenotypes.”* Also, most of the GWAS findings do not yet translate
into preventive measures or clinical testing, as most of the

associations have modest effect size of odds ratio <1.5.
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Figure 2. Identification of disease-related variations depending on risk allele
frequency and genetic effect (odds ratio). From Tsuji et al., 2010.




1.3. Next generation sequencing

The identification of Mendelian disease genes has long been based
on positional cloning approaches that often led to determine
candidate regions spanning approximately 0.5-10 cM and
containing around 300 genes. Thus, the identification required
extensive Sanger sequencing of large numbers of genes, which is a
costly and time-consuming process. Using these strategies, about
half of the genes containing allelic variants responsible for
monogenic disorders have been uncovered.*® This has prompted the
advent of NGS technologies, which come with the promise of
overcoming the limitations of the previous genomic approaches,
allowing the unbiased interrogation for all kind of causal mutations

in broad candidate regions or even genome-wide.

During the last forty years, first-generation sequencing, also known
as Sanger sequencing,”’ especially in its latest iteration (the
automated sequencer by capillary electrophoresis ABI 3730XL),
has been considered the “gold standard” because of its accuracy and
ultimate resolution to identify sequence variants. It has been used in
different historically significant large-scale sequencing projects for
the discovery of important mutations and genomic structural
variants. However, this technique is not easy to scale up allowing
only up to 384 sequencing reactions in parallel in the most
advanced capillary sequencers. It is also expensive, with an

estimated cost of €400 per sequenced Mb.**°



Thanks to the recently tremendous technology progress, current
technologies utilizing NGS, based on shotgun approaches, are able
to sequence in excess of one billion short reads in parallel per
instrument run. Interestingly, NGS technologies are able detect all
kinds of sequence variants in a single experiment, including SNVs,
InDels and SVs, providing investigators access to a large spectrum
of de novo and rare inherited variants (those with frequencies <1%)

mutations, which are often omitted in standard genotyping panels.

Amongst the different NGS technologies recently developed, the
most widely adopted have been the Roche’s 454 GSFlex,>'** ABI’s
SOLiD,” and Illumina’s GA and HiSeq.***> The sequencers from
these vendors show significant differences in many aspects, but
their workflows are conceptually comparable, mainly involving
template preparation, sequencing and imaging, and data analysis

steps.36

Currently, Illumina’s technology dominates the NGS market. This
is the NGS technology used in this thesis and the one that will be
explained here more in detail. The process starts by fragmenting the
genomic DNA into small pieces (around 300 bp), which are then
ligated to specific adapter sequences. Then, the DNA fragments are
clonally amplified and clustered together (Figure 3) to serve as a
template for the sequencing process, which consists of multiple
alternating cycles of cyclic reversible termination (CRT) and

imaging.*’



One DMNA molecule per cluster

Sample preparation

DNA (5 ug)

Bridge amplification

Figure 3. Clonal amplification. It is composed of two basic steps: initial priming
and extending of the single-stranded, single-molecule template, and bridge
amplification of the immobilized template with immediately adjacent primers to
form clusters. Adapted from Metzker et al., 2010.*

CRT uses four-color reversible terminators in a cyclic method that
comprises nucleotide incorporation, fluorescence imaging and
cleavage. More in detail, in every cycle just one fluorescently
modified nucleotide is incorporated as the complement of the
template base. Unincorporated nucleotides are washed before
imaging. To determine the identity of the incorporated nucleotide at
each cluster, the four colors are detected by total internal reflection
fluorescent imaging. After imaging, the terminating group and the
fluorescent dye of the incorporated nucleotide are removed during a
cleavage step. Then a new CRT cycle begins to incorporate and
read the following nucleotide (Figure 4). Illumina’s technology

allows sequencing runs ranging from 50 to 300 CRT cycles.*

10
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Figure 4. The four-color cyclic reversible termination (CRT) method.

Each cycle comprises nucleotide incorporation, fluorescence imaging and
cleavage. The four-color images highlight the sequencing data from two clonally
amplified templates. Adapted from Metzker et al., 2010.%°

Next generation sequencers can produce independent reads or reads
from both sides of the DNA fragment (the insert) at an
approximately known distance. In the latter case, two strategies can
be followed. Mate pairs are generated when long DNA fragments of
various kilobase (kb) in length are circularized and then randomly
sheared before sequencing, allowing larger insert-size libraries. In

contrast, paired-end reads are created by shearing the DNA into

11



short segments of approximately 300 bp which are then sequenced

at both ends, providing a tighter insert size distribution.”®

NGS technologies have shifted the scale of the sequencing runs
from the order of kb of the first generation of capillary sequencers
to the hundreds of gigabases (Gb) of the new breed of massive
parallel sequencers (Figure 5). Also, the use of massively parallel

technologies has reduced very rapidly the cost per sequenced base

2112 . 30,39
by a million-fold since 1990.
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Figure S. Increased throughput of next-generation sequencers. Improvements
in the rate of DNA sequencing from slab gels to capillary sequencing and NGS
technologies. From Stratton et al., 2009.%

The first whole human genome sequenced using NGS technologies
was that of James D. Watson.*' Ever since, these technologies have
permitted the whole-genome sequencing (WGS) of several
individuals at much smaller costs than the sequencing of the first
human genomes.”****® While the first human genome sequencing

project supposed a total expense of the order of €2,000 million, the

12



cost of sequencing is dropping to the point where a whole human
genome is now available for about a similar cost to that of a regular
body imaging investigation. Moreover, the cost of WGS is

becoming less expensive than many current genetic tests.

The broadest application of NGS is WGS, but it can also be used for
many different reduced representation sequencing applications,
such as resequencing of (subsets of) genomic DNA, ChIP-
sequencing to identify binding sites of DNA-associated proteins,*’**
and to profile the complete or selected transcriptome by sequencing
cDNA derived from total RNA (RNAseq).” All these methods

largely exceed their array-based precursor genomic technologies in

terms of resolution.
1.3.1. Genomic enrichment

Despite the substantial cost reductions associated with NGS
technologies in comparison with Sanger sequencing, WGS is still a
prohibitively expensive endeavor for studies in which a large
number of samples are required to achieve adequate statistical
power or for routine clinical practice. Also, depending on the study
it is not necessary to explore the entire genome of the subjects being

investigated.

Thus, there is a growing demand for genome targeting methods to
sequence specific subsets of interest of the genome, and several
commercial alternatives are available. These protocols allow cost-
effective capture of regions of interest in large numbers of samples

in parallel. The capture target can be any genomic region, from a

13



single gene to linkage intervals or the complete list of exons of the
genome, i.e. the exome (discussed below). The possibility of
focusing only in to what is really interesting optimizes the cost and
analysis required, especially considering that the function of much
of the genome is still largely unknown. However, it is required an
educated guess as to which regions or genes may be interesting.
These methods produce a pool of desired molecules that are present
in complex mixtures of irrelevant DNA sequences, and that are
separated by the parallel nature of the sequencing technologies
themselves.”® Parallelized genome enrichment and sequencing of
multiple samples also requires the incorporation of barcodes into
the sequencing libraries to be able to trace back the sample source
of each sequencing read. This approach allows for the sequencing
of a smaller fraction of the genome across a much larger number of

individuals.

Targeted NGS requires efficient methods for massive parallel
enrichment of the templates to be sequenced. Targeted capture
methods can be classified into those that rely on an enzymatic step
to achieve specificity (i.e., molecular inversion probes, multiplex
PCR), and those that rely purely on pullout by hybridization (into
in-solution and on-array methods) to  oligonucleotides

complementary to the sequences of interest.”’
1.3.1.1. Polymerase-mediated capture

Multiplexed PCR using several primer pairs in a single reaction can

be used to generate multiple amplicons of the desired target

14



sequences.’> However, this is a cumbersome process not feasible in
terms of cost and labor input when large genomic regions are
supposed to be sequenced. Alternatively, another PCR-mediated
enrichment protocol based on Molecular Inversion Probes (MIPs)
has been developed.”*>* This technique consists in the performance
of large numbers of individual amplification reactions using
oligonucleotides that are synthesized on microarrays and
subsequently cleaved off and amplified by PCR, to perform a
padlock and molecular inversion reaction in solution where the
probes are extended and circularized to copy, rather than directly
capture, the targets to be sequenced. This is not a cost-effective
approach given the significant investments in oligonucleotides,
enzymes, and infrastructure required. The major problems
associated with this technique are an unbalanced representation of

the targets and poor reproducibility.
1.3.1.2. Solid-phase hybridization

Solid-phase hybridization makes use of a solid support, such as
microarrays, where probes complementary to the regions of interest
are affixed. The fragments of the randomly sheared genomic DNA
that match the synthetic oligonucleotides of the surface of the
microarray hybridize and are retained for the posterior sequencing,
whereas the resting untargeted genomic fragments are washed

55-57
away.

15



1.3.1.3. Liquid-phase hybridization

Liquid-phase hybridization is a modification of the solid-phase
method, where the probes are not attached to a solid-phase, but
instead are in solution and biotinylated. In solution hybrid-selection
capture takes advantage of the economy of oligodeoxynucleotide
synthesis on an array and the favorable kinetics of hybridization in
solution to cheaply and effectively target multiple regions in the
genome. It consists in “fishing” the genomic targets out of a pool of
genomic DNA fragments. Following hybridization, the biotinylated
baits and their bound complementary genomic fragments are pulled-
down using streptavidin-coated magnetic beads and a magnet
(Figure 6). This makes this method a highly flexible, scalable, and
efficient approach since it does not need any other specialist
equipment than a magnet and standard tools for manipulating
liquids.”® In addition, respect to microarray-based hybrid-selection,
solution capture is less expensive and requires less DNA. The major
drawbacks of in-solution hybrid-selection are that is more time-
consuming than its array-based counterparts, mainly due the need
for relatively long hybridization times compared to solution phase

capture.

16
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Figure 6. Liquid-phase hybridization. Solution-phase methods use target-
specific oligonucleotides synthetized in arrays, which are cleaved as a pool of
probes from the support and eluted into a single tube. The oligonucleotides are
modified with a T7 promoter sequence, which allows the incorporation of biotin-
labeled uridine-5'-triphosphate (UTP) into the probe sequence. Then the baits are
mixed with a size selected pond library of fragments modified with sequencing
adaptors. Hybridized fragments are then captured to streptavidin beads and eluted
for sequencing. Adapted from Metzker et al., 2010.°

1.3.2. Exome sequencing

Only 1% of the human genome corresponds to protein-coding
genes, which represent around 50 Mb split across ~200,000 exons
of ~21,000 genes. The function of the rest of the genome remains
largely unknown. The regions with coding potential are generally
referred as the “exome” or total exon complement. Noteworthy,

most of the human inherited disease-related mutations identified so

17



far are located into this small coding portion. Actually, up to 85% of
all disease-causing mutations in Mendelian disorders are within
coding exons. Thus, it seems convenient for disease-gene discovery
projects to concentrate sequencing efforts on the exome to avoid the

additional cost and complexity of WGS.

As a more cost-conscious alternative to WGS, the extension of
genomic enrichment to the human exome allows the unbiased study
of the complete set of protein-coding regions of the genome without
the need of having to choose a subset of genes for interrogation,
allowing larger numbers of samples than are currently practical with
WGS. Exome sequencing provides a complete perspective of
coding genetic variation to a degree that has never before been
possible, overshadowing traditional methods for the study of
common, rare and novel genetic variation, such as SNP arrays or

single locus resequencing studies.

Exome sequencing is a clear example of pragmatism applied to
science, since sequencing only 1% of the genome represents a good
compromise between cost and scientific ambition. However, it must
be noted that that one percent costs more than one percent of a
whole genome to obtain. The available methods for the capture of
the exome (commercialized by Agilent Technologies [SureSelect]
and Roche-NimbleGen [SeqCap/SeqCap EZ]) wuse array
hybridization or liquid hybridization to biotinylated probes
(previously discussed) that target all exonic and flanking sequences
and may also include probes to target non-coding regions of

interest, such as micro RNAs (miRNAs).

18



When exome sequencing is applied to the study of Mendelian
diseases it is done under the assumption that this group of diseases
are caused by rare genetic variants with complete or very high
penetrance. Thus, the downstream analyses are focused on the
identification of very rare or novel loss-of-function mutations that
introduce truncations to the encoded protein, i.e. nonsense and non-
synonymous variants, splice acceptor and donor site mutations and
coding InDels, anticipating that synonymous variants are far less

likely to be pathogenic.

Exome sequencing has achieved ground-breaking success in
identifying genes associated with Mendelian diseases, as
demonstrated by a slew of recent publications. As a proof of
concept, Ng et al. reported the first study targeting the exome of
patients suffering of a Mendelian disease in which they identified
variants in the known disease-causative gene. Concretely, the
sequencing of the exomes of four unrelated individuals with
Freeman-Sheldon syndrome, a rare dominantly inherited disorder,
demonstrated that the causative gene (MYH3) for a monogenic
disorder (FSS) can be identified directly by exome sequencing of a
small number of unrelated affected individuals.”® Remarkably,
MYHS3 was the only candidate gene after the application of multiple
filters, including the requirement of identifying the variants in each
sample studied. However, as mentioned above, this was just a
proof-of-concept experiment, since MYH3 was already known to
underlie FSS. Thus, the actual success of this experiment was the

demonstration of the power of exome sequencing for the
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identification of disease-causing mutations in genes underlying

Mendelian disorders.

Later on, the same group successfully applied exome sequencing for
the first time in the identification of a novel disease gene. Ng et al.
sequenced the exomes of four individuals from three independent
kindred suffering of Miller syndrome, a rare Mendelian disorder
(autosomal recessive) of unknown etiology, and identified a novel
causal mutation in DHODH, which encodes for a protein involved

in pyrimidine biosynthesis, as the origin of the disease.’

Meanwhile, another research group used exome sequencing to make
an unanticipated genetic diagnosis. Choi et al. applied exome
sequencing for the genetic diagnosis of a five-month-old Turkish
boy with a mysterious genetic illness. This boy was initially
diagnosed by the doctors to suffer of a kidney disease (Bartter
syndrome), but the genetic cause could not be identified. However,
the sequencing of his exome identified a homozygous missense
substitution in SLC26A3 (a known congenital chloride diarrhea
gene).®’ Thus, the boy was finally diagnosed congenital chloride
diarrhea, a diagnosis that was confirmed by follow-up clinical
evaluation by the doctors, validating the use of exome sequencing
as a clinical tool for the study of patients with undiagnosed genetic

illnesses.

These studies demonstrated for the first time the potential of exome
sequencing, even with reduced sample numbers, in combination

with appropriate bioinformatics filtering against public variant
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databases to exclude benign and unrelated variants, as an efficient
strategy for the identification of single candidate genes for unsolved
Mendelian disorders. Ever since after this, other reports have
described the successful use of this strategy to several diseases and
phenotypes, such as the Mabry syndrome,”* Fowler syndrome,*
severe brain malformations64, and also in autosomal dominant
disorders, such as Kabuki syndrome,65 spinocerebellar ataxias,66

familial amyotrophic lateral sclerosis (ALS),"” or X chromosome-

linked disorders, such as non-syndromic intellectual disability.*®

Exome sequencing has also been applied for the identification of
variation between populations. As an example, Yi et al. used exome
sequencing to identify changes in allele frequency between high
altitude populations (Tibetans), and low altitude populations (Han
Chinese and Danes). Exome sequencing of 50 residents of the
Tibetan Plateau, a region situated 4,000 meters over the sea, helped
to the identification of several genetic variants associated to
extreme altitude and low oxygen concentration adaptations. The
most significant variant corresponds to a SNP at the Per-Arnt-Sim
(PAS) domain protein 1 (EPAS1), a transcription factor involved in
response to hypoxia. This variant also associates with high
erythrocyte levels, reinforcing the potential involvement of EPAS1

in adaptation to hypoxia.®’
1.3.3. Detection of genetic variants

Due to the sheer magnitude of the genomic information produced

by the current NGS equipment (several hundred Gb can now be
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generated in just one sequencing run), the experimental bottleneck
has shifted from data acquisition towards its correct storage and
processing. As an example, while the sequence of the human
genome is 3 Gb, the full collection of files in use for one whole
human genome may reach various terabytes (TB), including
intensity files, SAM (Sequence Alignment Map format), BAM
(binary version of SAM), and other files with coordinates,

variations etc.

Efficient methods to align millions of short-read sequences to the
human genome (matching the short reads to a preexisting reference

70-73
genome)

and the calling of variants (determination of the best
guess for the genotype, or other sequence feature, at each aligned
position) have been developed,’*’® allowing to access most of the
reference genome and to align de novo sequences that are missing
in the reference genome sequence. Since DNA sequence variants
may involve from single nucleotides up to several kb, specific
algorithms have been developed for single base substitutions,
insertions/deletions and structural variations.””” All steps of the
bioinformatics analysis have huge computational demands with

. . 80,81
which ordinary computers cannot cope.”

Once the variant calling process of a given sample or project is
finished, the next task is the annotation of each detected sequence
variant (Figure 7). During this process, information regarding the
alignment of the variant to a specific base position in a gene, the in
silico assessment of the variant's potential to disrupt gene function

82-85

(“pathogenicity”), and the presence of the variant in databases
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such as dbSNP, are gathered and recorded. Several annotation tools
are available, such as the Genome Analysis Toolkit (GATK),”
SeattleSeq  (www:/gvs.gs.washington.edu/), or ANNOVAR,*

among many others.
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- filters
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Figure 7. Overview of the bioinformatics analyses for NGS data. From the
mapping of the raw sequencing reads to the annotation of the detected variants.

The sensitivity to detect sequence variants is a key parameter in the
process of mutation identification. However, sensitivity is
conditioned by three main factors: the coverage, the sequencing
quality, and the read mapping quality. Although NGS technologies
are highly accurate, with average rates of error of less than 0.1-
0.2%, it 1s necessary to consider the consequences of these errors
during the calling of variants in poorly covered loci.*” Other sources

. . . . . . 88
of spurious variant calls are biases during library preparation™ or
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amplification®’, difficulty making genotype calls at the end of short
reads’®, and platform-specific mechanistic problems’™’!. Also, false
positive calls can arise from misalignment of the sequencing reads

to the reference sequence.”
1.3.4. Disease gene/variant identification strategies for NGS

As previously described, NGS technologies produce sheer numbers
of genotype calls on the order of 10* per exome, 10° for the
combined exomes of a small family, and 10° per genome.93 Thus,
after data acquisition and variant calling the main challenge in the
downstream analysis of NGS data is to “winnow” the list of variants
to be able to differentiate known and potential novel disease-
causing mutations (the “wheat”) from both technical artifacts and

benign genetic variation (the “chaft”).

Depending on the capture design and the depth of coverage, an
average exome contains between five to ten thousand variant calls
representing either non-synonymous substitutions in protein coding
sequences, small InDels, or alterations of the canonical splice-site
dinucleotides (NS/SS/I), being between 100 and 200 homozygous
protein truncating or stop loss variants.”® Thus, the mere
identification of an apparently causative variant cannot be taken as a
proof that it is relevant to the disease being investigated, and
additional variant filtering and functional analyses are required to

. . 26
assign causativeness.

When NGS are applied to Mendelian disorders, the filtration
strategy is designed to highlight rare or de novo (filtering out
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common variants from dbSNP, the HapMap and the 1000GP), high
penetrance protein-modifying mutations responsible for a large
phenotypic effect, as well as all variants previously associated with
the disease. The inclusion of classical genetic mapping information
(linkage”/homozigosity’® mapping) to exclude irrelevant genomic
regions prior to the application of other computational filters is
important to maximize the success of Mendelian disease gene
identification by NGS. This filtering strategy, which has been
successfully applied in several studies, substantially reduces the list
of candidate variants making feasible their individual confirmation

prior expression and functional testing (Figure 8).

| ~60K Total Variants

Gene-based annotationto identify

exonic/splicing variants
W /splicing

| ~13K Variants

Remove synonymous andnon-
conserved variants

| ~3K Variants

Remove variantsin dbSNP and
1000 G ject
W enomes projec

| ~150 Variants ‘

Remaove “dispensable” genes with high-frequency loss-of-

W functionvariantsin healthy populations

| ~10 genes ‘

Shared genotype between the
members of the family

ko

| 1-2 genes ‘

Figure 8. Variant prioritization process for Mendelian disorders using
exome sequencing.

Another parameter that has to be taken in to account during

variant/gene prioritization is the inheritance pattern, since for
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autosomal dominant disorders each gene must show at least one
potentially causative variant per individual, whereas in autosomal
recessive disorders, candidate genes must have either homozygous

. 2
or compound heterozygous mutations.*®

All in all, the variant filtering strategy must be flexible enough to
allow adjustment of all analytic parameters. But even more
importantly, those performing the analysis must understand the

. . . . 93
rationale, procedures, and assumptions inherent in each step.
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2. OBJECTIVES

The extraordinary progress on genome sequencing technologies has
produced one of the major scientific breakthroughs in the last years.
NGS, combined with targeted enrichment and robust bioinformatics
analyses, provides a rapid, cost-effective approach for identifying

causative mutations and novel Mendelian disease genes.

The aim of this thesis was to fully leverage the potential of targeted
NGS to identify the genetic causes of Mendelian disorders.

This aim can be subdivided into:

1. Identification of a novel disease gene for familial
hyperkalemic hypertension by exome sequencing

2. Assessment of the amenability of targeted NGS for clinical
diagnostics of cystic fibrosis, hyperphenylalaninemias, and

autosomal dominant polycystic kidney disease.
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3. RESULTS

3.1. Identification of a new gene for familial

hyperkalemic hypertension

In this study we screened by exome sequencing two families
affected by a dominant Mendelian form of arterial hypertension.
The initial list of tens of thousands of variants was filtered to
highlight functional de novo variants within a previously defined
linkage region on human chromosome 5. In doing so, we identified
mutations in KLHL3 as a cause of familial hyperkalemic
hypertension. Additional functional studies demonstrated the key
role of KLHL3 in regulating ion homeostasis in the distal nephron

and blood pressure.

The results of this study led to the following publication:

KLHL3 mutations cause familial hyperkalemic hypertension by
impairing ion transport in the distal nephron.

Louis-Dit-Picard H*, Barc J*, Trujillano D*, Miserey-Lenkei S,
Bouatia-Naji N, Pylypenko O, Beaurain G, Bonnefond A, Sand O,
Simian C, Vidal-Petiot E, Soukaseum C, Mandet C, Broux F,
Chabre O, Delahousse M, Esnault V, Fiquet B, Houillier P, Bagnis
CI, Koenig J, Konrad M, Landais P, Mourani C, Niaudet P, Probst
V, Thauvin C, Unwin RJ, Soroka SD, Ehret G, Ossowski S,
Caulfield M; International Consortium for Blood Pressure (ICBP),
Bruneval P, Estivill X, Froguel P, Hadchouel J, Schott JJ,
Jeunemaitre X.

*equal contribution

Nature Genetics 2012, 44: 456-60, S1-3
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3.2. Improving genetic diagnostics of cystic fibrosis

and CFTR-related disorders

Cystic fibrosis is one of the most common, life-threatening,
autosomal recessive genetic disorders, with a carrier frequency in
the Caucasian population of around one in 25 people. Although
CFTR is one of the most extensively studied human disease genes,
its high allelic heterogeneity makes the molecular diagnostics of
cystic fibrosis and CFTR-related disorders challenging. This study
describes the application of combined target enrichment of the
CFTR gene, NGS and sophisticated bioinformatics analysis to
develop an assay able to completely screen CFTR in cystic fibrosis
and CFTR-related disorders patients and carriers. This approach
was able to identify all types of mutations, including large and
complex rearrangements, and polymorphic variants, achieving a

diagnostic rate of 99%.
The results of this study led to the following publication:

Next generation diagnostics of cystic fibrosis and CFTR-related
disorders by targeted multiplex high-coverage resequencing of

CFTR.

Trujillano D, Ramos MD, Gonzalez J, Tornador C, Sotillo F,
Escaramis G, Ossowski S, Armengol L, Casals T & Estivill X.

Journal of Medical Genetics 2013, 50: 455-62.
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DOI:10.1136/jmedgen

Supplementary Data



http://jmg.bmj.com/content/50/7/455.long
http://jmg.bmj.com/content/50/7/455/suppl/DC1
U16319
Rectángulo





3.3. Differential genetic diagnostics of

hyperphenylalaninemias

A second example of the application of targeted NGS to the genetic
diagnosis of Mendelian disorders is reported here. In this case we
developed an assay for phenylketonuria and tetrahydrobiopterin
deficient hyperphenylalaninemia. Hyperphenylalaninemias can be
caused by mutations in four different genes (PAH, GCH1, PTS, and
QDPR), complicating the mutation identification process.
Interestingly in this assay, we optimized the different steps of the
diagnostics process to be able to deliver results as soon as five days

after receiving the DNA samples.
The results of this study led to the following publication:

Accurate molecular diagnosis of phenylketonuria and
tetrahydrobiopterin-deficient hyperphenylalaninemias using

high-throughput targeted sequencing.

Trujillano D*, Pérez B*, Gonzalez J, Tornador C, Navarrete R,
Escaramis G, Ossowski S, Armengol L, Cornejo V, Desviat LR,
Ugarte M & Estivill X.

*equal contribution

European Journal of Human Genetics. 2013 August 14. [Epub
ahead of print]
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3.4. Diagnosis of autosomal dominant polycystic

kidney disease using targeted sequencing

Yet another clinical application of NGS, in this case for the genetic
diagnostics of autosomal dominant polycystic kidney disease
(ADPKD), which is caused by mutations in PKD1 and PKD2. To
date, genetic diagnosis of ADPKD by conventional techniques
requires cumbersome long-range polymerase chain reaction (LR-
PCR) of the repeated region of PKD1 followed by nested PCRs. For
the first time, we successfully applied in-solution hybridization to
capture PKD1 gene, a complex gene, which is duplicated six times
resulting in 6 pseudogens which share 98% sequence identity with
the genuine gene. Our sophisticated bioinformatics analysis was
able to detect single nucleotide variants as well as to characterize
small insertions/deletions and large structural variants, even in the

repeated region of PKD1.
The results of this study led to the following submitted manuscript:

Diagnosis of autosomal dominant polycystic Kidney disease by
efficient PKD1 and PKD2 multiplex high-throughput targeted

sequencing.

Trujillano D, Bullich G, Ossowski S, Ballarin J, Torra R, Estivill X
& Ars E.

Human Mutation [Submitted]
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ABSTRACT

Genetic diagnostics of autosomal dominant polycystic kidney disease relies on linkage
analysis and mutation screening of PKD/ and PKD2, which is complicated by extensive
allelic heterogeneity and especially by the presence of six highly homologous sequences
of PKDI (exons 1-33). We have implemented a much more efficient strategy based on
multiplex targeted resequencing of PKD/ and PKD2, which avoids the laborious long-
range PCRs followed by nested PCRs in the repeated part of PKD/. We have validated
this approach in a cohort of 36 samples with previously known PKDI and PKD2
mutations and five control samples. Pooled barcoded DNA libraries were enriched with
a custom NimbleGen SeqCap EZ Choice library and sequenced with a HiSeq2000
sequencer. The combination of several robust bioinformatics tools allowed us to detect
35 out of 36 known definitely, highly likely, and likely pathogenic mutations. Then we
used the same capture assay in a discovery cohort of 12 uncharacterized patients using a
MiSeq sequencer. Our study is a proof-of-principle that targeted resequencing of the
two genes involved in the most common cystic kidney disease, even in the complex
duplicated regions of PKDI, can be successfully applied to routine genetic diagnostics

of autosomal dominant polycystic kidney disease.

KEYWORDS

ADPKD, Molecular diagnostics, Genetic counseling, Targeted resequencing
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INTRODUCTION

Autosomal dominant polycystic kidney disease (ADPKD; OMIM ID: 173900) is the
most common inherited cystic kidney disease, with an incidence of 1 in 400 to 1000
(Dalgaard and Norby, 1989; Iglesias, et al., 1983). ADPKD is caused by mutations in
PKDI1 (16p13.3) in approximately 85% of the cases (The European Polycystic Kidney
Disease Consortium, 1994), and in PKD2 (4921) in the remaining 15% (Mochizuki, et
al., 1996). ADPKD is characterized by the development and progressive enlargement of
cysts in the kidneys and other organs, eventually leading to end-stage renal disease
(ESRD). The ADPKD phenotype displays a significant variability that is greatly
influenced by the affected gene. Thus, PKDI patients have a median age at ESRD of 58

years compared to 79 years for PKD2 mutated patients (Cornec-Le Gall, et al., 2013).

Diagnosis of ADPKD is mainly performed by renal imaging such as ultrasonography,
computed tomography, or magnetic nuclear resonance. For patients with positive family
history, specific ultrasonographic criteria regarding the number of cysts at an
individual’s age have been developed for the diagnosis of ADPKD (Pei, et al., 2009).
However, these criteria are not very effective at diagnosing ADPKD in young
individuals, in those with mild disease caused by mutations in PKD2 and in de novo
cases. Therefore, molecular diagnostics is necessary in several situations: 1) when a
definite diagnosis is required in young individuals, such as a potential living related
donor in an affected family with equivocal imaging data; 2) in patients with a negative
family history of ADPKD, because of potential phenotypic overlap with several other
kidney cystic diseases; 3) in families affected by early-onset polycystic kidney disease,
since in this cases hypomorphic alleles and/or oligogenic inheritance can be involved

(Bergmann, et al., 2011; Harris and Hopp, 2013; Rossetti, et al., 2009); and 4) in

John Wiley & Sons, Inc.



patients requesting genetic counseling, especially in couples wishing a preimplantation

genetic diagnosis (Harris and Rossetti, 2010).

Approximately 70% of the 5° PKDI gene (exons 1-33) is duplicated six times on
chromosome 16p within six pseudogenes (PKD1P1-P6), which share a 97.7% sequence
identity with the genuine gene (Bogdanova, et al., 2001; Rossetti, et al., 2012). This,
together with a high GC content, the presence of many missense variants, the absence of
mutation hotspots, and the high allelic heterogeneity of ADPKD, makes the molecular
diagnostics of ADPKD challenging. Most mutations are private variants, with a total of
929 pathogenic PKD1 and 167 pathogenic PKD2 mutations reported to date (June 2013,
ADPKD Database [PKDB], http://pkdb.mayo.edu). Thus, genetic diagnosis by
conventional techniques of a new ADPKD family requires long-range polymerase chain
reaction (LR-PCR) of the repeated region of PKDI followed by nested PCRs (Rossetti,
et al., 2002), combined with Sanger sequencing of all 46 PKDI and 15 PKD?2 exons.
When pathogenic mutations are not identified by Sanger sequencing, multiplex ligation-
dependent probe amplification (MLPA) analysis is also performed to identify potential

deletions.

A recent study evaluated next generation sequencing (NGS) for the diagnostics of
ADPKD, using a complex and laborious enrichment of PKDI and PKD2 by pooling
LR-PCR amplicons, which is the main obstacle for a high-throughput implementation in
routine medical genetics. The authors assumed that genome capture strategies would not
be suitable for the genetic screening of the duplicated regions of PKD! (Rossetti, et al.,
2012). Therefore, there is a demand for more simple and cost-effective molecular
approaches that could be used for routine diagnosis, especially now with the coming
specific therapies that will require differential genetic diagnosis (Torres and Harris,

2006).
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To address these challenges, we have developed and validated an assay that couples
genome partitioning and NGS, to comprehensively explore in one-step the genetic
complexity of PKDI and PKD2, as an alternative to cumbersome conventional genetic
testing methods. We performed in-solution hybrid capture to enrich the complete
genomic sequence of the PKD1 and PKD2 genes in a heterogeneous panel of ADPKD
patients and control samples. We assessed the performance of this assay in a validation
cohort of 36 patients and 5 controls, and then used it in a discovery cohort of 12
samples with unknown mutations, allowing accurate test reporting 5 days after

receiving the DNA samples.
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MATERIALS AND METHODS

Subjects

High-quality genomic DNA from 53 unrelated samples was obtained from peripheral
blood lymphocytes, using standard protocols. The validation cohort included 36
ADPKD patients and five control samples that had previously undergone conventional
genetic diagnosis by Sanger sequencing of all PKD1 and PKDZ2 exons and, in cases with
no definitive mutation, MLPA was also applied. The discovery cohort consisted of 12
ADPKD consecutive samples received for genetic diagnosis for which no mutations
were known. ADPKD diagnosis was based on standard clinical and imaging criteria. All
samples were anonymized in order to ensure the protection of their identity and the list
of confirmed mutations was not provided to the investigators performing the
bioinformatics mutation analysis until the end of the variant prioritization process. In
the discovery cohort informed consent was obtained for all patients. The study was
approved by the institutional review boards of each participating hospital and complies

with the guidelines of the Declaration of Helsinki.

Capture and multiplexed resequencing of the PKD1 and PKD?2 genes

To carry out DNA capture, we designed an elaborated custom NimbleGen SeqCap EZ
Choice Library (Roche, Inc., Madison, WI, USA) to target the complete genomic
sequence of the PKDI and PKD?2 genes, and 1 kb of genomic sequence flanking at the
5" and 3' ends of each gene, accounting for 121,322 bp. Our capture design also
included probes to target the entire genomic region (plus 1 kb at each end) or all exons,
splice sites and the immediately adjacent intronic sequences (plus 100 bp at each end) of
125 additional genes related to kidney diseases, for a total of 2.1 Mb of captured DNA
after removal of repetitive sequences. DNA baits were selected using the most stringent

settings for probe design (uniqueness tested by Sequence Search and Alignment by

6
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Hashing Algorithm [SSAHA]) (Ning, et al., 2001). In order to overcome the limitations
of in-solution hybridization for the capture of the duplicated PKDI regions, we altered
the parameters for probe design of this specific region to allow probes to have up to 10
close matches in the genome. No probe redundancy was allowed in the final capture
design for the rest of target regions. The BED file of captured regions is available on

request to the authors.

Libraries were prepared with the TruSeq DNA Sample Preparation Kits (Illumina, Inc.,
San Diego, CA, USA). Genomic capture from pooled libraries was carried out using
NimbleGen SeqCap EZ Library (Roche, Inc.) following User’s Guide v3.0 instructions,
as previously described (Trujillano, et al., 2013). The libraries of the samples of the
validation cohort and the five control samples were prepared and sequenced together
with 7 samples of other kidney diseases enriched using the same capture design and
enrichment protocol in two pools of 24 samples, for a total of 48 samples multiplexed in
two HiSeq 2000 (Illumina, Inc.) lanes to generate 2x100 bp paired-end reads. The 12
samples of the discovery cohort were enriched in a single capture reaction and were

sequenced in a Miseq (Illumina, Inc.) run to generate 2x250 bp paired-end reads.

Bioinformatics analysis and mutation identification and classification

The resulting fastq files were analyzed with an in-house developed pipeline previously
described (Truyjillano, et al., 2013). All the bioinformatics tools used in this study were
run using standard parameters unless stated otherwise. Briefly, reads were aligned to the
human reference genome hgl9 using the Burrows-Wheeler Aligner (bwa aln) version
0.5.9 (Li and Durbin, 2009), allowing for maximally six mismatches and one gap of up
to 20 bp. After re-alignment around potential insertions/deletions and SNP clusters,
base-quality recalibration and duplication marking using the GATK pipeline (McKenna,

et al., 2010), and picard-tools (http://picard.sourceforge.net), the resulting alignments

7
John Wiley & Sons, Inc.



were used as input for three different variant prediction tools, namely GATK Unified
Genotyper (DePristo, et al., 2011), samtools mpileup (Li, et al., 2009) and SHORE
(http://1001genomes.org). Large InDels and SVs were identified using Pindel (Ye, et
al., 2009), Conifer (Krumm, et al., 2012), and PeSV-Fisher (Escaramis, et al., 2013).

Functional annotation of variants was performed using Annovar (Wang, et al., 2010).

In order to identify pathogenic mutations that could cause ADPKD, we applied the

following cascade of filtering steps (Walsh, et al., 2010):

1. We required all candidate variants on both sequenced DNA strands and to account
for >15% of total reads at that site.

2. Common polymorphisms (>5% in the general population) were discarded by
comparison with dbSNP 132, the 1000G, the Exome Variant Server
(http://evs.gs.washington.edu), and an in-house exome variant database to filter out
both common benign variants and recurrent artifact variant calls. However, since
these databases contain known disease-associated mutations, all detected variants
were compared to gene-specific mutation databases (The Human Gene Mutation
Database [HGMD], www.hgmd.cf.ac.uk and ADPKD Database [PKDB],
http://pkdb.mayo.edu).

3. Mutations that could give rise to premature protein truncating mutations, that is, stop
mutations, exonic deletions/insertions and large genomic rearrangements were
classified as definitely pathogenic.

4. Missense and non-canonical splicing variants were considered a priori Unclassified
Sequence Variants (UCV) and their potential pathogenicity was evaluated using an in
silico scoring system developed for PKD1 and PKDZ2 genes as previously described
(Rossetti, et al., 2007). This scoring system takes into consideration a number of in

silico predictors (Grantham, 1974; Rossetti, et al., 2007; Tavtigian, et al., 2006) and
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population data. We scored each of these factors, the sum of which resulted in an
overall Variant Score (VS). The UCV were classified into 4 groups (Rossetti, et al.,
2007): highly likely pathogenic (VS>11); likely pathogenic (5<VS<10),

indeterminate (0<VS<4), and highly likely neutral (VS <1).

We considered to be pathogenic mutations those sequence variants predicted to result in
a truncated protein (classified as definitely pathogenic) and those not found in healthy
controls, that segregated with the disease in families and expected to severely alter the
protein sequence using in silico predictors (classified as highly likely pathogenic and

likely pathogenic variants).

Validation of newly identified single nucleotide variants and large deletion

Validation of variants of the discovery cohort was performed by LR-PCRs of the
repeated region of PKDI followed by nested PCRs (exons 1-33) and by conventional
PCRs for the non-duplicated PKDI exons using conditions described previously
(Rossetti, et al., 2002) as well as for PKD2 exons (Hayashi, et al., 1997), combined with
direct sequencing. The PKD1 deletion was confirmed by MLPA using the Salsa MLPA

kit P351-B1/P352-B1 (MRC-Holland, Amsterdam, Netherlands).
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RESULTS

PKDI and PKD2 enrichment

We designed an elaborated pool of specific and unspecific oligonucleotides to capture
the duplicated region of PKDI and the rest of PKDI and PKD2, including all exons,
introns, and 1 kb of 5" and 3’ flanking genomic regions. After removal of repetitive
sequences, 81.21% of the targeted bases could be covered with capture baits for a final
targeted region of 98,524 bp divided in 99 individual regions, with lengths ranging from
65 to 6,493 bp (average of 995 bp) (Table 1). Noteworthy, 100% of all coding
sequences, i.e. the complete 46 and 15 exons of PKDI and PKD2, respectively, were
covered by capture baits. The target regions that precluded bait tilling correspond only
to intronic and intergenic sequences. Our capture design also included probes to target
125 additional genes related to kidney diseases, for a total of 2.1 Mb of captured DNA.

However, this study focuses only in PKDI and PKD?2.

Sequencing statistics

In the validation cohort, it was achieved an evenly distributed mean depth of coverage
for the targeted genes of 331X and 481X for PKDI and PKD2, respectively, on average
across samples. The percentage of targeted bases that were covered by at least 5 reads
(the minimum that we require for variant calling) was of 96.78% for PKDI and 99.43%
for PKD?2 (Table 2). Regarding the coverage specific to the exonic regions, we achieved
a sequencing depth of 289X for the 46 exons of PKD1 and 453X for the 15 exons of
PKD?2, on average across samples (Table 3). Ninety-five percent of the coding basepairs
of PKDI and 94% of PKD2 were covered by more than 20 reads, which is enough for
an accurate detection of known and novel mutations. Only exons 1 and 42 of PKDI and

exon 1 of PKD2 were not captured and sequenced at an adequate read depth (Figure 1).
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Due to the lower throughput of the MiSeq sequencer, the average coverage achieved in
the discovery cohort was of 81X and 174X for PKDI and PKD2, respectively, across
the 12 samples (Table 2). For a comprehensive summary of the obtained sequencing

results, see also Supplementary Tables 1 and 2.

Identification of PKDI and PKD2 mutations

The selection of the samples for the validation cohort was done with the idea to include
as many different types of PKDI and PKDZ2 mutations as possible to simulate a real-
world ADPKD diagnostics scenario, including single nucleotide variants (SNVs), short
insertions/deletions (InDels) and large structural variants (SVs), so that we could test
the effectiveness of our assay for all these types of genetic variation. To assess the
sensitivity of our assay to detect pathogenic mutations, we blindly inspected all mapped
sequence reads from the 36 ADPKD patients with previously defined mutations in
PKDI and PKD2, and five control samples. Then we applied our variant prioritization
strategy to identify definitely, highly likely and likely pathogenic mutations and
detected 35 previously known different pathogenic mutations (30 in PKD/ and 5 in
PKD?2) in their correct heterozygous state across the 36 ADPKD patients included in the
validation cohort (Table 4). Noteworthy, a previously unknown PKDI deletion was
identified in patient 03-106-P6, located in cis with the highly pathogenic missense
variant ¢.4645C>T (p.Argl549Trp), with predicted breakpoints in chrl6:2154344-
2186386 (Figure 2A). This deletion was confirmed by MLPA analysis showing a
deletion starting at 5’UTR until exon 22. We also detected a previously known large
PKD2 deletion in patient 11-571-P2 (Figure 2B) with predicted breakpoints in

chr4:88952828-89050618.
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The discovery cohort consisted of 12 consecutive samples received for ADPKD
diagnosis, for which no mutations were previously known. We detected pathogenic
mutations in 10 out of 12 patients of the discovery cohort carrying a total of 11 different
pathogenic mutations (10 in PKD/ and one in PKDZ2). All variants were confirmed by
Sanger sequencing (Table 5). Interestingly, we identified one patient (12-444) harboring
one definitively pathogenic mutation in PKD2 and one highly likely pathogenic
mutation in PKDI, presenting a more severe phenotype compared to the rest of the

family.

Sensitivity, specificity and accuracy of the assay

This study led to the identification of 35 out of 36 previously known mutations of the
validation cohort, including SNVs, InDels and a large deletion in their correct
heterozygous state. Manual inspection of the missing c¢.2 3insT p.MetlllefsX113
variant in sample 03-393-P3 revealed that it is localized in a region of PKDI’s exon 1
which had not been captured and, thus, no NGS data was available. Also, we reached a
diagnostic rate of 10 out of 12 patients in the discovery cohort in which we detected 11
pathogenic ADPKD mutations. The two samples that were not successfully
characterized by our NGS assay were then screened by conventional Sanger sequencing
and the two causal mutations were identified. Then, by manually inspecting the
mapping files of the NGS reads, we realized that we had lost p.Val2768Met (sample 13-
102) and p.Arg4021fs (sample 07-335) because their locations were in poorly covered

areas of PKD1 and the algorithms discarded them as potential false positives calls.

We included 5 control samples to determine the clinical specificity of our assay, since
these individuals had no personal or family history of ADPKD. No spurious pathogenic
mutations were found in these samples. These samples had been previously genotyped
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with a HumanOmni 2.5-8 BeadChip (Illumina, Inc.) and were also used to determine
the analytic sensitivity of our assay to detect heterozygous and homozygous SNVs.
Genotype data were available for a total of 12,108 sites in aggregate across the five
control samples within the whole 2.1 Mb of captured regions, being 80 and 269
genotyped sites within the targeted regions of PKDI and PKD2, respectively. Our assay
correctly identified 3,344/3,511 homozygous and heterozygous SNVs in the 2.1 Mb
captured, for a sensitivity of 95.2%, demonstrating high sensitivity of calling all variants
across each captured region. Sensitivity was of 100% both for PKD1 (20/20) and PKD?2
(103/103). We next assessed analytic specificity by analyzing 8,597 known non-variant
(reference sequence) sites in the 5 genotyped control samples. Our assay correctly
identified 8,593/8,597 sites as non-variant from the reference genome for an analytic
specificity of 99.9%. Analytic specificity was 100% both for PKDI (60/60) and PKD?2
(166/166). We calculated the positive predictive value (PPV) as [number of true
positives])/[number of true positives + number of false positives], to assess the
performance of our assay as diagnostic method. PPV was 99.9%, 100% and 100% for

all captured regions, PKDI and PKD?2, respectively (Supplementary Table 3).
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DISCUSSION

The purpose of this study was to establish targeted resequencing by in-solution
hybridization as a routine method for the molecular diagnostics of ADPKD. We have
identified 35 of 36 previously known mutations in the validation cohort, in addition to a
previously unknown large PKDI deletion, with zero spurious calls in the control
samples. Noteworthy, most of these mutations were located within the segmentally
duplicated regions of the PKDI gene. In the discovery cohort, we reached a diagnostic
rate of 10 out of 12 patients, allowing test reporting five days after receiving the DNA

samples.

Recently, targeted resequencing by NGS has been used in the identification of
mutations in ADPKD. Rossetti et al. (2012) did not apply a capture protocol for PKD1
and PKD?2 enrichment since they speculated that the duplicated genomic regions of
PKDI would lead to concurrent capture of the six PKDI pseudogenes. Instead, these
authors used a strategy of pooling equimolar LR-PCR amplicons and multiplexing
barcoded libraries. Their approach showed a high sensitivity, specificity and accuracy,
but it is a very laborious task more amenable to characterize large ADPKD populations
than for routine genetic diagnosis. Moreover, their approach did not allow detecting
large genomic rearrangements. Here, we do not only demonstrate that genome
enrichment by in-solution hybridization using an elaborated probe design is an accurate
strategy for mutation identification in the duplicated regions and the rest of PKDI and
PKD?2, but also that this strategy is ready to substitute LR-PCR-based methods in the
routine genetic diagnostics of ADPKD to detect all sorts of sequence variants, including
SVs. Only minor modifications are required in the design of the probes to fix the issues

with the capture and sequencing of exons 1 and 42 of PKD/ and exon 1 of PKD2.
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When we conceived this study we assumed that it would be extremely difficult to
design capture probes specific to the duplicated region of the genuine PKD], i.e. there
would always be residual enrichment of the six pseudogenes. So, instead of excluding
this region from our assay we decided to include in our capture library unspecific probes
(with up to 10 close matches in the genome) to the duplicated region of PKDI. From
our point of view the critical point of the assay was not the presence of sequencing reads
coming from both the genuine PKD! and its pseudogenes. Instead, the major challenge
was to map these reads coming from duplicated regions unambiguously to the genuine
PKD1I or to the six pseudogenes. We performed the mapping of the sequencing reads
using standard mapping parameters, but instead of restricting it to the targeted region
we allowed mapping to the whole genome. Moreover, the length of the sequencing
reads produced in this study (2x100 bp and 2x250 bp in the validation and discovery
cohorts, respectively) and the insert sizes in the DNA libraries (300 bp approximately)
allowed us to unambiguously map a big proportion of the sequencing reads to PKD/ or
to its pseudogenes. However, as evidenced by the lower sequence coverage achieved for
PKDI when compared to the rest of the captured regions, the proportion of
unambiguously mapped sequencing reads in this region was significantly lower. This
means that part of the sequences generated for PKDI and its pseudogenes were
discarded during the mapping steps of the bioinformatics pipeline, since they could not
be attributed to solely one genomic region. Fortunately, the high depth of coverage
achieved neutralized this problem allowing confident variant calling across almost all

captured regions of PKDI (Table 2).

The main drawbacks of conventional genetic diagnostics of ADPKD are the absence of
mutation hot-spots in PKDI and PKD2, the lack of analysis of intronic and regulatory
regions and, of course, the complexity to screen the duplicated region of PKDI,
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resulting in a costly and time-consuming diagnosis protocol that may even take two
months to complete diagnosis. NGS technologies overcome these limitations offering
great sensitivity and specificity at the necessary throughput for the detection of all sorts
of mutations, including atypical, rare and deep intronic variants, which is especially

important for inherited disorders for which no mutation hot-spots are known.

We estimate that with our NGS-based assay a 60% of cost savings per sample could be
achieved, and the whole diagnostics process could be a minimum of 5 times faster than
the conventional techniques currently used for the genetic diagnostics of ADPKD. In
addition, our strategy offers an almost complete definition of the captured genes,
without the need for stepwise testing anymore and having to choose which gene to
sequence first, and capable to detect large genomic rearrangements and deep intronic
variants. For the discovery cohort, in which the MiSeq (Illumina, Inc.) was used, the
complete process of library preparation, sequence enrichment, NGS, and bioinformatics
analysis was completed in five days after reception of the DNA samples. In the
validation cohort we detected 97% of the known mutations, while in the small discovery
cohort we reached a definitive diagnosis in 10 out of 12 patients (83%). Although the
size of our cohort is modest, these results are very encouraging since these numbers
represent a diagnostic rate comparable to data recently obtained by Sanger sequencing
(Audrezet, et al., 2012; Cornec-Le Gall, et al., 2013) and the 63% obtained in the
previous PKD1/PKD2 NGS study (Rossetti, et al., 2012). We suspect that the lower
mutation detection rate in the discovery cohort with respect to the validation cohort may
be explained by the lower depth of coverage yielded by the MiSeq (Illumina, Inc.).
However, we plan in the future to produce a capture design specific for PKD1/PKD2
that will not be limited by carrying-over the additional 125 genes that we have included
in our capture design prototype. This would significantly reduce the total captured DNA
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per sample, allowing multiplexing more samples per MiSeq (Illumina, Inc.) run,

achieving depths of coverage comparable to those obtained for the validation cohort.

In conclusion, we illustrate here the first study successfully using in-solution
hybridization coupled to NGS to detect ADPKD pathogenic mutations, both in the
duplicated regions of PKDI and the rest of PKDI and PKDZ2 genes. Our approach is
cost and time-saving, and meets the sensitivity and specificity criteria required for
genetic diagnostics, being ready to substitute classic molecular tools in routine genetic

diagnostics of ADPKD.
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FIGURE LEGENDS

Figure 1. Representation of the average depth of coverage of PKDI (A) and PKD2 (B)
in the validation cohort. Red lines and the numbers underneath represent the exons of

the genes. Green lines represent the regions tilled by capture baits.

Figure 2. Detection of large deletions in the PKDI and PKD2 genes by normalised
depth of coverage analysis. Representation of the SVD-ZRPKM values calculated by
Conifer for the 36 samples and 5 controls of the validation cohort. Yellow peaks
indicate the two large deletions identified in this study. A) Sample 03-106-P6 PKDI
deletion with breakpoints in chr16:2154344-2186386. B) Sample 11-571-P2

PKD2/ABCG?2 deletion with breakpoints in chr4:88952828-89050618.
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Table 1. Target regions for capture of PKD1 and PKD2

Gene Targeted region Covered by baits
Coordinates Size (bp) | Size (bp) % Individual regions
PKD1 chr16:2137710-2186899 49189 41086 83,53 21
PKD2 chr4:88927798-88999931 72133 57438 79,63 78
All - 121322 98524 81,21 99




Table 2. Average sequencing quality control and coverage statistics of PKD1 and PKD2 in the validation and discovery cohorts

Validation Discovery
Cohort
Average SD Average SD

QC-passed reads 14452006,67 2252761,13 1303016,25 293339,48
mapped 14328976,12 2236282,41 1002567,63 269009,02
properly paired 14140971,70 2203337,48 780154,25 265250,15
ALL Mean coverage (X) 487,23 80,86 167,85 27,81
% ALL target bases covered = 0X 0,08 0,03 0,31 0,04
% ALL target bases covered >= 1X 99,92 0,03 99,84 0,02
% ALL target bases covered >= 5X 99,82 0,09 99,55 0,06
% ALL target bases covered >= 10X 99,74 0,13 99,28 0,13
9% ALL target bases covered >= 20X 99,59 0,22 98,46 0,44
% ALL target bases covered >= 50X 98,88 0,80 91,25 3,83
% ALL target bases covered >= 100X 96,42 2,75 65,34 7,82
PKD1 Mean coverage (X) 331,14 89,20 80,60 13,60
% PKD1 target bases covered = 0X 1,98 0,35 3,70 0,39
% PKD1 target bases covered >= 1X 98,02 0,35 98,15 0,20
% PKD1 target bases covered >= 5X 96,78 0,68 95,86 0,62
% PKD1 target bases covered >= 10X 96,28 1,13 92,97 1,19
% PKD1 target bases covered >= 20X 95,54 1,98 86,69 2,59
% PKD1 target bases covered >= 50X 92,40 4,13 65,03 4,76
% PKD1 target bases covered >= 100X 84,78 6,84 52,01 1,65
PKD2 Mean coverage (X) 480,73 87,98 174,22 28,72
% PKD?2 target bases covered = 0X 0,36 0,11 0,90 0,20
% PKD?2 target bases covered >= 1X 99,64 0,11 99,55 0,10
% PKD?2 target bases covered >= 5X 99,43 0,15 99,25 0,04
% PKD?2 target bases covered >= 10X 99,35 0,17 99,17 0,06
% PKD?2 target bases covered >= 20X 99,19 0,20 98,75 0,31
% PKD?2 target bases covered >= 50X 98,68 0,37 92,74 3,46
% PKD?2 target bases covered >= 100X 97,10 2,22 67,51 8,70




Table 3. Average coverage statistics of PKD1 and PKD2 exons in the validation cohort

Gene Exon # Average Coverage | % bp =0X | % bp >=1X | % bp >=5X | % bp >= 10X | % bp >= 20X | % bp >= 50X | % bp >= 100X
All 288,97 3,22 96,78 96,20 95,14 94,64 92,05 84,89
1 0,37 88,18 11,82 1,89 0 0 0 0
2 141,94 0 100 100 100 100 100 100
3 146,97 0 100 100 100 100 100 100
4 137,44 0 100 100 100 100 100 100
5 114,21 0 100 100 100 100 77,50 46,50
6 186,27 0 100 100 100 100 100 81,42
7 48,67 0 100 100 100 100 30 0
8 145,50 0 100 100 100 100 100 87,83
9 99,66 0 100 100 100 100 89,68 53,17
10 124,93 0 100 100 100 100 100 100
11 155,15 0 100 100 100 100 100 84,64
12 319,85 0 100 100 100 100 100 97,71
13 619,92 0 100 100 100 100 100 100
14 300,52 0 100 100 100 100 100 100
15 385,25 0 100 100 100 100 100 100
16 209,83 0 100 100 100 100 100 100
17 243,94 0 100 100 100 100 100 100
18 78,10 0 100 100 100 100 100 26,52
19 92,43 0 100 100 100 100 100 0,94
20 291,07 0 100 100 100 100 100 100
21 201,80 0 100 100 100 100 100 100
- 22 112,97 0 100 100 100 100 100 68,06
2 23 228,21 0 100 100 100 100 100 100
o 24 356,27 0 100 100 100 100 100 100

25 301,58 0 100 100 100 100 100 100
26 283,75 0 100 100 100 100 100 100
27 491,08 0 100 100 100 100 100 100
28 258,90 0 100 100 100 100 100 100
29 238,94 0 100 100 100 100 100 100
30 346,30 0 100 100 100 100 100 100
31 421,09 0 100 100 100 100 100 100
32 336,12 0 100 100 100 100 100 100
33 331,53 0 100 100 100 100 100 100
34 413,05 0 100 100 100 100 100 100
35 306,75 0 100 100 100 100 100 100
36 178,56 0 100 100 100 100 100 100
37 460,48 0 100 100 100 100 100 100
38 610,01 0 100 100 100 100 100 100
39 378,85 0 100 100 100 100 100 100
40 512,62 0 100 100 100 100 100 100
41 171,52 0 100 100 100 100 100 100
42 4,59 46,55 53,45 33,33 20,69 0 0 0
43 36,26 0 100 98,28 57,24 45,17 29,31 9,31
44 407,56 0 100 100 100 100 100 100
45 395,70 0 100 100 100 100 100 100
46 449,00 0 100 100 100 100 100 100
All 452,51 3,76 96,24 95,65 95,33 93,62 90,74 86,59
1 32,62 28,05 71,95 67,55 65,20 52,42 30,98 0
2 401,73 0 100 100 100 100 100 100
3 696,56 0 100 100 100 100 100 100
4 689,57 0 100 100 100 100 100 100
5 700,07 0 100 100 100 100 100 100
6 622,80 0 100 100 100 100 100 100
a 7 291,75 0 100 100 100 100 100 100
g 8 578,01 0 100 100 100 100 100 100
9 501,30 0 100 100 100 100 100 100
10 367,60 0 100 100 100 100 100 100
11 469,00 0 100 100 100 100 100 100
12 795,21 0 100 100 100 100 100 100
13 947,86 0 100 100 100 100 100 100
14 755,93 0 100 100 100 100 100 100
15 427,93 0 100 100 100 100 100 100




Table 4. ADPKD (PKD1 and PKD2 ) mutations identified in the 36 samples of the validation cohort

Sample Gene | Exon/Intron | Duplicated Region cDNA change Protein change PKDB | # patients Classification Ref counts | Var Counts | Var %
12-331-P1 PKD1 EX05 Yes ¢.566C>G p.Ser189X Present 1 Definitely Pathogenic 188 62 0,25
12-382-P1 PKD1 EX05 Yes €.736_737del p.Ser246Profs*14 Absent 0 Definitely Pathogenic 19 14 0,42
04-016-P6 PKD1 EX09 Yes €.1831C>T p.Arg611Trp Present 1 Likely Pathogenic 25 13 0,34
12-235-P1 PKD1 EX11 Yes €.2329C>T p.GIn777* Absent 0 Definitely Pathogenic 59 37 0,39
12-366-P1 PKD1 EX11 Yes €.2478delC p.11e827Serfs*71 Absent 0 Definitely Pathogenic 114 83 0,42
03-106-P6 PKD1 EX15 Yes C.4645C>T p.Arg1549Trp Absent 0 Highly Likely Pathogenic 132 125 0,49

PKD1 | EX1 EX22 Yes c.1-?_8161+?del p.Metlfs Absent 0 Definitely Pathogenic - - -
02-010-P6 PKD1 EX15 Yes €.6583 6589del7 p.Cys2195fs*14 Present 1 Definitely Pathogenic 74 79 0,52
10-326-P3 PKD1 EX15 Yes c.6778 6780delATT p.11e2260del Present 1 Highly Likely Pathogenic 190 148 0,44
11-220-P2 PKD1 EX15 Yes c.6221delA p.Asn2074fs*42 Absent 0 Definitely Pathogenic 123 113 0,48
11-247-P7 PKD1 EX15 Yes €.6384C>A p.Asn2128Lys Absent 0 Highly Likely Pathogenic 181 131 0,42
11-517-P1 PKD1 EX15 Yes c.6736C>T p.GIn2246* Present 1 Definitely Pathogenic 185 124 0,40
11-525-P2 PKD1 EX15 Yes €.6827T>C p.Leu2276Pro Absent 0 Highly Likely Pathogenic 280 245 0,47
12-010-P1 PKD1 EX15 Yes €.4888C>T p.GIn1630* Present 1 Definitely Pathogenic 136 114 0,46
12-161-P1 PKD1 EX15 Yes €.6586C>T p.GIn2196* Present 1 Definitely Pathogenic 86 50 0,37
10-388-P3 PKD1 1VS22 Yes €.8161+1G>C - Absent 0 Definitely Pathogenic 21 25 0,54
10-463-P3 PKD1 EX23 Yes c.8311G>A p.Glu2771Lys Present 18 Highly Likely Pathogenic 58 63 0,52
11-468-P1 PKD1 EX23 Yes €.8251C>T p.GIn2751* Absent 0 Definitely Pathogenic 92 92 0,50
12-363-P1 PKD1 EX23 Yes €.8285delT p.11e2762Thrfs*13 Absent 0 Definitely Pathogenic 120 89 0,43
11-457-P2 PKD1 EX24 Yes €.8858A>G p.Asn2953Ser Absent 0 Highly Likely Pathogenic 236 191 0,45
11-287-P2 PKD1 EX26 Yes €.9240 9241delAT p.Ala3082fs*95 Present 3 Definitely Pathogenic 164 80 0,33
10-193-P3 PKD1 EX27 Yes €.9412G>A p.Val3138Met Present 2 Likely Pathogenic 208 188 0,47
11-595-P2 PKD1 EX27 Yes €.9455_9456insC p.Arg3152fs*27 Absent 0 Definitely Pathogenic 283 184 0,39
07-172-P5 PKD1 EX29 Yes €.9889G>A p.Val3297Met Absent 0 Likely Pathogenic 130 114 0,47
09-403-P3 PKD1 1VS31 Yes €.10170+25 +45del19 p.GIn3390fs Present 2 Highly Likely Pathogenic 96 26 0,21
10-182-P3 PKD1 EX37 - ¢.11017-10C>A p.Arg3672fs Present 7 Highly Likely Pathogenic 109 83 0,43
12-144-P1 PKD1 EX37 - c.10847C>A p.Ser3616* Absent 0 Definitely Pathogenic 224 177 0,44
10-353-P3 PKD1 EX40 - €.11359 11360del p.Pro3788fs*26 Absent 0 Definitely Pathogenic 292 203 0,41
11-256-P2 PKD1 EX41 - c.11471G>T p.Gly3824Val Absent 0 Likely Pathogenic 85 63 0,43
11-168-P8 PKD1 1VS43 - €.12004-2A>G - Absent 0 Definitely Pathogenic 143 113 0,44
09-446-P3 PKD1 EX44 - ¢.12031C>T p.GIn4011* Present 4 Definitely Pathogenic 106 85 0,45
11-133-P8 PKD2 EX01 - c.224delC p.Pro75fs*42 Absent 0 Definitely Pathogenic 41 25 0,38
11-008-P3 PKD2 EX02 - €.637C>T p.Arg213* Absent 0 Definitely Pathogenic 198 172 0,46
11-170-P2 PKD2 EX04 - €.965G>A p.Arg322GIn Present 4 Highly Likely Pathogenic 396 330 0,45
12-149-P1 PKD2 EX10 - €.2050 2053del4 p.Tyr684Leufs*2 Present 1 Definitely Pathogenic 212 181 0,46
11-571-P2 PKD2 | EX3-EX15 - €.709-?_2907+2del p.Leu237_Val968del | Absent 0 Definitely Pathogenic - - -
09-393-P3 - - - - - - - - - -

# patients in previous studies




Table 5. ADPKD mutations in PKD1 and PKD2 identified in the 12 samples of the discovery cohort

Sample Gene Exon/Intron | Duplicated Region cDNA change Protein change PKDB | # patients Classification Ref counts | Var Counts | Var %
06-056 PKD1 EX03 Yes €.348_352delTTTAA p.Asn116fs*2 Present 1 Definitely Pathogenic 28 20 0,42
06-122 PKD1 EX17 Yes €.7204 C>T p.Arg2402* Present 2 Definitely Pathogenic 24 12 0,33
07-032 PKD1 EX23 Yes €.8421_8422insC p.11e2808fs Absent 0 Definitely Pathogenic 22 18 0,45
11-444 PKD1 EX22 Yes c.8041 C>T p.Arg2681Cys Absent 0 highly likely 38 20 0,34
12.424 PKD2 EXO06 - €.1532_1533insAT p.Asp511Glufs*15 | Absent 0 Definitely Pathogenic 156 70 0,31
PKD1 EX37 - €.10921 C>T p.Arg3642Cys Absent 0 highly likely 40 52 0,57
12-505 PKD1 EX15 Yes €.50174_5015delAG p.Argl672Glyfs*98 | Present 28 Definitely Pathogenic 118 88 0,43
13-199 PKD1 EX16 Yes €.7039delC p.Arg2347fs Ausent 0 definitely pathogenic 34 32 0,48
12-628 PKD1 EX11 Yes €.2180T>C p.Leu727Pro Ausent 0 highly likely 20 8 0,29
08-258 PKD1 EX21 Yes €.7925 C>T p.Arg2639* Present 5 Definitely Pathogenic 28 14 0,33
10-484 PKD1 EX44 - €.12010 C>T p.GIn4004* Present 4 Definitely Pathogenic 26 38 0,59
13-102 - - - - - - - - - - -
07-335 - - - - - - - - - - -

# patients in previous studies
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Supplementary Table 1. By sample sequencing of quality control and coverage statistics in the validation cohort

Sample 02-010-P6 |03-106-P6 |04-016-P6 |07-172-P5 |09-393-P3 |09-403-P3 |09-446-P3 |10-182-P3 |10-193-P3

QC-passed reads 21293178| 14036390| 12118708| 13221808| 14462320| 13060902| 14006548| 12168782| 15140412
mapped 21010161| 13876408| 11971701| 13140256| 14333995| 12955439| 13887613| 12060599| 15014787
paired in sequencing 21293178| 14036390| 12118708| 13221808| 14462320| 13060902| 14006548| 12168782| 15140412
readl 10646589| 7018195| 6059354| 6610904| 7231160| 6530451| 7003274| 6084391| 7570206
read?2 10646589| 7018195| 6059354| 6610904| 7231160| 6530451] 7003274| 6084391] 7570206
properly paired 20604794| 13643978 11813984| 12962986| 14108796 12740350| 13677226| 11861448 14795934
with itself and mate mapped 20957147| 13846819| 11946431| 13124793| 14310312| 12936716| 13866243| 12041336| 14992993
singletons 53014 29589 25270 15463 23683 18723 21370 19263 21794
with mate mapped to a different chr 94149 47481 37893 31415 121398 120616 102161 110222 110447
with mate mapped to a different chr (mapQ>=5 69312 32998 26432 23266 107063 108135 88901 97585 96727
ALL Mean coverage (X) 688,56 449,54 398,59 442,37 503,35 459,49 485,71 421,25 523,95
% ALL target bases covered = 0X 0,09 0,09 0,07 0,09 0,11 0,10 0,10 0,11 0,09
% ALL target bases covered >= 1X 99,91 99,91 99,93 99,91 99,89 99,90 99,90 99,89 99,91
% ALL target bases covered >=5X 99,70 99,83 99,82 99,83 99,80 99,79 99,81 99,77 99,81
% ALL target bases covered >= 10X 99,55 99,75 99,75 99,76 99,73 99,70 99,73 99,68 99,73
% ALL target bases covered >= 20X 99,35 99,57 99,58 99,58 99,58 99,55 99,60 99,52 99,60
% ALL target bases covered >= 50X 98,81 98,86 98,78 98,59 99,09 98,98 99,06 98,87 99,17
% ALL target bases covered >= 100X 97,41 96,44 96,30 94,56 97,92 97,59 97,61 96,88 98,04
PKD1 Mean coverage (X) 405,96 305,37 215,65 347,30 247,27 200,47 251,66 216,28 287,55
% PKD1 target bases covered = 0X 1,88 2,06 1,67 2,14 2,41 2,55 2,30 2,21 1,80
% PKD1 target bases covered >= 1X 98,12 97,94 98,33 97,86 97,59 97,45 97,70 97,79 98,20
% PKDL1 target bases covered >= 5X 96,35 96,97 96,95 96,63 96,40 96,46 96,39 96,32 97,11
% PKD1 target bases covered >= 10X 94,96 96,37 96,55 96,33 96,09 96,06 96,17 95,83 96,27
% PKD1 target bases covered >= 20X 93,39 95,93 95,53 95,90 95,20 94,80 95,44 95,21 95,67
% PKDL1 target bases covered >= 50X 89,34 93,05 89,58 93,35 90,32 88,08 89,98 88,22 92,17
% PKDL1 target bases covered >= 100X 80,95 85,88 77,15 87,90 80,80 72,78 81,19 76,07 84,39
PKD2 Mean coverage (X) 710,70 434,75 400,98 440,23 521,94 478,37 522,50 453,31 533,95
% PKD?2 target bases covered = 0X 0,34 0,41 0,30 0,46 0,44 0,17 0,42 0,52 0,47
% PKD2 target bases covered >= 1X 99,66 99,59 99,70 99,54 99,56 99,83 99,58 99,48 99,53
% PKD?2 target bases covered >= 5X 98,93 99,49 99,54 99,46 99,35 99,37 99,43 99,32 99,37
% PKD?2 target bases covered >= 10X 98,83 99,38 99,46 99,34 99,25 99,23 99,28 99,20 99,24
% PKD2 target bases covered >= 20X 98,75 99,19 99,21 99,16 99,04 99,01 99,08 98,96 99,06
% PKD2 target bases covered >= 50X 98,57 98,65 98,61 98,63 98,57 98,47 98,58 98,51 98,61
% PKD2 target bases covered >= 100X 98,05 96,76 96,93 96,57 98,08 97,96 98,06 97,79 98,11




10-326-P3 |10-353-P3 [10-388-P3 [10-463-P3 |11-008-P3 [11-133-P8 [11-168-P8 |11-170-P2 [11-220-P2 [11-247-P7 |11-256-P2 [11-287-P2 [11-457-P2
14585572| 16602278| 17485864 15893862| 15302228 13615744 14239120 18607890| 16291488| 13873150| 13845138 16555634| 17067640
14449866| 16441775] 17332601 15731240] 15161636] 13425148 14039159| 18514877| 16217368 13685164 13783789| 16470226 16996588
14585572| 16602278| 17485864 15893862| 15302228| 13615744 14239120| 18607890| 16291488 13873150| 13845138| 16555634 17067640
7292786 8301139| 8742932 7946931 7651114| 6807872 7119560 9303945| 8145744| 6936575 6922569| 8277817| 8533820
7292786 8301139| 8742932 7946931 7651114| 6807872 7119560 9303945| 8145744| 6936575 6922569| 8277817| 8533820
14233116| 16153062| 17076432 15455802| 14946488| 13139540 13710636| 18305326| 16051756 13492394| 13675800| 16318854 16810846
14423531| 16412120| 17303340 15698100| 15136778| 13393103 14004095| 18498012| 16203776 13653722| 13772560| 16454993 16983654
26335 29655 29261 33140 24858 32045 35064 16865 13592 31442 11229 15233 12934
119991 181038 148430 156428 117510 94687 98017 37918 28182 44270 22722 32889 32736
105134 163151 130639 138373 102580 75660 79025 28510 20783 30064 16785 24559 25221
506,12 573,88 610,18 548,79 523,77 380,55 401,10 608,47 543,60 453,83 463,39 539,71 568,01
0,07 0,07 0,07 0,07 0,10 0,09 0,09 0,07 0,06 0,09 0,06 0,06 0,07
99,93 99,93 99,93 99,93 99,90 99,91 99,91 99,93 99,94 99,91 99,94 99,94 99,93
99,82 99,85 99,86 99,82 99,82 99,79 99,81 99,87 99,85 99,80 99,85 99,85 99,84
99,75 99,79 99,81 99,76 99,74 99,70 99,72 99,82 99,80 99,73 99,78 99,80 99,78
99,60 99,68 99,69 99,61 99,62 99,47 99,52 99,71 99,67 99,52 99,66 99,65 99,65
99,12 99,24 99,31 99,16 99,14 98,47 98,63 99,19 99,18 98,61 99,00 99,00 99,06
97,85 97,85 98,18 98,06 97,80 94,83 95,39 97,22 97,73 94,89 96,52 96,44 96,95
280,20 352,97 355,63 272,55 308,04 264,13 270,10 504,89 352,64 301,71 320,95 433,01 436,07
1,72 1,80 1,67 2,05 2,40 1,66 2,24 1,57 1,72 1,98 1,80 1,51 1,87
98,28 98,20 98,33 97,95 97,60 98,34 97,76 98,43 98,28 98,02 98,20 98,49 98,13
96,58 96,90 97,36 96,64 96,78 96,64 96,40 97,36 97,36 96,48 97,16 97,41 97,29
96,25 96,58 96,78 96,23 96,35 96,19 96,16 96,92 96,95 96,21 96,48 96,96 96,68
95,65 96,03 96,17 95,35 95,83 95,69 95,69 96,38 96,11 95,70 96,07 96,35 96,39
91,08 93,61 93,73 90,66 93,16 91,44 91,43 95,45 93,97 93,04 93,32 95,26 95,13
83,24 87,00 86,97 82,11 86,08 82,73 83,13 92,05 86,65 83,95 86,21 90,54 90,37
513,64 602,14 634,34 570,76 526,49 365,61 391,12 591,33 529,96 455,95 472,29 525,37 553,62
0,33 0,32 0,35 0,23 0,23 0,43 0,47 0,41 0,05 0,47 0,24 0,42 0,42
99,67 99,68 99,65 99,77 99,77 99,57 99,53 99,59 99,95 99,53 99,76 99,58 99,58
99,54 99,53 99,52 99,42 99,36 99,43 99,47 99,50 99,52 99,33 99,53 99,50 99,48
99,48 99,44 99,50 99,29 99,26 99,31 99,36 99,46 99,44 99,25 99,48 99,46 99,42
99,38 99,35 99,32 99,09 99,09 99,09 99,14 99,39 99,20 99,11 99,36 99,38 99,27
98,78 98,81 98,85 98,71 98,58 98,47 98,54 99,05 98,79 98,52 98,70 98,92 98,92
98,00 98,17 98,14 98,22 97,92 95,30 95,87 98,14 97,82 96,87 97,55 97,74 97,94




11-468-P1 |11-517-P1 [11-525-P2 [11-571-P2 |11-595-P2 [12-010-P1 [12-144-P1 |12-149-P1 [12-161-P1 [12-235-P1 |12-331-P1 [12-363-P1 [12-366-P1
15189086| 14465126| 14294536| 13152764 13454982 14653842| 14365658| 15559044| 14096696| 12236468| 17056084 13428952| 16833346
15059865| 14353269| 14234959 13096441| 13395749| 14531574 14251175| 15436649| 13992406 12139500] 16927353| 13324615/ 16726055
15189086 14465126| 14294536 13152764 13454982| 14653842 14365658| 15559044| 14096696 12236468| 17056084| 13428952 16833346
7594543 7232563| 7147268| 6576382 6727491| 7326921| 7182829 7779522| 7048348| 6118234 8528042| 6714476] 8416673
7594543| 7232563| 7147268| 6576382 6727491| 7326921| 7182829 7779522| 7048348| 6118234 8528042| 6714476| 8416673
14893230| 14212728| 14142016 13004914| 13308502| 14411940 14138746| 15300952| 13888464 12040588 16737764| 13172240 16552434
15038600| 14334868| 14223748 13086076| 13384570| 14511029 14232354| 15415093| 13975039 12123387| 16907071| 13308957 16709600
21265 18401 11211 10365 11179 20545 18821 21556 17367 16113 20282 15658 16455
39720 34004 31956 32140 31308 48647 41272 44773 39721 36225 49361 37571 48940
27775 24081 25759 26262 25450 37404 30557 32848 29677 27468 36800 28353 37709
526,67 520,90 479,81 439,38 448,37 509,43 501,90 540,98 496,27 430,95 600,22 484,62 605,50
0,09 0,08 0,06 0,06 0,07 0,08 0,07 0,07 0,09 0,09 0,07 0,07 0,08
99,91 99,92 99,94 99,94 99,93 99,92 99,93 99,93 99,91 99,91 99,93 99,93 99,92
99,85 99,86 99,85 99,86 99,85 99,84 99,87 99,87 99,84 99,82 99,87 99,87 99,86
99,81 99,81 99,80 99,80 99,79 99,79 99,81 99,82 99,79 99,77 99,83 99,82 99,81
99,69 99,68 99,69 99,66 99,64 99,68 99,68 99,72 99,69 99,65 99,71 99,72 99,74
99,14 99,28 99,14 98,98 98,95 99,21 99,24 99,28 99,29 99,15 99,16 99,18 99,39
96,94 97,83 97,20 96,43 96,03 97,36 97,70 97,59 97,89 97,06 96,45 97,19 98,21
408,08 340,41 355,05 323,83 323,52 368,33 372,32 414,74 344,53 330,35 619,12 372,10 517,96
2,40 1,97 1,69 1,61 1,95 1,99 1,77 2,02 2,75 2,42 1,90 1,90 2,03
97,60 98,03 98,31 98,39 98,05 98,01 98,23 97,98 97,25 97,58 98,10 98,10 97,97
97,12 97,38 97,06 97,06 96,75 96,80 97,35 97,20 96,46 96,29 97,31 97,37 97,40
96,95 96,74 96,70 96,86 96,46 96,37 96,94 96,59 96,33 96,04 96,96 96,84 96,61
96,39 96,16 96,29 96,13 96,00 96,06 96,39 96,22 96,00 95,68 96,37 96,09 96,32
94,86 94,12 94,64 94,31 93,76 94,47 94,31 95,23 94,39 94,08 95,68 94,42 95,58
89,62 86,27 88,19 86,69 86,65 88,44 89,19 89,67 87,78 86,81 94,03 88,34 92,88
520,01 541,05 451,99 286,33 444,58 510,86 475,83 534,19 472,89 404,55 545,76 452,26 554,99
0,41 0,14 0,35 0,35 0,42 0,43 0,39 0,42 0,41 0,49 0,46 0,32 0,40
99,59 99,86 99,65 99,65 99,58 99,57 99,61 99,58 99,59 99,51 99,54 99,68 99,60
99,46 99,46 99,51 99,52 99,45 99,46 99,52 99,52 99,44 99,37 99,49 99,53 99,50
99,42 99,41 99,44 99,47 99,38 99,37 99,47 99,47 99,38 99,30 99,48 99,49 99,47
99,27 99,25 99,39 99,31 99,22 99,25 99,35 99,36 99,22 99,18 99,39 99,40 99,44
98,88 98,92 98,92 97,48 98,66 98,99 99,01 99,07 98,92 98,83 99,09 99,06 99,16
97,68 98,22 97,36 89,29 97,53 98,07 98,04 98,37 97,95 97,45 98,36 97,91 98,61




12-382-P1 |C-462-P4 |C-586-P5 |[C-606-P8 |C-616-P7 |C-624-P6
12099566| 12856374 12455250 14531168| 13753210 6584983
12014816| 12715977| 12377395 14325234 13582529| 6506999
12099566| 12856374| 12455250 14531168| 13753210] 6584983
6049783 6428187| 6227625 7265584| 6876605| 3292492
6049783 6428187| 6227625 7265584| 6876605| 3292491
11864234| 12518678| 12189256 13986206| 13419388| 6416009
12000565| 12693283| 12364383 14290403| 13554306 6493941
14251 22694 13012 34831 28223 13058
32675 62835 27955 86399 38698 22478
24406 49138 20265 66145 25575 15829
437,23 418,79 417,25 404,81 451,81 210,87
0,08 0,07 0,06 0,07 0,07 0,22
99,92 99,93 99,94 99,93 99,93 99,78
99,81 99,83 99,84 99,82 99,83 99,29
99,76 99,75 99,75 99,71 99,76 98,94
99,67 99,57 99,55 99,48 99,57 98,27
99,12 98,77 98,42 98,27 98,57 94,08
96,75 95,92 93,66 93,48 94,56 80,63
347,74 286,75 319,62 300,89 353,05 119,69
1,78 1,62 1,52 1,62 1,68 2,85
98,22 98,38 98,48 98,38 98,32 97,15
96,53 96,98 96,98 96,59 96,69 93,09
96,24 96,40 96,64 96,38 96,55 89,45
95,89 95,86 95,96 95,66 96,21 83,36
93,94 92,31 93,78 92,76 94,19 69,33
87,19 84,17 86,33 85,02 87,41 50,79
401,25 404,88 409,08 402,13 445,23 215,64
0,50 0,35 0,13 0,30 0,45 0,48
99,50 99,65 99,87 99,70 99,55 99,52
99,37 99,54 99,45 99,37 99,50 98,76
99,29 99,43 99,38 99,27 99,48 98,59
99,16 99,19 99,26 99,14 99,22 98,32
98,84 98,48 98,69 98,46 98,68 97,08
97,53 96,25 95,73 95,56 96,73 86,56




Supplementary Table 2. By sample sequencing quality control and coverage statistics in the discovery cohort in sequencing of in PKD1 ai

Sample Average  [Desvest 06-056 06-122 07-032 07-335 08-258 10-484 11-444 12-444 12-505 12-628 13-102 13-199

QC-passed reads 1444939,83| 209921,69| 1539934| 1922710| 1635464| 1397528| 1466252| 1392912| 1475046| 1213858| 1497954| 1439158| 1240018 1118444
duplicates 0,00 0,00 0 0 0 0 0 0 0 0 0 0 0 0
mapped 1139763,42| 179226,45| 1216361 1525006| 1310916| 1103131 1104980 1112500 1176885| 934458| 1202940| 1176094| 974870 839020
paired in sequencing 1444939,83| 209921,69| 1539934| 1922710| 1635464| 1397528| 1466252| 1392912| 1475046| 1213858| 1497954| 1439158| 1240018 1118444
readl 722469,92| 104960,85|  769967| 961355| 817732| 698764| 733126| 696456 737523| 606929 748977 719579 620009 559222
read?2 722469,92| 104960,85| 769967| 961355| 817732| 698764| 733126 696456 737523| 606929 748977 719579 620009| 559222
properly paired 916518,83| 158150,27| 979398 1231384| 1072404| 890450| 832856 906052| 959096  739024| 986356 983250 783644 634312
with itself and mate mapped 941485,67| 162528,02| 1006328| 1265754| 1102158| 914554| 857388| 929926 984160 759766 1011264| 1011154| 803460 651916
singletons 198277,75| 29119,39|  210033| 259252 208758 188577 247592 182574 192725 174692 191676| 164940 171410 187104
with mate mapped to a different chr 280,33 58,63 282 344 410 288 262 264 278 196 282 306 262 190
with mate mapped to a different chr (mapQ>=5§ 193,58 47,74 191 242 296 196 182 181 202 138 203 210 179 103
ALL Mean coverage (X) 167,85 27,81 179,14 225,36 197,06 163,45 159,65 163,99 172,39 136,60 177,69 177,04 141,19 120,62
% ALL target bases covered = 0X 0,31 0,04 0,29 0,25 0,27 0,31 0,33 0,29 0,37 0,38 0,31 0,32 0,31 0,34
% ALL target bases covered >= 1X 99,84 0,02 99,85 99,87 99,86 99,84 99,84 99,86 99,82 99,81 99,84 99,84 99,85 99,83
% ALL target bases covered >= 5X 99,55 0,06 99,58 99,67 99,59 99,56 99,52 99,56 99,55 99,49 99,57 99,55 99,49 99,46
% ALL target bases covered >= 10X 99,28 0,13 99,38 99,51 99,38 99,32 99,24 99,30 99,29 99,14 99,34 99,29 99,13 99,05
% ALL target bases covered >= 20X 98,46 0,44 98,78 99,09 98,83 98,58 98,42 98,55 98,53 98,08 98,71 98,58 97,67 97,66
% ALL target bases covered >= 50X 91,25 3,83 93,80 96,36 94,91 92,20 91,56 92,15 90,95 87,69 93,32 92,80 86,36 82,88
% ALL target bases covered >= 100X 65,34 7,82 68,67 80,61 74,26 63,50 62,44 63,67 67,68 55,56 68,33 68,42 58,49 52,39
PKD1 Mean coverage (X) 80,60 13,60 82,56 112,37 87,07 78,88 66,32 78,80 88,91 70,86 89,52 81,34 70,66 59,95
% PKD1 target bases covered = 0X 3,70 0,39 4,18 3,44 3,62 3,85 3,21 2,85 3,75 4,17 3,89 4,02 3,62 3,85
% PKD1 target bases covered >= 1X 98,15 0,20 97,91 98,28 98,19 98,08 98,39 98,57 98,13 97,91 98,05 97,99 98,19 98,08
% PKD1 target bases covered >= 5X 95,86 0,62 95,99 97,24 96,50 95,66 95,16 95,81 96,34 95,36 96,09 95,20 95,67 95,30
% PKD1 target bases covered >= 10X 92,97 1,19 93,70 95,23 93,78 92,56 91,76 93,24 93,60 91,85 94,13 92,49 92,34 91,01
% PKDL1 target bases covered >= 20X 86,69 2,59 87,44 91,34 88,42 86,87 83,75 87,15 88,40 84,25 88,74 87,47 84,12 82,30
% PKD1 target bases covered >= 50X 65,03 4,76 65,98 76,05 68,32 65,03 59,54 64,44 67,84 61,77 66,82 65,15 61,65 57,77
% PKD1 target bases covered >= 100X 52,01 1,65 51,80 56,48 52,20 51,55 50,90 51,47 52,93 50,81 53,14 51,61 51,21 50,08
PKD2 Mean coverage (X) 174,22 28,72 186,64 231,65 205,36 165,80 165,67 169,40 184,44 137,93 180,81 184,26 154,88 123,76
% PKD2 target bases covered = 0X 0,90 0,20 0,67 0,80 0,99 0,60 0,90 0,87 1,13 0,92 0,76 0,87 1,35 0,93
% PKD2 target bases covered >= 1X 99,55 0,10 99,67 99,60 99,50 99,70 99,55 99,57 99,43 99,54 99,62 99,56 99,33 99,54
% PKD2 target bases covered >= 5X 99,25 0,04 99,27 99,32 99,29 99,25 99,25 99,23 99,26 99,21 99,24 99,25 99,19 99,20
% PKD2 target bases covered >= 10X 99,17 0,06 99,22 99,24 99,22 99,21 99,12 99,18 99,18 99,11 99,17 99,20 99,09 99,04
% PKD2 target bases covered >= 20X 98,75 0,31 98,94 99,15 99,00 98,93 98,78 98,86 98,84 98,34 98,74 98,88 98,47 98,06
% PKD2 target bases covered >= 50X 92,74 3,46 94,71 97,19 96,41 92,45 92,39 92,86 94,96 88,44 94,22 93,61 90,97 84,67
% PKD2 target bases covered >= 100X 67,51 8,70 71,92 82,97 77,19 65,09 65,90 65,80 70,79 55,37 70,38 71,42 61,74 51,55




Supplementary Table 3. NGS of PKD1 and PKD2 vs genotyping calls in the five control samples

-~ ALL PKD1 PKD2

ampie Sum| 462] 586] 606] 616] 624] Sum| 462] 586] 606] 616] 624] Sum| 462] 586 606] 616] 624
Total genotyped positions 12108| 2419 2422| 2422 2423| 2422] 80| 16| 16| 16| 16| 16| 269| 54| 53] 54| 54| 54
Total genotyped SNPs 3511] 666] 706] 680] 762| 697] 20 4 6 5 0 5| 103] 14| 24| 14| 27| 24
Total NGS SNPs 3348] 634] 674] 650] 726| 664] 20 4 6 5 0 5| 103] 14| 24| 14| 27| 24
NGS TP 3344] 633] 673] 649] 725| 664] 20 4 6 5 0 5| 103] 14| 24| 14| 27| 24
NGS FP 4 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0
NGS TN 8593| 1752| 1715| 1741| 1660] 1725| 60| 12| 10| 11| 16| 11| 166] 40| 29| 40| 27| 30
NGS FN 167] 33| 33| 31| 37| 33 0 0 0 0 0 0 0 0 0 0 0 0
NGS PPV 0,999] 0,998] 0,999] 0,998] 0,999 1 1 1 1 1 - 1 1 1 1 1 1 1
NGS Sensitivity 0,952] 0,950| 0,953| 0,954] 0,951 0,053 1 1 1 1 - 0 1 1 1 1 1 1
Genotyping Het 2109 412 414 375 459 449 20 4 6 5 - 5 64 5 19 14 11 15
Het TP 2048| 404] 400| 364| 442| 438] 20 4 6 5 - 5| 64 5| 19| 14| 11| 15
Het TP (correct allele) 2032| 404] 395| 359| 437| 437] 15 4 6 5 - o 64 5| 19| 14| 11| 15
Het TP (wrong allele) 16 0 5 5 5 1 0 0 0 0 - 0 0 0 0 0 0 0
Het FP 3 1 1 0 1 0 0 0 0 0 - 0 0 0 0 0 0 0
Het FN 61 8| 14| 11| 17] 11 0 0 0 0 - 0 0 0 0 0 0 0
Het PPV 0,999] 0,998] 0,998 1| 0,008 1 1 1 1 1 - 1 1 1 1 1 1 1
Het Sensitivity 0,971] 0,981] 0,966 0,971 0,963 0,976 1 1 1 1 - 1 1 1 1 1 1 1
Genotyping Hom 1402| 254] 292| 305| 303 248 - - - - - AED 9 5 1 16 9
Hom TP 1296] 229| 273| 285 283 226 - - - - - 1 39 9 5 1 16 9
Hom TP (correct allele) 1281 225 270 283 280 223 - - - - - - 39 9 5 - 16 9
Hom TP (wrong allele) 15 4 3 2 3 3 - - - - - - 0 0 0 - 0 0
Hom FP 0 0 0 0 0 0 : : - - - - 0 0 0 - 0 0
Hom EN 106] 25| 19| 20| 20| 22 - - - - - - 0 0 0 - 0 0
Hom PPV 1 1 1 1 1 1 - - - - - - 1 1 1 - 1 1
Hom Sensitivity 0,924] 0,902| 0,935| 0,934 0,934 0,011 - - - - - - 1 1 1 - 1 1







4. DISCUSSION

In a recent deliberately provocative publication, it is wondered
whether genomics is ready for a plateau in sequencing costs.”’
During the second semester of last year we observed for the first
time since the National Human Genome Research Institute
(NHGRI) began to record the cost of sequencing, that the cost of
sequencing a human genome increased a 12% (an increase of $717).
Although the following months were accompanied by modest
decreases, if we compare the cost of sequencing a human genome
between April 2012 ($5.901) and April 2013 ($5.826), which is the
latest record available (Figure 9), we observe that during the last

year it has only decreased a 1.3% ($75).”®

Moore's Law

National Human Genome
Research Institute

genome.gov/sequencingcosls

T M T P e e e T e e e e e T T

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

Figure 9. Evolution of the cost of sequencing a human genome. From
Wetterstrand, 2013.”
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These numbers challenge a trend that has been maintained during
years beating Moore’s law, and indicates that in the medium term
we should not expect sequencing to be significantly cheaper until
the next technological revolution arrives. This can have profound
consequences in the genomics field, which has heavily relied during
the last years in the fact that each sequencing run was cheaper than
the last. Most of the recent big genomic achievements have been
based in brute force experiments, made possible by the rapid
technological advances. The present change of cycle would require
more ingenious and elegant ideas to keep publishing interesting
findings after the genomics boom of the last decade. So, it is time to
fully exploit the potential of the current sequencing technologies,
which seem that will be static for a while. Moreover, it is also time
to tone down the rhetoric around the advent of $10 human genomes
and to start working seriously on the clinical translation of our
research based on the technology that we currently have, no what
we expect to have tomorrow.”” Thus, the main goal of this thesis
was to prove the feasibility of targeted NGS in routine clinical

diagnostics for different clinical entities.

Current NGS technologies have the potential to address the
mismatch between promises and achievements in medical genetics,
still present more than ten years since the human genome project
was drafted. Shortly before the completion of the first human
genome, Francis Collins, one of the leaders of the Human Genome
Project predicted that by 2010 the genetic causes of most Mendelian
diseases would have been unveiled and therapies would be available

for most of them, that disease gene associations for most of the
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common disorders would have been established, and that
personalized preventive medicine would be a reality.” Although
some of his claims have come true,'™ most of the post-genomic era

promises are yet to be accomplished.

Genomics as an enhanced approach to healthcare has the potential
to transform the quality of life worldwide, allowing the widespread
implementation of more tailored medical care based on individual
risk. It seems quite likely that whole human genome sequencing
(and eventually, proteome, metabolome, microbiome, etc.) would
be a routine component of everyone health record available to both
patients and physicians for predictive and preventive healthcare
purposes. This is poised to have a transforming effect in clinical
practice, including diagnosis and decision-making for appropriate
therapeutic procedures. The personal genome era is expected to be
realized in the near future, and the genetics community and society

in general needs to prepare for this new era.”

4.1. Identification of novel Mendelian disease genes by

NGS

During the last decades positional cloning strategies have led to the
discovery of several new insights in human genetics. However,
when this approach is used for rare Mendelian disorders the results
often are not conclusive due to the lack of complete pedigrees, the
unavailability of large family collections and marked locus
heterogeneity. Thus, in small and non-consanguineous families,

neither linkage analysis nor homozygosity mapping are likely to

203



succeed in identifying the responsible gene of a given rare
Mendelian disease.'”’ As a consequence of these limitations, the
underlying genetic cause of more than three thousand disorders of
Mendelian  inheritance still remain to be determined

(http://www.ncbi.nlm.nih.gov/Omim/mimstats.html).

In that respect, advances in NGS technologies, especially exome
sequencing, represent an important milestone in genomics,
providing an effective alternative for the discovery of candidate
genes and mutations that underlie Mendelian disorders, that have
been resistant to conventional approaches, thanks to an
unprecedented ability to identify rare variants. NGS technologies
have been a much awaited step forward from linkage mapping for
Mendelian disease gene discovery, since it has enabled mapping of
genes for monogenic traits in families with small pedigrees and
even in as few samples as two unrelated individuals.” Also, NGS
technologies do not have the typical microarray-based methods
restrictions, such as single nucleotide mismatches and melting
temperature issues, and provide a more comprehensive and
complete picture of human variability. In fact, NGS enables
genotyping of all possible variant sites compared to array based
genotyping methods, which use a set of predetermined common

variants.

The first proof-of-principle report published back in 2009 using
exome sequencing to identify Mendelian disease genes supposed a
revolution in human genetics, which has led to the discovery of the

genetic basis of several Mendelian disorders wusing similar
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approaches. We can expect that during the coming years, most of
the yet unresolved Mendelian disorders will be genetically
characterized using exome sequencing, but at some point the

transition towards more unbiased WGS will occur.

In this thesis it is reported a novel gene for familial hyperkalemic
hypertension discovered using exome sequencing in combination
with linkage analysis and functional studies. Familial hyperkalemic
hypertension is a rare autosomal dominant form of arterial
hypertension, associated to metabolic abnormalities involving
hyperkalemia, metabolic acidosis and hyperchloremia.'” Back in
2001, two genes were identified responsible for this disease, WNK1
and WNK4, which encode two members of the with-no-lysine
(WNK) serine threonine kinases family.'” Functional studies
demonstrated the regulatory functions of WNK1 and WNK4 on
several ion transporters, especially on the Na'-Cl™ cotransporter
(NCC), which shows increased expression and activity in affected
individuals.'™ However, mutations found in the WNK1 and WNK4
genes explain only a minority of the cases described. In the study
included in this thesis, the search for a novel gene was done on a
shared linkage interval on chromosome 5 in two affected families

who did not have mutations in WNK1 and WNK4 genes.

Using exome sequencing and bioinformatics analysis one gene,
KLHL3, was found in both families to be affected by in silico
predicted pathogenic missense mutations. The involvement of
KLHL3 in the disease was quickly verified by mutation-pathology

cosegregation in the initial two families and the identification of 14
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additional missense mutations in 17 additional unrelated affected
subjects. In 13 cases, the mutation was present in heterozygous
state, in agreement with the expected dominant transmission. In
four cases from consanguineous families, the mutation was present
in homozygous state, corresponding to an apparently recessive
form. The strong expression of KLHL3 in the nephron and its
cellular colocalization with NCC in the distal convoluted tubule

strengthened the arguments of causality of this gene in the disease.

At the same time, an American team identified independently by
exome sequencing the same gene, KLHL3, as responsible for the

. 105
disease.

They reported 24 different mutations, mostly missense,
but also nonsense, small deletions and splicing mutations. Sixteen
mutations were heterozygous and eight homozygous or compound
heterozygous, thus explaining the sometimes dominant or recessive
presentation of the disease. In addition, the American team showed
the presence of causal mutations in Cullin3 in other 17 affected
individuals. These mutations, most of them de novo, were detected

in the more severe forms of the disease.

KLHL3 is a BTB-BACK-Kelch family protein that serves as a
substrate adapter in Cullin3 E3 ubiquitin ligase complexes, which
direct target proteins to degradation by the proteasome after
ubiquitination.'” Recently, some groups reported that an interaction
of KLHL3 with CULLIN3 and WNK4 induced WNK4
ubiquitination and reduced the WNK4 protein levels, while a
reduction in the interaction between KLHL3 and WNK4 attenuated

the ubiquitination of WNK4, resulting in an increased level of the
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WNK4 protein and leading to an elevated activation of the WNK-
OSRI1/SPAK-NCC signal cascade that cause familial hyperkalemic
hypertension.'”'% All together, our initial genetic findings have led
to remarkable progress in understanding the molecular mechanisms

regulating blood pressure.

Nowadays the sequencing of non-trivial numbers of complete
human genomes is a reality, but as demonstrated in this thesis it is
often more convenient to focus on informative regions of the
genome, such as the exome. Targeted sequencing deepens
information content and minimizes reagent costs of NGS
technologies, allowing more samples to be analyzed in parallel
given a set amount of sequencing capacity. Exome sequencing
represents the most cost-effective alternative to WGS for the
discovery of highly penetrant rare variants because it supposes a
drastic reduction in the sequencing required. In fact, respect to
WGS, exome sequencing requires about 20-fold less (~5%)
sequencing to achieve the same depth of coverage, which is
translated into considerably less raw sequence and lower costs.''’
Despite the inherent costs of genomic capture in addition to
sequencing, according to the list prices, the all-in cost of exome
sequencing is roughly 10- to 20-fold less than for the whole

genome.

If the target genomic region is smaller than the exome, as in the
case of diagnosis assays for known disease loci, cost reduction is
even greater. This has a direct impact on the power to detect

causative variants in projects where the number of samples required
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to get meaningful statistical power makes WGS prohibitively
costly.”® Also, exome sequencing requires less onerous analyses
than WGS, and the number of variants detected is up to two orders
of magnitude lower as a consequence of only retrieving variants
affecting the coding regions of the genome. This reduces data
fatigue and simplifies the analyses for the identification of disease-

causative variants.

A key point when designing an exome sequencing study is to
choose the right amount of sequencing, i.e. the coverage depth, in
order to achieve a good sensitivity to detect sequence variants.
Considering the unavoidable enrichment uniformity differences
between the different regions of the genome captured using
hybridization-based approaches, it has been proposed that the safest
strategy is to intend an average coverage >20X. This average
coverage depth ensures a good sensitivity able to detect >95% of
homozygous and heterozygous variants.®’ This guarantees sufficient
allele sampling, as well as prevents sequencing errors from
appearing to be actual variants. Uniformity also affects exome
sequencing efficiency. Since not all the targeted bases are read at
the same rate, different genomic region are covered at very different
depths. This is not a problem for those regions that are oversampled
and have high coverage depths, but supposes an increment in the
amount of sequencing needed to collect the missing or low-covered

sequences to bring the underrepresented sequences up.

In addition to the technical limitations inherent to hybrid capture,

such as selection bias and uneven capture efficiency, the main
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limitation of the targeted resequencing approach is the impossibility
to efficiently capture and sequence the repetitive and low-
complexity, and GC-rich genomic sequences that are refractory to
enrichment. However, the constant optimization of the capture and
NGS chemistries will gradually close the capture gaps (mainly due
to uniqueness constraints, homopolymer runs, ambiguous bases or
other factors that are known to cause issues in either oligonucleotide
synthesis or hybridization), and reduce enrichment variability

between samples and targets.

Exome sequencing has proven its reliability for the identification
genetic variability underlying relatively simple, single-gene
disorders. However, the step from rare monogenic and simple
Mendelian disorders to more-complex multigenic disorders is going
to be a challenging move. Exome sequencing studies done so far
have to be considered as a starting point in the effort to apply these
technologies to multigenic diseases. The extent of heterogeneity
associated with common complex disorders will have to be
mitigated with larger sample sizes and more sophisticated weighting

of non-synonymous variants by predicted functional impact.'"’

Ultimately, targeted sequencing will continue to be a cost-effective
approach as long as the cost of genomic capture does not
dominate™®. Therefore, within the next years targeted sequencing
will be used alongside of WGS for different research and clinical

applications.
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4.2. Diagnostics of Mendelian disorders using targeted

NGS

It has been suggested that the impact that NGS technologies will
have on clinical genetics during the upcoming years will be
comparable to the introduction of X-rays to medicine many decades
ago.''! After the tremendous impact of NGS technologies to the
discovery of disease-causing genes during the last four years, we
are now witnessing the introduction of these technologies for
diagnostic applications. The aim is to rapidly revolutionize the field
of genetic diagnostics, making it much more cost- and time-
effective, but also advance in accuracy. However, since the first
published report on massive parallel sequencing back in 2005,’' few
examples have been published on the use of NGS for routine

. . . 112-11
genetic diagnostics. ?

In this thesis it is reported the successful application of targeted
NGS for the diagnostics of three different common Mendelian
disorders, namely cystic fibrosis, hyperphenylalaninemias and
autosomal dominant polycystic kidney disease. Here, it is
demonstrated that NGS technologies, in combination with robust
bioinformatics tools, can simultaneously detect all sorts of sequence
variants, including complex genomic rearrangements, in multiple
samples in just one experiment even in complex duplicated genomic
regions. Actually, the assays reported here have been optimized to
offer conclusive diagnostics five days after receiving the DNA
samples, at a fraction of the cost of their traditional counterpart

methods. Since the genetic screening of mutations for these three
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diseases is already an integral part of routine clinical practice, the
increased speed and efficiency offered by targeted NGS may enable
the widespread application of the tests reported here, which should

be easily adopted by routine molecular diagnostics laboratories.

Currently, our ability to discover genetic variation in a patient
genome is running far ahead of our ability to interpret that variation.
The success of NGS for medical genetics hinges on the accuracy in
distinguishing causal from benign alleles, which is the key
challenge for interpreting DNA sequence data for diagnostics. Over
the last three decades, PCR amplification of target regions followed
by Sanger sequencing has been the gold standard for the
identification of clinically relevant mutations in the terms of routine
diagnostics. It offers great accuracy, at the expense of being
laborious and costly, especially when it comes to the analysis of
disorders of heterogeneous etiology for which multiple targets
might be tested in a stepwise fashion. Such disorders may require
extensive screening of several genes, using different molecular

approaches for every type of sequence variant being tested.

However, this rather costly, stepwise, and time-consuming
technology will be gradually replaced by NGS technologies, which
offer higher throughput and scalability and, as a corollary, have
reduced costs per sequenced nucleotide and shorter turnaround
time. In fact, interrogating a short list of candidate genes by Sanger
sequencing will rapidly lead to spend thousands of euros. Given the

current cost of targeted NGS of small genomic regions, it is inciting
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to use NGS-based approaches to screen these genes for diagnostics

purposes.

Although WGS is becoming part of the clinical practice for some
specific medical problems,'?’ until it can offer at an affordable price
the sensitivity required for routine diagnostics purposes, where
depth is preferred instead of width in terms of sequence coverage,
targeted NGS will be the preferred method in diagnostic
laboratories, since it exploits the full potential of the NGS devices
to process several samples and loci in parallel. Targeted NGS by
genome partitioning and capture methods offers significant
advantages both in terms of cost and effectiveness for clinical
diagnostics applications, overcoming the limitations of WGS and
exome sequencing, which mainly are the cost and additional
bioinformatics burden for the first, and the uneven distribution of
depth of coverage of the later. Other advantages of targeted NGS
vs. WGS and exome sequencing are scalability (several samples can
be multiplexed both at the capture and sequencing steps), cost, and
clinical validity (analysis restricted to genomic regions of known
clinical significance, which prevents findings of uncertain relevance
in other loci of the genome and that might raise ethical and legal

concerns).

The transition over the next years of NGS technologies from basic
research to the routine detection of mutations in genetic loci with
well documented diagnostic value will take advantage not only of
the new benchtop NGS platforms, such as the Illumina’s Miseq,

which can be much more easily incorporated in the daily clinical
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practice, but also of automated workflows and simplified
bioinformatics analyses able to generate medical report-like outputs
adapted to clinical laboratories. However, the correct interpretation,
storage, and dissemination of the large amount of the datasets
generated remain a major challenge on the path of NGS to medical
applications.'*! These challenges could be addressed with extensive
exchange of data, information and knowledge between medical
scientists, sequencing centers, bioinformatics networks and
industry. Some genomic centers working in biomedicine have
developed collaborative initiatives aiming at bringing everyone
together to harmonize genomic medical research, set up standards in
medical sequencing and review the current diagnostic standards
according to the new insights gained from genomic and phenotypic

data integration.

An example of such initiatives is GEUVADIS (Genetic European
Variation in Disease) Consortium (www.GEUVADIS.org), which
aims at harmonizing medical sequencing efforts across Europe by
developing guidelines for the biological and medical interpretation
of sequence data for monogenic (and complex) disorders, as well as
to set up standards for the ethics of phenotype prediction from

sequence variation.
4.3. Concluding remarks

Genomics is making faster progress than any other area of
biomedical research. Especially, the advances in the field of NGS

development and applications, make this an exciting time for the

213



study of how genetic variation affects health and disease. The
ultimate game changer in clinical genetics will be the routine
sequencing of individual genomes, but until this becomes feasible,
targeted approaches are the more convenient interim solution. The
standardization and further development of the methods used in this
thesis will provide powerful and cost-effective techniques for the
identification of causative variants of heritable disorders caused by
known and unknown genes. The results presented in this thesis give
evidence of the reliability and clinically accepted performance of
NGS technologies, and represent another step towards the
translation of NGS technologies and bioinformatics to medical

genetics and diagnostic applications.
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S. CONCLUSIONS

Exome sequencing, in combination with linkage analysis and

functional studies, identified KLHL3 as a major gene for

familial hyperkalemic hypertension.

KLHL3 is coexpressed with the Na" CI” cotransporter (NCC)
and downregulates NCC expression at the cell surface.

KLHLS has a key role in the complex signaling pathway that
regulates ion homeostasis in the distal nephron and blood

pressure.

Targeted resequencing is an accurate and cost-effective tool for

the diagnostics of monogenic and heterogeneous Mendelian

disorders, able to detect all sorts of sequence variants and ready

to substitute traditional molecular approaches.

It provides great accuracy for the screening of CFTR in
cystic fibrosis and CFTR-related disorders patients and
carriers.

It allows an efficient differential genetic diagnostics of
phenylketonuria ~ and  tetrahydrobiopterin  deficient
hyperphenylalaninemia.

It permits a comprehensive screening PKD1 and PKD2 in
autosomal dominant polycystic kidney disease patients, even

in the complex repeated region of PKDI1.
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