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ABSTRACT
Mutations in two large multi-exon genes, PKD1 and PKD2, cause autosomal dominant polycystic kidney
disease (ADPKD). The duplication of PKD1 exons 1–32 as six pseudogenes on chromosome 16, the high
level of allelic heterogeneity, and the cost of Sanger sequencing complicate mutation analysis, which can
aid diagnostics of ADPKD. We developed and validated a strategy to analyze both the PKD1 and PKD2

genes using next-generation sequencing by pooling long-range PCR amplicons and multiplexing bar-
coded libraries. We used this approach to characterize a cohort of 230 patients with ADPKD. This process
detected definitely and likely pathogenic variants in 115 (63%) of 183 patients with typical ADPKD. In
addition, we identified atypical mutations, a gene conversion, and one missed mutation resulting from
allele dropout, andwe characterized the pattern of deep intronic variation for both genes. In summary, this
strategy involving next-generation sequencing is a model for future genetic characterization of large
ADPKD populations.
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Autosomal dominant polycystic kidney disease
(ADPKD) is one of the most common inherited
cystic kidney diseases, with an incidence of 1 in 400
to 1 in 1000.1,2 ADPKD is characterized by the de-
velopment and progressive enlargement of cysts
in the kidneys and other organs, eventually leading
to ESRD. ADPKD is caused by mutations at two
genes, PKD1 (16p13.3) and PKD2 (4q21). PKD1
mutations account for approximately 85% and
PKD2 mutations for approximately 15% of the
cases in clinically well characterized cohorts.3

PKD1 patients reach ESRD approximately 20 years
earlier than PKD2 patients (approximately 54 ver-
sus 74 years).4 PKD1 and PKD2 encode polycystin
1 and 2 (PC-1 and PC-2), respectively. PC-1 is a
large, transmembrane protein that interacts with
PC-2, a transient receptor potential channel that
regulates intracellular calcium.5 Both proteins lo-
calize to the kidney primary cilium,5 and may act
as a flow-dependent mechanosensor regulating

the differentiation and proliferation of tubular
epithelial cells.5

Within ADPKD populations, a high level of allelic
heterogeneity is observed, with a total of 436 path-
ogenic PKD1 and 115 pathogenic PKD2 mutations
reported to date, the majority of which are private
to a single pedigree (ADPKDDatabase [PKDB], http://
pkdb.mayo.edu).

Gene conversions (GCs) are unusual mutational
events that cause the transfer of sequence variants
from segmental duplications into the master gene,
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and have been proven to be disease associated.6 GCs have been
previously described in ADPKD7,8 but their exact genomic
origin and extent have not been characterized.

ADPKD is typically diagnosed by imaging such as ultra-
sonography, computed tomography, or magnetic nuclear
resonance,9,10 with age-related criteria established for ultraso-
nography.9,11 However, a diagnosis determined by imaging may
be uncertain, particularly in young individuals (aged ,30
years).11 In such cases, molecular diagnostics is useful to deter-
mine a definite diagnosis.3 Molecular testing also plays a role in
the evaluation of potential living related kidney donors with
doubtful imaging data, in individuals with a negative family
history, and in cases of early onset ADPKD.12 Furthermore,
mutation characterization of clinical trials cohorts3 provides
genetic stratification for the evaluation of such trials.13

The 59 two-thirds of the PKD1 gene (exons 1–32) is du-
plicated six times on chromosome 16 within six pseudo-
genes (PKD1P1-P6).14,15 The PKD1P1-P6 pseudogenes
share a 97.7% sequence identity with the genuine PKD1,
although they carry some large deletions compared with
the genuine PKD1.15,16 Rare sequence divergences have
been used to develop PKD1 locus-specific amplicons to an-
alyze the duplicated portion of the gene for mutations.17

The PKD1 genomic complexity and the high allelic hetero-
geneity of both PKD1 and PKD2makemolecular diagnostics
challenging.3

High-throughput next-generationDNA sequencing (NGS)
technologies have recently been developed, the common
feature of which is the utilization of massive parallel sequenc-
ing of DNA strands after random fragmentation to produce
millions of reads. These are subsequently re-aligned for
sequence variant calling.18–20 The feasibility of utilizing NGS
for limited genomic regions has arisen through multiplexing
by the introduction of bar codes, unique 6-bp tags, which
allow the individual identification of samples analyzed within
the same lane.21 Bar coding and multiplexing of PCR and
long-range PCR (LR-PCR) amplicons from groups of patients
have been effectively used to characterize genomic regions up
to approximately 150 kb.22–30 Exon enrichment or capture
protocols have also been developed for the analysis of specific
genomic intervals or the whole exome.31,32 However, these are
not effective in duplicated genomic regions (e.g., the PKD1
gene) because they would lead to concurrent capture of the
six pseudogenes.

In this study, we utilized pooling and multiplexing of
samples to validate NGS for the mutation analysis of the
ADPKD genes in a cohort of 230 ADPKD patients. These
results show the feasibility of high-throughput NGS for the
genetic characterizationof largeADPKDcohorts. Furthermore,
the utilization of fewer PCR primers and the possibility of
characterizing the entire genomic structure of the PKD1 and
PKD2 genes will help in detecting and characterizing atypical
mutations (deep intronic variants, GCs, and ones missed due
to allele dropout).

RESULTS

Development of LR-PCR Amplicons for the PKD1 and
PKD2 Genes and Proof of Principle Experiment for
Pooling and Multiplexing Samples for NGS
Because of the duplication of the PKD1 gene (which already
requires LR-PCR amplicons for locus-specific amplification17)
and the limited genomic size of both genes combined (118 kb),
we extended the number of LR-PCR amplicons to cover all of
the coding regions of both genes tested (76.2 kb; PKD1-eight
amplicons; PKD2-six amplicons) (Figures 1A and 2 and Sup-
plemental Table 1).

A proof of principle experiment (Figure 3A) was performed
employing one Illumina flow cell using 16 previously Sanger-
characterized ADPKD patients (carrying 281 known sequence
variants) and four novel cases. We pooled two to eight samples
in a single bar-coded library (lanes 1–4) to test the maximum
number of samples that can be pooled in a single bar-coded
library while still detecting all of the positive controls. A second
part of this experiment analyzed multiplexing of two to four
bar-coded libraries of four pooled samples each (up to 16 sam-
ples, lanes 5–7), to evaluate the relationship between read depth
and detection of positive controls after multiplexing (Figure 3A).
One single bar-coded library of four unknown samples was run
to mimic the planned mutation discovery workflow (lane 8).

The 281 Sanger-verified control variants allowed a detailed
analysis of read depth (number of reads per known variant),
coverage (percentage of the regions of interest adequately
covered), sensitivity (proportion of true positives), and pre-
cision rate in the exonic regions (proportion of correctly iden-
tified mutations) for each of the bar-coded libraries (Table 1).
Very high read depth was obtained for all control variants,
and although variation of up to 18-fold in read depth was
found within the same library (pool of four samples, 3973
to 72,4973), all regions of interest were adequately covered
(Figure 2). Single nucleotide variants were efficiently detected,
but two PKD1 deletions (38 and 15 bp in length, respectively)
were missed due to the short, 51-bp reads used, lowering the
overall sensitivity. For the pooling test, a loss of sensitivity was
observed when pooling eight samples (four false negatives and
12 false positives), whereas the pool of four and six samples
performed similarly well (Table 1). Multiplexing at this level
did not affect sensitivity or precision rate significantly.

Taken together, thisproofofprinciple experiment suggested
the following: a conservative approach of pooling four sam-
ples per bar-coded library was feasible, at least 12 such librar-
ies could be run per lane with an expected read depth of
approximately 1003, and longer reads were required for the
detection of indels longer than 15 bp.

Mutation Analyses of a Large ADPKD Cohort by
Bar-Coded and Multiplexed NGS
On the basis of the proof of principle experiment, we utilized
the previously developed amplicons to characterize a cohort of
264 ADPKD samples (230 novel and 34 internal controls) as 66
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libraries (Figures 3B and 4) using 101-bp reads. The 230 novel
samples spanned the entire phenotypic spectrum of ADPKD
and included severe and mild PKD cases, to mimic a “real-
world” diagnostic setting. Patient samples were amplified sep-
arately and amplicons pooled equimolarly for libraries 1–66,
whereas the DNAwas pooled before amplification for libraries
67–74 (Figure 3B).

Data mining identified 2445 variants in the 230 novel cases.
After quality filtering, 779 high-confidence variants were
retained and 1666 low-confidence variants were removed

(Concise Methods and Figure 4). The remaining 779 high-
confidence variants were further filtered based on the like-
lihood of disease association (Figure 4). We individually
confirmed by re-amplifying each of the four samples originally
pooled in the same library and Sanger sequencing the 176
possible pathogenic variants and 58 likely neutral variants
(Figure 4, Table 2, and Supplemental Tables 2 and 3). Of the
234 Sanger-verified variants, 213 (90%) were true positives
and 21 (10%) false positives. Manual inspection of the 21 false
positive variants revealed that they were due to misalignment

Figure 1. Schematic visualization of the NGS workflow used in this study. The workflow indicated by the arrows is as follows. (A)
Amplicons were individually amplified by long-range PCR. The PKD1 duplicated region (exons 1–33) was amplified as five locus-specific
long-range amplicons (2.2–8.7 kb in size), and the same strategy was extended to the PKD1 single-copy region (exons 33–46, three
long-range amplicons 2.1–5.9 kb in size) and to the PKD2 gene (six long-range amplicons, 1.2–13 kb in size), covering all coding
regions and most intronic regions as a total of 76.2 kb. (B) Amplification was quality verified and normalized by gel densitometry to
a sample of known concentration. Two microliters of each amplified product were run on a 0.8% agarose gel for quality check and
quantification after fluorescent visualization. Lanes and bands were captured (green lines network), and the actual area of each am-
plified product intercepted (blue line above each band). Each band was quantified by comparison to a known control (rose line), and
values transferred to a spreadsheet for the calculation of the appropriate volume to be used during amplicon assembly. (C) Amplicons
were assembled equimolarly for each individual sample, and assembled samples were pooled for each indexed library. Assembled
libraries were subsequently quality verified by gel electrophoresis. After assembly, 2 ml of the assembled material was fluorescently
visualized on a 0.8% agarose gel to verify the approximate homogeneity of fluorescent intensity and presence of multiple bands
corresponding approximately to the expected sizes. (D) Samples were sequenced on an Illumina GA2X instrument, and reads were
exported as FASTAQ files, deconvoluted by bar code, and mined using the NextGENe software package. Mutation reports were
exported for evaluation. Manual checks of called variants were performed by visualizing the NextGENe alignment as shown. (E) Variants
were individually reconfirmed by sequencing the original four samples included in the corresponding library. In the example reported,
the four samples included in this library were individually proven to carry the PKD2 change c.2182_2183delAG and three PKD1 amino
acid substitutions (p.Gly381Ser, p.Gly1914Ala, and p.Cys2373Tyr, respectively) (indicated in the panel with the short designation
2182delAG, G381S, G1914A, and C2373Y because of space constraints).
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of reads during data mining, low quality coverage or, for
PKD1, residual contamination from the pseudogenes (Table 3).

For the group of nonpathogenic variants that were not
checked by Sanger sequencing (Supplemental Tables 2 and 3),
data from the PKDB and/or “the NCBI Database of Single
Nucleotide Polymorphisms (dbSNP)” high NextGENe score/
read depth or detection in at least two different libraries (high-
confidence variants) provided evidence that they were real
variants.

The 155 possible pathogenic variants were classified either
as definitely pathogenic or as variants of unknown clinical
significance (VUCS). VUCS were further classified as highly
likely pathogenic, likely pathogenic, indeterminate, likely
hypomorphic, or likely neutral (see Concise Methods, Figure
4, and Table 2). Interestingly, these 155 true positive variants

included deletions and insertions of up to approximately one-
third of the total read length used in this experiment (Figure 5,
A and B and Table 2).

Because of the pronounced phenotypic heterogeneity of
the study cohort, we focused on the subset of 183 ADPKD
probands with a diagnosis compatible with standard clinical
and imaging criteria to fairly evaluate the overall detection rate
of this experiment.9,11 In this subset of samples, a detection
rate of 115 of 183 (63%) was achieved (66 probands with de-
finitively pathogenic variants, 35 with highly likely pathogenic
variants, and 14 with likely pathogenic variants) (Figure 4 and
Table 2). In the remaining 68 pedigrees, only indeterminate,
likely hypomorphic, novel likely neutral variants (in 7 pedi-
grees) (Table 2), or synonymous and known polymorphisms
(in 61 pedigrees, not shown) were found.

Figure 2. Read depth and coverage analysis of the proof of principle experiment. The diagram shows that all of the regions of interest
(indicated by exon lines) were adequately covered, and compares the read depth obtained when pooling two (A) and multiplexing four
libraries of four samples each (B) (lanes 1 and 7 in Figure 3A, respectively). This experiment confirmed that sufficient read depth was
obtained when multiplexing (B) four libraries of four samples and suggested that sufficient read depth would be obtained even by
multiplexing 12 such libraries per lane. The x-axis represents genomic interval, the y-axis represents number of reads, and the rose-
colored areas are out of target regions. Ex, exon.
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To further evaluate the sensitivity, spec-
ificity, and accuracy of this experiment, we
utilized 34 samples that were concurrently
characterized by Sanger sequencing during
the timeframe of this experiment. In addi-
tionwe resequenced 14 of the 68unresolved
pedigrees by Sanger sequencing, for a total
of 48 samples for which both Sanger se-
quencing and NGS data were available
(Tables 4 and 5). This comparison with
the available Sanger data suggested 78%
sensitivity, 100% specificity, and 60% accu-
racy in this experiment (Table 5). Manual
inspectionof theNGSalignment for themiss-
ing variants in the nine false negative pedi-
grees revealed that they were filtered out
because of lack of coverage or too stringent
threshold criteria used during data mining
(Figure 5,C andD, respectively, andTable 4).

In two cases, NGS detected novel changes
previously missed: a novel, highly likely
pathogenic change (PKD1/p.Cys3081Arg)
(Figure 6) and a likely neutral change (PKD1/
p.Thr2250Met) in two Sanger mutation-
negative samples (R1380 and R1930,
respectively) (Table 4). Interestingly, manual
inspection of the original Sanger chromato-
grams revealed that they were missed due to
unequal amplification (allele dropout) during
the original Sanger analysis, with almost com-
plete loss of the mutant allele (p.Cys3081Arg)
(Figure 6), as well as an operator-caused
mistake with a variant lost at follow-up
(p.Thr2250Met). Manual inspection of the
binding sites of the original Sanger sequenc-
ing primers for p.Cys3081Arg revealed no
polymorphisms as a possible cause of primer
instability, which was also supported by re-
peated Sanger sequencing analysis (Figure 6).

Comparison of Pooling of Amplicons
versus Pooling of DNA Strategy
Libraries 67–74 were matched to libraries
59–66 in patient content, but genomic

Figure 3. Layout of the two NGS experiments performed in this study. (A) Layout of the
proof of principle experiment. The eight lanes of the Illumina flow cell used in the proof
of principle experiment are shown: each individual library is shown as a box and each
sample as a circle. This proof of principle experiment tested pooling (lanes 1–4) by
combining between two and eight samples in the same library, and tested multi-
plexing (lanes 5–7) by running two to four libraries of four samples each (8, 12, and 16
samples, respectively). Colored boxes indicate the same library during multiplexing
(lanes 5–7). Lane 8 tested the discovery workflow by running four unknown samples.
All libraries were individually bar coded and paired-end sequenced as 51-bp reads,
resulting in an average of 28.5 million paired reads per lane, 91% of which could be re-
aligned (approximately 26 million) and generating 10.6 Gb of usable data for variant
calling. (B) Layout of the experiment performed to characterize a cohort of 230 novel
ADPKD samples. The eight lanes of the Illumina flow cell used in this experiment are
shown, and the library and sample number run in each lane is indicated at the bottom.
All libraries (boxes) were derived by pooling four samples (small circles). Libraries 1–66
(black and green boxes) were generated by pooling samples after individual PCR
amplification, whereas libraries 67–74 (red boxes) were generated by pooling geno-
mic DNA before amplification. Patients in libraries 67–74 (red) and 59–66 (green)
are the same. All libraries were individually bar coded and paired end sequenced

as 101-bp reads, resulting in an average of 43
million paired reads per lane, 81% of which
couldbe re-aligned (approximately 35million/
lane) and generating 28.3 Gb of re-aligned
data suitable for variant calling (much higher
than the first experiment due to hardware
upgrade of the Illumina instrument). Lane 4
sequenced the highest number of bar codes
currently supported by Illumina (12 bar codes,
48 samples).
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DNAwas pooled before PCR amplification (Figure 3B). The
two strategies were compared for sensitivity and precision
rate by using all of the 48 novel Sanger-verified variants
found after analysis of both datasets. Pooling PCR fragments
showed that 46 of 48 variants were detected with one false
positive, whereas pooling DNA samples showed that 39 of 48
variants were detected with 25 false positives. Hence, pooling
of DNA before amplification compared with pooling of PCR
amplified fragments led to a substantial loss of sensitivity
(96% versus 81%) and a higher number of false positives (1
versus 25).

Identification of Atypical Variants by NGS: Deep
Intronic Variants and a PKD1 Gene Conversion
By amplifying most introns for both genes, NGS allowed a
detailed analysis of the pattern of intronic variation in a sizable
cohort for thefirst time, particularly for the duplicated portion
of PKD1, in which 463 high-confidence intronic variants out-
side the canonic splice sites were identified (Supplemental
Table 3). Although 460 variants were common intronic poly-
morphisms, in silico splicing analysis of three that were unique
predicted them as possibly affecting splicing, including pa-
tients R1852-PKD1/c.7210-10C.A (Table 2), 244111 PKD2/
c.1094+507G.A, and 100006 PKD1/c.216-1198T.G (Table 2).
PKD1/c.7210-10C.Awas the only possibly pathogenic variant
detected in patient R1852, and it is described in the PKDB as a
variant of indeterminate clinical significance predicted to
weaken the polypyrimidine tract (http://pkdb.mayo.edu).
Both PKD2/c.1094+507G.A and PKD1/c.216-1198T.G
were identified in patients that were mutation negative in a
previous Sanger sequencing analysis (from a group of 28 that

were included here for re-analysis by NGS as mutation-negative
samples). They are novel variants andpredicted to cause pseudo-
exon activation by creating a new acceptor or new donor site,
respectively.

Whereas RNA was not available for R1852, RNA from
lymphoblastoid cell lines was analyzed for 244111 and 100006;
however, no apparent splicing abnormalities were revealed in
these cells.

The deep intronic sequencing obtained by NGS allowed for
the first time the fine characterization of a PKD1 GC event,
involving exons 28–32,33 and 47 variants were identified (12
exonic and 35 intronic)matching one of the PKD1P1-P6 pseu-
dogenes. Careful comparisonwith available genomic sequence
data showed that this GC likely derives from a conversion
event with the PKD1P6 pseudogene (Figure 7).

DISCUSSION

NGS has critically accelerated the discovery process in human
genetics through targeted resequencing,34 whole-exome anal-
ysis,35–40 and whole-genome analysis.41,42 To maximize the
number of samples that can be run per sequencing lane, tar-
geted resequencing is preferable and more cost-effective when
small to moderately sized genomic regions need to be rese-
quenced in large populations. To aid this analysis, methods for
genomic partitioning and bar-coding strategies have been de-
veloped.32 Here, we developed an original strategy that uses
LR-PCR in association with sample pooling and library bar
coding and we applied it to a duplicated genomic region
(PKD1 exons 1–32), for which conventional genomic

Table 1. Results of the proof of principle experiment

Strategy
Control
Variantsa

Average Read
Depthb

SD (6)
Highest Read

Depthb
Lowest Read

Depthb
Sensitivity

(%)c

Precision Rate
in the Exonic
Regions (%)d

Pool of 2 (lane 1) 33 14,168 9672 41,065 639 97e 100
Pool of 4 (lane 2) 48 19,888 11,998 72,497 397 100 87
Pool of 6 (lane 3) 40 17,702 10,501 56,149 1229 95e 91
Pool of 8 (lane 4) 52 27,932 18,537 92,367 2945 92 76
Multiplex of 234 (red, lane 5) 42 8209 5340 24,863 315 98e 100
Multiplex of 334 (red, lane 6) 42 6862 4319 21,452 226 98e 93
Multiplex of 434 (red, lane 7) 42 2162 1325 7869 129 98e 90
Multiplex of 234 (green, lane 5) 40 18,943 12,178 60,278 484 97.5e 96
Multiplex of 334 (green, lane 6) 40 13,986 8956 43,897 535 97.5e 92
Multiplex of 434 (green, lane 7) 40 9743 6104 31,335 240 97.5e 83
Multiplex of 334 (yellow, lane 6) 36 6224 3175 15,934 651 97e 86
Multiplex of 434 (yellow, lane 7) 36 4214 2228 11,256 372 97e 96
Multiplex of 434 (purple, lane 7) 46 4414 2900 15,575 520 100 100

TP, true positive; TN, true negative; FP, false positive; FN, false negative.
aIndicates the number of Sanger-verified control variants (unique and common polymorphisms) available for the corresponding pool.
bRead depth is reported as the number of paired-end re-aligned reads per nucleotide site for the control variants (as the average, the highest and the lowest).
cSensitivity was calculated as the number of true positive mutations/number of true positive plus number of false negative mutations (TP/TP+FN).
dPrecision rate was limited to the exonic regions (in which complete Sanger data were available) andwas calculated as number of true positivemutations/number of
true positives plus number of false positive mutations (TP/TP+FP). The same mining protocol was used to calculate both the sensitivity and the precision rate.
eThe twomissed variants were two deletions of 38 and 15 bp, which were not detected (one or both, depending on the pool) with the 51-bp long reads used in this
proof of principle experiment.
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partitioning approaches are not suitable
due to the presence of 97.7% identical du-
plicons.15

Pooling and bar coding were utilized as
a strategy to achieve cost-efficiency so that
NGS could be applied to analyze large
ADPKD populations. Although still signif-
icant, the cost of NGS is constantly de-
creasing due to novel strategies for library
preparation, decreased hardware cost, and
greater sequence output per run.43 As a
more cost-effective workflow is optimized
by use of an automated workstation, de-
creased library preparation costs and intro-
duction of more bar codes to allow up to 96
samples to be analyzed per lane,43,44 the
overall NGS cost will further decrease and
make NGS highly competitive compared
with conventional Sanger sequencing. The
much higher number of reads generated by
the recently introduced Illumina HiSeq
(approximately 320 million per lane, 8

Figure 4. Schematic diagram illustrating the workflow utilized for filtering, parsing, and
re-confirming all of the variants derived after the initial data mining in the discovery
experiment (Figure 3B). After read re-alignment and variant calling, quality filtering
removed 1666 low-confidence variants from the initial pool of 2445 called variants,
resulting in 779 high-confidence variants (see Concise Methods for details). This re-
duced the average number of variants per patient from approximately 10 to 3. Parsing
by likelihood of disease association further removed 460 common intronic variants and

143 synonymous or known nonsynonymous
exonic polymorphisms, resulting in 176 pos-
sible pathogenic variants (approximately 1 per
patient). After Sanger re-confirmation, the 155
true positive variants were classified for path-
ogenicity either as definitely pathogenic (DP)
or VUCS,whichwere further classifiedashighly
likely pathogenic (HLP), likely pathogenic (LP),
indeterminate (I), likely hypomorphic (Hyp),
and likely neutral (LN) (Table 2and seeConcise
Methods). As we focused on the diagnostic
cohort of 183 pedigrees (arrow), the geno-
types in the pedigrees from this subgroup
were classified based on the most pathogenic
mutation found as having a DP genotype (49
PKD1 pedigrees and 17 PKD2 pedigrees),
an HLP genotype (32 PKD1 pedigrees and 3
PKD2 pedigrees), an LP genotype (14 PKD1
pedigrees) (Table 2). Of the 68 pedigrees with
unresolved genotype from the diagnostic co-
hort of 183 patients, 7 carried I, Hyp, or novel
LN genotypes (Table 2). The remaining 61
pedigrees from the diagnostic cohort of 183
patients only had synonymous or known
polymorphisms (not shown). Hence, within
the diagnostic cohort of 183 typical ADPKD
according to standard clinical and imaging
criteria, the 115 of 183 resolved pedigrees
accounted for a final detection rate of 63%.
DP, definitely pathogenic; HLP, highly likely
pathogenic; LP, likely pathogenic; I, indeter-
minate; Hyp, likely hypomorphic; LN, likely
neutral.
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times higher than the Illumina GA23 used in these experi-
ments) and the availability of 96 individual bar codes44 will
soon make it possible to sequence up to 1536 individually bar-
coded samples for both the PKD1 and PKD2 genes concur-
rently (16 lanes on two flow cells per run), making NGS the
method of choice for large population studies. However, the
introduction of more scalable, faster turnaround times and sim-
pler workflow instruments like the Illumina MiSeq will likely
make NGS an attractive method also for clinical and diagnostic
application, particularly when only specific genes or specific sets
of genes need to be analyzed, as for ADPKD.

Pooling ofDNAbefore amplificationwould further simplify
the upstream work by greatly reducing the number of
amplicons to generate, check, normalize, and pool.45 How-
ever, in our experiments, this did not seem ideal and led to loss
of sensitivity and a higher number of false positives. This may
be due to variability of DNA quality and errors in DNA con-
centrationmeasurements due to innate DNAviscosity, as pre-
viously suggested.23 Whole-genome amplification before
DNA pooling may be an alternative strategy to overcome
this issue. Furthermore, because of the PKD1 gene
duplication, a residual contamination derived from the pseu-
dogenes was detected when mining the data at low stringency
(,3% mutant level). Because of the need to filter out the
contaminant reads, data mining had to be performed
with a 3% mutant level as the minimum threshold, thus pos-
ing an additional challenge to pooling samples in the same
library.

Detection of small indels has been an issue thus far in NGS
due to the short Illumina reads. However, utilizing longer
101-bp reads and the elongation NextGENe mining protocol
allowed detection of small to medium size indels up to 30% of
the read length. This improvement closes the gap with Sanger
sequencing, and it is particularly important in ADPKD, in
which this mutation type accounts for approximately one-
third of all mutations (http://pkdb.mayo.edu). Detection
of larger genomic indels by NGS is possible by paired-end
mapping46 and based on variations of the depth of coverage
in deleted genomic regions.47,48 However, this approach
was not feasible in these experiments due to the pooling
of different samples within the same library and, for
PKD1, the genomic complexity requiring locus-specific
amplification.

In the subsetof 183ADPKDsampleswitha typical diagnosis
according to standard clinical and imaging criteria,9,11 a max-
imal detection rate of 63% was achieved, including definitely
pathogenic, highly likely pathogenic, and likely pathogenic
variants (115 pedigrees) (Figure 4 and Table 2). The remaining
unresolved 68 pedigrees (37%) may be due to the phenotypic
heterogeneity of the study cohort (purposively mimicking a
diagnostic cohort), missed mutations, as well as possible ad-
ditional genetic heterogeneity. Considering the 19% differ-
ence in sensitivity in this experiment compared with Sanger
sequencing (Table 5) (corresponding to approximately 13
missed pathogenic mutations in the 68 unresolvedTa
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pedigrees), a putative detection rate of approximately 70%
would be achievable, which is comparable with data recently
obtained in a similar diagnostic setting by Sanger sequenc-
ing.49 Sensitivity, specificity, and accuracy will improve by in-
dividually bar coding each sample and by further development
of the data mining strategies.50–52

The application of NGS in these experiments has allowed
the discovery and characterization of missed and atypical
variants (allele dropout, gene conversion, and deep intronic
variants). Allele dropout is a well known cause of missed
mutations53 due to unequal amplification of heterozygote al-
leles. By utilizing larger amplicons, a previously undetected

Table 3. Details of cases of discordance between Sanger sequencing and NGS: Cases of NGS false positives after Sanger
resequencing (n=21)

Gene Exon/IVS Codon
Sequence Variant (Amino

Acid Change)
Times

Detected
Comment

PKD1 1 65 c.194T.C (p.Ile65Thr) 1 Just before homopolymer (TCCCC), likely misalignment
PKD1 5 283 c.856_862delTCTGGCC 1 (TCTGGCC) repeated twice, likely misalignment
PKD1 13 1023 c.3068A.G (p.Gln1023Arg) 4 PKD1P1-P2 contamination
PKD1 15 2236 c.6706T.C (p.Phe2236Leu) 1 Low quality coverage
PKD1 15 2238 c.6713A.C (p.Asp2238Ala) 1 Homopolymer of 4 G nucleotides followed by (AC) repeated

twice, likely misalignment
PKD1 23 2872 c.8614delA 2 Palindrome separated by dinucleotide (GCCATCACCG),

likely misalignment
PKD1 25 3023 c.9067A.G (p.Met3023Val) 1 Just before a GT motif, likely misalignment
PKD1 33 3454 c.10360delT 1 (TC) dinucleotide repeated twice, likely misalignment
PKD1 33 3456 c.10368_10369insCTC 1 Within a palindrome (GCCAGCC) after a TC motif, likely

misalignment
PKD1 40 3780 c.11335_11336insGCGATT 1 Same sequence in wild-type, likely misalignment
PKD1 41 3845 c.11537+2T.GT 1 Low quality coverage
PKD1 41 3864 c.11591A.C (p.His3864Pro) 1 Within palindrome (GCACG), likely misalignment
PKD2 11 720 c.2159delA 4 Homopolymer of 8 A nucleotides, likely misalignment
PKD2 14 843 c.2527delG 1 Homopolymer of 2 G nucleotides, likely misalignment
Bold indicates the site where the corresponding change occurs for single nucleotide or single deletion changes.

Table 4. Details of cases of discordance between Sanger sequencing and NGS

Variant Description Ped ID Pt ID Gene Exon/IVS Codon cDNA change Protein Comment

Variants detected by
Sanger sequencing
but not by NGS
(n=10)

M368 R1700 PKD1 1 37 c.108_109insC p.Cys37fs76X Lack of coverage
M615 R1953 PKD1 11 845 c.2534T.C p.Leu845Ser Mutant percentage

below threshold
M499 R2001 PKD1 12 960 c.2879G.A p.Gly960Asp Mutant percentage

below threshold
M152 R1432 PKD1 15 1362 c.4084C.T p.Ser1362Pro Mutant percentage

below threshold
M118 R95 PKD1 15 2212 c.6635G.A p.Ser2212Asn Mutant percentage

below threshold
2215 c.6644G.A p.Arg2215Gln Mutant percentage

below threshold
M307 R1573 PKD1 IVS20 2621 c.7864-2A.G p.2621fs Mutant percentage

below threshold
M307 R1581 PKD1 IVS20 2621 c.7864-2A.G p.2621fs Mutant percentage

below threshold
P387 OX2242 PKD1 25 3016 c.9047A.G p.Gln3016Arg Mutant percentage

below threshold
P229 OX1056 PKD1 IVS31 3390 c.10170+25_+45del

CTGGGGGTCCT
GGGCTGGG

p.Gln3390fs NextGENe score
below threshold

Variants detected by
NGS but missed
during the original
Sanger sequencing
analysis (n=2)

M453 R1930 PKD1 15 2250 c.6749C.T p.Thr2250Met Operator-caused
error

M412 R1380 PKD1 26 3081 c.9241T.C p.Cys3081Arg Allele dropout

J Am Soc Nephrol 23: ccc–ccc, 2012 Next-Generation Sequencing in ADPKD 13
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Figure 5. Representative examples of visual inspection of NGS alignments. (A and B) Examples of a medium-sized deletion or
insertion. By using the NextGENe elongation approach, indels up to one-third of the total read length were detected
(c.12604_12631del28 in A and c.2657_2658ins20 in B). (C and D) Examples of missed mutations because of (C) insufficient read
depth or (D) low-scoring variant call. (C) Mutation PKD1 c.108_109insC occurs in a homopolymer of six consecutive C, and it is
here covered by a single read that is wild-type for the insertion and shows a below-threshold T.C transition soon after the
homopolymer. PKD1 exon 1 is 85% GC rich and seemed to be often under-represented in these experiments, suggesting that the
corresponding amplicon should be added in excess to provide sufficient read depth for confident mutation detection. (D) Mu-
tation PKD1 p.Gly960Ser is detected by NextGENe software (gray underlining, one single mutant read in this screenshot) but is
assigned a very low-confidence score because of the low number of mutant reads and is consequently removed as low-confidence
variant during data mining.

Figure 6. Detection of allele dropout in a previous Sanger mutation-negative sample. NGSmanual inspection for the previously Sanger-
missed mutation PKD1 p.Cys3081Arg (middle panel), showing a high-confidence mutation call at a well covered site; following the
NGS workflow, this mutation was correctly identified in sample R1380 (right panel, forward and reverse trace). Comparison with the
original Sanger screening (left panel) shows that the mutant cytosine is strongly under-represented in both sequencing directions,
suggesting unequal amplification and allele dropout rather than a sequencing artifact as the likely cause.
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mutation (p.Cys3180Arg) was identified in an otherwise
mutation-negative sample.A posteriori verification of the orig-
inal Sanger screening chromatograms revealed an extreme
underrepresentation of the mutant allele. The apparent lack
of polymorphisms in the binding sites of the Sanger primers54

suggests stochastic variability in allele amplification efficiency
as the likely cause. This may be due to unexpected secondary
structures of the DNA template, and may be an underestimated
cause of missed mutations in ADPKD due to the GC richness of
the PKD1 gene.

By deep sequencing the PKD1 introns in the case of a GC
involving exons 28–32,33 an extended haplotype of exonic and
intronic variants was generated, which suggested that the
GC event likely occurred between PKD1 and the PKD1P6
duplicon. The application of this strategy to suspected GC
events proved that they are genuine GC events, determined

their genomic origin, and precisely defined the extent of the
GC event, thereby emphasizing their disease association.

The inclusion of most intronic regions for both genes
allowed us to explore the pattern of intronic variation and
generate a catalog of 460 high-confidence intronic variants.
Notably, this dataset provides an important filter for com-
mon intronic variants, which will be useful to pinpoint rare,
potential splice-changing deep intronic variants.55–57 Because
of the genomic duplication, these data are not available for the
entire duplicated portion of PKD1 from the 1000 Genomes
Project and other sequencing projects.

Lymphoblast-derived cDNA analysis of two private deep
intronic variants (PKD1/c.216-1198T.G and PKD2/c.1094+
507G.A) predicted to cause intron exonization in otherwise
mutation-negative samples revealed no apparent splicing ab-
normality, althoughwe cannot definitely exclude such event in

Figure 7. Detailed analysis of a GC event involving PKD1 exons 28–32. By using long amplicons and achieving deep sequencing of all
of the IVS regions, detailed genomic data have been obtained of the entire genomic region putatively involved in this GC event. High-
score, high-coverage data mining identified 12 exonic (green) and 35 intronic (light blue) variants that match one of the PKD1P1-P6.
Careful comparison with available genomic sequence data (PKD1P1-P6) shows a complete match with PKD1P6, suggesting that the GC
event took place between PKD1 and the duplicon PKD1P6 over 8.5 kb of genomic sequence. Orange bars are the 59 and 39 boundaries
of the GC event, before and after which no further PKD1-P1-6 sequence match is observed. Selected Sanger and NGS chromatograms
for some of the variants from two family members are shown in the corresponding panels.
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kidney-derived epithelial cells due to tissue-specific splicing
regulation.58,59

Allele dropout and unrecognized intronic variants affect-
ing splicing may account for part of the approximately 10%
mutation-negative samples in clinically well characterized
cohorts,3,60 and are well suited to be detected and character-
ized by NGS rather than conventional Sanger sequencing.

In conclusion, we designed a strategy to analyze the PKD1
gene by NGS, a locus at which conventional genomic
partitioning approaches are not possible, and may serve as
an example for NGS analysis of other disease-associated seg-
mental duplications in the human genome.6,61–63 The very
high throughput of NGS makes it ideal for large-scale projects
and will make genotyping of large ADPKD cohorts feasible
(e.g., in association with large ADPKD clinical trials or
ADPKD population studies). The NGS deep sequencing of
the entire genomic structure of both the PKD1 and PKD2 genes
holds the potential of discovering atypical mutations like the
ones we describe here, and helps to clarify the genetic basis of
the 10% of ADPKD pedigrees in which no mutation is detect-
able through conventional Sanger sequencing.

CONCISE METHODS

Amplification and Pooling of LR-PCR Amplicons
LR-PCR amplicons were amplified as previously described3,64 using

the primers described in Supplemental Table 1. Amplicons were

checked and normalized to a control of known concentration by

gel densitometry, using a Kodak Gel Logic 200 Instrument. The am-

plicon standards were previously amplified ones with no smearing or

extra-bands and the concentration measured using a fluorescence-

based method (Quant-It, Invitrogen Inc). For the purpose of amplicon

equimolar assembly, variations in concentration up to three-folds were

tolerated. Thirty picomoles of each amplicon were assembled for each

sample, and equimolar amounts of assembled samples (2–8) were

pooled to generate 2–3 mg of total material for library preparation

(proof of principle and libraries 1–66 of the second experiment).

For libraries 67–74, genomic DNAof each individual sample were

diluted to 10 ng/ml, gently agitated overnight, pooled in equal

amounts, mixed again overnight, and then PCR amplified.

Preparation of Illumina Bar-Coded, Paired-End
Libraries, Clusters Formation, and Reads Generation
on the Illumina GA2X Sequencer
Input pooled DNA was fragmented by sonication using the Covaris

E210 ultrasonicator (Covaris Inc), and Illumina bar-coded, paired-

end libraries prepared using the NEBNext kit (New England Biolabs).

Bar-coded libraries were subjected to cluster formation using the

Illumina cluster station (Illumina Inc), and clusters loaded at an

average density of 250,000 clusters per lane.

Low-level bar coding (,8 indexes per lane) was performed fol-

lowing the bar-code combinations suggested by Illumina. Clusters

were sequenced with 51- or 101- bp long paired-end reads.

Data Mining, Sequence Variant Call, and
Confirmation of Mutations
Reads were exported as FASTAQ files and deconvoluted by bar code,

and each bar code was imported separately into the NextGENe soft-

ware version 1.99 (SoftGenetics Inc) for data mining. Mining was

performed using the NextGENe elongation algorithm. This polishes

the reads (reducing the machine error rate well below 1%); elongates

them by approximately 30% of the original length by read-to-read

comparison, facilitating variants and indels calls; and preserves the

paired-end information, reducing the false positives rate. NextGENe

software assigns a confidence score to each variant call on a scale

from 0 to 30, which was used for further variant filtering.50

Each bar code was mined at 4% mutant allele percentage–1003

read depth (high stringency), 4% mutant allele percentage–1003

read depth on trimmed, 76-bp long reads (medium stringency),

and 3%mutant allele percentage–1003 read depth (low stringency).

These three mining protocols were typically linked within NextGENe

for each bar code, and several bar codes linked in series, for automatic

execution. Reports were exported as spreadsheets and merged to

generate a consensus report. Variants were called if present in two

of three of the reports (high-confidence variants). Low-confidence

variants were defined as variants present in only one report, which

was always the low stringency one as defined above.

All novel and likely pathogenic exonic nonsynonymous/typical

splicing variants and a select group of other variants were Sanger verified

by re-amplifying the four original samples contained in each library.

Exonic synonymous and intronic variants in Supplemental Table

2 that were not tested by Sanger sequencing were validated by filtering

at 10003 minimum read depth and progressively higher stringency

(using NextGENe scores of 27, 28, 29, and 30). To ensure high con-

fidence in these datasets, variants were included only if present in at

least two different libraries with a minimum NextGENe score of 27,

unless it was previously described (PKDB or dBSNP) or Sanger ver-

ified (high-confidence variants). Similarly, high read depth and high

NextGENe score (approximately 80003 and 27 minimum score)

were used to validate all the intronic variants involved in the

PKD1-P6 gene conversion.

Scoring of VUCS
VUCS were classified based on the scores of the ADPKD Mutation

Database (http://www.pkdb.mayo.edu) for previously described var-

iants, and as previously described for novel variants.17 Hypomorphic

alleles were classified as previously described.65

Table 5. Comparison of sensitivity, specificity, and accuracy
between Sanger sequencing (as gold standard) and NGS for
the 48 patients that were characterized with both
methodologies in the cohort of 230 novel ADPKD patients

Sanger Sequencing (as Gold Standard)

1 2

NGS

1 True positive (TP) Sanger false negative (FN)
28 1

2 NGS false negative (FN) True negative (TN)
8 11

Sanger sensitivity, 97% (36/37); specificity, 100% (11/11); accuracy 98% (47/48).
NGS sensitivity, 78% (29/37); specificity, 100% (11/11); accuracy, 60% (29/48).
For both Sanger sequencing andNGS, sensitivity was calculated as TP/TP+FN,
specificity as TN/TN+FP, and accuracy as TP+TN/TP+FP+TN+FN.
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Analyses of Splicing Variants
Private intronic variants were analyzed for splicing potential using the

following tools: BDGP (http://www.fruitfly.org/seq_tools/splice.

html),66 Spliceport (http://spliceport.cs.umd.edu/),67 GeneSplicer

(http://www.cbcb.umd.edu/software/GeneSplicer/gene_spl.

shtml),68 NetGene2 (http://www.cbs.dtu.dk/services/NetGene2/),69

and HSF (http://www.umd.be/HSF/).70 cDNA analysis was per-

formed as previously described.17
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