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NPHP1 gene-associated nephronophthisis is
associated with an occult retinopathy
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Biallelic deletions in the NPHP1 gene are the most
frequent molecular defect of nephronophthisis, a kidney
ciliopathy and leading cause of hereditary end-stage
kidney disease. Nephrocystin 1, the gene product of
NPHP1, is also expressed in photoreceptors where it plays
an important role in intra-flagellar transport between the
inner and outer segments. However, the human retinal
phenotype has never been investigated in detail. Here, we
characterized retinal features of 16 patients with
homozygous deletions of the entire NPHP1 gene. Retinal
assessment included multimodal imaging (optical
coherence tomography, fundus autofluorescence) and
visual function testing (visual acuity, full-field
electroretinography, color vision, visual field). Fifteen
patients had a mild retinal phenotype that predominantly
affected cones, but with relative sparing of the fovea.
Despite a predominant cone dysfunction, night vision
problems were an early symptom in some cases. The
consistent retinal phenotype on optical coherence
tomography images included reduced reflectivity and
often a granular appearance of the ellipsoid zone, fading
or loss of the interdigitation zone, and mild outer retinal
thinning. However, there were usually no obvious
structural changes visible upon clinical examination and
fundus autofluorescence imaging (occult retinopathy).
More advanced retinal degeneration might occur with
ageing. An identified additional CEP290 variant in one
patient with a more severe retinal degeneration may
indicate a potential role for genetic modifiers, although
this requires further investigation. Thus, diagnostic
awareness about this distinct retinal phenotype has
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implications for the differential diagnosis of
nephronophthisis and for individual prognosis of visual
function.
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N ephronophthisis (NPH) is a leading cause for heredi-
tary end-stage kidney disease in children and young
adults.1 NPH can occur as isolated kidney disease

but also as part of multisystem disorders such as Senior-
Løken or Joubert syndrome.2,3 Variants in 20 genes
(NPHP1–NPHP20), all associated with autosomal recessive
inheritance, have been reported to be causative for NPH.1,4

Because of an often nonspecific clinical presentation, limited
genotype-phenotype correlations, and an overlap with other
diseases, NPH diagnosis remains challenging.5,6

Homozygous deletions encompassing the entire NPHP1
gene are by far the most common genetic defect found in
patients with NPH.7–11 Nephrocystin 1, the gene product of
NPHP1, is localized to the primary cilium, and mutations
result in an impaired ciliary function.12 Normal ciliary
function is crucial for multiple organ systems, and various
systemic disease manifestations are known to be associated
with NPHP1 variants (Figure 113).

The ciliary structure is also paramount for normal archi-
tecture and function of photoreceptors; hence, retinal dys-
trophy is an important manifestation of ciliopathies.2,14,15

Nephrocystin 1 is expressed in photoreceptors and plays an
important role in the intraflagellar transport between the
inner and outer segments.16,17 Therefore, NPHP1 mutations
are expected to result in retinal disease, a hypothesis sup-
ported by findings in a mouse model with a targeted
disruption of Nphp1.17–19 Hence, it is unexpected that visual
impairment has previously only been reported in 20% to 23%
of all patients affected by NPHP1-related NPH. A potential
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Figure 1 | Spectrum of major disease manifestations in patients with NPHP1-associated nephronophthisis. Frequencies are illustrated
according to König et al.,13 except for retinopathy, which is described in this report.
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explanation could be that these reports have been based on
patient records only and did not include in-depth retinal
phenotyping.13,20 The purpose of this study was an in-depth
characterization of the retinal involvement in patients with
nephronophthisis caused by homozygous NPHP1 deletions.

METHODS
Patients
This retrospective, cross-sectional study was in adherence with the
Declaration of Helsinki. Institutional review board approval and
patients’ informed consent were obtained. The study adhered to
the Strengthening the Reporting of Observational Studies in
Epidemiology guidelines.21 All subjects were of Caucasian descent
and were included in the network for early-onset cystic kidney
diseases. The network for early-onset cystic kidney diseases is a
multidisciplinary, multicenter collaboration that collects clinical
data and addresses genetic, molecular, and functional questions of
hereditary cystic kidney diseases.22 A comprehensive general
medical history was available for each patient, including nephro-
logic details such as disease onset, age at end-stage kidney dis-
ease,23,24 dialysis and transplantation history, and nonrenal disease
manifestations.

The inclusion criterion was the diagnosis of nephronophthisis
due to variants in the NPHP1 gene confirmed by genetic testing as
part of the routine diagnostic workup25–27 and retinal phenotyping.
The exclusion criteria were any additional eye disease that may affect
the patient’s visual function and conditions preventing adequate
image acquisition, such as significant opacities of the ocular media or
very unstable fixation. In total, 16 patients were assessed and
included in this multicenter and multidisciplinary study.

Clinical ophthalmic examination and image acquisition
A precise history of visual symptoms was obtained, and a stan-
dardized clinical examination was performed. Clinical assessment
Kidney International (2021) 100, 1092–1100
included anterior segment and dilated fundus examination, best-
corrected visual acuity testing, and full-field electroretinography
(ERG) in accordance with the International Society for Clinical
Electrophysiology of Vision standard28 and color vision testing
(saturated and desaturated Farnsworth D15). Visual field testing
was performed using the 24-2 SITA-standard program of the
Humphrey Field Analyzer (Zeiss) or the 30-2 SITA-standard pro-
gram of the Oculus Twinfield Perimeter (Oculus). For quantifica-
tion, the mean defect/mean deviation (MD) was used, representing
the average difference between normal age-corrected sensitivity
values and the measured threshold values at all test point locations.
Discrete-level staging modified from the Hodapp-Parrish classifi-
cation29,30 was used to stage disease severity as mild (MD < �6
dB), moderate (MD < �12 dB), or advanced (MD > �12 dB)
sensitivity loss.

Retinal imaging included spectral domain optical coherence to-
mography (OCT), fundus autofluorescence (AF) imaging (Spectralis
HRAþOCT; Heidelberg Engineering), fundus photography (Visu-
cam and Clarus, Zeiss), and in selected cases ultra-widefield pseudo-
color and AF fundus imaging (Optos, Dunfermline, United
Kingdom).31,32

Retinal thickness data were derived from OCT volume scans
consisting of 61 horizontal B-scans (horizontal: 30�, vertical: 25�)
with a distance of about 120 mm between individual scans and image
averaging of $9 frames using the automated real-time mode. For
detailed structural assessment, single scans through the foveal center
with up to 100 averaged frames and thus better signal-to-noise ratio
were also recorded. The Early Treatment Diabetic Retinopathy
Study–type regions, with a subdivision of the central retina into 9
areas, was used for thickness measurements. The central region
encompassed an area with a radius of 0.5 mm; the inner and outer
rings were segmented into 4 quadrants, with radii of 1.5 and 3 mm,
respectively. For comparison with healthy controls, normal reference
values (mean in adults � 2 standard deviations) were obtained from
Chopovska et al.33
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Table 1 | Patient demographics and ophthalmologic findings

ID (#)
Symptoms (start of

symptoms)
Age at (last)
examination Refraction (OD/OS) BCVA (OD/S)

Nonretinal
ophthalmic findings

Color vision
testing Visual field testing

MD dB
(OD/OS) ERG scotopic ERG photopic

1a None 6 þ2.50/�2.50/179�

þ2.75/2.00/179�
20/25
20/25

None NP Not reliable due to
reduced cooperation

— NP NP

2 None 12 þ0.50/�3.00/12�

0.00/�4.00/166�
20/25
20/20

Oculomotor apraxia
Cogan type in
childhood

Normal Not reliable due to
fixation losses

— NP NP

3 None 16 �0.25/�1.00/10�

�0.50/�1.50/157�
20/20
20/20

Oculomotor apraxia
Cogan type in
childhood,
strabismus

Normal Minimal reduction of
paracentral sensitivity

�2.6
�2.5

Normal Normal

4 None 25 �2.50/�1.00/118�

�3.00/�0.50/28�
20/20
20/20

None Normal Minimal reduction of
paracentral sensitivity

�3.6
�2.9

Normal Normal

5b None 21 �1.50/�0.75/10�

þ0.25/�1.00/20�
20/20
20/20

Strabismus surgery in
childhood

Normal Minimal reduction of
paracentral sensitivity

�4.7
�3.0

Normal Normal

6 None 32 �5.50/�0.50/146�

�4.75/�2.25/59�
20/20
20/20

None Normal Minimal reduction of
paracentral sensitivity

�3.4
�6.0

Normal Normal

7a None 15 0.00/�1.00/18�

0.00/�1.25/11
20/20
20/20

None Normal Minimal reduction of
paracentral sensitivity

�3.3
�4.1

Normal Borderline
reduced (80%)

8 Mild reduced night
vision (not known)

21 �1.50/�1.50/4�

0.00/�1.25/3�
20/20
20/20

None Minor
confusions

Minimal reduction of
paracentral sensitivity

�4.4
�2.6

Normal Borderline
reduced (90%)

9b Mild increased glare (not
known)

23 þ5.50/�3.50/174�

þ7.00/�5.00/4�
20/25
20/25

Strabismus surgery in
childhood

Normal Minimal reduction of
paracentral sensitivity

�5.5
�5.2

Normal Borderline
reduced (80%)

10 None 13 þ1.75/�1.25/102�

þ2.00/�1.75/76�
20/20
20/20

None Normal Minimal reduction of
paracentral sensitivity

�6.6
�6.8

NP NP

11 Mild reduced night
vision (childhood)

15 �0.75/�1.25/145�

�0.50/þ1.50/1�
20/20
20/20

Oculomotor apraxia
Cogan type in
childhood with
persisting minor
problems

Normal Minimal reduction of
paracentral sensitivity

�6.9
�6.5

Borderline
reduced
(90%)

Reduced (60%)

12 None 17 þ2.25/�2.25/46�

þ2.50/�1.75/136�
20/20
20/20

None Normal Global reduction of
sensitivity in the central
30�

�11.5
�8.2

NP NP

13 Reduced night vision
(childhood)

12 �0.75/�1.75/175�

þ0.75/�2.25/156�
20/32
20/40

None Normal Minimal reduction of
paracentral sensitivity

�4.9
�4.4

Borderline
reduced
(90%)

Borderline
reduced (80%)

14 Reduced night vision,
mild increased glare
(childhood)

7 �0.75/�0.75/10�

0.00/�1.25/147�
20/32
20/32

None Abnormal Paracentral scotoma �19.0
�17.6

Borderline
reduced
(90%)

Reduced (50%)

15 Reduced night vision
(childhood)

53 þ3.50/�1.50/127�

þ3.00/�0.75/79�
20/80
20/63

None Abnormal Paracentral scotoma �17.1
�15.2

Reduced
(50%)

Almost
extinguished

16 Reduced night vision,
mild increased glare,
color vision
abnormalities
(childhood)

28 �6 dpt (OU) 20/63
20/40

Strabismus surgery in
childhood, phakic
intraocular lens at the
age of 23 years

Abnormal Paracentral scotoma �19.7
�17.0

Almost
extinguished

Almost
extinguished

BCVA, best-corrected visual acuity; dpt, dioptre; ERG, full-field electroretinography; MD, mean defect/mean deviation; NP, not performed; OD, right eye; OS, left eye; OU, both eyes.
aPatients 1 and 7 are siblings.
bPatients 5 and 9 are siblings.
Color vision: in patient #2–#15 the desaturated Farnsworth D15 test was used, and in #16 the saturated test was used.
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Figure 2 | Optical coherence tomography of NPHP1-associated
retinopathy. There is a granular ellipsoid zone, fading of the
interdigitation zone, and narrowing of the distance between the
ellipsoid zone and the retinal pigment epithelium. Patients (a) #1,
(b) #5, and (c) #15 are displayed.
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RESULTS
The study included 16 patients from 14 families with an age at
ophthalmic examination between 6 and 53 years (median, 17
years; interquartile range, 13–24 years; Table 1), all carrying a
homozygous deletion of the entire NPHP1 gene. Median best-
corrected visual acuity was 20/20 (range, 20/80–20/20;
interquartile range, 20/32–20/20); only the oldest patient
(#15, 53 years old) and 1 further patient (#16) had a best-
corrected visual acuity <20/40. Nine patients reported no
vision problems, 6 were mildly symptomatic since childhood
(4 with reduced night vision, 1 with glare, and 1 with reduced
night vision and glare), and 1 patient had more severe vision
problems (patient #16, see later). One patient had high hy-
peropia (patient #9), and 2 had boderline high myopia (pa-
tients #6 and #16); the remaining 13 patients had milder
refractive errors (Table 1). In childhood, 3 patients had sur-
gery for strabismus, and another 3 patients had Cogan-type
oculomotor apraxia, which persisted in a mild form in 1
patient. No abnormalities of the anterior segment were found.

Overall, a high symmetry of the retinal phenotype between
the right and left eye was identified; hence, retinal findings are
reported for patients rather than for individual eyes. Fun-
doscopy in patients #1 through 15 revealed no obvious ab-
normalities in the central retina apart from an occasional faint
granular appearance of the macula, whereas patient #16
exhibited advanced retinal degeneration (see later). None of
the patients showed a coloboma or optic nerve atrophy.
Central fundus AF images also appeared overall normal.
However, OCT imaging consistently revealed distinct changes
in the outer retinal layers, including a reduced reflectivity and
often granular appearance of the ellipsoid zone line, fading or
loss of the interdigitation zone, and narrowing of the distance
between the ellipsoid zone and retinal pigment epithelium
line, whereas the retinal pigment epithelium layer appeared to
be preserved (Figure 2; Supplementary Figures S1–S3). The
changes observed on OCT imaging were overall least pro-
nounced or absent in the fovea. Retinal thickness maps
revealed a (borderline) low retinal thickness outside the
central sector of the fovea, which appeared to be mainly due
to thinning of the photoreceptor layers (Figure 3). Ultra-
widefield imaging was available from 8 patients, and no
obvious abnormalities were observed in 6 patients. However,
the oldest patient (53 years old) showed predominantly in the
peripheral nasal retina bone spicule pigmentations corre-
sponding to areas of reduced AF (Supplementary Figure S4).
The retinal phenotype in the fundus periphery of patient #16
is described later.

Visual field testing was performed in all patients. The re-
sults of the 2 youngest patients were excluded from analysis
because of poor reliability. Most patients (12 of 14) had a
mild (mean MD ¼ �3.9 dB; range, �2.5 to �6.0 dB; n ¼ 8),
moderate (MD ¼ �6.7 dB, n ¼ 1), or advanced (mean
MD ¼ �17.6 dB, n ¼ 3) predominantly paracentral sensi-
tivity loss, whereas the remaining 2 patients revealed a more
global, diffuse reduction of sensitivity (MD ¼ �6.7 dB
and �9.9 dB). Color vision was tested in 15 patients and
Kidney International (2021) 100, 1092–1100
showed overall normal results in 12 cases and nonspecific
abnormalities in 3 patients.

Twelve patients underwent ERG testing. Scotopic ampli-
tudes were within normal limits in the majority of the pa-
tients (7 of 12). The remaining 5 patients demonstrated a
mild (80%–90% of the lower normal limit, n ¼ 3), substantial
(approximately 50% of the lower normal lower limit, n ¼ 1),
or nearly complete (n ¼ 1) reduction of the scotopic ampli-
tudes. Photopic amplitudes were within normal limits in 4
patients and otherwise showed a mild (80%–90% of the lower
normal limit, n ¼ 4), substantial (approximately 50% of the
lower normal limit, n ¼ 2), or nearly complete (n ¼ 2)
reduction. Overall, ERG testing indicated a mild cone or
cone–rod dystrophy (Figure 4). The 3 patients (#14–#16) with
the most severe retina-wide dysfunction on ERG testing also
had the most advanced sensitivity losses on visual field testing
and abnormal color vision.

As shown in Figure 5, the retinal phenotype of one 28-
year-old patient (#16) differed from the mild retinal
changes observed in all other 15 patients. He reported a
progressive deterioration of visual function since childhood.
Fundoscopy revealed a myopic fundus with pronounced
1095



Figure 3 | Subnormal retinal thickness in NPHP1-associated retinopathy. (a) Retinal thickness mapping revealed (borderline) low macular
thickness in NPHP1-associated retinopathy (dots) compared with healthy controls (mean � 2 SD, gray bars), which appeared to be mainly due
to thinning of the photoreceptor layers (b, control; c, patient 1; photoreceptor layers highlighted in yellow). Retinal thickness of patient #16 is
indicated by triangles.
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pigmentary changes and narrowing of retinal vessels. OCT
imaging showed extensive photoreceptor loss with relative
foveal sparing. Areas of reduced AF indicating advanced
atrophic changes were located mainly at the eccentricity of the
large arcades, with additional patchy areas of reduced AF
more centrally. Photopic and scotopic full-field ERG ampli-
tudes were almost extinguished, and a deep paracentral sco-
toma was visible on visual field testing. To assess a potential
involvement of a second gene contributing to the more severe
retinal alterations, further genetic investigations were per-
formed. Copy number variations of the adjacent MERTK
gene (~1.6 Mb distant from the NPHP1 locus in the direction
of the telomeric region [qtel] on the long arm of chromosome
2) were excluded by array comparative genomic hybridization
(Supplementary Figure S5). Whole-exome sequencing iden-
tified a carrier state for another autosomal recessive ciliop-
athy, NPH type 6 (c. 4723A>T/p.[Lys1575*] in NPHP6/
Figure 4 | Predominant cone involvement on electrophysiology
testing. The relationship of rod and cone responses to the lower
normal limits revealed a mild cone or cone–rod dystrophy in
NPHP1-associated retinopathy. Oblique line, equal reduction of rod
and cone amplitudes; gray area, greater cone than rod
involvement; 100% lower normal limit, amplitudes within normal
limits; dots, patients #3–#9, #11, and #13–#15; triangle, patient #16.
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CEP290) and for achromatopsia type 3 (c.1208G>A/
p.[Arg403Gln] in CNGB3).

Systemic disease associations
The diagnosis of nephronophthisis was established at a me-
dian age of 12 years (range, 1–32 years), with most patients
presenting with a history of polyuria/polydipsia due to a
urinary concentrating defect and/or clinical signs of advanced
chronic kidney failure (Table 222,23). In 1 asymptomatic pa-
tient (#1), preemptive diagnosis was established based on a
family history of nephronophthisis. In 2 patients, genetic
testing was initiated based on the ophthalmic presentation at
the age of 1 (#11, oculomotor apraxia-type Cogan II) and 7
years (#14, deterioration of visual function and photophobia),
respectively, with no obvious clinical signs of kidney disease at
that time. Eight patients had received a kidney trans-
plantation, which was performed at a median age of 15 years
(range, 10–19 years). Before transplantation, 6 patients had
received dialysis (median duration, 5 months; range, 1–24
months). At the time of assessment, 1 patient (#12) had been
on dialysis for 21 months awaiting transplantation (Table 2).
Besides the nephrologic and ophthalmologic findings, 5 pa-
tients revealed a multisystem involvement including ataxia
(n ¼ 3), developmental delay (n ¼ 3), hypothyroidism (n ¼
1), and pancreatic neuroendocrine tumor (n ¼ 1) (Table 2).

DISCUSSION
We report a comprehensive in-depth ophthalmologic char-
acterization of 16 patients with nephronophthisis caused by a
homozygous deletion of the entire NPHP1 gene. A distinct
retinal phenotype on OCT imaging was identified, which
typically remained without obvious correlates on clinical
examination and AF imaging (“occult retinopathy”). Despite
the predominant cone involvement on electrophysiology
testing (mild cone or cone–rod dystrophy in more advanced
cases), night vision problems were reported as an early
symptom, and degenerative changes show a relative sparing of
the fovea. So far, NPHP1-associated retinopathy may have
Kidney International (2021) 100, 1092–1100



Figure 5 | Retinal phenotype of NPHP1-associated retinopathy—patient #16. Widefield false-color image (top left), widefield fundus
autofluorescence (top right), and optical coherence tomography (bottom) images.
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been underreported because of the usually mild structural
changes or, when diagnosed, misinterpreted as retinitis pig-
mentosa, characterized by a rod instead of cone-dominated
dysfunction in patients with reduced night vision.
Table 2 | Kidney function and kidney transplantation history

ID
(#)

Sex,
M/F

Serum
creatinine

level
at evaluation,

mg/dl

eGFR at
evaluation,
ml/min per
1.73 m2

Chronic
kidney
disease
stage

Age a
diagno

nephronoph
yr

1 M 0.43 112 I 2
2 M 1.9 32.8 III 9
3 M 0.7 138.2 I 1

4 M 2.4 36.3 III 21
5 M 2.9 30.0 III 17
6 F 5.5 9.5 V 32

7 F 1.9 38.8 III 11
8 M 1.5 65.6 II 15
9 M 1.9 48 III 18
10 M 3.1 26.3 IV 12
11 M 1.7 53.4 III 6

12 M 7.7 11 V 14
13 M 3.2 23.8 IV 9
14 M 1.0 70.0 II 7
15 F NE NE NE 12
16 M 4 19.1 IV 27

eGFR, estimated glomerular filtration rate; F, female; M, male; NE, not evaluated around
End-stage kidney failure defined as previously classified.22,23

Kidney International (2021) 100, 1092–1100
In patients with occult retinopathy, consistent features on
OCT imaging included reduced reflectivity of the ellipsoid zone,
fading or absence of the interdigitation zone, and narrowing of
the distance between the ellipsoid zone and the retinal pigment
t
sis
thisis,

Age at
end-
stage
kidney
failure,

yr

Age at
kidney

transplantation,
yr Extrarenal disease

— — —

10 10 Hypothyroidism
10 10 Oculomotor apraxia, ataxia,

developmental delay
24 25 —

— — —

32 — Pancreatic neuroendocrine
tumor

11 11 —

15 16 —

18 19 —

— — —

— — Ataxia, language, and motor
developmental delay

15 18 Ataxia, developmental delay
12 13 —

— — —

14 NE —

29 29 —

the time of ophthalmic examination.
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epithelium, but preservation of the retinal pigment epithelium.
Retinal thickness is often mildly reduced, and the fovea remains
relatively spared. These structural alterations of the retina are
similar to changes observed in patients with POC1B-associated
ciliopathy. However, POC1B-associated retinopathy seems to
presentwithmore severe loss of cone functiononERGtesting and
little or no rod dysfunction (also described as a “peripheral cone
dystrophy” because of the relative foveal sparing).34–37 Occult
macular dystrophy due to variants in the RP1L1 gene is another
disease with similar phenotypic features, although the structural
and functional changes primarily affect the fovea.38–41 The gene
products of NPHP1, POC1B, and RP1L1 play a role in ciliary
structure and function. The phenotypic similarity may define a
distinct group of occult cone-dominant retinal ciliopathies with
similar pathophysiology, apparently with a gene-specific topo-
graphic distribution of cone involvement and possible additional
rod dysfunction.35–41 Different phenotypic features have been
reported in other retinal ciliopathies that may predominantly
affect cones, such as RPGR- or KIF11-associated cone–rod dys-
trophy, indicating different disease mechanisms.15,42

In Nphp1 gene-trap mutant mice, which are likely hypo-
morphs due to the production of a small quantity of func-
tional messenger RNAs, photoreceptors fail to develop
normal outer segments because of an impaired intraflagellar
transport.16,17,19 Such abnormal photoreceptor outer seg-
ments are likely the structural correlate for the consistent
human phenotype on OCT imaging that is already present in
very mild disease (see earlier). Over time, the mouse model
develops photoreceptor atrophy, which again finds its OCT-
based correlate in thinning of the outer retina in humans.17

Hence, the mouse model with a targeted disruption of
Nphp1 recapitulates NPHP1-associated retinopathy in
humans and may be used for preclinical evaluation of novel
therapies. Indeed, NPHP1-associated retinopathy is an ideal
candidate for gene therapy because the 3.8-kb complementary
DNA can be packaged into adeno-associated viral vectors,
which have been established as a safe and efficient vector for
retinal gene therapy.43

Profound vision-related disease burden would be a ratio-
nale for developing therapeutic approaches. In this cohort,
the oldest patient had moderate vision loss at the age of 53
years, no other patient was over 35 years of age, and the in-
dividual with the second most severely affected ERG re-
sponses was only 7 years old. If the severity of NPHP1-
associated retinopathy is heterogenous with severe vision loss
in some older patients, this may have been missed in this
cross-sectional study because of the small sample size of
mostly younger individuals. Whether (some) patients even-
tually develop an almost complete photoreceptor atrophy in
line with findings in the 8-month-old mouse model remains
unclear and is subject to further investigations.

Previous studies identified a retinal involvement in only
20% to 23% of patients with juvenile nephronophthisis
caused by NPHP1 variants,13,20 whereas retinal alterations
were seen in all 16 pediatric and adult patients in our study.
This discrepancy is likely explained by underreporting in
1098
earlier studies that did not include in-depth phenotyping. A
similarly benign phenotype in patients with NPHP1-related
Joubert syndrome44,45 indicates that NPHP1-associated reti-
nopathy is mostly mild, independent from systemic disease
manifestations. Of note, reduced night vision as an early
symptom may have caused misconceptions concerning the
retinal involvement because this symptom is frequently, but
not exclusively, present in rod-cone dystrophy (retinitis pig-
mentosa). The study by Caridi et al.46 is frequently referenced
for an association of nephronophthisis and retinitis pigmen-
tosa. However, they explicitly mentioned that NPHP1-asso-
ciated disease is “distinct from the classical Senior-Løken
syndrome,” which presents with retinitis pigmentosa.46

Future deep phenotyping with multimodal retinal imaging
in all NPH patients may disclose whether different NPH ge-
notypes are associated with specific retinal phenotypes. This
would potentially allow more precise and reliable patient
counseling regarding long-term visual prognosis. Moreover,
detailed retinal assessment could then be helpful in the dif-
ferential diagnosis of NPH patients, and specific retinal
findings could alert clinicians to investigate the patient’s
kidneys. Of note, patient #14 in our cohort was diagnosed
based on the retinal changes, and subsequent genetic testing
had a major impact on clinical management and renal
prognosis. Therefore, detailed retinal phenotyping can guide
the diagnosis of NPH, which is important because underdi-
agnosis of NPHP1-related disease is common, even when
extrarenal anomalies are present.47,48

Compared with the milder occult retinopathy in all other
15 patients, 1 patient (#16) had more severe retinal degen-
eration. He carried an additional pathogenic variant in
another ciliopathy gene, CEP290, and a likely pathogenic, but
at the most hypomorphic, CNGB3 variant. CEP290 encodes
for nephrocystin-6, a protein located in the interconnecting
cilium where it interacts with many ciliary proteins, including
the NPHP complex, RPGR, and AHI1.49–53 The presence of a
heterozygous variant in Cep290 has been reported to result in
more rapid retinal degeneration in mice lacking Rpgr, and
variants in Ahi1/AHI1 have been reported to modify Nphp1-
(in mice) as well as CEP290-related retinal degeneration (in
humans).52–54 Recently, Datta et al.19 demonstrated that a
reduced gene dose of Cep290 exacerbates protein mis-
localization and retinal degeneration in Nphp1 mutant mice.
Furthermore, it has been shown that CEP290 variants can
modify the extrarenal symptoms in patients with NPHP1
mutations,45 a phenomenon also seen in other ciliopathies
such as Bardet-Biedl syndrome. Hence, one can speculate that
the CEP290 variant might act as a genetic modifier of NPHP1-
related retinopathy, resulting in more severe retinal
degeneration.

We found 2 previous reports that included a detailed
illustration of the retinal phenotype in patients with NPHP1-
associated nephronophthisis (ntotal ¼ 7).55,56 At least some of
these patients had a rather advanced retinal degeneration at a
younger age, similar to the severely affected patient #16 of this
study. It remains unclear if this is a subgroup of patients that
Kidney International (2021) 100, 1092–1100
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was referred to an ophthalmologist because they reported
reduced vision, which would result in a selection bias favoring
a more severe retinal phenotype. It also remains unclear if
these patients were also carriers for variants in other ciliop-
athy/retinal dystrophy genes that might act as genetic modi-
fiers. Furthermore, pronounced retinal degeneration might be
present at an older age, as suggested by the peripheral changes
observed in the oldest patient of our cohort.

This study is limited by its retrospective design, the rela-
tively small number of included patients, an intrinsic chal-
lenge of reporting phenotypic findings in rare diseases, and a
lack of longitudinal observation periods. It also remains to be
investigated if our findings also apply to patients with late-
onset nephronophthisis and if juvenile nephronophthisis
patients show more advanced retinal alterations at an older
age. The usually well-preserved visual acuity and predomi-
nantly paracentral visual field loss found in this study indicate
good functional correlation with structural alterations on
OCT imaging (relative foveal sparing). However, this may
need to be further investigated in future studies that include
microperimetry and multifocal ERG testing.

In summary, this study illustrates a distinct retinal
phenotype on OCT imaging without obvious correlates on
clinical examination and AF imaging. Diagnostic awareness
about this ciliopathy that predominantly affects cones may
assist in the differential diagnosis of nephronophthisis and for
individual prognosis of visual function. More advanced
retinal degeneration may occur due to aging and possibly due
to genetic modifiers (here an additional CEP290 variant).
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Supplementary File (PDF)
Figure S1. Retinal phenotype of NPHP1-associated retinopathy—
control and patients #1–#5. Fundus autofluorescence (AF) and optical
coherence tomography (OCT) of a healthy control (top row) and of
patients with NPHP1-associated retinopathy (#1–#5). Only 1 eye is
shown per patient due to high symmetry between eyes.
Figure S2. Retinal phenotype of NPHP1-associated retinopathy—
patients #6–#11. Fundus autofluorescence (AF) and optical coherence
tomography (OCT) images of patients with NPHP1-associated
Kidney International (2021) 100, 1092–1100
retinopathy (#6–#11). Only 1 eye is shown per patient due to high
symmetry between eyes.
Figure S3. Retinal phenotype of NPHP1-associated retinopathy—
patients #12–#15. Fundus autofluorescence (left) and optical
coherence tomography (right) images of patients with NPHP1-
associated retinopathy (#12–#15) are displayed. Only 1 eye is shown
per patient due to high symmetry between eyes.
Figure S4. Ultra-widefield pseudo-color (first row) and fundus auto-
fluorescence (second row) images of the right and left eye of patient
#15.
Figure S5. Synopsis of array comparative genomic hybridization (CGH,
A,B) and multiplex ligation-dependent probe amplification (MLPA, C)
analyses of patient #16. Array CGH and MLPA analyses confirmed ho-
mozygous NPHP1 gene deletion identified previously from NGS
sequencing data. (A) Idiogram of human chromosome 2 with region of
interest marked in blue for general orientation (upper panel) and copy
number analysis by array CGH of the respective section (lower panel)
depicting the two different NPHP1 deletion alleles: 1 larger deletion
approximately 290 kb (the typical deletion size identified by reference
12) and 1 smaller deletion approximately 155 kb in size (nota bene
assignment of heterozygous-deleted genomic regions outside ofNPHP1
to both alleles is arbitrary in the absence of parental segregation). Both
deletions do not include the MERTK gene (associated with autosomal
recessive retinitis pigment type 38) located ca. 1.6 Mb apart in telomeric
direction on the long arm (qtel). (Centromere marked with cen and
telomere end of the short arm marked with ptel). (B) Array CGH
enlargement with detailed view on NPHP1 locus (lower panel) and
schematic integrationwith the flanking 330 kb (330RI/II) and 45 kb (45RI/
II) low copy number repeats marked in blue and green (upper panel,
modified from reference 12). (C) Shows (exemplary) MLPA findings on
DNA of patient #16. Amplification of the patient DNA (in green)
compared with male control DNA samples (in blue) for specific DNA
fragments on theX andY chromosomeand forNPHP1 exon1 to20 yields
no signal for all NPHP1 exons. Quantitative assessment of exon-specific
probe amplification is commonly performed for targeted testing or
reconfirmation of NPHP1-associated nephronophthisis using the com-
mercial MLPA-probe mix P387-A3 from MRC Holland (Amsterdam, The
Netherlands; containing probes for all NPHP1 exons, spanning approxi-
mately 82.7 kb of genomic DNA). MLPA findings depictedwith theMLPA
module of the Sequence Pilot software (JSI Medical Systems).
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