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Abstract

Background Autosomal dominant polycystic kidney disease (ADPKD), one of the most common hereditary kidney diseases,
causes gradual growth of cysts in the kidneys, leading to renal failure. Owing to the advanced technology of next-generation
sequencing (NGS), genetic analyses of the causative genes PKD1 and PKD2 have been improved.

Methods We performed genetic analyses of 111 Japanese ADPKD patients using hybridization-based NGS and long-range
(LR)-PCR-based NGS. Additionally, genetic analyses in exon 1 of PKD1 using Sanger sequencing because of an extremely
low coverage of NGS and those using multiplex ligation-dependent probe amplification (MLPA) were performed.

Results The detection rate using NGS for 111 patients was 86.5%. One mutation in exon 1 of PKDI and five deletions
detected by MLPA were identified. When combined, the total detection rate was 91.9%.

Conclusion Although NGS is useful, we propose the addition of Sanger sequencing for exon 1 of PKDI and MLPA as

indispensable for identifying mutations not detected by NGS.
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Introduction

Autosomal dominant polycystic kidney disease (ADPKD),
one of the most common hereditary kidney diseases, causes
gradual growth of cysts in the kidneys, leading to renal fail-
ure. Two causative genes were PKDI and PKD?2. Polycys-
tin 1 (PC1), encoded by PKD], assists in mechanosensa-
tion of urine flow in the cilia of renal tubules. Polycystin 2
(PC2), encoded by PKD2, functions as a calcium channel
in cooperation with PC1. PC1 and PC2 play a critical role
in suppression of renal tubule dilation and the dysfunction
of either gene may lead to renal tubule expansion and cyst
formation [1].

The average age at onset of ESRD is 58 years for those
with PKD1 mutations and 79 years for those with PKD2
mutations. In patients with PKDI mutations, the age of
ESRD is 55 years for those with a truncating mutation,
while it is 67 years for those with a non-truncating muta-
tion [2]. The effectiveness of tolvaptan, a vasopressin recep-
tor antagonist, in treating ADPKD was reported in 2012
[3]. According to a sub-analysis of this clinical trial, early
treatment in patients with a truncating mutation in PKD1
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was desirable when compared with that in patients with
mutations in PKD2 or a non-truncating mutation in PKD]
[4]. The search for genetic mutations has been useful for
adapting such drugs, and demand for genetic analyses may
increase in future.

PKDI and PKD?2 are large genes comprising 46 exons
and 15 exons, respectively. Approximately, two-thirds of the
5'region of PKD1 constitute a region called the “duplicated
region”. This region is 95-98% homologous to six pseu-
dogenes within chromosome 16 (16p13.1). Therefore, for
mutation analyses in this region, long-range PCR (LR-PCR)
that only amplifies genuine PKD] using primer sets specific
PKDI sequences, followed by direct sequencing, has been
established [5—7]. These analyses are very complex and, as
such, take a significant amount of time for completion.

The recent development of next-generation sequencing
(NGS) has brought about changes in genetic analysis meth-
ods in ADPKD. NGS analyses using a LR-PCR-based target
enrichment method (LR-PCR-based NGS) and those using
a hybridization-based target enrichment method (hybridi-
zation-based NGS) have both genetic mutation detection
rates of 70% [8, 9]. However, when combined with recent
technological improvements in sequencers, a LR-PCR-based
NGS has a detection rate of 89% [10]. NGS has reduced the
complexity and turnaround time compared with previous
genetic analyses. The multiplex ligation-dependent probe
amplification (MLPA) method, which detects large rear-
rangements, is also a useful genetic analysis method for
diagnosis of ADPKD [11, 12].

In this study, we performed genetic analyses of Japanese
patients with ADPKD using both hybridization-based and
LR-PCR-based NGS. In addition, MLPA proved benefi-
cial for the purpose of identifying previously undetected
mutations.

Materials and methods
1. Human subjects and DNA samples

We recruited 111 patients who visited Tokyo Women’s
Medical University from 2010 to 2016 and who were diag-
nosed with ADPKD using previously established diagnostic
criteria [13]. Atypical patients based on renal imaging for
ADPKD were excluded [14]. Genomic DNA was extracted
from peripheral blood lymphocytes using QIAamp DNA
Blood Maxi Kit (QIAGEN Inc.).

2. NGS using a hybridization-based target
enrichment method

Target DNA enrichment of PKDI and PKD2 were per-
formed using SureSelect Target Enrichment System design

(Agilent, Santa Clara, CA). The design contained 120-mer
baits spanning the entire non-repetitive sequence of both
genes, including all exons, introns, 10 bases from the 3’ end
and 10 bases from the 5' end of each gene. Genomic coor-
dinates of the two genes were determined using the Feb-
ruary 2009 build (NCBI37/hg19) of the human genome in
the Ensemble genome browser 12. The density of bait tiling
was fivefold, and baits were allowed to overlap into repeat
regions by 30 bp. The total targeted DNA length was 117 kb.
All libraries were generated from sheared DNA (Covaris,
Woburn, MA) with an average insert size of 200 bp follow-
ing reactions with the SureSelect Target Enrichment Sys-
tem XT (Agilent). The enriched libraries were quantified
with Bioanalyzer (Agilent). The quantified libraries were
sequenced using the SOLiD 4 system (Applied Biosystems)
by the paired end reading method according to the manufac-
ture’s instruction. Sequencing data were processed with Bio-
scope (Applied Biosystems) and analysed with an in-house
analytical pipeline. Bait settings were performed using both
cDNA and genomic DNA sequencing that targeted PKD]
and PKD2 exon regions.

3.LR-PCR for NGS

To cover all exon regions of PKDI and PKD2, PCR primers
were set for 11 LR-PCRs (Fig. 1) [5, 8]. By separating LR-
PCR into four groups (C18, F16, G22, and G25), multiple
gene regions were amplified (Fig. 1). LR-PCR reactions with
specific primers (Supplementary Table 1) were performed
using KOD FX Neo (TOYOBO Inc.) as follows: for LR-
PCR of C18, F16: and PKDI1-1, 94 °C for 2 min, 40 cycles
of 98 °C for 10 s, 68 °C for 3 min, and final extension at
72 °C for 5 min and for LR-PCR of G22, G25, and PKD2
3-7: 94 °C for 2 min, 40 cycles of 98 °C for 10 s, 68 °C for
17 min, and final extension at 72 °C for 5 min.

4. NGS using a LR-PCR-based target enrichment
method

The LR-PCR products were purified using Agencourt
AMPure XP (Beckman Coulter Inc.). The purified products
were constructed into sequencing libraries using the Ion
Xpress Plus Fragment Library Kit (Thermo Fisher Scien-
tific Inc.) by means of random shearing, end-polished, and
adaptor ligation. The constructed libraries were quantified
using Bioanalyzer system (Agilent). The quantified librar-
ies were used for preparation of sphere particles with Ton
One Touch™ 2 (Thermo Fisher Scientific) and subsequently
sequenced using lon PGM™ sequencer (Thermo Fisher Sci-
entific). Sequencing data were processed with Torrent Suit
software (Thermo Fisher Scientific). All procedures were
performed according to the manufacturer’s instructions.
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Fig. 1 The gene map and position of long-range PCR (LR-PCR) products of PKDI and PKD2. a LR-PCR products and the PKDI pseudogenes
(P1-P6) are shown below the exon—intron structure of PKDI. b LR-PCR products are shown below the exon—intron structure of PKD2

5. Sanger sequencing to confirm
the above-referenced NGS-detected mutations

Sanger sequencing was performed to confirm the above-ref-
erenced NGS-detected mutations. Specific primers from LR-
PCR products were used for nested PCR on exons 2—-34 in
the PKD1 duplicated region (Supplementary Table 2) [5-7].
Exons 35-46 in the PKD] single copy region and PKD?2
exons were amplified using the aforementioned primers [15,
16]. The PCR products were sequenced using the BigDye
Terminator v1.1 Cycle Sequencing Kit (Thermo Fisher Sci-
entific Inc.), and evaluated using a 3130x1 Genetic Analyzer
(Thermo Fisher Scientific Inc.). The sequence, hg18 (PKD1I:
NG_008617, PKD2: NG_008604) was used as a reference
sequence to compare the analysed sequences. (https://www.
ncbi.nlm.nih.gov/nuccore/NG_008617, https://www.ncbi.
nlm.nih.gov/nuccore/NG_008604).

6. Sanger sequencing for exon 1in PKD1

Sanger sequencing for exon 1 in PKDI was performed on
patients whose mutations were not identified using NGS.
Specific primers with LR-PCR products were used for nested
PCR on exon 1 in PKDI (Supplementary Table 2). The
sequencing procedure was same as above.

7. Multiplex ligation-dependent probe amplification
(MLPA)

MLPA analysis was performed on patients whose mutations
were not identified using NGS [11]. The SALSA MLPA
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PKDI (P351) and PKD?2 (P352) kits were purchased from
MRC-Holland, Inc. (Amsterdam, Netherlands), and analysis
was performed using the manufacturer’s protocols.

8. Novel substitution evaluation

Analyses were performed using PKD Target (World Fusion,
Tokyo, Japan) that were evaluated as previously described
[10]. Except for the previously identified mutations in the
PKD mutation database (PKDB) (http://pkdb.mayo.edu),
we evaluated the novel mutations according to total score
as described in a previous report [17]. Total score was cal-
culated based on pathogenicity mutation determination
result in the Grantham matrix scoring system [18], Align
Grantham Variation Grantham Deviation (A-GVGD) [19],
PolyPhen-2 [20], Sorting Intolerant from Tolerant (SIFT)
[21, 22], and Mutation Taster [23].

The score was given with the following rule: a Grantham
matrix score < 60 corresponded to a score of 0, and a Gran-
tham matrix score > 60 corresponded to a score of 2. An
A-GVGD score from CO to C65 corresponded to a score
of from 0 to 6, respectively. For PolyPhen-2, benign, pos-
sibly damaging, and probably damaging corresponded to a
score of 0, 2, and 4, respectively. For SIFT, tolerated and
damaging corresponded to a score of 0 and 4, respectively.
For a Mutation Taster, polymorphism and disease causing
corresponded to a score of 0 and 4, respectively. A novel
substitution with a total score > 14 was included as a patho-
genic mutation. Furthermore, the novel substitution with a
combined score < 14, but with the University of California,
Santa Cruz (UCSC) Vertebrate Conservation Score (GATK
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Guide article. Adding genome annotations using SnpEff
VariantAnnotator. Available: http://www.broadinstitute.
org/gatk/guide/) indicating “1-Likely pathogenic”, was also
included as a pathogenic mutation.

Finally, we checked the minor allele frequencies by
1000 genomes [24] and Human Genetic Variant Database
(HGVD) [25].

9. Identification of large deletion regions

PCR was performed using new primers created for the iden-
tification of regions with large deletions discovered using
LR-PCR and MLPA (Supplementary Table 3).

Results

NGS using a hybridization-based targeted
enrichment method

Firstly, a hybridization-based NGS was performed on 96
patients. Among these, mutations were identified in 76
patients (mutation detection rate, 79.2%). Most exons indi-
vidually displayed sufficient coverage, but exons 1 and 42
of PKDI and in exon 1 of PKD?2 had low coverage sections.
When breaking down the variants of 76 patients with identi-
fied mutations, 15 frameshift mutations due to insertions or
deletions, 30 nonsense mutations, five splicing mutations,
one in-frame deletion, and 25 substitutions were identified

[ 111 affected with ADPKD ]

(Fig. 2, Supplementary Table 4). Separating the genes, 63
(82.9%) patients had PKDI mutations and 13 (17.1%) had
PKD?2 mutations (Table 1). By mutation type, PKDI muta-
tions comprised a large number of substitutions (36.5%) and
nonsense mutations (34.9%), whereas PKD2 mutations were
largely nonsense mutations (61.5%) and few substitutions
(15.4%) (Table 1).

NGS using a LR-PCR-based targeted enrichment
method

Multiplex LR-PCR were used groups C13, F3, G6, and
PKD?2 exons 3—7 (Supplementary Fig. 1). Initially, we per-
formed genetic analysis on 19 patients whose mutations
were not identified using the above-mentioned hybridiza-
tion-based NGS. The coverage of PKD1 exons 1 and 42 and
PKD?2 exon 1 was low, similar to hybridization-based NGS.

When breaking down the variants of nine patients with
identified mutations, we observed one large deletion and
seven frameshift mutations in PKD1, whereas one nonsense
mutation was observed in PKD2 (Fig. 2, Table 1, Supple-
mentary Table 5). The large deletion was identified during
LR-PCR within PKD1 exons 22-34. A normal 10,524-
bp band and a shorter band by approximately 2 kb were
detected in one patient (Fig. 3a). As a result of NGS, the
coverage of exons 27-30 was less than half of that of other
patients, leading us to suspect a deletion within that region
(Fig. 3b). Thus, primers IF271 and IR301 were set in IVS26
and IVS30, respectively. A small band (approximately 8 kb)
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Table 1 Classification of

. . Hybridization- LR-PCR-based LR-PCR-based Total
mutations in PKDI and PKD2 based NGS NGS NGS (new sam-
ples)

Total samples 96 20 15 111

Mutation analyses
No mutation 20 20.8% 11 55.0% 4 26.7% 15 13.5%
Identified mutation 76 79.2% 9 45.0% 11 73.3% 96 86.5%

Mutated gene
PKDI 63 82.9% 8 88.9% 8 72.7% 79 82.3%
PKD2 13 17.1% 1 11.1% 3 27.3% 17 17.7%

Mutation type in PKD1
Frameshift 12 19.0% 7 87.5% 2 25.0% 21 26.6%
Nonsense 22 34.9% 0 0.0% 2 25.0% 24 30.4%
Splicing 5 7.9% 0 0.0% 1 12.5% 6 7.6%
Inframe deletion 1.6% 0 0.0% 1 12.5% 2 2.5%
Substitution 23 36.5% 0 0.0% 2 25.0% 25 31.6%
Large deletion 0 0.0% 1 12.5% 0 0.0% 1 1.3%

Mutation type in PKD2
Frameshift 3 23.1% 0 0.0% 2 66.7% 5 29.4%
Nonsense 8 61.5% 1 100.0% 0 0.0% 9 52.9%
Splicing 0 0.0% 0 0.0% 1 33.3% 1 5.9%
Inframe deletion 0 0.0% 0 0.0% 0 0.0% 0 0.0%
Substitution 2 15.4% 0 0.0% 0 0.0% 2 11.8%
Large deletion 0 0.0% 0 0.0% 0 0.0% 0 0.0%

of the LR-PCR product from exons 22-34 was purified and
used as a template for nested PCR with IF271 and IR301.
This PCR product (approximately 850 bp) was sequenced
(Fig. 3c, d). Consequently, a 2152-bp deletion from IVS27-
697 to IVS30+ 532 was confirmed (Fig. 3d). This deletion
was also confirmed by MLPA (Fig. 3e).

Among seven patients with frameshift mutations, four
had insertions or deletions of more than 5 bp. A nonsense
mutation in PKD2 exon 1 was also identified (Supplemen-
tary Table 5).

In the 15 patients for whom hybridization-based NGS
could not be performed, PKD1 exhibited three frameshift
mutations, one nonsense mutation, one splicing mutation,
one in-frame deletion, and two substitutions, whereas PKD2
had two frameshift mutations and one splicing mutation
(Fig. 2, Table 1, Supplementary Table 6).

Novel substitution evaluation

In addition to checking the PKDB, analyses using PKD
Target were also performed. In the substitutions identi-
fied using hybridization-based NGS, 10 were reported in
PKDB, whereas 15 were novel substitutions. Among these,
12 were novel substitutions with a total score > 14, and
were included as pathogenic mutations. Although three

@ Springer

were novel substitutions with total scores < 14, their
UCSC Vertebrate Conservation Scores indicated “1-Likely
pathogenic”. Therefore, these were also included as a
pathogenic mutation (Supplementary Table 4). In two sub-
stitutions identified using LR-PCR-based NGS, one was
reported in PKDB, and the other was a novel substitution
with a total score of more than 14, included as pathogenic
mutations (Supplementary Table 6). Regarding the minor
allele frequencies, no substitution was identified in 1000
genomes, but only one substitution (PKD1, c.12444G>C,
p-Glu4148Asp) was identified in HGVD. However, from
low frequency of this substitution (0.000415) and silico
analysis described above, we judged this substitution as a
pathogenic mutation.

Mutations in PKD1 exon 1 analysed by Sanger
sequencing

PKD] exons 1 and 42 have a known weak point in that
their NGS coverage is low. Sanger sequencing of these
exons was performed on the 15 patients whose mutations
could not be identified using NGS. A frameshift mutation
in exon 1 of PKD1 was identified in one patient (Fig. 2,
Table 1, Supplementary Table 7).
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of the patient with deletion mutation (no. 31) is much lower than
those of two control patients (no. 21 and 41). ¢ Nested PCR product

Large rearrangements identified by MLPA

MLPA was performed on the 14 patients for whom NGS
and PKD] exon 1 analysis could not detect any mutations.
Two patients had deletions in PKDI exons 3 and 5, two had
a large deletion in PKDI, and one had a large deletion in
PKD?2 (Fig. 2, Supplementary Fig. 2, Table 1, Supplemen-
tary Table 8). The deletion (patient no. 57) of 30 bp in exon
5 was confirmed using Sanger sequencing. For the deletion
of PKD1 exons 11-46 found in patient no. 124 (Fig. 4a, b),
LR-PCR of exons 2—46 detected an approximately 9-kb PCR
product that was not found in the control (Fig. 4c). Using
this product as a template, nested PCR was performed by
setting primers 11F3 and 3'UTR-R2 at IVS10 and 3'UTR,
respectively. The PCR product (approximately 200 bp) was
sequenced (Fig. 4d). A 28,490-bp deletion from IVS10 to
exon 46 (reference sequence no. 54453) was confirmed
(Fig. 4b). The range of the total exon deletion in PKD?2
found in patient no. 4 could not be identified.

(a)
(c)
22
<+— 850 bp
No3dt N ==

= 2152bp *

[F271  deletion

IR301

amplified with IF271 and IR301 primers using the lower band of LR-
PCR products amplified from exons 22 to 34 in PKD/ in patient no.
31 as a template. d PKD1 gene structure and the 2152-bp deletion in
patient no. 31. e MLPA in patient no. 31. The counts in exons 27, 29,
and 30 decrease to approximately 0.5 in patient no. 31

In total, genetic mutations were identified in 102 of 111
patients, resulting in a final mutation detection rate of 91.9%
(Fig. 2, Table 2).

Discussion

In this study, genetic analyses using NGS and MLPA were
performed on 111 Japanese patients with ADPKD. Several
studies have used NGS on the ADPKD causative genes
PKDI and PKD?2. In the first study, a LR-PCR-based NGS
had a detection rate of 63% [8]. Recent studies using simi-
lar methods have reported significantly increased detection
rates [10]. A hybridization-based NGS has a detection rate
of 70% [9]. Thus, we performed NGS analyses using both
a hybridization-based and a LR-PCR-based target enrich-
ment method. Consequently, a hybridization-based NGS
had a mutation detection rate of 79.2%, which was lower
than a LR-PCR-based NGS on Japanese patients that had
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Table2 Summary of mutation
analyses in PKD1 and PKD?2

@ Springer

Mutation Mutation analyses by Sanger Mutations Total
analyses by sequencing in exon 1 of PKD/  analyses by mutation
NGS MLPA analyses
Total samples 111 15 14 111
Mutation analyses
No mutation 15 14 9 9 8.1%
Identified mutation 96 1 5 102 91.9%
Mutated gene
PKDI 79 1 4 84 82.4%
PKD2 17 0 1 18 17.6%
Mutation type in PKD1
Frameshift 21 1 0 22 26.2%
Nonsense 24 0 0 24 28.6%
Splicing 6 0 0 7.1%
Inframe deletion 2 0 1 3 3.6%
Substitution 25 0 0 25 29.8%
Large deletion 1 0 3 4 4.8%
Mutation type in PKD2
Frameshift 5 0 0 5 27.8%
Nonsense 9 0 0 9 50.0%
Splicing 1 0 0 1 5.6%
Inframe deletion 0 0 0 0 0.0%
Substitution 2 0 0 2 11.1%
Large deletion 0 0 1 1 5.6%
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a detection rate of 89.1% as previously reported [10]. In
addition, the LR-PCR-based NGS identified new muta-
tions in nine patients. Among those nine patients, seven
had frameshifts. Thus, insertions and deletions leading to
frameshifts may be easier to detect with a LR-PCR-based
NGS than with a hybridization-based NGS. Although
a hybridization-based NGS could not detect insertions
and deletions of more than 3 bp, with a LR-PCR-based
NGS, four out of seven were deletions of more than 5 bp.
Improved efficiency of NGS equipment is thought to be
major reason for the effectiveness of these analyses, but
the detection rate using a hybridization-based NGS on
insertions and deletions over 3 bp may be low. Using both
methods, areas with an extremely low coverage were iden-
tified, such as PKD1 exons 1 and 42 as well as PKD2 exon
1, which may be the reason why these regions are GC-rich
[26]. However, a PKD2 exon 1 mutation was identified in
one patient using a LR-PCR-based NGS. This may be due
to the improved efficiency of NGS equipment. Accord-
ing to the previous report [10] and this study, the 90%
detection rate may be the limit of NGS. For the remaining
approximately 10% patients, we need other strategies for
identifying mutations, such as MLPA and Sanger sequenc-
ing for PKD1 exon 1.

As MLPA is particularly useful for detecting large rear-
rangements, it is frequently used in the genetic analysis
of ADPKD [11, 12]. In this study, MLPA was performed
using a PKDI and PKD?2 kit, and deletions from six
patients were identified [6/111 patients (5.4%)] including
the patient (No. 31) whose mutation was identified using
LR-PCR. Five deletions identified using MLPA could
not be identified using NGS alone. Thus, we suggest that
MLPA is necessary in addition to NGS for mutation detec-
tion in ADPKD.

In conclusion, NGS has rapidly advanced in the last
several years, and its momentum has pushed the detec-
tion rate of ADPKD to exceed 85%. Although MLPA has
a detection rate of approximately 5%, it has the ability to
raise the mutation detection rate of ADPKD and proved to
be a useful tool in our study. In this way, the cost of using
NGS can be comparatively lowered, and could be used by
businesses to conduct genetic analyses. However, ADPKD
patients would greatly benefit from genetic analyses capa-
ble of a detection rate of 100%. Therefore, development
of novel genetic diagnostic techniques must be attempted
while existing methods are improved to increase the rate
of diagnosis by genetic analyses.
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