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Whole-genome sequencing overcomes pseudogene
homology to diagnose autosomal dominant polycystic
kidney disease

Amali C Mallawaarachchi*,1,5, Yvonne Hort1,5, Mark J Cowley2,3,5, Mark J McCabe2,3, André Minoche2,
Marcel E Dinger2,3, John Shine1 and Timothy J Furlong1,4

Autosomal dominant polycystic kidney disease (ADPKD) is the most common monogenic kidney disorder and is due to disease-

causing variants in PKD1 or PKD2. Strong genotype–phenotype correlation exists although diagnostic sequencing is not part of

routine clinical practice. This is because PKD1 bears 97.7% sequence similarity with six pseudogenes, requiring laborious and

error-prone long-range PCR and Sanger sequencing to overcome. We hypothesised that whole-genome sequencing (WGS) would

be able to overcome the problem of this sequence homology, because of 150 bp, paired-end reads and avoidance of capture

bias that arises from targeted sequencing. We prospectively recruited a cohort of 28 unique pedigrees with ADPKD phenotype.

Standard DNA extraction, library preparation and WGS were performed using Illumina HiSeq X and variants were classified

following standard guidelines. Molecular diagnosis was made in 24 patients (86%), with 100% variant confirmation by current

gold standard of long-range PCR and Sanger sequencing. We demonstrated unique alignment of sequencing reads over the

pseudogene-homologous region. In addition to identifying function-affecting single-nucleotide variants and indels, we identified

single- and multi-exon deletions affecting PKD1 and PKD2, which would have been challenging to identify using exome

sequencing. We report the first use of WGS to diagnose ADPKD. This method overcomes pseudogene homology, provides uniform

coverage, detects all variant types in a single test and is less labour-intensive than current techniques. This technique is

translatable to a diagnostic setting, allows clinicians to make better-informed management decisions and has implications for

other disease groups that are challenged by regions of confounding sequence homology.
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INTRODUCTION

Autosomal dominant polycystic kidney disease (ADPKD) is a
common monogenic disorder with a prevalence of at least 1 in
1000.1 The disorder results in the formation of renal cysts and
subsequently leads to end-stage kidney disease (ESKD) that requires
dialysis or transplantation.2 ADPKD is caused by disease-causing
variants in either the PKD1 or PKD2 genes, with 85% of patients
having disease-causing variants in PKD1.1 In general, patients with
disease-causing variants in PKD1 develop ESKD 20 years earlier than
those with disease-causing variants in PKD2.1 In clinical practice, a
diagnosis of ADPKD is usually made in adulthood, after significant
disease progression, using imaging-based phenotypic criteria. Despite
the prognostic information that can be gained from knowledge of
genotype, it is not current routine clinical practice to obtain a
molecular diagnosis in patients with ADPKD.
PKD1 is a 47.2 Kb gene comprising 46 exons. Exons 1–33 share, on

average, 97.7% sequence similarity to six pseudogenes that lie
proximal to PKD1 on chromosome 16.3,4 These pseudogenes have
arisen through successive segmental genome duplication events during
recent primate evolution.3,4 The presence of pseudogenes has made it
difficult to develop cost-effective, accurate sequencing methods for
PKD1. To date, long-range PCR (LR-PCR) amplification, followed by

Sanger sequencing, has been the gold standard used by most
diagnostic laboratories.1,5,6 This technique has a diagnostic rate of
approximately 90% in well-phenotyped trial cohorts and 40–60% in
the commercial reference laboratory.7–9 The technique is labour
intensive and thus expensive. More recently, targeted massively parallel
sequencing (MPS) has been used to sequence PKD1 and PKD2.5,10–12

An amplicon-based strategy using LR-PCR amplification of PKD1 and
PKD2 exons, followed by MPS obtained a diagnostic rate of ~ 60% in
cohorts selected using only imaging criteria (ie, for whom a disease-
causing variant was not already known).5,10–12 These techniques are
laborious and the PCR amplification process is error prone. Capture-
based strategies have been trialled, to enrich for PKD1 and PKD2
exons, and in a small discovery cohort (n= 12) the diagnostic rate was
83%.11 Capture-based approaches are biased against capturing exons
with high GC content, and even when a very high average sequencing
depth per base is achieved, there is still a significant fraction of bases
with insufficient coverage to make a variant call.13 Furthermore, it is
difficult to design short (65 nt) oligonucleotide capture probes that
avoid selecting PKD1 pseudogenes.11,12 Finally, the use of custom-
designed capture probes requires pooling of samples to be cost
effective, which may add significant delays in the clinical setting.
PKD2 is a 68.0 kb gene in chromosome 4, comprising 15 exons. PKD2
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does not have any associated pseudogenes and is relatively more
straightforward to sequence.
Whole-genome sequencing (WGS) uses straightforward DNA

extraction and library preparation and sequences the entire genome
without distinction to coding or noncoding status.14 Sequencing the
entire genome avoids the capture bias associated with targeted
sequencing, and typically has a far more uniform genome-wide depth
of coverage. This affords broad power to detect single-nucleotide
variants (SNVs) and small insertions and deletions (indels), and the
ability to detect larger copy number variants (CNVs) and structural
variants (SVs), such as inversions and translocations.15,16 Since the
introduction of the Illumina HiSeq X sequencing system, the cost of
WGS has decreased significantly and is likely to continue to reduce in
cost over time.
We hypothesised that WGS, with its avoidance of capture bias,

uniform coverage and longer read length would be better able to
detect disease-causing variants in PKD1 and PKD2, particularly in
the pseudogene-homologous region. In this prospective study, we
performed WGS on 28 patients with ADPKD, and identified disease-
causing variants in 86% of these patients. This is the first application
of WGS to an ADPKD cohort and we demonstrate that this technique
is a reliable and reproducible method with which to overcome
sequence homology and obtain a molecular diagnosis in ADPKD
patients.

MATERIALS AND METHODS
Patients, over the age of 18, with a diagnosis of ADPKD made based on
standard clinical and imaging criteria17 were prospectively recruited into the
study. For those without a family history of ADPKD, a presumptive diagnosis
of ADPKD was made if multiple bilateral renal cysts were seen on ultrasound
images and there were no manifestations suggestive of another cystic kidney
disease.18 None of the patients had undergone diagnostic sequencing previously
and all patients were from unique pedigrees. A cohort based on phenotype,
rather than a previous molecular diagnosis using an alternate diagnostic
technique, was selected, given this would avoid any potential technical bias
and offer a more ‘real world’ cohort. Ethics approval for the study was obtained
from the St Vincent’s Hospital Human Research Ethics Committee (HREC/13/
SVH/119). All participants provided written consent.
Genomic DNA was extracted from peripheral blood lymphocytes using

standard protocols, sheared to 350 bp, and a sequencing library for each patient
was created using the TruSeq Nano DNA HT Sample Prep Kit (Illumina Inc.,
California, CA, USA). Following clustering of each library on a single lane of a
V1 patterned flowcell, paired-end sequencing with 150 bp read length was
performed using the Illumina HiSeq X, within the Kinghorn Centre for Clinical
Genomics, at the Garvan Institute of Medical Research, Sydney, Australia.
Raw fastq files were transferred to DNAnexus (www.dnanexus.com), a

cloud-based genomic analysis platform, utilising Amazon Web Services. Paired-
end short reads were aligned to the hs37d5 reference genome using BWA MEM
(v0.7.10-r789) and sorted and PCR duplicates marked with novosort
(v1.03.01).19 In one sample, BAM files from two lanes were merged using
novosort. The reference sequence used was the 1000 Genomes Phase 2
reference genome, which comprises the GRCh37 reference genome, including
decoy sequences and the human herpesvirus 4 type 1 (hs37d5).
A Base Quality (BQ) score was generated for each base sequenced and was

used to give a measure of the probability that the base called at that point is the
true base. A Mapping Quality (MQ) score was assigned to each read. Reads that
align to multiple parts of the genome are given a MQ score of 0, and are filtered
out from calculation of depth of coverage and variant calling (see below). Each
variant called was given a QUAL score, that is, a measure of the likelihood that
the variant is present in the cohort. Finally, a Genotype Quality (GQ) score is
obtained, which is a measure of the probability that the genotype of the
particular patient at that allele is correct. QUAL and GQ scores incorporate the
BQ and MQ scores for each base and read that comprises that variant as well as
the depth of coverage.

Following the GATK best practices guide, reads were realigned around
indels, and BQ scores recalibrated to improve the quality of the alignments,
using GATK (v3.3).20 SNV and short (o50 bp) indels were identified using a
GATK HaplotypeCaller, in GVCF mode. Data were subset to coding exons
+10 bp as defined by CCDS v19, to reduce computation time. Variants from all
samples were then joint variant called using GATK GenotypeGVCFs. Variant
Quality Score Recalibration was applied to annotate variants as passing all
filters. VCF files were then imported into GenePool (www.stationxinc.com) for
variant annotation, filtration and interpretation. Variants passing all filters, with
depth410 and GQ430, were considered. Genome-wide coverage was assessed
using the Illumina ‘Sequencing Coverage Calculation Methods for Human WGS’
Technical Note.21 Per-exon coverage was calculated using GATK DepthOf-
Coverage, based on CCDS exons +10 bp on either side to account for splice
regions, with MQ420 and BQ420.
Variant filtering and interpretation were performed in a targeted manner

towards PKD1 and PKD2, according to the flow-chart described in Figure 1.
The pathway was modified from the American College of Medical Genetics
(ACMG) guidelines for interpretation of sequence variants.22 All variants were
classified as affects function, likely affects function, does not affect function,
likely does not affect function or of uncertain significance. In addition to this,
variants were classified as hypomorphic if classified as such in the Polycystic
Kidney Disease Mutation Database (PKDB).23 In silico analysis tools that
assessed conservation and splicing impact were used to assess all synonymous
and missense variants with an allele frequency o5% (Mutation Taster,
Polyphen2).
Data from patients who did not have a disease-causing SNP identified in

PKD1 and PKD2 were re-analysed in order to assess for rearrangements or
CNVs. SV were identified from split reads and discordant pairs using lumpy
v0.2.1124 and CNV from read depth differences using CNVnator v0.325 as
implemented in the SpeedSeq pipeline 0.0.3a.26

In patients in whom a disease-causing variant in PKD1 or PKD2 could not be
identified, seven additional genes (HNF1B, PKHD1, SEC63, PRKCSH, TSC1,
TSC2, OFD1) that are also associated with a polycystic kidney phenotype were
assessed for SNV and indel, and HNF1B was assessed for deletions. In addition,
in undiagnosed patients, the criteria for identifying SNVs and small indels was
relaxed to include reads with MQ and BQ 410.
Sanger sequencing was performed to confirm the existence of all function-

affecting and likely function-affecting variants identified via WGS. For variants
within the PKD1 homologous region (exons 1–33), the pertinent regions were
first amplified using LR-PCR. LR-PCR primers were generated and amplifica-
tion was performed using the method previously described by Tan et al.10

In patients in whom a disease-causing variant was not identified, any exons
with a depth of coverageo10 were Sanger sequenced. MLPA was performed to
confirm the existence of exonic deletions. The commercial ‘MRC-Holland
SALSA MLPA probemix P351-C1/P352-D1 PKD1-PKD2′ MLPA kit was used
according to the method outlined by the manufacturer. All variants were
submitted to the publically available PKDB (http://pkd.mayo.edu).

RESULTS

We prospectively recruited a cohort of 28 unrelated patients who met
the established diagnostic criteria for ADPKD. The cohort consisted of
14 males and 14 females whose ages ranged between 31 and 85, where
ESKD had been reached in 16 patients. We performed WGS using the
Illumina HiSeq X on all 28 samples, generating a total of 3680 Gb
of sequencing output. On average, we obtained 131.4 Gb (range
126.3–134.0) per patient. On average, 86.9% (range 77.2–93.5%) of
bases had BQ greater than 30 (ie, 0.001 probability of an error;
Supplementary Table S1). The average genome-wide depth of coverage
per patient was 31.9 reads (range 28.4–36.1), with 22/28 samples
having a mean depth of coverage of greater than 30 (Supplementary
Table S1).
Average sequencing coverage for the coding exons of PKD1 (29.8,

95% CI 28.7–30.9) was similar to PKD2 (31.1, 95% CI 30.1–32.1),
however with slightly higher variability, likely due to the pseudogenes
(Table 1). Despite the lower average sequencing depth of WGS relative

Whole-genome sequencing for PKD1 and PKD2
AC Mallawaarachchi et al

1585

European Journal of Human Genetics

www.dnanexus.com
www.stationxinc.com
http://pkdb.pkdcure.org


to targeted sequencing, the uniform depth of coverage from WGS and
no capture bias typically results in higher proportions of targeted bases
with sufficient depth to detect variants. Accordingly, the percentage of
all coding bases in PKD1 or PKD2 covered to at least 15 times read
depth was high, at 97.3% (95% CI 96.7–97.9) and 98.5% (95% CI
97.9–99.1) for PKD1 and PKD2, respectively, suggesting 499% power
to detect heterozygous variants within the majority of each gene13

(Table 1). Similarly high depth and breadth of coverage were observed
in PKD1 and PKD2 introns (data not shown).
We also assessed the proportion of bases sequenced to greater than

15 times read depth in each exon (Figure 2a). In all, 92.0% of exons
had 100% of their bases sequenced to a depth of at least 15 times, and
94.8% had at least 95% of their bases sequenced at least 15 times.
Exons 1, 42 and 43 of PKD1 and exon 1 of PKD2 had consistently
lower coverage. These are the only four exons that have 470% GC
content (red line, Figure 2a). There was no noticeable difference in

coverage over the exons that are homologous with PKD1 pseudogenes
(ie exons 1–33) relative to those that are unique (exons 34–46).
Given the concerns about pseudogene homology potentially

confounding the sequencing, we assessed the average MQ of the read
alignment over PKD1, PKD2, and the six PKD1 pseudogenes
(Figure 2b). MQ is a measure of the likelihood that a particular read
is aligned to the correct segment of the genome. The average MQ for
PKD2 was 60.0, which is the maximum possible value. The average
MQ for PKD1 was 54.4, which is substantially higher than the 4.4–35.7
observed for the other pseudogenes, that is, the reads were
74–10 000× more confidently aligned to PKD1 than to each of the
pseudogenes (Figure 2b). Supplementary Figure S1 shows the high
frequency of reads with MQ= 0, in pseudogene PKD1P4, relative
to PKD1.
Across the cohort, we identified 183 SNVs and small insertions or

deletions within PKD1 and PKD2 exons and flanking splice regions

YES

All variants in PKD1 and PKD2 with BQ and MQ >20

Allele Frequency >5% in 1000G data set

Yes

Allele Frequency is greater than expected for disorder (>2%)
AND

Multiple in-silico analysis predicts no impact OR reported as likely neutral in PKD Database

Synonymous variant predicted NOT to impact splicing and not in conserved region
AND

Reported as likely neutral in PKD Database

Reported as likely neutral in PKD Database
AND

Multiple in-silico analysis predicts no impact

nonsense, frameshift, canonical +/- 1 or 2 splice sites, initiation codon, single or multi-exon
deletion

AND
classic ADPKD phenotype

AND
variant absent in 1000G cohort

Variant absent in 1000G cohort
AND

Variant predicted pathogenic in PKD Database
AND

Multiple in-silico analysis predicts pathogenic
AND

Segregates within family
AND

classic ADPKD phenotype

Variant absent in 1000G cohort
AND

classic ADPKD phenotype
AND

Multiple in-silico analysis predicts pathogenic
AND

Protein length changes as result of in-frame deletions/insertions

Synonymous variant predicted NOT to impact splicing and not in conserved region
AND

Variant found in a patient with an alternate molecular basis for disease

No

Multiple in-silico analysis predicts variant has no impact
AND

Variant found in a patient with an alternate molecular basis for disease

VOUS (if reported as hypomorphic in PKD Database, report as hypomorphic)

No

No

No

No

No

No

No

No

classify DOES NOT
AFFECT FUNCTION  

YES
classify LIKELY DOES
NOT  AFFECT
FUNCTION

YES
classify LIKELY DOES
NOT AFFECT
FUNCTION

YES
classify LIKELY DOES
NOT AFFECT
FUNCTION

YES classify AFFECTS
FUNCTION

YES classify LIKELY
AFFECTS FUNCTION

YES classify LIKELY 
AFFECTS FUNCTION

YES
classify LIKELY DOES 

NOT AFFECT 
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classify LIKELY DOES 

NOT AFFECT 
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Figure 1 Variant pathogenicity classification algorithm. Algorithm used to classify pathogenicity of every variant identified. Modified from guidelines issued by
American College of Medical Genetics and Genomics.
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(Supplementary Table S2). An average of 6.5 variants was identified
per patient (range 2–22). Most variants (85%) were identified in
PKD1. The variants consisted of 88 (48%) synonymous, 72 (40%)
missense, 9 (5%) nonsense, 8 (4%) frameshift and 4 (2%) splice-site
variants (Figure 3, left). In addition to these SNVs and small insertions
or deletions, we identified two (1%) large heterozygous deletions.

A 5461 bp deletion was detected in PKD2 (chr4: 88,952,071–
88,957,532), deleting exon 3, which had support from split reads,
discordant pairs and reduced read depth (Figure 4). A 2199 bp
deletion was detected in PKD1 (chr16: 2,146,901–2,149,100), deleting
exons 31–34, which had support from reduced read depth and
discordant pairs.
All variants were classified in accordance with the ACMG guidelines

for interpretation of sequence variants and variants of all pathogenicity
types were identified (Figure 3, right). We obtained a molecular
diagnosis of ADPKD in 24 of 28 (86%) patients (Table 2). In total, 10
deletions were identified, ranging from deletion of a single nucleotide
to 5461 nucleotides. Both large deletions disrupt the reading frame of
the resulting protein, and both had not been reported in the database
of genomic variation,27 thus we classified them as loss of function.
Most, 17 (71%) of the disease-causing variants were within PKD1.
The majority of these variants (58%) have not been reported in the
PKDB.23 Of the 17 PKD1 disease-causing variants, 12 (71%) were
within the pseudogene-homologous region (exons 1–33). All function-
affecting and likely-function-affecting variants were confirmed by
LR-PCR and Sanger sequencing, and no false-positives were identified
(Table 2). The exonic deletions identified in patient 506 and patient
626 were confirmed by MLPA.
WGS was performed in three additional patients who were related

to a member of the original study cohort, in order to assess
reproducibility of the technique. In all three cases, the familial variant
was identified. Segregation analysis was performed using Sanger
sequencing in five additional pedigrees, and confirmed segregation
with phenotype.
In the four patients who were still undiagnosed, we relaxed the

stringent criteria for identifying SNVs and small indels and identified
no additional disease-causing variants. In addition, we performed
Sanger sequencing of exon 1 of PKD1 in these patients, and were
unable to detect additional disease-causing variants. In one of these
four patients, in silico pathogenicity prediction analysis (see Materials

0

25

50

75

100

1 10 20 30 40

pe
rc

en
t b

as
es

 c
ov

er
ed

 >
 1

5x

av
er

ag
e 

G
C

 c
on

te
nt

PKD1

1 5 10 15

PKD2

0

20

40

60

P
K
D
1

P
K
D
1P

1

P
K
D
1P

2

P
K
D
1P

3

P
K
D
1P

4

P
K
D
1P

5

P
K
D
1P

6

P
K
D
2

av
er

ag
e 

M
Q

exon number

Figure 2 Coverage and Mapping Quality (MQ) for PKD1, PKD2 and pseudogenes. (a) Coverage across PKD1 and PKD2. The percentage of bases covered
with at least 15 unique reads for each exon for PKD1 and PKD2 is shown ±95% confidence interval. The bars are coloured proportionally to the percentage
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Table 1 Coverage across the cohort over PKD1, PKD2 and the whole

genome

Average 95% confidence interval Range

PKD1
Mean coverage 29.8 28.7–30.9 24.8–36.8

% bases covered 45× 99.4 99.1–99.7 97.8–100

% bases covered 410× 98.9 98.5–99.3 96.5–100

% bases covered 415× 97.3 96.7–97.9 93.4–99.9

% bases covered 420× 92.8 91.5–94.1 84.8–97.7

PKD2
Mean coverage 31.1 30.1–32.1 26.1–36.8

% bases covered 45× 99.9 99.9–99.9 99.6–100

% bases covered 410× 99.5 99.2–99.8 97.5–100

% bases covered 415× 98.5 97.9–99.1 94.7–100

% bases covered 420× 94.9 93.6–96.2 87.6–98.5

Whole genome
Mean coverage 31.9 31.0–32.8 28.4–36.1

% bases covered 45× 97.2 97.0–97.4 96.4–97.9

% bases covered 410× 96.1 95.9–96.3 94.9–97.0

% bases covered 415× 92.9 92.3–93.5 89.4–95.5

% bases covered 420× 85.0 83.6–86.4 77.7–91.6

Mean coverage and the percentage of bases covered to a minimum depth of 5 times, 10 times,
15 times and 20 times across the protein coding exons of PKD1, PKD2 and the whole genome.
To assess coverage, PCR duplicates were filtered, and reads with MQ≥0 were used for the
whole genome, and reads with MQ≥20 for PKD1 and PKD2.
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and methods) predicted a novel missense variant (NM_001009944.2:
c.11539A4C) (p.(Ser3847Arg)) to be likely pathogenic; however, in
the absence of segregation and functional studies we classified this as a
variant of uncertain significance. Finally, we examined additional
genes (HNF1B, PKHD1, SEC63, PRKCSH, TSC1, TSC2, OFD1), also
known to be associated with a cystic kidney disease phenotype, and no
additional function-affecting or likely-function-affecting variants
were found.

DISCUSSION

A molecular diagnosis is not routinely made in patients with ADPKD
or at risk family members, as it is difficult to sequence PKD1
accurately using currently available techniques, given the technical
challenges created by the existence of six pseudogenes proximal to
PKD1.5,6 In this study we demonstrate that WGS is a reliable,
minimally labour-intensive and reproducible technique with which
to overcome the challenge of pseudogene homology and thus make a
molecular diagnosis of ADPKD. Using this technique we were able to
make a molecular diagnosis in 86% of patients.
WGS has the advantage of avoiding any capture biases due to the

potentially error-prone enrichment process that is required in whole-
exome sequencing and targeted MPS. In addition, because of the more
uniform coverage obtained, WGS can achieve similar sensitivity with a
lower average depth of coverage than is required with exome
sequencing.13,28 WGS can achieve 99% sensitivity to detect hetero-
zygous SNVs with 22× average depth, compared with exome
sequencing which requires at least 88× average depth to achieve

similar sensitivity.13 Furthermore, the broad, uniform depth of
sequencing coverage from WGS also makes the identification of copy
number and structural variants far more straightforward than targeted
approaches where the depth of coverage varies substantially along a
given gene. Our results demonstrate that from a single lane of
sequencing on modern Illumina HiSeq X instruments, we can achieve
a mean depth of coverage of approximately 30 reads across the entire
genome, and for PKD1, PKD2 in each patient. This uniform depth of
coverage was also consistent along the pseudogene-homologous region
of PKD1.
Coverage was reduced across exons 1, 42 and 43 of PKD1 and exon 1

of PKD2 and inversely correlated with GC content, which is consistent
with, albeit less extreme, than previous studies using capture-based
MPS.11,12 As three of these exons fall outside of the pseudogene region,
we attribute this lower sequencing depth to GC content rather than
homology to the pseudogenes. Reduced coverage due to high GC
content is likely due to PCR amplification bias during library creation
and clonal amplification on the flowcell surface.29 Given the variability
in coverage over these regions, it is possible that variants within these
exons are missed with this current technique. PCR-free WGS methods
are now available, and their use will avoid upfront PCR bias during
library preparation and should improve coverage over these challenging
exons. Despite the reduced coverage, 31 variants (17%) were detected
across these regions. In addition, in the four patients in whom a disease-
causing variant was not identified, aside from exon 1 of PKD1 (which
was subsequently Sanger sequenced), these patients had 100% coverage
to a depth of at least 10 in all exons, except in one patient where there

Figure 3 Types of variants detected in PKD1 and PKD2 via whole-genome sequencing. The pathogenicity rating is based on current ACMG guidelines,
described in more detail in Figure 1. VOUS, variant of uncertain significance.

PKD2

5kb deletion

Read
Depth

50

0

Spanning
Reads

Split
Reads

exon 3 exon 4

Figure 4 Single-exon PKD2 deletion detected with whole-genome sequencing. A 5461 bp base deletion, which overlaps exon 3 of PKD2. Three lines of
evidence support the heterozygous deletion: the reduction in read depth to ~50% of the surrounding regions; the presence of three spanning read pairs
where each read aligned to either side of the deletion; and the presence of four split reads, where the start and end of the sequencing reads are on either
side of the breakpoint.
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was 94% coverage to a depth of at least 10 in PKD1 exon 42, thus
making the probability of a false negative result low.
This study demonstrates that WGS is not confounded by homology

between the pseudogene region and PKD1. Manual review of the
mapping quality over PKD1 revealed that the majority of the reads that
aligned to the PKD1 region were mapping uniquely, whereas the majority
of reads in the PKD1 pseudogenes had poor mapping quality. This
suggests that the latest WGS technology, with 150 bp paired-end reads,
can discriminate PKD1 as being genetically distinct from the pseudogenes,
but that the pseudogenes are more closely related, and thus hard to
distinguish from each other, consistent with previous evolutionary
analyses.4,30 This is likely due to gene conversion events that occur
between the more closely located pseudogenes. The uniformly high
mapping quality of short reads within PKD1 suggests that variants we
identified have a high likelihood of being real. We hypothesise that more
uniform coverage, along with the 150 bp paired-end read length and the
ability to sequence the intronic regions, has resulted in more accurate
alignment of reads between the pseudogene regions and PKD1.
In this cohort, we identified a much higher proportion of nonsense

mutations, and in particular, essential splice-site mutations than
reported either in PKDB or in previous reports using targeted
sequencing. Of 24 variants, 23 (96%) had a nonsense variant or large
deletion, whereas PKDB contains 23% missense variants annotated
as function-affecting, with a note from the curators of the database
that the pathogenicity of most of the missense variants has not been
proven.23 We attribute the higher proportion of nonsense mutations
in our cohort to our careful clinical inclusion criteria, the broad
coverage of WGS which comprehensively sequences the entire gene,
and that many of the previously reported missense variants may simply
be the most damaging variant that was found in a ADPKD patient, using

a less sensitive technique. By WGS, we identified essential splice-site
variants in 4/24 (16.7%) diagnoses, whereas in previous clinical cohorts
that underwent targeted exome sequencing, no disease-causing splice-site
variants were detected within one group, and 6 from 230 (2.61%) in
another.5,10 The numbers are small, but this suggests that WGS can
obtain a high diagnostic yield in intronic regions that have lower coverage
by capture-based approaches. We did not identify any single-nucleotide
insertions within our cohort. The PKDB reports two patients with single-
nucleotide insertions within its entire large data set, and therefore we
hypothesise that due to our smaller cohort size, this variant type was not
present. We did identify single-nucleotide deletions.
Our technique was also able to identify structural variants, which

was demonstrated by the detection of large exonic deletions in two of
our patients. Multiple lines of evidence supported the deletions:
reduction of read depth, reads that span the deletion, and in the case
of the PKD2 deletion, split reads, where each half of the read maps to
either side of the breakpoint. These breakpoints were in introns, and
would have been missed by exome-capture-based MPS. This is
pertinent for PKD1 and PKD2 variants, as small and large deletions
and duplications comprise approximately 10% of pathogenic variants
recorded in the ADPKD database, and are typically identified using
a separate sequencing technique, MLPA, in diagnostic labs.23

The genetic diagnosis in a minority (4/28) of our patients remains
unclear. One patient had a novel missense variant that possibly affects
function, but without functional or segregation studies, there is
insufficient evidence to classify this variant as likely to affect function.
We did not identify disease-causing variants in the remaining three
patients. A number of possibilities could explain these findings. First, it
is possible that these patients do not have ADPKD. Second, there could
be somatic mosaicism. Third, there could be regulatory variants

Table 2 Disease causing variants identified in PKD1 and PKD2 in the cohort

Patient Gene Exona Protein change Coding change (HGVSc) Genomic Coordinateb

537 PKD1 18 p.(Trp2405*) NM_001009944.2:c.7215G4A chr16:g.2156673

538 PKD1 15 p.(Gln1908*) NM_001009944.2:c.5722C4T chr16:g.2159446

626 PKD2 3 N/A NM_000297.3:c.(709+1_710–1)_(843+1_844–1)del chr4:g.88952071_88957532

555 PKD1 43 p.(Val3916fs) NM_001009944.2:c.11747_11754delTGGCCGAG chr16:g.2141133

539 PKD1 21 p.(Arg2643Cys) NM_001009944.2:c.7927C4T chr16:g.2155412

546 PKD1 23 p.(Val2768fs) NM_001009944.2:c.8302_8305delGTGC chr16:g.2153752

553 PKD1 IVS7 NM_001009944.2:c.1606+1G4C chr16:g.2166833

562 PKD2 6 p.(Trp507*) NM_000297.3:c.1520G4A chr4:g.88967994

570 PKD1 46 p.(Gln4247*) NM_001009944.2:c.12739C4T chr16:g.2139901

579 PKD1 36 p.(Pro3582fs) NM_001009944.2:c.10745delC chr16:g.2143887

585 PKD1 24 p.(Gln2969*) NM_001009944.2:c.8905C4T chr16:g.2152858

602 PKD2 13 p.(Arg803*) NM_000297.3:c.2407C4T chr4:g.88989098

619 PKD1 7 p.(Cys508*) NM_001009944.2:c.1524C4A chr16:g.2166916

601 PKD1 11 p.(Ser851fs) NM_001009944.2:c.2552_2553delCT chr16:g.2164470

617 PKD2 7 p.(Gln537*) NM_000297.3:c.1609C4T chr4:g.88973203

594 PKD1 IVS20 NM_001009944.2:c.7863+1G4T chr16:g.2155865

618 PKD2 IVS10 NM_000297.3:c.2118+1G4C chr4:g.88983157

635 PKD1 5 p.(Pro252fs) NM_001009944.2:c.756delG chr16:g.2168236

503 PKD2 IVS4 NM_000297.3:c.1094+1G4A chr4:g.88959654

504 PKD2 3 p.(Thr272fs) NM_000297.3:c.815delCT chr4:g.88957476

505 PKD1 15 p.(Arg1672fs) NM_001009944.2:c.5014_5015delAG chr16:g.2160152

506 PKD1 31–34 N/A NM_001009944.2:c.(10050+1_10051–1)_(10499+1_10500–1)del chr16:g.2146901_2149100

370 PKD1 36 p.(Ala3587fs) NM_001009944.2:c.10759delG chr16:g.2143873

627 PKD1 15 p.(Cys2178*) NM_001009944.2:c.6534C4A chr16:g.2158634

Abbreviation: HGVSc, Human Genome Variation Society nomenclature.
All variants listed have also been identified by Sanger sequencing or MLPA.
aReference used: NG_008617.1 for PKD1 variants and NG_008604.1 for PKD2 variants.
bReference genome used was the 1000 Genomes Phase 2 reference genome, which comprises the GRCh37 reference genome, including decoy sequences and the human herpesvirus 4 type 1.
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affecting the expression levels of PKD1 or PKD2. Fourth is the potential
that we have missed a disease-causing variant due to misclassification, or
our incomplete understanding of the impact of particular variants. The
benefit of WGS lies in the ability to further scrutinise these patients’ data
for new disease genes or regulatory variants.
Our small cohort size is a potential limitation, though the sample

size is comparable to other recent disease-cohort based WGS studies
and is reflective of the prospective study design.15,16 Our study is
however the first WGS study in any nephrology cohort.
There is important clinical utility in obtaining a genetic diagnosis of

ADPKD. A clinical diagnosis can be difficult to make in young
patients, those without a family history and those with relatively fewer
cysts on imaging studies.17 A more cost-effective and accurate
molecular diagnostic test, which this technique has the potential to
offer, would provide diagnostic certainty for this cohort of patients,
thus avoiding serial imaging and periods of diagnostic uncertainty.
A genetic diagnosis also adds clarity in the setting of living-related
kidney donation, ensuring a phenotypically normal donor does not
carry a pathogenic familial variant.31 Sample preparation for WGS is a
streamlined process, making it cost-favourable to current testing
modalities that require labour-intensive laboratory preparation and
cost of WGS is expected to decrease further. The ability to detect CNV
with this technique also negates the need for additional cost for
CNV analysis that current diagnostic methods require.
Current prenatal diagnostic techniques require prior knowledge of the

familial mutation. More accessible genetic diagnostic techniques will assist
in the increased uptake of these techniques among ADPKD families.
There is clear research potential in WGS of ADPKD cohorts. The

improved coverage and sequencing of intronic regions will allow analysis
of modifier genes and the identification of other genes associated with the
ADPKD phenotype. Improved genetic diagnostic techniques will better
characterise ADPKD trial cohorts, and allow correlation of progression
and response to treatment with genotype. The ability to cost effectively
make a genetic diagnosis prior to the onset of a clinical phenotype allows
the opportunity for treatment trials that can offer an intervention at the
early stages of cyst development, rather than current trials that are
directed at treating patients who have already undergone significant
disease progression. The ability to overcome the difficulties of pseudogene
homology also has impacts for other disease groups that also have similar
sequencing challenges due to sequence homology.
We have demonstrated a strong diagnostic yield for WGS in an

ADPKD cohort and demonstrate the first sequencing method that can
detect all types of disease-causing variants in ADPKD using a single
test. This finding requires further characterisation in a larger cohort,
which could now be justified given these results, and offers the
potential to improve patients’ access to a genetic diagnosis and thus
better tailor prognostic information and management decisions.
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