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Nephronophthisis (NPH) is an autosomal recessive tubulointerstitial nephropathy
belonging to the ciliopathy disorders and known as the most common cause of heredi-
tary end-stage renal disease in children. Yet, no curative treatment is available. The
major gene, NPHP1, encodes a protein playing key functions at the primary cilium and
cellular junctions. Using a medium-throughput drug-screen in NPHP1 knockdown
cells, we identified 51 Food and Drug Administration-approved compounds by their
ability to alleviate the cellular phenotypes associated with the loss of NPHP1; 11 com-
pounds were further selected for their physicochemical properties. Among those com-
pounds, prostaglandin E1 (PGE1) rescued ciliogenesis defects in immortalized patient
NPHP1 urine-derived renal tubular cells, and improved ciliary and kidney phenotypes
in our NPH zebrafish and Nphp1 knockout mouse models. Furthermore, Taprenepag,
a nonprostanoid prostaglandin E2 receptor agonist, alleviated the severe retinopathy
observed in Nphp12/2 mice. Finally, comparative transcriptomics allowed identification
of key signaling pathways downstream PGE1, including cell cycle progression, extracel-
lular matrix, adhesion, or actin cytoskeleton organization. In conclusion, using in vitro
and in vivo models, we showed that prostaglandin E2 receptor agonists can ameliorate
several of the pleotropic phenotypes caused by the absence of NPHP1; this opens their
potential as a first therapeutic option for juvenile NPH-associated ciliopathies.

kidney j primary cilia j nephronophthisis j drug-screen j prostaglandins

Renal ciliopathies are a group of hereditary diseases caused by mutations in genes
encoding proteins playing a role at the primary cilium, a microtubule-based cellular
antenna found on almost all vertebrate quiescent cells, which controls key signaling
pathways during development and tissue homeostasis (1). In the kidney, as well as in
other organs, the primary cilium also acts as an essential mechanosensor through which
luminal flow controls tubule diameter and renal epithelium maintenance, explaining
the presence of tubular cysts in most renal ciliopathies. Renal ciliopathy spectrum
includes autosomal dominant polycystic kidney disease (ADPKD), autosomal recessive
polycystic kidney disease, and cystic dysplasia, which are all characterized by enlarged
kidneys with numerous cysts (2). It also encompasses nephronophthisis (NPH) that,
on the other hand, is generally characterized by small kidneys and progressive tubuloin-
terstitial fibrosis, associated with corticomedullary cysts, leading to end-stage renal
disease (ESRD) at a median age of 13 y old. NPH is the first monogenic cause of pedi-
atric ESRD, representing up to 10% of incident cases in developed countries (3, 4).
Recent publications have demonstrated that NPH may also occur in adulthood, lead-
ing to late-onset ESRD (up to 61 y old) (5). Extrarenal involvements may include reti-
nal degeneration (Senior-Løken syndrome), cerebellar ataxia, skeletal anomalies, and
liver fibrosis (6).
To date, more than 23 genes have been linked with NPH, the most frequent being

NPHP1 with nearly 25% of affected individuals harboring a homozygous deletion of
this gene. NPHP genes encode proteins that form different complexes along the cilium
(7). Their mutations are not associated with a complete loss of cilia; they rather lead to
subtle phenotypes, such as decreased proportion of ciliated cells, increased cilium
length, and ciliary membrane composition defects, which result in defective cilia-
dependent signaling (8–10). Besides cilium dysfunction, several NPH-associated gene
products, including NPHP1 and its partner NPHP4, have also been involved in the
control of cell migration, adhesion and apico-basal cell epithelialization, through the
regulation of cytoskeletal organization (8, 11–14).

Significance

Juvenile nephronophthisis (NPH) is
a renal ciliopathy due to a
dysfunction of primary cilia for
which no curative treatment is
available. This paper describes the
identification of agonists of
prostaglandin E2 receptors as a
potential therapeutic approach for
the most common NPHP1-
associated ciliopathies. We
demonstrated that prostaglandin
E1 rescues defective ciliogenesis
and ciliary composition in NPHP1
patient urine-derived renal tubular
cells and improves ciliary and
kidney phenotypes in our NPH
zebrafish and Nphp1�/� mouse
models. In addition, Taprenepag
alleviates the severe retinopathy
observed in Nphp1�/� mice.
Finally, transcriptomic analyses
pointed out several pathways
downstream the prostaglandin
receptors as cell cycle progression,
extracellular matrix, or actin
cytoskeleton organization.
Altogether, our findings provide
an alternative for treatment
of NPH.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2022 the Author(s). Published by PNAS.
This open access article is distributed under Creative
Commons Attribution-NonCommercial-NoDerivatives
License 4.0 (CC BY-NC-ND).
1H.G., A.S.S., and F.S. contributed equally to this work.
2J.-P.A., A.B., M.D., L.B.-R., and S.S. contributed equally
to this work.
3To whom correspondence may be addressed. Email:
sophie.saunier@inserm.fr.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2115960119/-/DCSupplemental.

Published April 28, 2022.

PNAS 2022 Vol. 119 No. 18 e2115960119 https://doi.org/10.1073/pnas.2115960119 1 of 11

RESEARCH ARTICLE | MEDICAL SCIENCES OPEN ACCESS

https://orcid.org/0000-0003-2626-9748
https://orcid.org/0000-0002-7409-4850
https://orcid.org/0000-0003-2890-7897
https://orcid.org/0000-0002-5943-7106
https://orcid.org/0000-0001-6665-8436
https://orcid.org/0000-0001-9294-7135
https://orcid.org/0000-0001-7107-7126
https://orcid.org/0000-0002-9934-4940
https://orcid.org/0000-0003-1248-8640
https://orcid.org/0000-0003-0188-8016
https://orcid.org/0000-0003-2666-4457
https://orcid.org/0000-0002-8326-3329
https://orcid.org/0000-0002-1069-0047
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:sophie.saunier@inserm.fr
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115960119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2115960119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2115960119&domain=pdf&date_stamp=2022-04-28


To date, the only available treatments for NPH patients are
dialysis and renal transplantation. As other chronic tubulointersti-
tial nephropathies characterized by the absence of hypertension or
overt albuminuria (except in late stages of the disease), nonspecific
nephroprotective treatments by renin-angiotensin system blockade
did not delay progression to ESRD (15). Similarly, as enlarged
cystic kidneys are uncommon in juvenile NPHP1-associated
NPH, molecules developed to limit cyst growth in the context of
ADPKD (16, 17)—such as the selective angiotensin-vasopressin
type 2 (AVPR2) antagonist Tolvaptan, the CDK inhibitor Rosco-
vitine, or the somatostatin-analog Octreotide—are unlikely to be
relevant. Nevertheless, several other molecules were recently
pointed out in in vitro and in vivo NPH models including the
Hedgehog agonist Purmorphamine, β-catenin inhibitors, ROCK
inhibitors, or the flavonoid Eupatilin (4). On the other hand,
even though gene therapy has been successfully implemented in
early human retinal ciliopathies thanks to local administration of
adeno-associated viruses (18), efficient gene therapy in NPH
would rather represent a clinical challenge given the lack of effec-
tive administration modes for gene delivery in the kidney.
Here, after having performed in vitro screens of small chemi-

cal compounds for their ability to lessen phenotypes associated
with the loss of NPHP1, we identified prostaglandin E1
(PGE1) and other agonists of prostaglandin E2 (PGE2) recep-
tors as a class of molecules that restore ciliary defects in vitro as
well as kidney and retina-associated phenotypes in vivo in both
a zebrafish NPH model and Nphp1 knockout (KO) mouse.
Also, different transcriptomic approaches showed that these
phenotypic restorations can be matched to the effects of these
agonists on shared cellular pathways.

Results

Identification of Compounds Able to Rescue NPHP1-Associated
Cellular Phenotypes. We designed an in vitro high-throughput
phenotypic drug-screen strategy based on the Prestwick Chemi-
cal Library, a collection of 1,120 off-patent small molecules
of which 95% are approved by the Food and Drug Agency,
European Medicines Agency, or other agencies. The screen was
performed on the two most widely used renal cell models to
study ciliogenesis and ciliopathies—that is, the mouse inner
medullary collecting duct (mIMCD3) and canine Madin-
Darby canine kidney (MDCK) cells—in which the expression
of Nphp1 was knocked down (KD) through stable expression
of short-hairpin RNA (NPHP1_KD).
NPHP1_KD mIMCD3 cells display impaired ciliogenesis

with a decreased percentage of ciliated cells, as we previously
reported for NPHP1_KD MDCK cells (8), as well as abnor-
mally increased cell migration during wound-healing assays (SI
Appendix, Fig. S1 A–F). Using fluorescence microscopy-based
automated strategies (SI Appendix, Fig. S1G), 51 hits were
identified based on their ability to restore cell migration and cil-
ium count defects in either mIMCD3 or MDCK NPHP1_KD
cells. Hence, 11 compounds belonging to the different pharma-
cological classes were selected based on their effects on the ana-
lyzed phenotypes, on the absence of obvious toxicity (decrease
cell count and/or inhibition of cell migration), and on their
chemical action or physicochemical properties that may be rele-
vant in NPH: known or suspected effects on cilium-associated
pathways, actin cytoskeleton organization and microtubule
polymerization, RhoGTPase activity, cAMP regulation, signal-
ing pathways (e.g., JNK, ERK/MAPK, or Wnt), or their
involvement in processes such as fibrosis-related pathways or
nephroprotective properties (SI Appendix, Fig. S1G and Table S1).

Rescue of Defective Ciliogenesis in NPHP1 Patients’ Renal
Cells by PGE1. The efficiency of the 11 most interesting hits
was further validated in urine-derived renal epithelial cells
(URECs), a valuable source of cells from NPH individuals, pre-
viously described as a model to study ciliogenesis and ciliary
functions in the context of ciliopathies (19). Primary URECs
were collected either from individuals carrying biallelic muta-
tions in NPHP1 (NPHP1, hereafter Pt1–11), from age-
matched control individuals (CTL, hereafter CTL1–5), or from
individuals presenting with a nonciliopathy-related chronic kid-
ney disease (CKD, hereafter CKD1–4) (SI Appendix, Table
S2), and were immortalized through the expression of a ther-
mosensitive SV40 T-antigen. Transcriptomic analyses (SI
Appendix, Fig. S2A) showed that both primary and immortal-
ized URECs exhibit similar expression levels of renal tubular
epithelial cell markers, confirming their tubular origin. As
expected, the immortalized URECs showed persistent prolifera-
tion at permissive temperature (33 °C) but not at nonpermis-
sive temperature (39 °C), as monitored by the loss of SV40
T-antigen and Ki67 nuclear staining in the latter condition (SI
Appendix, Fig. S2 B–D).

In order to evaluate ciliogenesis in immortalized URECs, we
set up a semiautomated pipeline based on basal-body (γ-Tubu-
lin) (Fig. 1A, red) and ciliary membrane (ARL13B) (Fig. 1A,
green) markers to quantify cilium count. At nonpermissive
temperature, URECs from NPHP1 individuals presented a sig-
nificant decrease of cilium count (Fig. 1B and SI Appendix,
Table S2), which was associated with an increased proportion
of cells presenting with two spots of CP110 per centrosome,
indicative of an early blockage of ciliogenesis in NPHP1
URECs (SI Appendix, Fig. S3).

Before assessing the effect of the 11 molecules on URECs,
we evaluated the nontoxic range of doses at which they could
be used (SI Appendix, Table S1). The highest nontoxic concen-
tration, as well as 1-log and 2-log concentrations, were chosen
to carry out the ciliogenesis assay on one of the NPHP1 UREC
(Pt1). A robust increase of cilium count was observed for
Alprostadil (ALP; +1.53), a synthetic analog of the natural
occurring PGE1, whereas the other compounds showed modest
positive or negative effects on ciliogenesis (Fig. 1C). PGE1
(ALP) is a type-E prostaglandin analog which exerts various
effects in inflammation, pain, vascular tone, or renal function,
that are mainly mediated by its four receptors, EP1–4 encoded
by PTGER1-4 (20). Notably, EP1–4 receptors are expressed in
the URECs, predominantly EP2 and EP4, as revealed by qRT-
PCR analyses (SI Appendix, Fig. S4A).

We first performed a dose–response analysis for ALP and
determined the half maximal effective concentration (EC50) at
13.75 nM, while the maximal effect on cilium count was
observed for concentrations above 1 μM (Fig. 2 A and B).
Based on these results, the following experiments were per-
formed using 2 μM ALP. In addition, Dinoprostone (DINO),
a synthetic version of the natural occurring PGE2, showed a
similar effect as ALP (SI Appendix, Fig. S4B), supporting the
positive impact of prostanoids on cilia count in NPHP1
URECs. The positive effect of ALP on ciliogenesis was
observed in other NPHP1 URECs (Pt3–4 and 6–11) but not
in CTL, even in the one with a low proportion of ciliated cells
(Fig. 2C and SI Appendix, Fig. S4 C and D), indicating its spe-
cific efficiency toward NPHP1 URECs. It also showed a small
but significant positive effect on CKD URECs, indicating that
PGE1 could also ameliorate ciliogenesis in a different patholog-
ical context. Furthermore, beyond the restoration of ciliogene-
sis, ALP also restored ciliary composition with an increased
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percentage of Adenylate Cyclase 3 (ADCY3)+ cilia, associated
with an increased intensity of ciliary ADCY3 (Fig. 2 D–F).

Generation of an Nphp1 KO Mouse Model Showing Severe
Retinopathy and Renal Tubule Dilatation. One of our next
aims was to test the therapeutic potential of PGE1 in a Nphp1
mouse model. Since previously generated models were not
reported to exhibit kidney phenotype (21, 22), we generated a
Nphp1 KO mouse using the CRISPR/Cas9 system, which har-
bors a deletion of the start codon within the first exon of
Nphp1 resulting in a complete loss of Nphp1 mRNA and pro-
tein expression (SI Appendix, Fig. S5), similarly as observed in
most NPHP1 patients (23).
The Nphp1�/� mice displayed a retinopathy (SI Appendix,

Fig. S6), which was more severe than in the previously
described Nphp1 mutant mice (22, 24) with a drastic loss of
photoreceptors observed as early as postnatal day (P)21 (SI
Appendix, Fig. S6 A and B), associated with a complete loss of
the scotopic response (SI Appendix, Fig. S6C).
Interestingly, histological examination of the kidneys

revealed the presence of tubular dilatations in the cortex of
Nphp1�/� mice as early as 2 mo and more evidently at 5 mo of
age (SI Appendix, Fig. S7 A–E). A strong association was
observed between the number and size of dilatations per kid-
ney, and the “dilatation index” values for these two parameters
showed a progression of kidney damages between 2 and 5 mo
(SI Appendix, Fig. S7 F–I). Despite the presence of tubular dila-
tations, renal function was not impaired in 5-mo-old Nphp1�/

� mice (SI Appendix, Fig. S7 J–M), indicating that our mouse

model recapitulates only the early stage of the renal disease,
consistent with the juvenile form of the disease in humans.

Further characterization of these dilatations revealed that
they mainly affect the connecting tubules (CNT) as well as the
junction between the CNT and the distal convoluted tubules
(DCT2) (SI Appendix, Fig. S8 A and B). Notably, in kidney
biopsies from patients carrying homozygous deletion of
NPHP1, tubular dilatations were observed in similar tubular
segments as well as in the loop of Henl�e (SI Appendix, Fig.
S8C). These data pointed to a specific role for NPHP1 in the
homeostasis of the DCT/CNT region both in mice and
humans.

In Vivo Validation of Prostaglandin-Related Molecule in
Murine Nphp1 KO Model and NPH Zebrafish Model. We next
investigated whether treatment with the PGE1 analog ALP
could have a positive effect on the number and size of tubular
dilatations in 5-mo-old Nphp1�/� mice. ALP was administrated
intraperitoneally (80 μg/kg, i.p.) daily to 1-mo-old male
Nphp1+/+ and Nphp1�/� mice for 4 mo without any impact
on growth or survival (SI Appendix, Fig. S9A). Histological
analyses revealed that the number and total area of tubular dila-
tations were reduced in Nphp1�/� mice by ALP treatment,
resulting in a significant decrease in the dilatation index with a
linear correlation (Fig. 3 A and B and SI Appendix, Fig. S9 B
and C). In addition, measurements of cilium length showed
that cilia were longer in the dilated regions of Nphp1�/� mouse
(Fig. 3 C and D and SI Appendix, Fig. S10A), as observed in
other NPHP models (25). We also detected longer cilia in the
kidney tubules from individuals with mutations in NPHP1 (SI

Fig. 1. Drug screen in NPHP1 urine-derived renal epithelial cells (URECs). (A) Representative images of immunofluorescence of primary cilia (ARL13B, green),
basal bodies (γ-Tubulin, red), and nuclei (DAPI, blue) in URECs derived from NPHP1 patients (NPHP1), control individuals (CTL), and CKD patients 5 d after
seeding. (Scale bar, 10 μM.) (B) Quantification of ciliogenesis in NPHP1 (n = 11), CTL (n = 6), and CKD (n = 5) URECs expressed as the mean for all individuals
and shown using a box-and-whisker plot. n = 1 to 15 experiments (mean of 3.5 experiments per cell line). Mixed linear-regression model with quasibinomial
penalization taking into account the correlation of observations coming from the same individuals using a random effect on the cell line: ***P < 0.001,
****P < 0.0001, ns: not significant. (C, Left) NPHP1 URECs (Pt1) were treated for 2 d with the 11 selected compounds from the primary screen and ciliogene-
sis was evaluated 5 d after seeding. (Right) Quantification of ciliogenesis. A: ALP, 200 nM; B: Cyproheptadine, 1 μM; C: Ethopropazine, 50 nM; D: Fluticasone,
10 nM; E: Methotrexate, 400 nM; F: Mycophenolic acid, 200 nM; G: Paclitaxel, 100 pM; H: Pyrimethamine, 500 nM; I: Simvastatin, 10 nM; J: Tropisetron, 2 μM;
K: Verapamil, 80 nM. Mean ± SEM n = 1 to 2 experiments.
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Appendix, Fig. S10 B and C). Notably, ALP treatment short-
ened cilia length in Nphp1�/� mice to values similar to those in
control mice (Fig. 3 C and D and SI Appendix, Fig. S10A).
Despite the fact that interstitial fibrosis is the main character-

istic of NPHP1-associated NPH in humans (4), it was not
obviously detected by histology in our mouse model. We per-
formed qRT-PCR analysis of several profibrogenic markers in
the kidneys of 5-mo-old Nphp1�/� mice (Fig. 3E and SI
Appendix, Fig. S11 A–E). Among those markers, expression of
Col1a1 was slightly increased in the kidneys of Nphp1�/� mice
and attenuated by ALP treatment (Fig. 3E). To gain further
insights into the potential beneficial effect of PGE1, we realized
a global unsupervised transcriptomic analysis of whole kidneys
from control and Nphp1�/� mice (Fig. 3F and SI Appendix,
Fig. S11F). This analysis using the gene ontology (GO), Kyoto
Encyclopedia of Genes and Genomes (KEGG), and DisGe-
NET, and Reactome datasets revealed that renal fibrosis disease
concept (#C0151650) was significantly enriched in Nphp1�/�

kidneys (P = 1.0E-10), in addition to several other up-
regulated pathways (SI Appendix, Fig. S11F and Dataset S1),

including extracellular matrix organization (P = 1.7E-18) and
inflammation (response to cytokines, P = 2.3E-07). Further-
more, the up-regulation of most of these pathways was blunted
by PGE1 treatment, together with additional ones, such as
mitotic cell cycle (P = 7.6E-07) and DNA damage response
(P = 5.1E-04) (Fig. 3F and Dataset S2), confirming its global
beneficial effect on pathways known to be dysregulated in the
context of NPH (4). Interestingly, some of the genes that did
not show significant changes by qRT-PCR, were indeed found
to be up-regulated in Nphp1�/� mice (Col3a1: +1.54; Acta2:
+1.26), with a beneficial effect of PGE1 treatment (Col3a1:
+0.68; Acta2: +0.80).

Overall, these data showed that PGE1 treatment is able to
attenuate the renal manifestations associated with the loss of
Nphp1, including the formation/extension of tubular dilata-
tions, early up-regulation of fibrosis markers and extracellular
matrix components, as well as abnormal cilia.

Along with the mouse model, the effect of prostaglandin-
related analogs was further examined in zebrafish, a widely used
model to study cilia function in context of ciliopathies (26).

Fig. 2. Validation of prostaglandin signaling as a target in NPHP1-defective renal cells. (A) Representative images of immunofluorescence of primary cilia
(ARL13B, green), basal bodies (γ-Tubulin, red), and nuclei (DAPI, blue) in NPHP1 URECs 5 d after seeding treated for 2 d with DMSO (0.04%) or ALP (2 μM).
(Scale bars, 10 μM.) (B) Quantification of ciliogenesis in one NPHP1 UREC (Pt1) exposed for 2 d to increasing concentrations of ALP. Mean ± SEM n = 2 to 4
experiments. Nonlinear regression. (C) Quantification of ciliogenesis in URECs derived from NPHP1 patients (NPHP1, n = 11), CTL individuals (n = 6), and CKD
patients (n = 5) exposed for 2 d to DMSO (0.04%) and ALP (2 μM). Results are expressed as the mean for all individual categories and are shown using
a box-and-whisker plot. n = 1 to 15 experiments per cell line (mean of 3.5 experiments per cell line). Mixed linear-regression model with quasibinomial
penalization taking into account the correlation of observations coming from the same individuals using a random effect on the cell line: ***P < 0.001,
****P < 0.0001, ns: not significant. (D) Representative images of immunofluorescence of ADCY3 (green), primary cilia (ARL13B, red), and nuclei (DAPI, blue)
in NPHP1 and CTL URECs. Arrows indicate ARL13B+ cilia. (Scale bars, 10 μM.) (E and F) Quantification of the percentage of ADCY3+ cilia (E) and of the intensity
of ADCY3 in those cilia (F) in NPHP1 (n = 5) and CTL (n = 4) URECs 5 d after seeding treated for 2 d with DMSO (0.04%) or ALP (2 μM). Each dot represents
one individual cell line. Bars indicate mean. n = 3 experiments. Mixed linear-regression model with quasibinomial penalization (E), Mann–Whitney U test
(NPHP1 vs. CTL) and paired Student’s t test (DMSO vs. ALP) (F): **P < 0.01, ns: not significant. AU: arbitrary unit.
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We used the nphp4 morpholino model, for which we and other
have reported cysts in the proximal part of the pronephros, as
well as ciliogenesis defects and defects in cloaca formation in its
distal end (27, 28). This model is relevant as NPHP1 and
NPHP4 play similar roles at the transition zone and cellular
junctions; and their loss-of-function in patients, as well as in

other animal models, results in identical phenotypes (1, 2). In
addition, EP receptors, in particular EP2 and EP4, are
expressed in zebrafish pronephros (29). Treatments with PGE1
(ALP) or PGE2 (DINO) molecules resulted in a significant
decrease in the proportion of nphp4 morphants with severe pro-
nephric cysts (SI Appendix, Fig. S12 A–C). ALP treatment also

Fig. 3. In vivo validation of the effect of ALP treatment on Nphp1�/� kidney. (A) Representative images of PAS staining of kidney sections from 5-mo-old
Nphp1+/+ and Nphp1�/� mice treated daily with vehicle (PBS) or ALP (80 μg/kg) from month 1 to month 5. (Scale bar, 50 μm.) An asterisk signifies tubular dila-
tations. (B) Dilatation index for 5-mo-old Nphp1+/+ and Nphp1�/� mice upon ALP treatment. (Upper) Dilatation index for the number of dilatation/10 μm2

(cortex). (Lower) Total area covered by dilatations/cortex area. n = 9 to 10 male mice for each genotype/treatment. χ2 test: *P < 0.05. (C) Representative
images of immunostaining of 5-mo-old Nphp1+/+ and Nphp1�/� kidney sections upon ALP treatment with anti-Calbindin (CNT, green), anti-ARL13B (cilia, red),
anti-Barttin (TAL, DCT, and CNT, gray) antibodies, and DAPI (nuclei, blue). (Scale bar, 5 μm.) (D) Quantification of cilium length in CNT and DCT2 of 5-mo-old
Nphp1+/+ and Nphp1�/� mice upon ALP treatment. n = 3 male mice for each genotype/treatment. Each dot represents one cilium. (E) qRT-PCR analysis of
Col1a1 expression from 5-mo-old Nphp1+/+ and Nphp1�/� kidneys upon ALP treatment. Each dot represents one individual mouse. For D and E, bars indicate
mean. One-way ANOVA followed by Holm–Sidak’s posttest: *P < 0.05, **P < 0.01, ns: not significant. (F) Significantly differentially expressed genes (DEGs)
detected by RNA-seq in 5-mo-old Nphp1�/� mice upon ALP treatment. (Left) Heatmap of the 112 genes from the dataset of Nphp1+/+ (n = 4), Nphp1�/� PBS
(n = 5), and Nphp1�/� ALP (n = 5) treated mice using signal log-ratio values. Each row represents a gene with up- (red) and down-regulated (blue) expression.
(Right) Pertinent down- (light gray) or up-regulated (dark gray) pathways or processes involving these genes highlighted using Metascape. ECM, extracellular
matrix; TAL, thick ascending limb of the loop of Henle.
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reduced the proportion of nphp4 morphants with cloacal dilata-
tions (SI Appendix, Fig. S12D) and partially restored cilium
length with a loss of significant difference between control and
morphants upon treatment (SI Appendix, Fig. S12E). Overall,
these results obtained in zebrafish provide evidence that PGE2
analogs can prevent dilatations of the renal tubules as well as
ciliary defects in other in vivo models of NPH.
In addition to kidney, we investigated whether EP agonists

could hamper retinal degeneration. Notably, EP2 is the most
predominantly expressed PGE2 receptor in the eye (30) and
the EP2 agonist Taprenepag has been previously used in the
context of glaucoma in humans (31). In our Nphp1�/� mouse
model, the retinopathy was observed as early as P14 and a loss
of light-detection capacity as early as P21 (SI Appendix, Fig.
S6). Based on these results, Tapreneprag was injected every 3 d
(18 mg/kg, i.p.) from P6 to P21 without deleterious effect on
body growth compared to Solutol-treated control mice (SI
Appendix, Fig. S13). Treatment with the EP2 agonist led to a
partial preservation of the outer nuclear layer of the photore-
ceptor cells in Nphp1�/� mice at P21 (Fig. 4 A and B) and to
an improvement of the light-detection capacity of the photore-
ceptors with an increased magnitude of b-wave on ERG (Fig. 4
C and D).
Altogether, these results indicate that treatment with prosta-

glandin agonists could partially prevent both renal and retinal
ciliopathy-related phenotypes.

Molecular Analysis of PGE1 Treatment in URECs. Our last aim
was to better understand the mechanism underlying the benefi-
cial effect of PGE1 on ciliogenesis. qRT-PCR analyses showed
URECs mostly express EP2 and EP4 (SI Appendix, Fig. S4A),

which are both coupled to GαS and stimulate cAMP produc-
tion through activation of adenylate cyclases (AC) in response
to agonist stimulation (20). Accordingly, treatment with ALP
increased cAMP production in URECs to a level similar to that
of forskolin (SI Appendix, Fig. S14A) and increased the phos-
phorylation of protein kinase A (PKA) substrates (SI Appendix,
Fig. S14 B and C). Interestingly, EP4 agonists or increased
cAMP production with the AC activator forskolin exert positive
effects on ciliogenesis through stimulation of intraflagellar
transport (32, 33). Taken together, these results show that ALP
treatment activates the cAMP pathway in URECs, which may
explain the improved ciliogenesis in NPHP1 conditions.
Accordingly with this statement, forskolin treatment showed a
similar positive effect on ciliogenesis as that observed with ALP
(SI Appendix, Fig. S14 D and E). Finally, in agreement with
the down-regulation of cell cycle progression in PGE1-treated
kidneys (Fig. 3F), treatment of kidney tubular cells with PGE1
was shown to increase the expression of p27kip1 (34, 35), a
key positive regulator of quiescence and ciliogenesis (36–38),
which was reported to be positively regulated by cAMP (39).
Indeed, treatment of NPHP1 URECs with PGE1 significantly
increased the proportion of p27kip1+ nuclei (SI Appendix, Fig.
S14 F and G), which likely contributes to its positive effect on
ciliogenesis.

In order to identify additional functional downstream signal-
ing pathways associated with the positive effects of PGE1 in
NPHP1 models, we performed comparative transcriptomic
profiling analysis in NPHP1 URECs. First, we performed
transcriptomics analysis in NPHP1 URECs (Pt1) exposed to
either DMSO or 2 μM ALP under the same conditions as for
ciliogenesis assays and identified 457 differentially expressed

Fig. 4. Effect of Taprenepag, an EP2 agonist, on the Nphp1�/�-associated retinopathy. (A) Representative images of H&E staining of retina sections from
P21-old Nphp1+/+ and Nphp1�/� mice treated every 3 d with vehicle (5% Solutol) or Taprenepag (18 mg/kg) from P6 to P21. (Scale bar, 50 μm.) (B) Quantifica-
tion of ONL/OPL thickness ratio in retinas from P21 Nphp1�/� mice treated with vehicle (n = 8) or Taprenepag (n = 9). Each dot represents one mouse. Bars
indicate mean. (C) Scotopic ERG recordings of P21-old Nphp1+/+ or Nphp1�/� retinas upon vehicle or Taprenepag treatment. (D) Quantification of scotopic
a- (Left) and b-wave (Right) amplitude versus stimulus intensity (log) in P21 Nphp1�/� mice treated by vehicle (SOL, n = 6) or Taprenepag (n = 7).
Mann–Whitney U test: *P < 0.05, ns: not significant. Dots indicate mean ± SEM. INL, inner nuclear segment; IPL, inner plexiform layer; IS, inner segment;
ONL, outer nuclear segment; OPL, outer plexiform layer; OS, outer segment; RPE, retinal pigmented epithelium; SOL, Solutol; TAP, Taprenepag.
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protein-coding genes (150 up-regulated, 307 down-regulated).
In parallel, we employed RNA-sequencing (RNA-seq) analysis
on NPHP1 URECs (including Pt2 and Pt8) and control lines
(including CTL5 and CTL8), and revealed 2,259 dysregulated
genes in absence of NPHP1. We then compared the two
gene lists and identified 128 dysregulated genes in NPHP1
URECs (31 genes down-regulated and 97 up-regulated) that
were inversely modulated upon ALP treatment (Fig. 5A and
Dataset S3).
Pathway enrichment analysis using the GO, KEGG, and

Reactome datasets revealed that, in agreement with the analysis
of the Nphp1�/� mice kidneys (Fig. 3F and SI Appendix, Fig.
S11F), the 128 dysregulated genes were predominantly
involved in the regulation of actin cytoskeleton (P = 1.0E-06),
focal adhesion (P = 7.9E-06), extracellular matrix–receptor
interaction (P = 2.5E-06), and integrin cell surface interactions
(P = 4.7E-05). In addition, several pathways crucial for
mitochondrial function commonly impaired in CKDs were
also modulated, including positive regulators of fatty acid oxi-
dation (FAO; P = 4.4E-04) (40) and the response to hypoxia
(P = 9.1E-07) (41). Several dysregulated genes were also associ-
ated with renal fibrosis, including the renal profibrotic factors
GREM1 and THBS1 (42, 43), as well as negative regulators of the
mammalian target of rapamycin (mTOR) pathway (DEPTOR)
(44) or cyclic AMP signaling (PDE7, PKIA, ANX3), consistent
with known signaling pathways downstream of EPs (45) and
with our observations. Furthermore, in agreement with the posi-
tive effect of ALP on ciliogenesis, 65 of the 457 ALP-regulated
genes were found to be cilium-related (Fig. 5B and Dataset S4).
Among those 65 genes, ABLIM3 encoding an actin modulator,
which negatively regulates ciliogenesis (46), was down-regulated
after PGE1 treatment, whereas ATOH8, encoding an homolog
of the positive regulator of ciliogenesis ATOH1 (47, 48), was
up-regulated.
To validate our transcriptomic analyses, we then selected 11

dysregulated genes belonging to the main pathways/cellular
processes identified, including genes associated with cell adhe-
sion (LAMC2, ITGA2), renal fibrosis (THBS1, HAS3, LAMC2,
ITGA2), regulation of cAMP (PKIA), mTOR (DEPTOR), and
FAO (CPT1A, PGC1A), as well as potential modulators of cil-
iogenesis (ABLIM3, ATOH8). qRT-PCR analyses in several
NPHP1 URECs confirmed the effect of ALP treatment on
both the up- and down-regulation of most of the genes tested
(Fig. 5C). Those results showed that, similarly as in Nphp1�/�

mouse kidneys, PGE1 treatment down-regulated expression of
almost all extracellular matrix components, integrin signaling,
and actin cytoskeleton regulators. The up-regulation of Rho
GTPase activity, which could be linked to a global
up-regulation of actin and adhesion-related processes, was evi-
denced in several ciliopathy conditions and was involved in the
associated ciliary defects (49). Notably, we confirmed that
PGE1 treatment also decreased the amount of active RhoA in
NPHP1 URECs (Fig. 5D).
Altogether, our results suggest that a prostaglandin compound

would be able to restore ciliary and profibrogenic pathway in
NPHP1-deficient cells through modulation of cell cycle progres-
sion, actin, adhesion, and extracellular matrix cues (Fig. 5E).

Discussion

There is approximatively less than 5% of treatment available
for the more than 7,000 orphan diseases so far identified,
most of which have genetic causes (50). The work presented
here exemplifies the principle of identification of small

pharmacological molecules to compensate genetic defects as a
source for potential therapeutic agents. A phenotypic screening
strategy using a reference kidney cell line derived from an
NPHP1 patient led to the rapid hit identification of a prosta-
glandin (PGE1, ALP) that reverted whole-locus NPHP1
deletion-associated ciliary phenotypes, an effect confirmed
using a panel of NPHP1 patient-derived cell lines. In vivo,
PGE1 lessened the renal phenotypes observed in both NPH
zebrafish model and novel Nphp1 KO murine model. In addi-
tion, another PGE2 receptor agonist (Taprenepag) with an
orthogonal chemical structure ameliorates the severe retinopa-
thy found in Nphp1�/� mice.

Although ciliary defects observed in the different NPHP1
in vitro and in vivo models are variable, they are all rescued by
PGE1 treatment. Our present and past analyses consistently
indicate that the loss of NPHP1 in kidney epithelial cells results
in decreased ciliogenesis, which was linked to epithelialization
delay in MDCK grown in two-dimensional conditions (8). It is
noteworthy that when NPHP1_KD MDCK cells are grown in
three-dimensions (spheroids), cilia get longer, as similarly
observed in vivo in the kidneys of both Nphp1�/� mice and
patients. As for NPH zebrafish and other ciliopathy models, cil-
iogenesis is decreased and cilia are shorter in the distal proneph-
ros (26). Importantly, the length of primary cilia depends on
various factors, including microtubule and actin cytoskeleton
dynamics, epithelialization, and signaling pathways such as
ROS, mTOR, cAMP, and cell cycle, which may be differen-
tially regulated in different tissues and altered in NPH models
(1, 4). This diversity of processes that influence ciliogenesis and
cilium length could explain why, depending on the cellular or
animal models, we observed different ciliary phenotypes.

Thus, the decreased ciliogenesis observed in vitro in
NPHP1-deficient kidney tubular cells grown in standard cul-
ture conditions is a robust proxy, which led to the identifica-
tion of PGE1 as a molecule that restores ciliogenesis defects in
all other NPH models.

Several studies support the principle of our findings linking
PGE2 receptor stimulation to ciliogenesis, which is mediated
by downstream cAMP signaling (32, 33). Interestingly, ciliopa-
thies associated with mutations in NPHP or IFT genes have
been independently linked to a down-regulation of cAMP/PKA
signaling associated with a decrease of ciliary localization of
ADCY3 (9, 10, 51). In addition, increasing cAMP using for-
skolin was shown to ameliorate cilium count and length in
CEP290-defective fibroblasts (10). In our study, we show that
PGE1 treatment rescues ciliogenesis as well as the percentage of
ADCY3+ cilia in NPHP1 URECs, and that this effect is linked
to downstream cAMP production.

While the positive effect of EPs/cAMP on ciliogenesis was
previously linked to a stimulation of intraflagellar transport
(32, 33), our data also point to additional contributors. As
reported for PGE2 (34, 35), we showed that PGE1 treatment
increased the proportion of cells expressing p27kip1, a main
positive regulator of quiescence (G0), a stage of the cell cycle
during which ciliogenesis occurs (37). The expression of
p27kip1 is tightly controlled during the cell cycle but mainly at
the protein level by ubiquitin-dependent degradation (52),
explaining why it did not appear in our various transcriptomic
analyses. Interestingly, negative regulators of p27Kip1, such as
CKS1B (53), were down-regulated (+0.69) along with cell
cycle progression pathways upon PGE1 treatment in Nphp1�/�

kidneys. As p27kip1 is also a negative regulator of Rho
GTPases (54), its increased expression might therefore contrib-
ute to the inhibition of RhoA activation observed upon PGE1
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treatment together with modulation of the extracellular matrix/
adhesion pathways (see below). In summary, our data, together
with previously published studies, indicate that the robust and
strong positive effect of PGE1 on ciliogenesis in NPHP1 cells is
the consequence of convergent pathways downstream of prosta-
glandin E2 receptors.

Besides the direct positive impact of EP receptor-mediated
cAMP signaling on ciliogenesis, other prostaglandin-dependent
pathways or cellular processes are susceptible to also modulate
ciliation. It is now well documented that actin cytoskeleton
contractility and extracellular matrix rigidity are major deter-
minants of ciliogenesis (55, 56). Interestingly, fibrosis and
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Fig. 5. Transcriptomic analyses of molecular targets upon ALP treatment in NPHP1 URECs. (A, Left) Venn diagram shows the number of significantly DEGs
detected by microarray in URECs derived from NPHP1 patients (NPHP1) and CTL individuals upon ALP treatment versus DMSO (457 regulated genes) in com-
parison to the number of dysregulated genes detected by RNA-seq in NPHP1 vs. CTL URECs (2,259 regulated transcripts). The 128 genes regulated by ALP
inversely modulated in NPHP1 URECs (128 DEG) are underlined. (Center, Upper) Heatmap of the 128 DEGs from the RNA-seq dataset of NPHP1 (n = 2) and
CTL (n = 2) URECs using signal log ratio values. Each row represents a gene with up- (red) and down-regulated (blue) expression. (Center, Lower) Fold-change
and normalized expression of the 128 DEGs in one NPHP1 UREC (Pt1) selected from the microarray dataset. n = 3 experiments. (Right) Pertinent down- (light
gray) or up-regulated (dark gray) pathways or relevant processes involving these genes were highlighted using Metascape. (B) Pertinent pathways or pro-
cesses involving ciliary modulators dysregulated in NPHP1 URECs upon ALP treatment were highlighted using Metascape. (C, Left) Heatmap of 11 selected
genes of the 128 DEGs from RNA-seq dataset of NPHP1 versus CTL URECs. (Left) qRT-PCR validating the positive effect of ALP treatment on the expression
of the 11 selected dysregulated genes in NPHP1 URECs (n = 5). Paired Student’s t test: **P < 0.01, *P < 0.05, ns: not significant. Bars indicate mean ± SEM.
n = 2 experiments. Hh: Hedgehog. (D, Left) Representative image of Western blot analysis showing the activation of RhoA in NPHP1 URECs (Pt, n = 3) after
24 h of treatment with DMSO (0.04%) or ALP (2 μM). (Right) Quantification of the relative abundance of RhoA-GTP in NPHP1 URECs. Each dot represents one
individual cell line. Mean ± SEM. n = 3 experiments. (E) Pathways regulated by ALP/PGE1 in URECs. ADH-R, adhesion receptors. (C and D) Paired Student’s
t test: **P < 0.01, *P < 0.05, ns: not significant.
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thickening of the basal membrane surrounding kidney tubules
are two main characteristics of the NPHP1-associated juvenile
form of NPH. In agreement with these pathological observa-
tions, our transcriptomic analyses showed that renal fibrosis dis-
ease was one of the main up-regulated pathways in Nphp1�/�

mice kidneys and that extracellular matrix organization (colla-
gens, LAMC2), actin-cytoskeleton regulation, and integrin
were among the most enriched GO terms up-regulated in both
URECs and Nphp1�/� mice kidneys. Strikingly, PGE1 treat-
ment had a beneficial effect on these profibrotic pathways, as
well as on other processes, including cell cycle progression.
In accordance with our results, EP2 and EP4 activation was

described to exert antifibrotic properties in several models of
kidney fibrosis (57, 58), and was shown to play a major role in
the differentiation of myofibroblasts and expression of extracel-
lular matrix proteins (59). Altogether, our results suggest that
the NPHP1-deficient background (KO mice and URECs) is
sensitive to PGE1 treatment, which, in addition to its positive
effects on ciliogenesis, has a protective effect on profibrotic
gene expression and renal lesions.

Conclusion. Our results stress that PGE2/EP signaling is likely
to tackle NPH-associated phenotypes through a convergent
mode of actions, including direct effects on cilia linked to
cAMP signaling but also indirect effects through cell cycle and
adhesion/matrix regulation also relevant to counteract the
up-regulation of profibrotic genes observed in the pathological
context. These combined effects are likely to explain the benefi-
cial impact of agonists of PGE2 receptors observed on cilia,
in vitro (URECs) and in vivo (kidney, retina), as well as on
renal tubule dilatation. These restoration effects on preclinical
NPHP1-associated manifestations offer exciting new potential
therapeutic targets. Finally, this study provides evidence for a
potential use of a small-molecule–based therapy in the specific
context of the NPHP1 locus deletion-associated NPH, the
most frequent form of NPH. More importantly, our study
demonstrates that phenotype changes induced by a complete
locus deletion are amenable to be reversed, and they can be
functionally complemented with an indirect therapeutic molec-
ular point of intervention using small molecules.

Materials and Methods

Human URECs. Patients and control individuals were recruited at Necker Hospi-
tal in the frame of the approved NPH_1 protocol and urine samples were
collected upon written informed consent and anonymized together with person-
alized data. URECs were isolated from urine collected from patients suffering
from NPH carrying biallelic NPHP1 mutations, healthy age-matched donors, and
patients suffering from ciliopathy-unrelated CKD (stages 2 to 5) (SI Appendix,
Table S2). URECs were cultured as previously described (60) with the following
modifications. Briefly, peeled renal tubular epithelial cells were cultured in pri-
mary medium (DMEM/F12, 10% FBS, 100 U/mL penicillin, 100 mg/mL strepto-
mycin, amphotericinB, 1× REGM SingleQuots [CC-4127, Lonza]) in six-well
plates at 37 °C in 5% CO2, and medium (0.5 mL) was renewed every 24 h. At
96 h, the medium was replaced by proliferation UREC medium (REBM Basal
Medium [CC-3191, Lonza], 1× REGM SingleQuots, 10 ng/mL rhEGF [R&D sys-
tem], 2% FBS certified [Invitrogen]). At 80% confluence, cells were trypsinized
(TrypsinE select, Invitrogen) and plated in 12-well plates (2 × 104 cells). After
24 h, cells were transduced by retroviral gene transfer of thermosensitive SV40 T
antigen (LOX-CW-CRE, Addgene) at a multiplicity of infection of 5 with 8 μg/mL
polybrene (61). After 24 h, medium was changed and cells were grown at per-
missive temperature (33 °C).

Antibodies. The following antibodies were used: ADCY3 (1/100e; Invitrogen,
PA5-35382), ARL13B (1/800e; ProteinTech, 17711-1-AP), Barttin (1/400e; Santa
Cruz, sc365161), Calbindin D-28K (1/500e; Novus, NBP2-50028SS), GAPDH

(1/1,000e; Millipore, MAB374), γ-Tubulin (1/5,000e; Sigma, T6557), PKAS
(1/1,000e; Cell Signaling, 9624), RhoA (1/1,000e; Cytoskeleton, ARH05).
Secondary Alexa-conjugated secondary antibodies were from Invitrogen.

Immunofluorescence-Based Assays in URECs.
Cell culture and compound treatments. For ciliogenesis assays, URECs (105

cells per well) were seeded in 96-well glass microplates (Sensoplates, Greiner) at
39 °C. For other immunofluorescence experiments, URECs (4 × 105 cells per
well) were seeded in 24-well plates at 39 °C. On the third day of culture, cells
were incubated for 48 h in the presence of the compounds, all dissolved in
DMSO (0.04 to 0.1%).
Immunofluorescence. Cells were fixed after 1 to 5 d of culture in either cold
methanol for 5 min or either with 4% PFA for 20 min, quenched in 50 mM
NH4Cl, and permeabilized 15 min with 0.1% Triton if fixed with 4% PFA, then
treated 30 min with PBS, 0.1% Tween 20, 3% BSA, before being incubated 1 h
with primary antibodies, and then 1 h with appropriate fluorescent secondary
antibody and DAPI (1/2,000e; Thermo Fisher Scientific, 62247).
Data acquisition, quantification, and analysis. For ciliogenesis assays, images
were acquired using the Opera Phenix (40×, Perkin-Elmer). Automated acquisi-
tion of 41 z-stack per well was performed. The number of ciliated cells was mea-
sured using a semiautomated analysis using Harmony software (Perkin-Elmer).
Briefly, images were analyzed using the building blocks approach to detect in
this order, nuclei (DAPI staining) and, with a 20-pixel enlarged region, the basal
body (γ-Tubulin signal), and the primary cilia (ARL13B staining). With conven-
tional filters (intensity, size, and so forth), the software segmented candidate
primary cilium. Hundreds of phenotypic parameters were calculated for every
candidate cilium using signal enhancement ratio texture (intensity patterns) and
advanced STAR morphology parameters (distribution of either texture features or
fluorescence intensities inside a region of interest). Using the PhenoLOGIC
machine-learning option of Harmony, the parameters best suited to discriminate
cilia were defined and used to obtain final detection and counting.

For other assays, confocal images were acquired using a Spinning Disk micro-
scope (40× or 63×, Zeiss). All quantifications were performed using ImageJ
software.
RNA Extraction for Transcriptomic Analyses. URECs were seeded in ciliogene-
sis conditions: primary cells were seeded (2 × 104 cells per well) in 2 wells of
12-well plates and incubated 1 wk at 37 °C; immortalized patients and controls
cells were seeded (105 cells per well) in 8 wells of 96-well glass microplates at
39 °C and incubated for 4 d. To evaluate the impact of ALP treatment on tran-
scriptome, cells were incubated for 24 h on the third day of culture with DMSO
or 2 μM of ALP. Kidneys from control and Nphp1�/� mice, treated or not treated
with PGE1, were lysed in RLT buffer using the T18 digital ULTRA-TURRAXX (Ika).
Total mRNA was isolated using an Extraction Mini Kit (Qiagen) following the
recommendations of the manufacturer.

RNA-seq Analysis. For each sample, 50-million read pair-end sequencing was
performed on NovaSEq. 6000 Illumina. FASTQ files were mapped to the
ENSEMBL [Human(GRCh38/hg38)/Mouse GRCm38/mm10] reference using
Hisat2 and counted by featureCounts from the Subread R package (http://www.r-
project.org/). Read-count normalizations and group comparisons were performed
by the Deseq2 statistical method. Flags were computed from counts normalized
to the mean coverage. All normalized counts <20 were considered as back-
ground (flag 0) and ≥20 as signal (flag = 1). P50 lists used for the statistical
analysis regroup the genes showing flag = 1 for at least half of the compared
samples. The results were filtered at P ≤ 0.05 and fold-change 1.2 for URECs
and 1.1 for mice kidneys. Cluster analysis was performed by hierarchical cluster-
ing using the Spearman correlation similarity measure and ward linkage
algorithm. Heatmaps were made with the R package ctc: Cluster and Tree
Conversion, and imaged by Java Treeview software (Java Treeview, extensible
visualization of microarray data) (62). Functional analyses were carried out using
Metascape (http://metascape.org/).

qRT-PCR Analysis. Total RNA was reverse-transcribed using SuperScript II
Reverse Transcriptase (LifeTechnologies) according to the manufacturer’s proto-
col. qRT-PCR was performed with iTaq Universal SYBR Green Supermix (Bio-Rad)
on the ViiA 7 Real-Time PCR System (Thermo Fisher Scientific). Each biological
replicate was measured in technical duplicates. The primers used for quantitative
real-time PCR are listed in SI Appendix, Table 3.
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Mice Experiments.
Generation of Nphp12/2 mice by CRISPR/Cas9. Nphp1�/� mice were gener-
ated using a CRISPR/Cas9 system, as previously described (63). Guide RNAs tar-
geting exon1 of Nphp1 were designed using CRISPOR (crispor.tefor.net/).
Single-guide RNA and Cas9 protein (TACGEN) were injected into the pronucleus
of the C57BL/6J zygotes. All exonic off-targets were tested to ascertain absence
of undesired mutations. Two founders carrying indel mutations were back-
crossed with C57BL/6J mice and the Nphp1+/� offspring were further confirmed
by PCR genotyping with appropriate primers. We focused on the mouse line car-
rying a 73-bp deletion (c.-33_40del) in exon1 encompassing the ATG.
Treatment of mice with prostaglandin receptor agonists. For kidney experi-
ments, ALP (80 μg/kg) or PBS were administrated intraperitoneally daily to
1-mo-old Nphp1+/+ and Nphp1�/� male mice for 4 mo. For retina experiments,
Taprenepag (18 mg/kg) or Solutol (5%) were administrated intraperitoneally
every 3 d from P6 to P21 to Nphp1+/+ and Nphp1�/� male and female mice.
Histology and immunohistochemistry. Kidneys and eyes were fixed overnight
at 4 °C in 4% PFA and embedded in paraffin. The retinal and kidney structures
were assessed by H&E and periodic acid Schiff staining of 4-μm sections, respec-
tively. For immunofluorescence, after paraffin removal and antigen retrieval
treatment (10 mM Tris pH9, 1 mM EDTA, 0.05% Tween 20, 87 °C, 50 min), sec-
tions were blocked with PBS, 0.1% Tween 20, 1% BSA for 1 h and incubated
overnight at 4 °C with the indicated primary antibodies. After two washes, sec-
tions were incubated for 1 h with appropriate secondary antibodies and DAPI.
Confocal images were acquired using a Spinning Disk microscope (40× or 63×,
Zeiss). Count and area of kidney dilatations and cilia length was measured using
ImageJ. Retina layer thickness was measured with QuantaCell’s costum scripts.
Dilatation index. In order to quantify more accurately the severity of the dis-
ease, a dilatation index, taking into account the dilatation number and dilatation
size, was established. For each calculated ratio—the 1) dilatation surface area to
cortex area and 2) dilatation number to cortex area—a score was defined as fol-
lows: score = 1 (no lesions) for all values between zero and the third quartile of
all values for Nphp1+/+; score = 2 (mild) for all values between score 1 and the
median value for Nphp1�/�; score = 3 (intermediate) for all values between
score 2 and the third quartile of all values for Nphp1�/�; and score = 4 (severe)
for all values above score 3. Scores are protocol-specific and calculated based on
all the animals included in the protocol.
Electroretinography. For electroretinography, 21-d-old mice were dark-adapted
overnight before the experiments and anesthetized (intraperitoneal ketamine
[66.7 mg/kg] and xylazine [11.7 mg/kg]). Eyes were exorbitated with neosy-
nephrine and the pupils were dilated with mydriatycum eye drops. The reference
electrode was placed under the back skin, just above the tail, and the measuring
electrodes on the cornea on which a drop of ophthalmic gel was added (Lacrigel,
Europhia). For the scotopic electroretinograms, the flash duration varied from
3 to 5 ms, with the final flash output ranging from 0.001 to 3 cd�s/m2.
Responses were amplified, filtered, digitized, and a- and b-waves were measured
(CelerisTM Diagnosys Espion Visual Electrophysiology System).

For mice studies, all image analyses and quantifications were done blinded.

Active RhoA Pull-Down Assay. Cells were incubated during 15 min with
0.04% DMSO or 2 μM ALP. RhoA-GTP was measured using the RhoA Pull-down
Activation Assay Biochem Kit (BK036, Cytoskeleton) following the recommenda-
tions of the manufacturer. Briefly, cell lysates were incubated with 50 μg of GST-
tagged Rhotekin-RBD beads for 1h at 4 °C. Lysates and precipitates were run on
polyacrylmid gels (12%) under reducing conditions and analyzed by Western
blotting using indicated primary antibodies (RhoA, GADPH) and the Odyssey CLx
imaging system (LI-COR Biosciences). Active RhoA was normalized to total RhoA,
which was itself normalized on GAPDH using Image Studio Lite software (LI-COR
Biosciences).

Statistics. Statistical calculations were performed with R or GraphPad Prism v8.
Figure representation was performed using GraphPad Prism v8 and is presented
as dot plots or box-and-whisker plots. The Shapiro–Wilk test was used to test the
normality. Differences between two groups that do not meet the normal distribu-
tion were compared using two-tailed Mann–Whitney U test. If not possible or if
the two groups meet the normal distribution, differences were compared using
unpaired two-tailed Student’s t test. When comparing more than two groups, a
one-way ANOVA followed by Holm–Sidak’s multiple comparisons test was used.
To analyze the effect of ALP treatment on ciliogenesis or ADCY3+ cilia staining in

cells coming from the same individuals, we used a mixed linear-regression
model with quasibinomial penalization (R software: qlmmPQL function of MASS
package), taking into account the correlation of observations coming from the
same individuals using a random effect on the cell line. To analyze the effect of
ALP treatment in cells coming from the same individuals, we used a paired two-
tailed Student’s t test. To compare the correlation between two parameters, we
used a Pearson’s test. To determine if there is a significant difference between
two proportions, we used Fisher’s exact test. To determine if there is a significant
difference between more than two proportions, we used a χ2 test. P < 0.05 was
considered statistically significant. Statistical tests and exact sample sizes used to
calculate statistical significance are stated in the figure legends.

Study Approval.
Human studies. The NPH_1 protocol on the research of therapeutic targets in
the frame of NPH and renal-associated ciliopathies has been approved by the
French National Committee for the Protection of Persons under the ID-RCB
no. 2016-A00541-50 and is kept in full accordance with the principles of the
Declaration of Helsinki and Good Clinical Practice guidelines. The human renal
biopsies belonging to the Imagine Biocollection are declared to the French Min-
ister of Research under the number DC-2020-3994 and this biocollection was
approved by the French Ethics Committee for Research at Assistance Publique-
Hôpitaux de Paris under the Institutional Review Board registration no. 00011928.
Animal studies. All animals were handled in strict accordance with good animal
practice as defined by the national animal welfare bodies, and all animal proce-
dures were performed in accordance with protocols approved by the ethical
committee of the Minist�ere de l’Enseignement Sup�erieur, de la Recherche et de
l’Innovation (APAFIS#22608-2018042715366694 v4).

Data Availability. The datasets generated are available in the ArrayExpress
database at the European Molecular Biology Laboratory-European Bioinformatics
Institute (EMBL-EBI), https://www.ebi.ac.uk/arrayexpress/ (accession nos. E-MTAB-
11582 (64), E-MTAB-11593 (65), E-MTAB-11594 (66), and E-MTAB-11595 (67)).
All other study data are included in the main text and supporting information.

ACKNOWLEDGMENTS. We thank the patients and their families for their
participation; Olivia Boyer, Aur�elie Hummel, and Guillaume Lezmi (Pediatric
Nephrology, Necker Enfants Malades, Assistance Publique–Hôpitaux de Paris,
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