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A spectrum of complex oligogenic disorders called the ciliopathies have been connected to dysfunction of
cilia. Among the ciliopathies are Nephronophthisis (NPHP), characterized by cystic kidney disease and retinal
degeneration, and Meckel–Gruber syndrome (MKS), a gestational lethal condition with skeletal abnormal-
ities, cystic kidneys and CNS malformation. Mutations in multiple genes have been identified in NPHP and
MKS patients, and an unexpected finding has been that mutations within the same gene can cause either dis-
order. Further, there is minimal genotype–phenotype correlation and despite recessive inheritance, numer-
ous patients were identified as having a single heterozygous mutation. This has made it difficult to determine
the significance of these mutations on disease pathogenesis and led to the hypothesis that clinical presen-
tation in an individual will be determined by genetic interactions between mutations in multiple cilia-related
genes. Here we utilize Caenorhabditis elegans and cilia-associated behavioral and morphologic assays to
evaluate the pathogenic potential of eight previously reported human NPHP4 missense mutations. We
assess the impact of these mutations on C. elegans NPHP-4 function, localization and evaluate potential
interactions with mutations in MKS complex genes, mksr-2 and mksr-1. Six out of eight nphp-4 mutations
analyzed alter ciliary function, and three of these modify the severity of the phenotypes caused by disruption
of mksr-2 and mksr-1. Collectively, our studies demonstrate the utility of C. elegans as a tool to assess the
pathogenicity of mutations in ciliopathy genes and provide insights into the complex genetic interactions
contributing to the diversity of phenotypes associated with cilia disorders.

INTRODUCTION

Recent advances in genome sequencing technologies along
with the HapMap project have led to a rapid expansion in
the identification of genetic changes associated with human
diseases (1). However, in many cases it is difficult to assess
the significance of these genetic alterations on gene function
and their potential contribution to disease initiation or pro-
gression. This is particularly relevant in complex polygenic
or oligogenic disorders where overall genetic mutational
load is thought to influence severity of disease presentation.
Among human disorders with polygenic/oligogenic inheri-
tance are diseases collectively referred to as ciliopathies—dis-
orders caused by abnormal function of the cilium, a cellular

appendage that is essential for development and postnatal
homeostasis in almost all tissues (2). To date, at least 35
different ciliopathy genes have been identified; however,
their functions and how mutations in these genes collectively
contribute to disease phenotypes remain unknown (2–4).

Nephronophthisis (NPHP) and Meckel–Gruber syndrome
(MKS) represent the two ends of a spectrum of clinical dis-
eases caused by disruption of at least three related molecular
ciliary modules (5–7), where NPHP is the least and MKS
the most severe form of the disease (2). Multiple genes
involved in both of these disorders have been identified and
in several cases they share common loci; these include
NPHP3/MKS7, NPHP6/MKS4, NPHP8/MKS5 and NPHP11/
MKS3 (4,8–12). Nearly all NPHP/MKS genes encode proteins
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that localize to the base of the cilium (basal body/transition
zone (TZ) region) or to the cilium axoneme itself (6,9,13).
Most of these proteins associate together in one or more
macromolecular complexes and therefore are likely to partici-
pate collectively in particular cellular functions (5,14).

MKS/NPHP patients exhibit a wide spectrum of phenotypes
that can include mid-gestation lethality, left–right body asym-
metry defects, skeletal abnormalities, cystic kidney and liver
disease, retinal degeneration, CNS malformation and cognitive
deficits (2,13,15). In the case of NPHP4 patients, phenotypes
can be limited to renal dysfunction or may additionally
include retinal degeneration, with no apparent genotype–phe-
notype correlation between the two presentations (16,17). This
phenotypic variability may be influenced by additional back-
ground mutations, potentially in other known or unknown
ciliopathy genes (2,16,18–20). This is further supported by
studies in C. elegans revealing that there are significant
genetic interactions between NPHP and MKS genes that
result in the appearance of new phenotypes that are not
observed in any of the single mutants alone (7,21). Similarly,
data generated in Zebrafish using Morpholino antisense oligo-
nucleotides to impair expression of combinations of ciliopathy
genes have shown synergistic interactions between MKS/
NPHP genes and genes implicated in Bardet–Biedl Syndrome
(BBS) that result in a more severe phenotype (22,23).

Numerous missense mutations have been identified in the
NPHP4 gene in NPHP patients; however, despite being a
recessive disorder in a majority of these cases, the genetic var-
iants were found as a single heterozygous mutation (16,24).
The pathogenicity of these mutations was suggested based
on the observation that they were not present in healthy
control cohorts analyzed (16,24). Thus, it remains unresolved
in these patients whether the heterozygous missense mutations
represent benign polymorphisms or are pathogenic in nature—
perturbing NPHP4 function, localization and protein inter-
actions or potentially having an influence on clinical
outcome through genetic interactions with a mutation in
another ciliopathy gene. Addressing these issues in mamma-
lian cell lines or using mouse models (25) has been hindered
since Nphp4 mutants have only retinal and male sterility
defects, cells appear to be normally ciliated and there are cur-
rently no easily quantifiable assays to evaluate the effects of
mutations on gene function.

In previous studies, we characterized the C. elegans homo-
logs of NPHP1 and NPHP4 (NPHP-1 and NPHP-4, respect-
ively) and found that these proteins are expressed in amphid
(head) and phasmid (tail) sensory neurons and localize specifi-
cally to the TZ at the base of cilia that form at the tips of the
dendrites of the sensory neurons. We found that NPHP-4 was
required for the proper localization of NPHP-1 at the TZ (26).
Similar to that seen in mammalian cells (25,27,28), single
nphp-1 or nphp-4 mutant worms have mild ciliary ultrastruc-
tural defects. The mutant worms also have abnormal cilia-
mediated signaling activity as demonstrated by blunted
response to chemo-attractants and a behavioral defect in
which mutants spend significantly less time foraging on a bac-
terial lawn compared with wild-type controls (7,26). A similar
but more severe foraging phenotype was observed previously
in C. elegans with mutations in genes required for assembly
of the cilium, such as intraflagellar transport (IFT) genes

(29–31). Finally, strong synergistic effects were found
between mutations in either nphp-1 or nphp-4 and mutations
in mks-associated genes (mks-1, mksr-1, mksr-2, mks-3,
mks-5 or mks-6) such that double nphp;mks mutants exhibited
severe synthetic foraging and ciliogenesis defects (7,14). As a
consequence of cilia structural defects, nphp;mks double
mutants are not able to absorb lipophilic dye into the
sensory neurons (Dyf phenotype) (7). Thus, in contrast to
the relatively limited assays currently available in mammalian
Nphp mutants, nphp mutations in C. elegans cause
easily quantifiable phenotypes that provide an opportunity to
evaluate the consequence of the missense mutations on gene
function.

To understand how mutational load may affect clinical pres-
entation, it is important to establish approaches to assess the
consequence of genetic variants identified in human patients
on the activity of the corresponding protein and how genetic
variants may interact with mutations in other ciliopathy
genes. In this manuscript, we utilize the nematode C.
elegans and a series of behavioral and phenotypic assays to
evaluate eight previously identified human NPHP4 missense
mutations (16,32,33) and characterize them as being function-
ally perturbing and likely disease causative or benign. Expres-
sing each of the conserved NPHP-4 missense mutations
identified in human NPHP patients in nphp-4 null animals
revealed that six of the eight are unable to restore normal fora-
ging behavior that is regulated through the cilium and is dis-
rupted in the nphp-4 null mutants. Further, three of the eight
mutations could not rescue the cilia morphology defects
when expressed in null nphp-4; mksr-2 double mutants and
one variant was found to disrupt normal cilia formation in
mksr-2 mutants even in the context of a wild-type nphp-4
background. These data demonstrate that some but not all of
the variants have severe consequences on NPHP-4 function
and are likely to be disease causative, at least with respect
to the genetic interactions tested and the phenotypes analyzed.
Moreover, these analyses highlight the utility of C. elegans as
a model system to screen for deleterious missense alleles and
assess their contribution to severity of disease presentation in
human patients.

RESULTS

Missense mutations in human NPHP4 occur in conserved
domains

To initiate this study, human NPHP4 was aligned with its
orthologs from multiple species. Since NPHP4 does not
have any known functional domains, the alignment was
used to select human NPHP4 mutations that occur in con-
served domains in C. elegans. On the basis of this conser-
vation, eight missense mutations were deemed suitable for
further analysis. These mutations were spread across the
entire length of the NPHP4 protein, including a domain
that mediates NPHP4’s interaction with NPHP1 in mamma-
lian systems (Supplementary Material, Fig. S1, Fig. 1A).
With the exception of human NPHP-4(F991S) (F903S in
C. elegans), which was identified as a homozygous
change in a human NPHP patient, all the variants selected
were identified as single heterozygous substitutions (16).
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Thus, in the absence of further functional analyses, the sig-
nificance of these variants and their potential contribution to
disease pathogenesis is unclear.

The potential pathogenic nature of these substitutions was
initially assessed using Screening for Non-Acceptable Poly-
morphisms (SNAP) (http://cubic.bioc.columbia.edu/services/
SNAP/) (34) and PolyPhen-2 (http://genetics.bwh.harvard.
edu/pph2/) which predict the effect of single-nucleotide
changes on protein function. On the basis of SNAP, two
out of the eight mutations were predicted to be neutral,
and six were non-neutral while PolyPhen-2 predicted four
out of the eight mutations as being functionally perturbing
(Table 1).

Rescue of the nphp-4(tm925) mutant phenotype

nphp-4(tm925) mutants have a deletion starting in intron 2 that
extends through intron 6, and analysis of nphp-4 expression in
these mutants indicated that only short transcripts are pro-
duced that result in prematurely terminated proteins (largest
predicted open reading frame is 107 amino acids) (26).
Thus, the tm925 allele is thought to be a null mutation.

Normal function of sensory cilia in C. elegans is necessary
for the animal to properly respond to food and other environ-
mental stimuli (29). Indicative of NPHP-4 functioning in cilia
signaling, nphp-4(tm925) mutant adult worms have reduced
foraging activity in the presence of food (Fig. 1B and C)

Figure 1. Location of tm925 deletion and missense mutations in C. elegans NPHP-4 and rescue of the nphp-4(tm925) foraging defect. (A) Graphical represen-
tation of NPHP-4 protein showing the location of the tm925 genomic deletion and the amino acid positions corresponding to human NPHP4 missense mutations
characterized in this study. Asterisk indicates amino acid which was not conserved in C. elegans NPHP-4 but located in a highly conserved domain. (B)
nphp-4(tm925) mutants exhibit a foraging behavior defect which was partially rescued in transgenic lines expressing wild-type NPHP-4. Photographs show
single worm tracks on the uniformly sized round bacterial lawns. (C) Quantification of the nphp-4(tm925) foraging defect rescue (n ¼ 50 for each line). The
asterisk indicates a statistically significant difference from nphp-4(tm925) P , 0.05. Rescue lines 1 and 2 are not significantly different from each other
(P ¼ 0.9). Bars represent SEM.
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(7). To confirm that this phenotype is due to the loss of
NPHP-4 function, we generated nphp-4(tm925) transgenic
worms expressing fluorescent protein-tagged wild-type
NPHP-4 (NPHP-4::YFP) driven by the nphp-4 promoter. L4
stage animals were analyzed in two independent foraging
experiments. The wild-type NPHP-4 construct significantly
rescued the foraging defect from 29% of wild-type in
nphp-4(tm925) to 55 and 51% of the mean in the two indepen-
dent rescue lines, respectively (P , 0.001) (Fig. 1B and C).
This partial rescue is likely due to somatic mosaicism in trans-
genic worms as reported in similar studies previously (35,36).
Additionally, in both rescue lines, expression of NPHP-4::YFP
restored localization of fluorescent protein-tagged NPHP-1
(NPHP-1::CFP) to the ciliary TZ (Fig. 2A–D and data not
shown).

Effect of NPHP-4 missense mutations on NPHP-4 and
NPHP-1 localization

Using site-directed mutagenesis, the sequence of the wild-type
NPHP-4 expression construct was altered to match the corre-
sponding point mutations identified in human patients. Trans-
genic lines were then generated in the nphp-4(tm925) mutant
background by injecting the NPHP-4 construct containing a
missense mutation along with a wild-type NPHP-1 expression
construct. At least two independent transgenic lines were
obtained for each of the eight missense mutations. For com-
parison of these proteins in the absence and presence of func-
tional endogenous NPHP-4, we also backcrossed the new
transgenic animals to remove the nphp-4(tm925) null allele.

We first analyzed the effects that the missense mutations
had on both NPHP-4 targeting to the base of the cilium and
the ability of the mutant proteins to restore NPHP-1 localiz-
ation to the TZ. In contrast to the complete absence of
NPHP-1 signal at the TZ at the base of the cilium in the
nphp-4(tm925) null background, each of the eight variants
were able to restore NPHP-1 localization in both amphid
(data not shown) and phasmid neurons (Fig. 2 and Supplemen-
tary Material, Fig. S2). These data indicate that none of the
missense mutations examined abolish NPHP-4 binding with
NPHP-1. Five of the eight NPHP-4 mutations (D5Y, R321C,

A603G, S691R and A985T) showed normal localization of
both the NPHP-4 and NPHP-1 proteins at the TZ (Supplemen-
tary Material, Fig. S2). Intriguingly, NPHP-4 with F83L,
F903S or T1101M mutations revealed protein localization
defects of different varieties (Fig. 2). The most subtle effect
on localization was observed for NPHP-4(F83L) (Fig. 2E
and F). In the nphp-4(tm925) null background,
NPHP-4(F83L) appeared to be in the region of the TZ and
co-localized with NPHP-1 (Fig. 2F). However, in the wild-
type background, NPHP-4(F83L) localized only to the most
proximal end of the TZ where it had a small domain of
overlap with NPHP-1, which by comparison localized more
distally (Fig. 2E). This more distal localization of NPHP-1 is
attributed to the presence of wild-type NPHP-4 in the TZ.
The fact that NPHP-1 and NPHP-4(F83L) were found to com-
pletely co-localize in the nphp-4(tm925) mutant background
indicates that despite the F83L mutation occurring within
the NPHP-1 interaction domain, it does not disrupt binding
between the two proteins.

To address this small mislocalization defect further, we gen-
erated transgenic worms expressing NPHP-4(F83L) together
with another TZ marker, MKSR-2, whose localization does
not depend on NPHP-4. There was nearly complete overlap
between MKSR-2::CFP and NPHP-4::YFP (Fig. 3A). In con-
trast, for NPHP-4(F83L) there was a marked reduction in the
extent of co-localization between MKSR-2 and
NPHP-4(F83L), with the latter being displaced more proxi-
mally (Fig. 3B). To quantify the degree of MKSR-2 and
NPHP-4(F83L) separation, we calculated the Pearson’s
co-localization coefficient (PCC) using three-dimensional con-
focal stacks. The mean PCC for MKSR-2/NPHP-4(F83L) was
0.731 (n ¼ 20 phasmid neurons) compared with 0.906 (n ¼ 20
phasmid neurons) for MKSR-2/NPHP-4. Comparison of PCC
revealed that MKSR-2/NPHP-4(F83L) co-localization is stat-
istically different from MKSR-2/NPHP-4 co-localization
(P , 0.001).

In contrast to F83L, the F903S mutation caused a more
severe defect in localization of NPHP-4; although
NPHP-4(F903S) was properly targeted to the dendritic tip, it
completely failed to enter into the TZ at the base of the
cilium in both wild-type and nphp-4(tm925) mutant

Table 1. SNAP and PolyPhen-2 neutrality prediction

SNAP PolyPhen-2

Human NPHP4 mutation C. elegans NPHP-4 mutation C. elegans mutation prediction Predicted accuracy, % C. elegans mutation prediction PSIC∗∗

D3Y D5Y Non-neutral 78 Probably damaging 2.025
F91L F83L Non-neutral 70 Benign 1.350
R342C R321C Non-neutral 82 Possibly damaging 1.800
A654G A603G Neutral 53 Benign 0.675
G754R S691R∗ Non-neutral 82 Benign 1.125
F991S F903S Non-neutral 70 Possibly damaging 1.800
A1098T A985T Neutral 85 Benign 0.000
T1225M T1101M Non-neutral 70 Benign 1.350

Prediction of pathogenicity of the mutations in NPHP-4 is based on Screening for Non-Acceptable Polymorphisms (SNAP, http://cubic.bioc.columbia.edu/
services/SNAP/) and PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/). The predicted accuracy reflects SNAP’s assignment confidence.
∗Amino acid which was not conserved in C. elegans NPHP-4 but located in a highly conserved domain.
∗∗Position-Specific Independent Counts (PSIC) and is an assessment of the likelihood of given amino acid occurring at a particular position to the likelihood of this
amino acid occurring at any position (background frequency) (see http://genetics.bwh.harvard.edu/pph2/).
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backgrounds (Fig. 2G and H). Interestingly, in the
nphp-4(tm925) mutant background, accumulation of
NPHP-4(F903S) at the dendritic tip was accompanied by the
relocation of NPHP-1 to this region outside of the TZ as
well (Fig. 2H). This indicates that NPHP-4(F903S) is still
able to interact with NPHP-1 but is unable to incorporate
into the TZ. This is also evident in the wild-type background
in which NPHP-1 was present in the TZ as normal (due to the
presence of wild-type NPHP-4 at the TZ), but a portion of
NPHP-1 also co-localized with NPHP-4(F903S) at the dendri-
tic tip (Fig. 2G). To further confirm these data, we analyzed
NPHP-4(F903S) localization in wild-type worms expressing
fluorescent protein-tagged MKSR-2. Indeed, we observed
complete separation of NPHP-4(F903S) from TZ-localized
MKSR-2, verifying that the F903S mutation impairs the
ability of NPHP-4 to be assembled into the TZ (Fig. 3C).

In the case of the NPHP-4(T1101M) variant, the protein was
detected very faintly in the dendritic tip in nphp-4(tm925)
mutant animals and occupied only the proximal end of the
TZ (Fig. 2J). In wild-type animals, NPHP-4(T1101M) simi-
larly showed very faint localization in the dendritic tip, but flu-
orescence signal was barely detected at the proximal end of
the TZ (Fig. 2I). The reduction of NPHP-4(T1101M) in the
TZ in wild-type animals compared with the nphp-4(tm925)
mutants may be due to competition from wild-type NPHP-4
protein. In the cell body of the sensory neurons, the level of

Figure 2. Consequence of NPHP-4 missense mutations on NPHP-4 localiz-
ation and the interaction with NPHP-1. (A–J) Confocal images of phasmid
(tail) cilia expressing various fluorescent cilia and transition zone (TZ)
markers. Depictions of cilia structures and protein localizations are provided
on the right. Expression of b tubulin (TBB-4::GFP (pseudocolored red) and
NPHP-1::CFP (pseudocolored green) in (A) wild-type and (B)
nphp-4(tm925) mutant backgrounds. (A) TBB-4 marks cilia axonemes while
NPHP-1 occupies the transition zone (TZ) in wild-type animals. Note the
absence of NPHP-1 at the base of the cilium in (B) nphp-4(tm925) mutants.
Expression of NPHP-4::YFP (pseudocolored red) and NPHP-1::CFP (pseudo-
colored green) in (C) wild-type and (D) nphp-4(tm925) mutant backgrounds
showing that wild-type NPHP-4 can restore localization of NPHP-1 at the
base of the cilium. The effect of the NPHP-4 missense mutations on
NPHP-4 and NPHP-1 localization was analyzed in (E,G,I,J) wild-type and
in (F,H,K) nphp-4(tm925) mutant backgrounds. In the merged panel in (E)
note the shift of NPHP-4(F83L) more proximal toward the dendritic tip
(DT) and that this shift does not occur in (F) nphp-4(tm925) mutant back-
ground. In (G) wild-type animals, NPHP-4(F903S) is localized to the distal
end of the dendrite and fails to enter the TZ region of the cilium where
NPHP-1 is localized. In (H) the absence of the endogenous NPHP-4 protein,

Figure 3. NPHP-4(F83L) and NPHP-4(F903S) localization relative to
MKSR-2 transition zone marker in wild-type genetic background. (A) Confo-
cal images of phasmid (tail) cilia expressing TZ markers NPHP-4 and
MKSR-2 show complete co-localization of these proteins. (B) Expression of
NPHP-4(F83L)::YFP (pseudocolored red) and MKSR-2::CFP (pseudocolored
green) in wild-type background. A clear separation of these two proteins is
evident. (C) Expression of NPHP-4(F903S)::YFP (pseudocolored red) and
MKSR-2::CFP (pseudocolored green) in wild-type background. Right panels
show a schematic representation of the results. Scale bar is 3 mm. At least
20–25 transgenic worms were examined per line.

NPHP-1 is absent from the TZ but co-localizes with the NPHP-4(F903S)
mutant at the distal end of the dendrite. NPHP-4(T1101M) is detected at
low levels at the TZ and the distal end of the dendrite in (I) wild-type and
(J) nphp-4(tm925) mutant backgrounds. This mutation also causes mislocaliza-
tion of NPHP-1 in both (I) wild-type and (J) nphp-4(tm925) mutant back-
grounds. Scale bar is 2.5 mm. Analysis was done using two independent
lines per variant, and at least 20–25 transgenic worms were examined per line.
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expression of NPHP-4(T1101M) was similar to that of wild-
type NPHP-4 protein (data not shown). These data suggest
that the T1101M mutation may inhibit the ability of NPHP-4
to be targeted efficiently to the dendritic tip and to be fully
incorporated into the TZ or that this mutation may impair
NPHP-4 stability. In addition, the NPHP-4(T1101M) mutation
does not prevent NPHP-4 and NPHP-1 interactions since
NPHP-1 is both restored to the proximal end of the TZ in
nphp-4(tm925) mutant animals expressing NPHP-4(T1101M)
and abnormally present along with NPHP-4(T1101M) in the
dendritic tip (Fig. 2I and J).

To address the possible degradation issue, we generated
constructs for the mouse wild-type NPHP4 and its equivalent
of theT1101M (T1154M) variant fused with mCherry in a ret-
rovirus and infected inner medullary collecting duct (IMCD)
cells. Both wild-type NPHP4 and mutant NPHP4(T1154)
were expressed at similar levels in the cytosol of most trans-
fected cells, arguing against a general increase in
NPHP4(T1154) protein instability (Supplementary Material,
Fig. S3). In addition, both the control and mutant proteins
were present at the base of the cilium and qualitatively
appeared at lower levels in the case of the mutant protein.
Although the mutant protein was present around the basal
body region, more subtle defects in its localization as seen
with NPHP-4(T1101M) in C. elegans will require higher res-
olution analysis.

Functional analyses of the NPHP-4 missense mutations on
the nphp-4(tm925) foraging defect

Since most of the mutations analyzed did not overtly alter or
had only minor effects on NPHP-4 or NPHP-1 localization,
we next wanted to evaluate whether any of the eight mutations
altered NPHP-4 function in regulating cilia-initiated sensory-
dependent behavior. This was assessed by analyzing whether
the NPHP-4 mutations were able to rescue the
nphp-4(tm925) mutant foraging defect.

For these studies, we used at least two independent
nphp-4(tm925) transgenic lines for each mutation (the same
lines that were analyzed for protein localization defects).
Compared with rescue-lines expressing wild-type NPHP-4,
four out of eight mutations (F83L, A603G, F903S and
T1101M) failed to correct the nphp-4(tm925) mutant foraging
defect (P , 0.05). Analysis of the other mutations (D5Y,
R321C, S691R and A985T) was not statistically different
from wild-type (P . 0.05) (Fig. 4A). Importantly, three of
the mutations that failed to rescue the foraging defect (F83L,
F903S and T1101M) were also identified as the mutations
affecting localization of NPHP-4 and/or the restoration of
NPHP-1 at the TZ. Intriguingly, the only mutant protein that
localized normally and restored NPHP-1 (Supplementary
Material, Fig. S2F) yet failed to correct the foraging defect
was NPHP-4(A603G) (Fig. 4A). This suggests that A603G
impairs foraging behavior through subtle alterations to
ciliary signaling activities rather than through gross mislocali-
zation of NPHP complex proteins.

Figure 4. Functional analysis of the NPHP-4 missense mutations on
nphp-4(tm925) foraging phenotype and mksr-2(tm2452);nphp-4(tm925) fora-
ging and dye-filling phenotypes. (A) Each of the NPHP-4 missense mutations
were analyzed for the ability to rescue the nphp-4(tm925) foraging defect.
Four mutations were determined to be statistically different (asterisks) from
the data obtained with nphp-4 transgenic worms expressing wild-type
NPHP-4 (P , 0.05). Two independent transgenic lines (black and grey adja-
cent bars) were analyzed for each mutation (n ¼ 50 for each line) and the
data obtained from the same mutation in different lines were not statistically
different from each other (P . 0.05). (B) The NPHP-4 missense mutations
were evaluated for their ability to rescue the synthetic foraging defective phe-
notype in double mksr-2(tm2452);nphp-4(tm925) mutants (n ¼ 40 for each
line). Four mutations were determined to be statistically different (asterisks)
from the data obtained with nphp-4;mksr-2 transgenic worms expressing the
wild-type NPHP-4 (P , 0.05). Bars represent SEM. (C) The NPHP-4 mis-
sense mutations were evaluated for their ability to rescue the synthetic dye-
filling defect (Dyf) phenotype in double mksr-2(tm2452);nphp-4(tm925)
mutants (n ¼ 100 for each line). Three mutations were determined to be stat-
istically different (asterisks) from the data obtained with
mksr-2(tm2452);nphp-4(tm925) transgenic worms expressing wild-type
NPHP-4 (P , 0.001).
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Assessing the functional activity of NPHP-4 mutations on
the synthetic foraging phenotype of
mksr-2(tm2452);nphp-4(tm925) double mutants

Another possibility that we wanted to address is whether these
mutations could contribute to disease pathogenesis and sever-
ity through interactions with additional mutations in other
ciliopathy genes. To begin assessing this possibility, the
NPHP-4 mutations were evaluated for their ability to rescue
the enhanced foraging defect observed in nphp;mks double
mutants. Although nphp-4(tm925) and mksr-2(tm2452)
mutants are moderately and mildly defective in foraging,
respectively, mksr-2(tm2452);nphp-4(tm925) double mutants
have a synergistically more severe phenotype (7). We gener-
ated mksr-2(tm2452);nphp-4(tm925) double mutants expres-
sing either wild-type or a missense NPHP-4 variant and
assessed the extent of rescue of the foraging defect. Our analy-
sis revealed that the same four mutations (F83L, A603G,
F903S and T1101M) that failed to rescue the foraging defect
in nphp-4(tm925) mutants also had impaired rescue of the syn-
thetic foraging phenotype in the double mutants (Fig. 4B).
This was particularly evident in the A603G, F903S and
T1101M mutants, while F83L, which has a relatively more
subtle effect on NPHP-4 and NPHP-1 localization, was less
impaired (Fig. 4B). The other four mutations (D5Y, R321C,
S691R and A985T) were not significantly different from the
data obtained with the wild-type NPHP-4 protein (P . 0.05)
(Fig. 4B).

Assessing the functional activity of NPHP-4 missense
mutations on the synthetic Dyf phenotype in
mksr-2(tm2452);nphp-4(tm925) double mutants

Single mutations in nphp-4 or mksr-2 do not noticeably disrupt
ciliogenesis and thus mutant worms have cilia that are able to
uptake hydrophobic fluorescent dye into the ciliated sensory
neurons (7,26). In contrast, double mksr-2(tm2452);np
hp-4(tm925) mutants lack properly formed cilia, due to their
inability to form stable attachments between TZ microtubules
and the surrounding membrane (14), and are completely dye-
filling defective (Dyf) in both head and tail neurons. To further
assess potential interactions between nphp-4 and mksr-2,
mksr-2(tm2452);nphp-4(tm925) double mutants expressing
the wild-type or mutant forms of NPHP-4 were analyzed for
correction of the Dyf phenotype. In double mutants expressing
wild-type NPHP-4, nearly all animals had restored dye filling
(Fig. 4C). We found that only the three mutations altering
NPHP-4 and NPHP-1 localization (F83L, F903S and
T1101M; Fig. 2) failed to rescue the synthetic Dyf phenotype.
In the case of F903S and T1101M, greater than 90% of worms
were Dyf in both head and tail neurons, statistically no differ-
ent than the mksr-2(tm2452);nphp-4(tm925) double mutant
phenotype. F83L showed a significant and partial rescue com-
pared with non-transgenic double mutants (Fig. 4C). In con-
trast to the results with the foraging assay, A603G appeared
to correct the Dyf phenotype (Fig. 4C).

These data from the functional analysis correlate well with
our protein localization data; the F83L, F903S and T1101M
mutations are all responsible for NPHP-4 and NPHP-1 mislo-
calization, and these variants were the least efficient in

rescuing the foraging and dye-filling defects. In contrast,
D5Y, R321C, S691R and A985T mutations did not affect
NPHP-4 or NPHP-1 localization and also largely rescued
both foraging and dye-filling defects, comparable to the
level of rescue conferred by wild-type NPHP-4. The one
outlier in this analysis is NPHP-4(A603G), which localized
normally and was able to rescue dye-filling but could not
rescue foraging defects.

Analyzing potential dominant negative effects of NPHP-4
missense mutations

Our foraging and localization data suggest that in the homozy-
gous condition, four of the mutations that we analyzed would
likely be pathogenic, at least based on the phenotypes and
genetic interactions analyzed here. However, with the excep-
tion of NPHP-4(F903S), all of these mutations were heterozy-
gous when identified in human patients (16). In that study the
possibility was raised that these mutations may have dominant
effects interfering with the functions of the wild-type protein,
although this is not supported by the genetics of the disease
(4,37). To explore whether the presence of any of these mis-
sense alleles can alter the activity of wild-type NPHP-4, we
performed foraging and dye-filling experiments on the trans-
genic lines expressing the eight NPHP-4 variants in an
nphp-4 wild-type background. We theorized that if a variant
is capable of exerting dominant negative effects, we might
be able to utilize the artificially higher level of mutant
NPHP-4 expression conferred by the transgenic arrays to
uncover potential interferences with wild-type protein func-
tion. In foraging assays, we observed in most cases no differ-
ences between the lines expressing mutant protein versus those
expressing wild-type NPHP-4; however, in NPHP-4(D5Y) and
NPHP-4(S691R) transgenic lines, we saw a small decrease in
foraging activity (P , 0.05) (Supplementary Material,
Fig. S4). Similarly, none of the analyzed mutations affected
the ability of the transgenic lines to dye-fill as compared
with the wild-type transgene (P . 0.05) (Supplementary
Material, Fig. S5). These data indicate that the mutant proteins
do not have overt strong dominant negative effects.

Assessing potential modifying effects of NPHP-4 missense
mutations on the mksr-2(tm2452) and mksr-1 (ok2092)
phenotypes

An unresolved question is why NPHP4 patients with a single
heterozygous mutation nevertheless develop disease. We
found that certain mutations in the heterozygous state have
negligible dominant negative effects based on our assays,
suggesting that alone they are insufficient to cause disease.
These data lead to the hypothesis that the NPHP-4 heterozy-
gous mutations could modify or have synergistic effects on a
more minor phenotype resulting from mutations in another
ciliopathy gene.

To test this possibility, transgenic lines expressing NPHP-4
proteins with missense mutations were generated in
mksr-2(tm2452);nphp-4(wild type) and mksr-1(ok2092);np
hp-4(wild type) backgrounds. MKSR-2 and MKSR-1 were
chosen for this purpose because they are two anchor proteins
required for most of the known MKS proteins to be properly
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localized (14) and thus mutations in these genes would likely
produce more severe synthetic phenotypes with NPHP-4 mis-
sense mutations than would mutations in more peripheral
MKS genes such as mks-1 or mks-3. We rationalized that
this would be similar to the heterozygous condition in
human patients if their phenotype indeed resulted from
genetic interactions with other ciliopathy mutations. Intrigu-
ingly, our analysis of foraging behavior showed that the
three mutations affecting NPHP-4 and NPHP-1 localization
(F83L, F903S and T1101M) significantly worsened the
mksr-2(tm2452) and mksr-1(ok2092) foraging defects (P ,
0.001) (Fig. 5A and C). Although our approach does not pre-
cisely mimic a true heterozygous condition, these results
suggest that the NPHP-4 variants can in fact modify the
expressivity of a phenotype caused by a mutation in another
ciliopathy-related gene.

We additionally evaluated in these animals whether the
NPHP-4 missense mutations were able to produce a synthetic
dye-filling defect in the mksr-2(tm2452) and mksr-1(ok2092)
mutant backgrounds in the presence of normal endogenous
NPHP-4. In contrast to data obtained with all of the other var-
iants, expression of NPHP-4(T1101M) in an mksr2(tm24
52);nphp-4(wild type) background resulted in a complete

Dyf phenotype (Fig. 5B). These data indicate that
NPHP-4(T1101M) is able to enhance a ciliogenesis defect in
the context of an mksr-2(tm2452) mutation even when there
is wild-type NPHP-4 present. Interestingly, none of the ana-
lyzed mutations including T1101M produced any synthetic
dye-filling defects in mksr-1(ok2092);nphp-4(wild type) back-
ground (Fig. 5D). This difference may reflect the hierarchy
with which MKSR-2 and MKSR-1 differentially participate
in the assembly of the MKS complex (7,14).

DISCUSSION

The number of mutations associated with human ciliopathies
is rapidly expanding as a consequence of deep resequencing
efforts. However, as demonstrated in human patients with
mutations in NPHP4, the significance of these mutations on
disease presentation can be greatly limited without additional
assessment of the physiological impact. Many of the missense
mutations were heterozygous with no evident mutation in the
other allele. Thus the disease causality of these mutations and
how they may affect NPHP4 protein function remained
unknown (16).

Figure 5. Modifying effect of NPHP-4 missense mutations on mksr-2(tm2452) and mksr-1(ok2092) foraging and dye-filling phenotypes. (A) NPHP-4 missense
mutations were evaluated for their ability to modify the foraging phenotype in mksr-2(tm2452) mutants in the context of the endogenous wild-type nphp-4 back-
ground (n ¼ 40 for each line). Compared with mksr-2(tm2452) mutants expressing wild-type NPHP-4, three mutations (asterisks) were found to enhance the
foraging defect of mksr-2(tm2452) mutants (P , 0.001). Bars represent SEM. (B) NPHP-4 missense mutations were evaluated for their potential to produce
synthetic dye-filling defective phenotypes in mksr-2(tm2452);nphp-4(wild-type) (n ¼ 100 for each line). Compared with mksr-2(tm2452) worms expressing wild-
type NPHP-4, one mutation (asterisk) was found to produce a significant synthetic dye-filling defect in mksr-2(tm2452) mutant background compared with wild-
type NPHP-4 transgene (P , 0.001). (C) NPHP-4 missense mutations were evaluated for their ability to modify the foraging phenotype in mksr-1(ok2092)
mutants in the context of the endogenous wild-type nphp-4 background (n ¼ 40 for each line). Compared with mksr-1(ok2092) mutants expressing wild-type
NPHP-4, three mutations (asterisks) were found to enhance the foraging defect of mksr-1(ok2092) mutants (P , 0.001). Bars represent SEM. (D) NPHP-4 mis-
sense mutations were evaluated for their potential to produce synthetic dye-filling defective phenotypes in mksr-1(ok2092);nphp-4(wild-type) (n ¼ 100 for each
line). Compared with mksr-1(ok2092) worms expressing wild-type NPHP-4, none of the mutations was found to produce a significant synthetic dye-filling defect
in mksr-1(ok2092) mutant background compared with wild-type NPHP-4 transgene (P . 0.05).
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We addressed this problem using C. elegans as a model system
to characterize the effect of eight mutations found in human
patients on NPHP-4 function. In contrast to rodent NPHP
models or human NPHP cell lines, C. elegans nphp-1 or
nphp-4 mutants exhibit a series of easily quantifiable phenotypes
that are amenable to the analysis of NPHP protein function. On
the basis of our morphological and functional analysis, we are
able to categorize these missense mutations as functionally
null, hypomorphic or neutral (Table 2). Overall, six out of
eight mutations impaired NPHP-4 function to a variable
degree. Our assessments of the mutation severity correspond
closer to SNAP’s predictions than to PolyPhen-2’s predictions
(Table 2). A caveat of these assignments is that they are only
based on the phenotypic traits and specific mks mutation that
we have analyzed. Thus, we may uncover pathogenic effects of
the other nphp-4 alleles with different assays or in combination
with other mks or nphp alleles not evaluated here.

Four out of eight mutations (D5Y, R321C, S691R, A985T)
were able to rescue nphp-4 mutant foraging defects as well as
nphp-4;mksr-2 double mutant synthetic foraging and dye-filling
defects. These were each able to fully restore NPHP-1 localiz-
ation at the TZ. Thus, we predict that in the homozygous state
these mutations are functionally neutral. The NPHP-4(F83L)
and NPHP-4(A603G) mutations impaired NPHP-4 function as
evidenced by reduced ability to rescue the foraging defect in
both nphp-4 and nphp-4;mksr-2 mutants. Nevertheless,
NPHP-4(A603G) completely restored dye-filling in
nphp-4;mksr-2 mutants, unlike NPHP-4(F83L). These data
suggest that NPHP-4(A603G) possibly disrupts the function of
a signaling pathway controlling worm foraging activity. In con-
trast, the NPHP-4(F83L) mutation probably alters a structural or
scaffolding function of NPHP-4 needed for the protein’s role in
normal ciliogenesis. On the basis of these phenotypic effects, we
conclude that NPHP-4(F83L) and NPHP-4(A603G) represent
hypomorphic alleles that can be pathogenic in the absence of
wild-type protein or in the presence of an additional ciliopathy
mutation (Table 2). Our data also suggest that NPHP-4(F83L)
can function as a genetic modifier in the heterozygous state. In
support of this possibility, Otto et al. (24) recently identified
an additional NPHP patient carrying a single copy of the
human F91L allele (C. elegans counterpart F83L), in addition
to the original two heterozygous F91L carriers identified by
Hoefele et al. (16).

The most severe variants identified here are
NPHP-4(F903S) and NPHP-4(T1101M), neither of which
was able to rescue foraging or dye-filling defects. In addition,
F903S and T1101M caused NPHP-4 and NPHP-1 mislocaliza-
tion, suggesting that these are functional null mutations.
NPHP-4(F903S) corresponds to human F991S, the only
allele out of the eight examined here that was found in the
homozygous state in a patient that was enrolled in the original
positional cloning of NPHP4 (32). On the basis of these lines
of evidence, F903S can be classified as a causative NPHP
mutation.

In contrast to NPHP-4(F903S), all of the other variants ana-
lyzed in this study were found as heterozygous changes in
human patients. Thus, we sought to address the question of
whether the presence of these mutations in only one NPHP4
copy could be pathogenic. We envisioned two possible
genetic mechanisms by which this could occur. One possi-
bility was that these missense mutations have dominant nega-
tive effects; however, NPHP pedigree analyses do not support
a classical dominant negative mechanism. This possibility was
further diminished based on our foraging and dye-filling
experiments where over-expression of the NPHP-4 variants
in the wild-type genetic background failed to induce overt
phenotypes. Only two out of eight variants analyzed (D5Y
and S691R) caused minimal reduction in foraging activity.
In contrast to our findings with NPHP-4, a dominant negative
effect has been reported as a genetic mechanism underlying a
BBS mutation based on similar studies using morpholino
knockdowns in Zebrafish (38). The possibility still remains
that the mutant nphp-4 alleles exert more profound dosage-
dependent dominant negative effects in the presence of
another nphp or mks mutant alleles.

An alternative possibility is that these alleles have modify-
ing or synergistic effects with another mutation in a ciliopathy
gene. Similar mechanisms have been described previously
with NPHP, MKS and BBS mutations (22,38–40). The data
obtained from our C. elegans analysis here show that
expression of NPHP-4(F83L), NPHP-4(F903S) or
NPHP-4(T1101M) can enhance mksr-2 and mksr-1 mutant
foraging defects. Further, NPHP-4(T1101M) caused a syn-
thetic Dyf phenotype with mksr-2(tm2452), even in the pres-
ence of endogenous wild-type NPHP-4 protein. Thus, based
on our data, we propose that these mutations are capable of

Table 2. Classification of NPHP-4 missense mutations

Human NPHP4
mutation

C. elegans NPHP-4
mutation

C. elegans mutation SNAP
prediction

C. elegans mutation PolyPhen-2
prediction

Assignment

D3Y D5Y Non-neutral Probably damaging Weak hypomorphic/
neutral

F91L F83L Non-neutral Benign Hypomorphic
R342C R321C Non-neutral Possibly damaging Neutral
A654G A603G Neutral Benign Hypomorphic
G754R S691R∗ Non-neutral Benign Weak hypomorphic/

neutral
F991S F903S Non-neutral Possibly damaging Null
A1098T A985T Neutral Benign Neutral
T1225M T1101M Non-neutral Benign Strong hypomorphic/null

Classification of NPHP-4 missense mutations based on the collective effects of the mutations on protein localization, dye-filling and foraging behavior activity.
∗Amino acid which was not conserved in C. elegans NPHP-4 but located in a highly conserved domain.
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producing a modifying or synergistic effect in worms and that
a similar mechanism with another ciliopathy gene could be
occurring in human patients.

In addition to functional analysis, we also observed several
mutations that disrupt normal targeting or localization of
NPHP-4. These include NPHP-4(F83L), NPHP-4(F903S)
and NPHP-4(T1101M). In the case of NPHP-4(F83L) and
NPHP-4(F903S), the mutant proteins were targeted correctly
to the end of the dendrite but were unable to localize correctly
within the TZ region. This was particularly evident in the case
of NPHP-4(F903S). In contrast, NPHP-4(T1101M) was loca-
lized at the TZ but at lower levels than wild-type NPHP-4 in
worm neurons. A similar effect was observed with the corre-
sponding mammalian mutation T1154M in IMCD cells. Inter-
estingly, the levels of wild-type and mutant proteins were
comparable in the cell cytosol in both systems suggesting
defects in efficient targeting of the mutant protein rather
than decreased protein stability. These data argue that
NPHP-4(F83L), NPHP-4(F903S) and NPHP-4(T1101M)
mutations are functionally perturbing as a consequence of
their incorrect localization and that they impair NPHP-4 inter-
actions necessary for movement into the TZ domain.

Two of the mutations analyzed in this study (DY5 and
F83L) occur within the region known to mediate the inter-
action between NPHP4 and NPHP1. However, our data
show that all of the mutant proteins were able to influence
the localization of NPHP-1, indicating that none of the
mutations completely ablate the NPHP-1 and NPHP-4 inter-
action.

Although frequently occurring variants in the NPHP4 gene
have been functionally analyzed in a human association study
(41), similar approaches to characterize the effect of other
known rare variants on NPHP4 function are not feasible
because of the small experimental groups’ sizes. The analysis
conducted here in C. elegans represents a powerful in vivo
approach that can be used to assess the pathogenic nature of
missense mutations in ciliopathy genes. There are, however,
a few caveats of this approach. One of these is that the analysis
is relatively restricted to conserved domains and thus will not
be applicable to all mutations identified in human patients. In
addition, one is not able to truly assess the effect in a hetero-
zygous condition as observed in human patients with
mutations in NPHP-4, since gene targeting in C. elegans is
limited to transposon-based strategies and thus is not always
applicable. However, we found that synergistic or modifying
effects could be uncovered by expressing the mutant protein
from a transgene in a wild-type background and that through
this approach we could explore complex genetic interactions
between mutations in two ciliopathy genes. We could
additionally characterize the consequence of these mutations
on protein localization, interactions and function. Thus, our
analysis was able to provide important insights into whether
the mutations in NPHP4 identified in human patients are
likely to be pathogenic or simply innocuous polymorphisms.

Similar studies as conducted here have been performed in
Zebrafish focusing on proteins involved in BBS. As done in
our analysis, these studies were able to catalog mutations as
being benign or pathogenic and also identified a potential
modifying effect for a particular BBS gene mutation on the
phenotype resulting from other ciliopathy gene mutations

(22). On the basis of data obtained from this analysis in C.
elegans and similar studies in Zebrafish, it is clear that these
models will serve as important tools for dissecting the
complex genetic and physical interactions between genes
and proteins involved in human ciliopathies.

MATERIALS AND METHODS

General molecular biology methods

General molecular biology was conducted following standard
procedures as described (42). C. elegans genomic DNA, C.
elegans cDNA, single worms and cloned worm DNA were uti-
lized for PCR amplifications, direct sequencing and subclon-
ing as described (42). PCR conditions and reagents are
available on request. DNA sequencing was performed by the
UAB Genomics Core Facility of the Heflin Center for
Human Genetics.

DNA and protein sequence analyses

Genome sequence information was obtained from the National
Center for Biotechnology Information (http://www.ncbi.nlm.
nih.gov/) or from the Celera Database (http://www.celera.
com), Gene sequences were identified using the C. elegans
database Wormbase and references therein (http://www.
wormbase.org). Sequence alignments were performed using
ClustalW (http://www.ebi.ac.uk/clustalw/).

C. elegans strains

Worm Strains were obtained from Caenorhabditis Genetics
Center, C. elegans Knock-Out Consortium and the National
BioResource Project in Japan. The strains were grown using
standard C. elegans growth methods (43) at 208C unless other-
wise stated. The wild-type strain was N2 Bristol. The following
mutant strains were used for experiments: FX925
nphp-4(tm925)V, FX2452 mksr-2(tm2452)IV, RB1682
mksr-1(ok2092)X, YH482 nphp-4(tm925)V; mksr-2(tm24
52)IV, YH496 mksr-1(ok2092)X;nphp-4(tm925)V. FX925,
FX2452, RB1682 were out-crossed at least three times and gen-
otyped by PCR before analysis. The following transgenic strains
were utilized to determine the effects of the conserved patient
mutations on protein localization and function: YH330
yhEx201 (tl: nphp-4::YFP) and YH332 yhEx203 (tl
:nphp-4::YFP), YH793 yhEx441 (tl: nphp-4(D5Y)::YFP; tl:
nphp-1::CFP), (YH1020 yhEx504 (tl: nphp-4(D5Y)::YFP; tl:
nphp-1::CFP), YH1008 yhEx492 (tl: nphp-4(F83L)::YFP; tl:
nphp-1::CFP), YH1009 yhEx493 (tl: nphp-4(F83L)::YFP; tl:
nphp-1::CFP), Yh1010 yhEx494 (tl: nphp-4(R321)C::YFP; tl:
nphp-1::CFP), YH1011 yhEx495 (tl: nphp-4(R321C)::YFP; tl:
nphp-1::CFP), YH791 yhEx440 (tl: nphp-4(A603G)::YFP; tl:
nphp-1::CFP), YH1012 yhEx496 (tl: nphp-4(A603G)::YFP; tl:
nphp-1::CFP), YH787 yhEx437 (tl: nphp-4(S691R)::YFP; tl:
nphp-1::CFP), Yh788 yhEx438 (tl: nphp-4(S691R)::YFP; tl:
nphp-1::CFP), Yh1013 yhEx497 (tl: nphp-4(F903S)::YFP; tl:
nphp-1::CFP), YH1014 yhEx498 (tl: nphp-4(F903S)::YFP; tl:
nphp-1::CFP), YH1015 yhEx499 (tl: nphp-4(A985T)::YFP; tl:
nphp-1::CFP), YH1016 yhEx500 (tl: nphp-4(A985T)::YFP; tl:
nphp-1::CFP), YH1017 yhEx501 (tl: nphp-4(T1101M)::YFP;
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tl: nphp-1::CFP), YH1018 yhEx 502 (tl: nphp-4(T11
01M)::YFP; tl: nphp-1::CFP), YH1019 yhEx503 (tl:
nphp-4::YFP; tl: nphp-1::CFP) in FX925. YH1021 yhEx441
(tl: nphp-4(D5Y)::YFP; tl: nphp-1::CFP), YH1026 yhEx493
(tl: nphp-4(F83L)::YFP; tl: nphp-1::CFP), YH1023 yhEx494
(tl: nphp-4(R321)C::YFP; tl: nphp-1::CFP), YH1024 yhEx496
(tl: nphp-4(A603G)::YFP; tl: nphp-1::CFP), YH1025 yhEx438
(tl: nphp-4(S691R)::YFP; tl: nphp-1::CFP), YH1028 yhEx479
(tl: nphp-4(F903S)::YFP; tl: nphp-1::CFP), YH1029 yhEx499
(tl: nphp-4(A985T)::YFP; tl: nphp-1::CFP), YH1032 yhEx502
(tl: nphp-4(T1101M)::YFP; tl: nphp-1::CFP), YH1033
yhEx503 (tl: nphp-4::YFP; tl: nphp-1::CFP), YH924 yhEx497
(tl: nphp-4(F903S)::YFP; tl: mksr-2::CFP), YH925 yhEx480
(tl: nphp-4(F903S)::YFP; tl: mksr-2::CFP), YH1052 yhEx504
(tl: onc-122::GFP),YH1064 yhEx511 (tl: nphp-4(F83L)::YFP,
tl: mksr-2::CFP), YH1067 yhEx514 (tl: nphp-4::YFP, tl:
mksr-2::CFP) in N2. YH1034 yhEx441 (tl: nphp-4(D5Y)::YFP;
tl: nphp-1::CFP), YH1035 yhEx493 (tl: nphp-4(F83L)::YFP; tl:
nphp-1::CFP), YH1036 yhEx494 (tl: nphp-4(R321)C::YFP; tl:
nphp-1::CFP), YH1037 yhEx496 (tl: nphp-4(A603G)::YFP; tl:
nphp-1::CFP), YH1038 yhEx438 (tl: nphp-4(S691R)::YFP; tl:
nphp-1::CFP), YH1039 yhEx479 (tl: nphp-4(F903S)::YFP; tl:
nphp-1::CFP), YH1040 yhEx499 (tl: nphp-4(A985T)::YFP; tl:
nphp-1::CFP), YH1041 yhEx502 (tl: nphp-4(T1101M)::YFP;
tl: nphp-1::CFP), YH1042 yhEx503 (tl: nphp-4::YFP; tl:
nphp-1::CFP) in FX2452. YH1072 yhEx441 (tl:
nphp-4(D5Y)::YFP; tl: nphp-1::CFP), YH1073 yhEx493 (tl:
nphp-4(F83L)::YFP; tl: nphp-1::CFP), YH1074 yhEx494 (tl:
nphp-4(R321C)::YFP; tl: nphp-1::CFP), YH1075 yhEx496 (tl:
nphp-4(A603G)::YFP; tl: nphp-1::CFP), YH1076 yhEx438 (tl:
nphp-4(S691R)::YFP; tl: nphp-1::CFP), YH1048 yhEx479 (tl:
nphp-4(F903S)::YFP; tl: nphp-1::CFP), YH1078 yhEx499 (tl:
nphp-4(A985T)::YFP; tl: nphp-1::CFP), YH1079 yhEx502 (tl:
nphp-4(T1101M)::YFP; tl: nphp-1::CFP), YH1080 yhEx503
(tl: nphp-4::YFP; tl: nphp-1::CFP) in RB1682. YH1043
yhEx441 (tl: nphp-4(D5Y)::YFP; tl: nphp-1::CFP), YH1044
yhEx493 (tl: nphp-4(F83L)::YFP; tl: nphp-1::CFP), YH1045
yhEx494 (tl: nphp-4(R321C)::YFP; tl: nphp-1::CFP), YH1046
yhEx496 (tl: nphp-4(A603G)::YFP; tl: nphp-1::CFP), YH1047
yhEx438 (tl: nphp-4(S691R)::YFP; tl: nphp-1::CFP), YH1048
yhEx479 (tl: nphp-4(F903S)::YFP; tl: nphp-1::CFP), YH1049
yhEx499 (tl: nphp-4(A985T)::YFP; tl: nphp-1::CFP), YH1050
yhEx502 (tl: nphp-4(T1101M)::YFP; tl: nphp-1::CFP),
YH1051 yhEx503 (tl: nphp-4::YFP; tl: nphp-1::CFP) in
mksr-2(tm2452);nphp-4(tm925). The rescue and site-directed
mutagenesis lines were generated using UNC-122::GFP (44)
as an injection marker.

Generation of C.elegans constructs and strains

The translational NPHP-1::CFP (pCJ148) and NPHP-4::YFP
(pCJ146) vectors have been described previously (26). The
pCJ146 vector was modified by site-directed mutagenesis to
generate each nphp-4 missense mutation identified in human
patients. MKSR-2::CFP (pCJ305) was generated by amplifying
via PCR the MKSR-2 promoter and coding region from N2
genomic DNA and inserting it into pCJF6 CFP vector (described
in 21). The site-directed mutagenesis was performed using the
QuikChangeTM Site-Directed Mutagenesis Kit according to
manufacturer’s instructions. The presence of the desired

mutations was confirmed by sequencing. All PCR was per-
formed using AccuTaq-LA DNA Polymerase (Sigma, St
Louis, MO) according to manufacturer’s instructions. The
resulting constructs p278 - NPHP-4(D5Y)::YFP, p279 - NP
HP-4(F83L)::YFP, p384 - NPHP-4(R321C)::YFP, p280 - NP
HP-4(A603G)::YFP, p219 - NPHP-4(S691R)::YFP, p220 -
NPHP-4(F903S)::YFP, p281- NPHP-4(A985T)::YFP and
p282 - NPHP-4(T1101M)::YFP were co-injected at 5 ng/ml
with the pCJ148 vector into the FX925 strain. p305 - MK
SR-2::CFP was co-injected with p279 - NPHP-4(F83L)::YFP,
p220 - NPHP-4(F903S)::YFP and p282 - NPHP-4
(T1101M)::YFP at 5 ng/ml into wild-type N2 worms.

The WT N2 transgenic strains were generated by crossing
nphp-4(tm925) transgenic hermaphrodite worms with WT
males. The mksr-2 transgenic strains were generated by cross-
ing WT transgenic hermaphrodite worms with mksr-2(tm2452)
males. The mksr-1 transgenic strains were generated by cross-
ing WT transgenic hermaphrodite worms with mksr-1(ok2092)
males. The double mutant nphp-4;mksr-2 transgenic strains
were generated by crossing mksr-2(tm2452) transgenic her-
maphrodites with nphp-4(tm925) males. For each series of out-
crosses the resulting F2 offspring obtained from self-
fertilization were screened by PCR to identify strains contain-
ing required mutations.

Generation of retroviral constructs

For mouse NPHP4 constructs, the open-reading frame of
mouse NPHP4 was PCR amplified from a full-length EST
(Open Biosystems; Huntsville, AL, USA Clone ID:
8861390). During PCR amplification, attB sites were added
to the 5′ and 3′ ends of the NPHP4 ORF to facilitate cloning
using Gateway Technology (Invitrogen) and the stop codon
was removed to facilitate creation of a C-terminal fusion
protein. NPHP4 Gateway PCR product was recombined into
pDONR221 (Invitrogen) for Entry clone formation. NPHP4 C-
terminal mCherry fusion Destination clones were created by
recombination into pQCXIP-mCherryC Dest, a gift from the
Hildebrandt Lab (University of Michigan). NPHP4 T1154M
was created by site-directed mutagenesis of the wild-type
NPHP4 Entry clone using Quickchange (Stratagene) and
recombined into a Destination clone as described earlier. All
sequences were verified for accuracy and frame usage by
sequencing.

Cell culture and transduction

IMCD3 cells were maintained in DMEM/F12 1:1 media
(Hyclone; Logan, UT, USA) supplemented with 10% fetal
bovine serum (Gibco-Invitrogen) and 1% Penicillin–Strepto-
mycin (Hyclone). A plasmid containing GFP-SSTR3 as a
primary cilia marker was a gift from Kirk Mykytn (Ohio
State University). IMCD3 cells were transduced with
GFP-SSTR3 using the Virapower Lentiviral system (invitro-
gen). Stable clones were isolated by GFP expression.
IMCD3 GFP-SSTR3 cells were then subject to retroviral
transduction of mouse NPHP4 constructs. Briefly,
HEK293FT cells (Invitrogen) were transfected with 1 mg
each of pVSVG, pGagPol and expression plasmid using
Fugene 6 (Roche; Madison, WI, USA). After 48 h of virus
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production, viral supernatants were collected, filtered and
allowed to infect IMCD3 GFP-SSTR3 cells for 24 h.

Imaging

Worms were anesthetized using 10 mM Levamisole, immobi-
lized on a 10% agar pad coated with polystyrene beads. For
imaging of cells, transduced cells were ceded on coverslips
coated with 0.1% gelatin and allowed to adhere for 48 h. Cov-
erslips were then washed with PBS and fixed with 4% paraf-
ormaldehyde for 20 min at room temperature followed by
washes with phosphate buffer saline supplemented with 2%
donkey serum (PBSD). Nuclei were counterstained with
Hoescht in PBSD for 10 min at room temperature followed
by three washes with PBSD. Coverslips were then mounted
with Dabco for imaging. Fluorescence imaging was performed
using a Nikon 2000U inverted microscope (Melville, KY,
USA) outfitted with a PerkinElmer UltraVIEW ERS 6FE-US
spinning disk laser apparatus (Shelton, CT, USA). Confocal
images were captured and analyzed with Volocity 5.3 software
(Improvision Inc., Waltham, MA, USA) and processed using
Photoshop 7.0 (Adobe Systems, Inc., San Jose, CA, USA).

Assays

Foraging behavior analysis was performed as described with
slight modifications (29). Briefly, synchronized populations
of worms were grown until L4 stage. A single L4 worm was
placed in the center of a uniformly sized lawn of bacteria on
a 6 cm plate and was allowed to move freely for 18 h. After
this time, the worm was removed from the plate by aspiration.
The tracks were quantified by counting the number of 3 mm
squares on a grid the worm tracks entered. In the case of trans-
genic lines, only GFP marker-expressing worms were picked
for the assays.

Dye-filling assays were performed using DiI (Molecular
Probes, Carlsbad, CA, USA) as described previously (45)
with modifications. Briefly, synchronized populations of
worms were grown until young adult stage on 6 cm plates.
Worms were washed off the plates with M9 medium (0.3%
KH2PO4, 0.6%Na2HPO4, 0.5% NaCl, 1 mM MgSO4) into
15 ml conical tubes and allowed to settle for 10 min. DiI
was added (2 mg/ml in DMF) 1 ml per 200 ml of M9.
Worms were allowed to uptake dye for 20 min at RT,
washed two times with 15 ml of M9 and plated onto new
plates. One hundred worms were picked at random from
each strain and analyzed for dye-filling defects in amphid
and phasmid neurons using a Lieca MZ16FA fluorescence
stereomicroscope. Worms were scored as Dyf if there was
no dye detected. In the case of transgenic lines, GFP marker
expressing worms were picked for the assays.

Statistical analysis

For foraging assays, comparisons were performed using the
Student’s t-test. If the data were not normally distributed,
the Mann–Whitney Ranked Sum was used instead. These
tests were performed using SigmaStat3.1 software package
(Systat Software IC). Dye-filling experiments were analyzed
using a 2 × 2 x2 test in Microsoft Office Excel. For all tests,

P-values ,0.05 were considered significant. Bars on the fora-
ging assays graphs represent standard errors of the mean.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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