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We performed whole genome sequencing in 16 unrelated patients
with autosomal recessive retinitis pigmentosa (ARRP), a disease
characterized by progressive retinal degeneration and caused by
mutations in over 50 genes, in search of pathogenic DNA variants.
Eight patients were from North America, whereas eight were
Japanese, a population for which ARRP seems to have different
genetic drivers. Using a specific workflow, we assessed both the
coding and noncoding regions of the human genome, including
the evaluation of highly polymorphic SNPs, structural and copy
number variations, as well as 69 control genomes sequenced by
the same procedures. We detected homozygous or compound het-
erozygous mutations in 7 genes associated with ARRP (USH2A,
RDH12, CNGB1, EYS, PDE6B, DFNB31, and CERKL) in eight patients,
three Japanese and five Americans. Fourteen of the 16 mutant
alleles identified were previously unknown. Among these, there
was a 2.3-kb deletion in USH2A and an inverted duplication of
∼446 kb in EYS, which would have likely escaped conventional
screening techniques or exome sequencing. Moreover, in another
Japanese patient, we identified a homozygous frameshift (p.L206fs),
absent in more than 2,500 chromosomes from ethnically matched
controls, in the ciliary gene NEK2, encoding a serine/threonine-
protein kinase. Inactivation of this gene in zebrafish induced ret-
inal photoreceptor defects that were rescued by human NEK2
mRNA. In addition to identifying a previously undescribed ARRP
gene, our study highlights the importance of rare structural DNA
variations in Mendelian diseases and advocates the need for
screening approaches that transcend the analysis of the coding
sequences of the human genome.
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The identification of the genetic causes of rare Mendelian
diseases is becoming increasingly important following some

success with gene-based therapy, as recently reported for patients
with a form of Leber congenital amaurosis (LCA), a severe auto-
somal recessive hereditary retinal dystrophy (1–3). The evidence
that restoring a gene in the diseased retina could yield therapeutic
effects has stimulated the pursuit of the genetic causes of other
retinal dystrophies, including retinitis pigmentosa (RP).
RP is the name given to a group of hereditary retinal con-

ditions in which degeneration of rod photoreceptors, responsible
for vision under starlight or moonlight conditions, is more pro-
nounced than that of cone photoreceptors, which mediate daylight
vision. Individuals with RP typically experience night blindness at
first, followed by progressive and unstoppable visual impairment
in daytime conditions as well (4). Their visual fields become re-

duced gradually and sight is lost from the midperiphery to the
periphery and then from the midperiphery to the center, result-
ing eventually in complete or near-complete blindness if left un-
treated. Most patients show intraretinal pigment in a bone spicule
configuration around the fundus periphery, for which this con-
dition was named. In addition, they typically show retinal arte-
riolar attenuation, elevated final dark adapted thresholds, and
reduced and delayed electroretinograms (ERGs) (4). Vitamin A
supplementation in combination with an omega-3 rich diet can
slow the course of retinal degeneration and preserve visual acuity
among adults with this condition (5, 6). Autosomal, recessively
inherited RP (ARRP) is the most common form of hereditary
retinal degeneration in humans. To date, over 50 genes have been
associated with ARRP and allied disorders, among patients who
are predominantly of European ancestry (RetNet; www.sph.uth.
tmc.edu/retnet/home.htm). However, despite this high number
of identified disease genes, ∼40–50% of all diagnosed cases have
no mutations in recognized loci (7). Furthermore, genetic defects
in RP are also population specific. For example, a screening of 193
unrelated Japanese patients with isolate or autosomal recessive RP
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for 30 disease genes identified commonly within North American
or European patients revealed candidate pathogenic mutations
in only 14% of the cohort (8).
Recent advances in massively parallel sequencing have enabled

the analysis of large amounts of sequences (genes) at reasonable
costs, revolutionizing the traditional approach of exon-by-exon
Sanger sequencing (9). The two major forms of sequencing strat-
egies allowing large-scale analyses are whole genome sequencing
(WGS) and whole exome sequencing (WES). The former reads
the entire genome with no distinction between exons and non-
exonic regions. It allows the detection of intergenic variants,
copy number variations (CNVs), and other structural rearrange-
ments, as well as unrecognized exonic sequences. The latter
technique relies on targeted DNA capture and focuses on the
analysis of the known exonic content of the genome, performed
according to the genomic annotation available at a given point
in time.
In this study, we performed WGS as a method for mutation

discovery in a highly genetically heterogeneous Mendelian dis-
ease; to this end, we evaluated 16 unrelated RP patients from
diverse ethnic backgrounds.

Results
Genome Sequencing. Genome sequencing in the 16 analyzed pa-
tients produced an average mapping yield of 200.8 ± 17.9
(mean ± SD) Gb and an average coverage of 66.1 ± 2.4 (mean ±
SD) reads per base (SI Appendix, Table S1). This covered a ge-
nomic fraction of 0.968 ± 0.004, in which roughly 3.8 million
putative variations were identified. Of these, ∼7.7% were not
reported in dbSNP build 131 and were classified as novel var-
iants. Variations present within transcripts were classified further
as synonymous and nonsynonymous, and analyzed separately for
the North American and Japanese sets of patients. Scoring of
large structural variations (SVs) could be achieved only for seven
genomes, as the remaining DNA samples, possibly because of
their older age, did not produce reliable mate pair information
(SI Appendix, Results S1).
Assessment of pathogenic variants was performed by a series

of filtering steps, summarized in Fig. 1.

Assessment of Autozygous Regions. Each genome was evaluated
for known or undocumented parental consanguinity as well as for
possible founder mutation events by extracting genotypes of known
polymorphic SNPs and by searching for long intervals with high
degrees of homozygosity (at least 500 consecutive SNP markers,
or ∼2.2 Mb on average), indicative of identity by descent (IBD).
Significant genomic homozygosity was observed only in the five
Japanese patients (individual IDs: R14, R15, R16, R18, and
R19) who had documented parental consanguinity. The areas of
IBD had essentially no overlap among these patients except for
a 10-Mb interval on chromosome 1 shared by R15 and R19.
Haplotype analysis indicated the shared intervals to be of dif-
ferent origins. No other patients carried genomic areas indicative
of IBD; this was consistent with their family history reporting
no parental consanguinity.

Sequence Analyses of Known RP Genes. We first focused our anal-
yses on genes known to be associated with ARRP.We investigated
both small variants (from 1 to 50 bp) from the mapping of short
reads and, whenever possible, large SVs. Our results are sum-
marized in SI Appendix, Table S2; detailed results are provided in
SI Appendix, Results S1, Figs. S1 and S3, and Table S3.
In addition to point mutations and short indels (insertion/

deletions), we detected pathogenic SVs in USH2A and EYS in
patients 003–019 and R9, respectively, by combining information
from sequence coverage and abnormal junctions/mate pair dis-
tance. In the genome of patient 003–019, we identified a ∼2-kb
deletion that removed exon 27 of USH2A, whereas patient R9
was found to carry a 446-kb head-to-head inverted duplication of
the portion of chromosome 6 that included exons 23–29 of EYS
(Fig. 2).
We found two pathogenic alleles, in either a homozygous or

compound heterozygous state, in 8 of the 16 patients, 5 Americans
and 3 Japanese, in seven different genes (SI Appendix, Table S2).
Six patients carried mutations in one of the following genes:
USH2A, RDH12, CNGB1, EYS, PDE6B, and DFNB31; 2 patients
had mutations in CERKL. None of these mutations were found
in the control cohorts of 95 healthy North American or 95 Japanese
individuals. None of these mutations were reported previously, ex-
cept p.R257X in CERKL and p.G76R in RDH12 (10, 11). All mu-
tations cosegregated with RP as recessive, pathogenic alleles in all
family members of the index patients for whom DNA samples
were available (Fig. 3).

Systematic Screening of All Genes. Based on the data from the
analysis of known RP genes, we adopted a pipeline to perform a
systematic analysis targeting all annotated genes in the genomes
of patients with unsolved genetic etiology (SI Appendix, Fig. S2).
With the aim of selecting a restricted number of candidate genes,
more aggressive filtering was adopted with respect to the one
used for the screening of known disease genes. The major dif-
ferences in the analytical pipeline included removal of all entries
in dbSNP. We safely applied this filtering because, given the low
frequency of individual mutations in ARRP genes (including
undetected ones), the risk of eliminating pathogenic DNA var-
iants that could be fortuitously included in dbSNP build 131 is
negligible. Further, to validate this approach, we applied it again
retrospectively to the genomes for which mutations in RP genes
were already detected. All of identified RP mutations were pre-
sent in the final list of variants, supporting the sensitivity of the
strategy. Detailed results are provided in SI Appendix, Results S2
and are summarized in SI Appendix, Figs. S2 and S3 and Table S4.
In R19, in whom we did not find any clear-cut mutations in

known ARRP genes, we found a homozygous frameshift variant
(p.L206fs, c.617_624delTGTATGAGinsA) in the never in mitosis
gene A (NIMA)-related kinase 2 (NEK2) gene. This variant was
present within a highly homologous genomic stretch of 19.6 Mb
of chromosome 1q32, predicted to be IBD (SI Appendix, Fig. S4).Fig. 1. Flowchart of the filtering process applied in this work.
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Similar to most frameshifts producing a premature termination
codon, p.L206fs is predicted to result in an mRNA allele that
is subject to nonsense-mediated mRNA decay, and therefore in
no protein product. Targeted DNA screening revealed that
c.617_624delTGTATGAGinsA was absent from 1,273 Japanese

and 95 North American control individuals. The entire coding se-
quence of the NEK2 gene was then analyzed in a mixed cohort
of 190 American patients with ARRP, in 64 Japanese patients with
isolate RP, as well as in 13 patients found previously to show
linkage between recessive retinal degeneration and the NEK2
region. However, other than known polymorphisms (rs1056729,
rs12031285, and rs45623136), we found only a few isolated het-
erozygous missense variants (p.R26Q, c.77G>A; p.V137I,
c.409G>A; p.I265V, c.793A>G; p.N189S, c.566A>G; and p.
K103E, c.307A>G; none were present in dbSNP) insufficient to
account for ARRP. Notably, an additional Japanese male with
ARRP was found to carry the same frameshift variant p.L206fs,
but heterozygously, with no other variants in the NEK2 coding
sequence. This same patient (R51) was later found to carry
the retinitis pigmentosa GTPase regulator (RPGR) mutation
c.2405_2406delAG; p.E802fs (Human Gene Mutation Data-
base entry: CD004115), described previously to be a sufficient
cause of RP (12).
In light of a recent study reporting the involvement of non-

coding RNA in the pathogenesis of retinal degeneration in mice
(13), variants in noncoding RNA were also analyzed. After the
removal of variants observed in 52 publicly available control
genomes, only isolated heterozygous variants each with one entry
per gene remained, insufficient to account for ARRP.

nek2 Inactivation and Rescue in Zebrafish. To validate the patho-
genic role of NEK2 deficiency in RP, we suppressed the sole
ortholog of NEK2 in zebrafish embryos and asked whether this
manipulation might give rise to photoreceptor phenotypes. Upon
injection of 6 ng of nek2 splice-blocking morpholino, we ob-
served gross ocular defects, including microphthalmia and en-
larged eye sockets in 5-d postfertilization (dpf) morphant (MO)
embryos (Fig. 4A). Whereas 63% of MO embryos displayed such
phenotypes, only 21% of embryos expressing both MO and wild-
type human NEK2 mRNA did, suggesting that the ocular pheno-
types are specific to the nek2 suppression (P < 0.001) (Fig. 4B).
We next asked whether, in addition to overt structural ab-

normalities that may not directly inform the involvement of this
gene to RP in humans, suppression of nek2 might also give rise
to photoreceptor defects consistent with those of patients with
ARRP. We therefore embedded and paraffin sectioned control
and MO embryos. In addition to the small eye phenotype, we
detected alterations in the photoreceptor layer. Specifically, after

Fig. 2. Pathogenic structural variations identified. (A) Sequence of the
heterozygous USH2A 2,229-bp deletion in patient 003–019 (Left) and elec-
trophoresis of the PCR fragments showing a smaller fragment carrying the
deletion in the index patient (IP) and her affected brother (AB) but not in her
mother (Mo) or a control DNA (C). del, deleted; WT, wild type. (B) Alignment
of the USH2A protein from Homo sapiens (Hs) and Saccoglossus kowalevskii
(Sk, acorn worm) showing the conservation of 13 CC repeat motifs (red) and
the location of the mutation p.C3294W, newly identified in patient 003–019
and her sister. Four previously reported disease-associated missense changes
(p.C3251R, p.C3267R, p.C3282R, and p.C3358Y) also affect neighboring CC
repeats. (C) Schematic representation and DNA sequence of the junctions
characterizing the chromosomal rearrangement detected in patient R9
and involving the EYS gene. Integration of the information obtained by
Sanger DNA sequencing and WGS coverage of the region allows identifying
an inverted duplication encompassing exons 23–29.

Fig. 3. Cosegregation analyses. All mutations analyzed cosegregated with
the disease according to an autosomal recessive pattern of inheritance.
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serial sectioning of 10–20 embryos injected with sham, MO, or
MO + human NEK2 mRNA, we observed a persistent decrease
in the number of photoreceptors with large central domains of
condensed chromatin. This phenotype was seen in all nek2 MO
embryos evaluated, but was absent from embryos injected with
either sham or MO + human NEK2 mRNA, suggesting a loss of
rod photoreceptors specific to the suppression of nek2 (Fig. 4C
and SI Appendix, Fig. S5). To verify this observation, we used a
rhodopsin (4D2) antibody to stain retinal cryosections from em-
bryos injected with sham, MO, or MO + human NEK2 mRNA
(Fig. 4D and SI Appendix, Fig. S5). Immunohistochemical analyses

of cross-sections from each condition demonstrated that the
suppression of nek2 resulted in the depletion of ∼24% of 4D2-
positive rod photoreceptors. In addition, mislocalization of
rod opsin throughout the photoreceptor cells was evident in the
central retina of nek2 MO specimens, consistent with the hy-
pothesis that nek2 is required for the appropriate trafficking of
rhodopsin to the outer segments (Fig. 4D).
Further, to ask whether apoptosis, a major mechanism of

photoreceptor loss in most known forms of RP (14), might ac-
count for some of the observed loss of photoreceptors, we per-
formed TUNEL analysis. Masked scoring of embryos (∼50
embryos per injection mixture) revealed a sevenfold increase in
the number of TUNEL-positive cells in the eye and head region
of nek2 morphant embryos. By sharp contrast, we did not ob-
serve more than 1–10 TUNEL-positive cells in embryos injected
with MO + NEK2 mRNA (Fig. 4E).
Finally, we were intrigued by the discovery of a heterozygous

frameshift variant p.L206fs in NEK2 and the bona fide RPGR
mutation p.E802fs in a patient with RP. We therefore asked
whether the RPGR variant may interact genetically with the
NEK2 locus. To test this possibility, we coinjected subeffective
doses of the nek2 MO and rpgr MO and compared embryos with
single or double MO (n > 100 at subeffective doses). Approxi-
mately 28% of embryos carrying subeffective doses of both nek2
and rpgr MO revealed ocular (P < 0.001) and rod photoreceptor
phenotypes (serial sectioning of 10 embryos per genotype) that
exceeded the number of affected embryos induced by either nek2
(3%) or rpgr (10%) MO alone, suggesting that the RPGR allele
interacts in trans with the NEK2 locus to exacerbate photore-
ceptor defects (SI Appendix, Fig. S6).

Discussion
Massively parallel sequencing has proven to have a high poten-
tial to detect mutations in patients with rare Mendelian diseases
(15). To date, most reports focus on monogenic conditions with
no genetic heterogeneity, for which mutations can be recognized
from benign variants since they invariantly affect the same gene
in different patients.
In this study, we explored the efficacy of WGS in identifying

mutations in unrelated patients from diverse ethnic backgrounds
and presenting with a disease that is clinically the same but that
has different genetic drivers. Whereas the small number of
genomes analyzed in this study precludes an accurate analysis of
quantitative measures, such as sensitivity of the WGS to detect
mutations in known RP genes, we observed a few features that
allowed us to make some valid comparisons between the dif-
ferent techniques currently available for genetic diagnosis. First,
the majority of the pathogenic mutations identified were never
reported before. This implies that tools that rely on systematic
search for known pathogenic variants, both via mutation-cen-
tered resequencing and chip-based hybridization, may not be
adequate for ARRP. Second, thanks to full-genome data, we
detected complex structural variants whose junctions were lo-
cated deep in noncoding regions. Because of their nature, these
disease-causing variants would have been invisible to standard
screening methods, or even to WES. Coverage-based analysis of
CNV in exome sequencing has been attempted, with variable
results. Limitations of this approach include the uneven effi-
ciency of target DNA capture (and hence sequence coverage, on
which assessment of number of copies is based) over different
probes and, above all, the low probability of detecting junctions
defining the SVs, which are more likely to be found in the
nonexonic sequences composing ∼98% of our genome. Un-
ambiguous detection of abnormal junctions and mate pair in-
formation are crucial parameters in defining a SV; for instance,
they allow distinguishing a tandem duplication from an inverted
one. Third, because we had access to the full wealth of genomic
information, we could integrate many sources of information

Fig. 4. In vivo functional evaluation of nek2 loss in zebrafish. (A) Bright-
field representation of 5-dpf control and nek2 morphant zebrafish embryos.
Magnified Insets highlight ocular phenotypes including microphthalmia and
enlarged eye sockets (marked by the black asterisk). (B) Ocular phenotypes
including microphthalmia and enlarged eye sockets vs. normal phenotypes
(red bars and blue bars, respectively) are quantified in control and nek2
morphant embryos, as well as in morphant animals rescued with human WT
NEK2 mRNA. Asterisks indicate statistically significant differences between
groups (P < 0.001). (C) Histology of control and nek2 morphant embryos also
show enlarged eye sockets (marked by black asterisks) and microphthalmia.
Magnified Insets show a decrease in the number of photoreceptors with
apparent changes in domains of condensed chromatin (white asterisks). C,
cones; R, rods. (D) Immunohistochemical analyses of retinal cryosections
from control and nek2 MO embryos, stained with DAPI (blue) and the 4D2
antibody against rhodopsin (green). Suppression of nek2 results in the depletion
of rods and in the mislocalization of rod opsin from the outer segment (OS) of
photoreceptors. INL, inner nuclear layer; ONL, outer nuclear layer. (E) TUNEL
immunofluorescent images of 4-dpf embryos, showing an increase in the
number of apoptotic cells in nek2morphant embryos. The dotted ovals indicate
the position of the eye. A, anterior; D, dorsal; P, posterior; V, ventral.
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at once (e.g., SNP genotypes, phasing, etc.) that allowed us to
accurately filter DNA variants that were related to the disease.
Genetic defects in EYS were proposed recently to be one of

the major causes of ARRP in the Japanese population (16). We
found that one of the pathogenic EYS alleles was a large SV (446
kb) with a complex genomic rearrangement. This finding sup-
ports the notion that SVs represent frequent pathogenic mu-
tations in this gene (17). A homozygous nonsense mutation in
exon 6 of DFNB31 was identified in R18, a patient with non-
syndromic ARRP. The DFNB31 gene encodes whirlin, a PDZ
scaffold protein with expression in both hair cell stereocilia and
retinal photoreceptor cells. Whirlin binds to the protein encoded
by USH2A (18), a gene associated with both Usher syndrome
type II (ARRP accompanied by hearing loss) and nonsyndromic
ARRP (19). Whereas mutations in DFNB31 have been re-
ported as rare causes of Usher syndrome type II (20, 21), no
DNA changes in its sequence have yet been associated with
nonsyndromic ARRP. However, at the age of 66, the past medical
history of this patient was significant for only hyperlipidemia and
she did not report any hearing loss. We could not perform an
auditory examination because she was no longer reachable.
In patients from consanguineous families, regions of IBD

allowed restricting the search for pathogenic mutations to only a
fraction of the genome. However, these same regions were sus-
ceptible to carrying other rare but nonpathogenic homozygous
changes as well. Indeed, a higher number of candidate genes/
mutations remained among Japanese patients with parental con-
sanguinity compared with those without it (SI Appendix, Table S4).
These results suggest that even if the analysis should be restricted
to areas of IBD, genomes with high homozygosity do not necessarily
offer an extra advantage in mutation detection, when compre-
hensive genomic sequencing in single individuals is performed.
In three patients we identified clear-cut pathogenic but het-

erozygous mutations in known ARRP genes that could not be
associated directly with the disease. This was particularly evident
for patient R14, who carried a heterozygous frameshift in
DFNB31 but was also homozygous for a mutation inactivating
PDE6B (22). These findings are not surprising, given the ele-
vated number of recessive ARRP mutations that are predicted to
be present in the general population. Based both on theoretical
assessments and on experimental data from control cohorts, we
estimated that 1 in 3–7 individuals could be potential heterozy-
gous carriers of an ARRP mutation (23, 24) or, as in the present
case, 3 in 16.
The reasons why no candidate mutations of similar quality

(i.e., two mutations, at least one of them being clearly deleterious
in nature) to those revealed in known RP genes was uncovered in
most of the unresolved genomes are unknown. Explanations for
this observation may include the presence of variants or SVs that
were undetected because of problems inherent in the mapping
or sequencing procedure, or of less obvious pathogenic changes
that alter splicing or transcription. These would include variants
located in introns or in promoter regions, synonymous changes,
or changes lying within important yet unannotated exons, genes,
or genetic elements that have not been explored in the current
study. Diseases caused by oligogenic modes of inheritance, or
perhaps attributable to missense mutations for which efficient
prioritization is difficult, is another possible explanation. De novo
mutations in unknown dominant RP genes could also be evoked.
The search for mutations in unknown disease-causing genes

revealed a number of genes with two nonsynonymous changes,
which were mostly previously undescribed missenses. Applica-
tion of more stringent filtering criteria by imposing the presence
of at least one deleterious mutation followed by targeted anno-
tation highlighted a single candidate, NEK2, in a Japanese patient
who carried a homozygous frameshift in this gene. The serine/
threonine-protein kinase NEK2 is known to play an important
role in regulation of cell cycle progression through localization

to the centrosomes and interaction with microtubules (25). The
identified frameshift would result either in the creation of pre-
mature stop codon yielding a null allele or (less likely) a truncated
protein lacking kinase activity and loss of microtubule binding.
Importantly, defects in members of the Nek kinase family have
been linked to impaired ciliogenesis and polycystic kidney disease
(26). Recently, a role for Nek2 in the left–right patterning of vital
organs (a phenotype associated with ciliary function) was estab-
lished in Xenopus laevis (27). In the same work, in situ hybrid-
ization revealed the expression of nek2 transcripts in the eye (27).
Furthermore, because NEK2 interacts with and can phosphorylate
rootletin, a component of photoreceptor cilia (28, 29), NEK2 was
considered to be an important candidate for ARRP.
Our zebrafish studies showed that lack of Nek2 induces micro-

phthalmia as a gross morphological phenotype. More importantly,
in nek2 morphants, we observed mistrafficking of rhodopsin, a
hallmark of photoreceptor disease (30), and a reduced number of
rod photoreceptors, likely via apoptotic processes. These pheno-
types were rescued by injection of wild-type human NEK2mRNA,
validating the specificity of the induced defects. Microphthalmia
is a phenotype that is difficult to interpret in the present context
but that is not uncommon to zebrafish models of RP (31, 32).
Meanwhile, photoreceptor death, mistrafficking of rhodospsin,
and reduction of the outer retinal layers are classical features of
RP in both patients and animal models (7, 14, 33). Indeed, no
microphthalmia was noted in patient R19.
Intriguingly, the NEK2 frameshift identified in R19 was also

present in R51, another patient with RP who had a deleterious
mutation in RPGR. As the RPGRmutation in itself could explain
the disease, an obvious question was whether the NEK2mutation
might in fact represent a common benign allele. We therefore
searched for this variant in 1,273 control Japanese individuals
and found that none carried it (allele frequency <3.9 × 10−4).
The p.L206fs mutation in NEK2 is therefore exceedingly rare,
such that its presence in a homozygous state in a patient is
a strong argument in favor of its being an uncommon cause for
ARRP. Although it is possible to attribute the presence of both
NEK2 and RPGR mutations in R51 to chance, a more parsi-
monious explanation is that mutations in these two genes, both
expressed in the connecting cilium, act synergistically to define
a severe RP phenotype, due to the established principles of
mutational load and oligogenic interactions of pathogenic alleles
(34). In turn, this would increase the likelihood for the patient
of being examined at earlier ages and analyzed genetically. Mul-
tiple genetic modifier genes have been reported for cilia-encoding
genes and especially for RPGR (35). These modifiers may account
in part for the wide phenotypic spectrum associated with genetic
defects in this gene, ranging from localized macular atrophy to
retinitis pigmentosa of variable severity. To investigate the possi-
bility of the cooperative effect between deficiencies in these two
ciliary genes, we performed in vivo genetic interaction studies
and showed that loss of Rpgr function can exacerbate Nek2
ocular phenotypes, including defects comprising the trapping
of rhodopsin in the inner segment. Taken together, our genetic
and functional data indicate that NEK2 is a disease gene and that
the retinal phenotype that results from its deficiency may repre-
sent a newly recognized ciliopathy.
To date, WGS has not been as widely explored as WES in the

context of mutation detection. This can be attributed mainly to
cost-related issues, because WGS is at least twice as expensive as
WES procedures ensuring the same average coverage. We be-
lieve that the additional features displayed by WGS are worth
the difference in price; however, this is a rather subjective matter
that also depends on the disease that is being investigated. In the
present case, WGS was essential to identify two pathogenic struc-
tural variations originating in introns. This is a significant finding,
considering that only seven genomes could undergo SV analysis.
Therefore, as a general rule, WGS is probably the strategy of
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choice when detection of structural variants or mutations in non-
coding regions represents an important element of investigation.
In the long term, considering that costs associated with massively
parallel sequencing technology is expected to fall further and that
analysis pipelines continue to evolve, it is probable that WGS
would be just as workable economically and physically as WES.
Limitations of WGS include the requirement of high-quality
DNA to explore the full leverage of the mate-pair mapping and
the lack of reliable pipelines to detect SVs ranging in size from
50 to a few hundred base pairs. Unexpectedly, the difficulty ac-
companied by handling the large amount of data produced by
WGS was not a significant obstacle, given the power of desktop
computers presently available on the market. Whereas samples
with suitable quality could be obtained through careful prepa-
ration of fresh DNA samples, under detection of SVs may be a
more problematic issue to solve. This occurs because current
mapping is based on two steps: mapping of the short reads aimed
at detecting variations between 1 and 50 bp and mate-pair map-
ping for detection of SVs larger than a few hundred bases; to our
knowledge, a solution that could fill the gap between these two
mapping approaches remains to be found.
In conclusion, in this study we identified clear-cut causative

mutations among the overwhelming number of DNA variants
present in the human genome, in single patients from genetically
diverse populations. This happened without ambiguities in a highly
heterogeneous disease, ARRP, and in more than 50% of the in-

dividuals analyzed. Furthermore, two cases presented mutations
involving noncoding parts of the genome. Considering that the
majority of patients referred for molecular genetics diagnosis are
isolated individuals, our results are relevant not only to basic re-
search, but also to future clinical genetic testing.

Methods
Our research protocol involving humans and animals was approved by the
institutional review boards of our respective universities and organizations.
Written informed consent for providing medical information and blood
samples was obtained from each patient. Experimental procedures are de-
scribed in detail in SI Appendix, Methods.
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