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PURPOSE. Cohen syndrome (CS) is a rare genetic disorder caused by variants of the VPS13B
gene. CS patients are affected with a severe form of retinal dystrophy, and in several cases
cataracts also develop. The purpose of this study was to investigate the mechanisms and
risk factors for cataract in CS, as well as to report on cataract surgeries in CS patients.

METHODS. To understand how VPS13B is associated with visual impairments in CS, we
generated the Vps13b�Ex3/�Ex3 mouse model. Mice from 1 to 3 months of age were
followed by ophthalmoscopy and slit-lamp examinations. Phenotypes were investigated
by histology, immunohistochemistry, and western blot. Literature analysis was performed
to determine specific characteristic features of cataract in CS and to identify potential
genotype–phenotype correlations.

RESULTS. Cataracts rapidly developed in 2-month-old knockout mice and were present in
almost all lenses at 3 months. Eye fundi appeared normal until cataract development. Lens
immunostaining revealed that cataract formation was associated with the appearance
of large vacuoles in the cortical area, epithelial–mesenchymal transition, and fibrosis.
In later stages, cataracts became hypermature, leading to profound retinal remodeling
due to inflammatory events. Literature analysis showed that CS-related cataracts display
specific features compared to other forms of retinitis pigmentosa-related cataracts, and
their onset is modified by additional genetic factors. Corroboratively, we were able to
isolate a subline of the Vps13b�Ex3/�Ex3 model with delayed cataract onset.

CONCLUSIONS. VPS13B participates in lens homeostasis, and the CS-related cataract devel-
opment dynamic is linked to additional genetic factors.

Keywords: Cohen syndrome, VPS13B, ophthalmology, lens, cataract, surgery, inflamma-
tion, fibrosis, mouse model, genetic background, genetic modifiers

Cohen syndrome (CS)1 (OMIM 216550) is a rare auto-
somal recessive and multisystemic disorder caused by

variants of the VPS13B gene2,3 or by copy number vari-
ations of its locus on chromosome 8.4,5 Since its identifi-
cation, large variability in clinical features associated with
the VPS13B gene has been described.6–11 Cardinal mani-
festations of VPS13B mutations are the presence of a typi-
cal facial dysmorphism, intellectual disability, intermittent or
chronic neutropenia, and progressive retinal dystrophy.12,13

In most cases, the disease is also characterized by post-
natal microcephaly, childhood hypotonia, joint hyperexten-
sibility, abnormal fat distribution, slender extremities, and
myopia.7,14

Ophthalmic symptoms vary greatly in terms of occur-
rence, onset, and progression.15–17 Children suffer from
peripheral loss of vision and nyctalopia from a young
age. Their electroretinograms are markedly attenuated by
the age of 5 and extinguished by the age of 15 years.16
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Fundus changes in children include the presence of pigment
deposits and/or a bull’s eye macula.18 Those two pheno-
types are sometimes found associated with optic disc pallor.
Deposits usually affect the peripheral retina but can also
be observed in the macula of some patients. Studies focus-
ing on ophthalmic phenotypes have also suggested a high
prevalence of cataracts in some patient populations with CS,
especially in a Greek cohort.17 Due to potential postopera-
tive complications, cataract management in retinal dystro-
phies must be carefully considered.19–21 Although cataract
can cause a decrease of visual acuity, about 10% to 15% of
retinitis pigmentosa (RP) patients develop cystoid macular
edema (CME) after surgery.22 This feature in patients with
very constricted visual fields (<10%), such as CS patients,
may cause the visual acuity to worsen. In addition, recent
case reports using optical coherence tomography (OCT)
suggest that CS patients are more prone to develop CME
than RP patients.23–25 However, in CS patients, cataract can
occur very early in adulthood or even in childhood.17 For
this reason, the benefit of cataract surgery is an important
question in the medical management of the CS pathology.

While proceeding to the ophthalmic characterization of
our recently established Vps13b�Ex3/�Ex3 mouse model, we
identified early-onset forms of hypermature cataracts that
cause major retinal inflammation processes. Moreover, we
determined that in CS patients, as well as in Vps13b�Ex3/�Ex3

mice, cataract onset seems to be modified by additional
genetic factors. Here, we also report the successful cataract
surgery of two CS siblings.

MATERIAL AND METHODS

Animals

The Vps13b�Ex3/�Ex3 mouse line carrying a constitutive dele-
tion of Vps13b exon 3 was established at the Mouse Clin-
ical Institute (MCI)/Institut Clinique de la Souris (ICS)
as previously reported.26 The line was initially produced
on a C57Bl/6N background accidently carrying the reti-
nal degeneration-causing mutation rd8 on the Crb1 gene.
To remove the rd8 mutation, the Vps13b�Ex3/�Ex3 line was
crossed with wild-type C57Bl6/J mice, and the offspring
were genotyped for the rd8 mutation as previously
described.27 Crossings between Vps13b�Ex3/+ and Crb1rd8/+

mice allowed establishment of the Vps13b�Ex3/�Ex3 Crb1+/+

C57Bl/6NJ colony used in this study.
Experiments were conducted in accordance with the

ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research, Federation of European Laboratory
Animal Science Associations guidelines for the care and
use of laboratory animals (FELASA category B accredi-
tation for R.D.C.), and French legislation (animal quar-
ters agreement nos. C 21-231-008 EA and B 75-12-02
IDV, Théa Pharma), after approval by the local ethics
committee (#105, Comité d’Ethique de l’Expérimentation
Animale Grand Campus Dijon) and the French Ministry
of Higher Education, Research and Innovation (agreement
nos. APAFIS#8142-2016121210214682 and APAFIS#9524-
2017040712176062). Animals were kept in animal quarters
under controlled conditions of temperature (21 ± 1°C) and
light (12-hour/12-hour light/dark cycle). Animals were fed
ad libitum with standard laboratory chow (SAFE A04; SAFE
Complete Care Competence, Rosenberg, Germany) and 0.2-
μm filtered water.

Genotyping PCR

Genomic DNA was extracted from tail biopsies through an
overnight incubation in lysis buffer (0.2% SDS; 5-mM EDTA;
100-mM Tris, pH8.5; 200-mM NaCl) supplemented with 100-
μg/mL Proteinase K (Promega Corp., Madison, WI, USA) at
56°C. The extract was centrifuged at 13,200g for 5 minutes
following inactivation of Proteinase K at 80°C for 1 hour.
A 1:100 dilution of the supernatant was used for geno-
typing by PCR analysis with GoTaq G2 Flexi DNA Poly-
merase (Promega) according to the manufacturer’s instruc-
tions using forward (5′-GCTAGATTGGCTGTCATGAAGCAC)
and reverse (5′-CTAACAGTTGACTGAGGAAGCAGCAATG)
primers to target a genomic fragment spanning Vps13b exon
3 in wild-type mice and including the LoxP sites in knock-
outs.

Reverse-Transcription and Real-Time Quantitative
PCR Analysis

Total RNAs from eye lenses were isolated using Invitro-
gen TRIzol Reagent (Thermo Fisher Scientific, Waltham,
MA, USA) and reverse-transcribed using the iScript Reverse
Transcription Supermix (#1708891; Bio-Rad Laboratories,
Inc., Hercules, CA, USA) in accordance with the manufac-
turers’ instructions. Vps13b mRNA levels were measured
by performing real-time quantitative PCR as previously
described.26

Ophthalmic Examination in Mice

Ophthalmic examination was performed from 1 to 5 months
of age on six mice per genotype using the Micron III system
(Phoenix Research Laboratories, Pleasanton, CA, USA). The
pupils were dilated with tropicamide (Mydriaticum, Théa
à l’international Produits, Clermont-Ferrand, France) and
phenylephrine (Néosynéphrine; Europhta, Monaco) prior to
placing the animals in front of the Micron III device under
Isoflurane anesthesia (Axience, Paris, France). During the
procedure, eyes were kept moist with 0.9% NaCl. We made
use of an excitation filter at 482 nm and an emission filter at
536 nm to detect autofluorescent structures in the retina.

Histology

Vps13b+/+ and Vps13b�Ex3/�Ex3 eyes were collected and
fixed in 4% paraformaldehyde for 48 hours and embedded
in paraffin. To observe the eye structure, 5-μm-thick sections
were stained with Harris hematoxylin and eosin (H&E) Y
reagents (Leica Biosystems, Wetzlar, Germany) after paraf-
fin removal. Observations were conducted on an Axioscope
microscope (Carl Zeiss Microscopy, Jena, Germany).

Immunofluorescence

Immunostaining was performed on paraffin sections. After
paraffin removal, sections were rehydrated and blocked for
30 minutes at room temperature in 1× PBS solution contain-
ing 10% fetal calf serum (HyClone; Thermo Fisher Scien-
tific) and 0.3% Triton X-100. Sections were then incubated
overnight at 4°C with rabbit primary antibodies diluted in
blocking solution, washed in 1× PBS supplemented with
0.1% Tween-20, incubated for 2 hours at room temperature
with Donkey anti-Rabbit secondary antibody, Alexa Fluor
568 (#A10042, 1:500; Thermo Fisher Scientific), washed and
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mounted in ProLong Diamond Antifade Mountant (#P36961;
Thermo Fisher Scientific). Primary antibodies and probes
used in this study included anti-GFAP (#GTX108711, 1:200;
GeneTex, Inc., Irvine, CA, USA); anti-Iba1 (#AB178846,
1:500; Abcam, Cambridge, UK); anti-α-SMA (#C6198, 1:500;
Sigma-Aldrich, St. Louis, MO, USA); anti-Col-IV (#2150-
1470, 1:200; Bio-Rad Laboratories); anti-CD4 (#183685,
1:200; Abcam); and ActinGreen 488 ReadyProbes Reagent
(#R37110; Thermo Fisher Scientific).

Immunostaining was observed using an AxioVert.A1
microscope (Carl Zeiss Microscopy) equipped with a QImag-
ing Retiga R3 camera (QImaging, Surrey, BC, Canada) and an
X-Cite series 120 fluorescence lamp (Excelitas Technologies,
Waltham, MA, USA). Images were documented using the Fiji
and μManager software packages.

Western Blot Analysis

Retinas were lysed for 20 minutes in 1× radioimmuno-
precipitation assay buffer (#9806; Cell Signaling Technol-
ogy, Danvers, MA, USA) supplemented with 1-mM phenyl-
methylsulfonyl fluoride and 1× complete protease inhibitor
cocktail (#11697498001; Sigma-Aldrich). Cell lysates were
centrifuged at 13,000g for 20 minutes at 4°C, and protein
concentrations were determined using the BCA Protein
Assay (Sigma-Aldrich). Proteins were run on sodium dode-
cyl sulfate–polyacrylamide gel electrophoresis gels and
transferred to Millipore Immobilon-P Transfer Membranes
(Sigma-Aldrich). Membranes were blotted with antibod-
ies against Phospho-Stat3 (#9145; Cell Signaling); Stat3
(#12640; Cell Signaling); phospho-extracellular signal-
regulated kinase 1/2 (Phospho-Erk1/2, #9101; Cell Signal-
ing); Erk1/2 (#4695; Cell Signaling); glial fibrillary acidic
protein (GFAP, #GTX108711; GeneTex); ionized calcium-
binding adapter molecule 1 (Iba1, #GTX101495; GeneTex);
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH,
#GTX100118; GeneTex) in 1× PBS, 0.05% Tween-20, and
5% non-fat dried milk. They were then washed and probed
with the appropriate secondary antibodies coupled to
horseradish peroxidase. Labeled proteins were detected
using an enhanced chemiluminescence reagent (Bio-Rad
Laboratories) according to the manufacturer’s recommenda-
tions. Bands were visualized using the ChemiDoc Imaging
System (Bio-Rad Laboratories).

Retrospective Literature Analysis

A systematic literature search was performed using the
PubMed database to identify relevant studies published
between June 2003 (identification of Vps13b�Ex3/�Ex3 as
the disease-causing gene for CS) and April 2020 using
the sole key word “Cohen Syndrome.” Studies reporting
ophthalmic examinations as well as disease-causing variants
were included to generate Supplementary Table S1.

RESULTS

Vps13b�ps13bs1. Mice Present with Severe
Hypermature Cataracts, Lens
Epithelial–Mesenchymal Transition, and Vitreal
Fibrosis

To describe the ocular changes affecting Vps13b�Ex3/�Ex3

mice, ophthalmoscopic examinations were carried out in

adult mice. We found that cataract developed as early as 1
month of age in Vps13b�Ex3/�Ex3 mice and found no fundus
alteration before lenses had completely lost transparency
(Fig. 1A). Cataract initially appeared as a central loss of trans-
parency (early stages, 1–2 months of age) and evolved within
the next weeks or months into complete opacity with vacuo-
lar structures (late stages, 3–5 months of age). Heterozygous
Vps13b�Ex3/+ mice did not show any ophthalmic changes
during the course of examination.

We determined the frequency and pace of cataract
progression by slit-lamp examination of 1-, 2-, and 3-month-
old Vps13b�Ex3/�Ex3 mice. Cataract affected only about 6%
of 1-month-old knockout mice and did so in a bilateral
manner for only 2% of animals. Cataract mostly developed
within the second month of life, with 33% of 2-month-
old mice displaying bilateral cataracts and 21% displaying
unilateral cataracts. At the age of 3 months, 92% of knock-
out mice were affected, of which 77% were so in a bilat-
eral manner (Fig. 1B). In addition, in 2-month-old knock-
out mice only 37% of cataractous eyes showed complete
opacity, but the opacity rapidly progressed to 87% in 3-
month-old animals (Fig. 1C). Dissections of eyes with late-
stage cataracts (complete opacity) revealed that cataracts
had become hypermature, with a complete dissociation of
both cortical and nuclear areas of the lens (Fig. 1D). In some
eyes, dissociated lens fragments were observable in vivo in
the anterior chamber (Fig. 1E).

Histological analysis of early-stage cataracts in
Vps13b�Ex3/�Ex3 mice revealed that cataract formation
was initiated after the appearance of large vacuoles in the
lens cortical area (Fig. 2A, Supplementary Fig. S1). F-Actin
staining revealed that fiber cells had lost the elongated
structure that is characteristic of their proper differentiation
(Fig. 2B). In later stages, lens dystrophy progressed to an
hypermature cataract (HC) aspect through the rupture of the
posterior (Fig. 2A) or anterior lens envelope. H&E stainings
revealed the abnormal presence of cells in the vitreous
humor (Supplementary Fig. S1). We performed immunos-
taining against α-smooth muscle actin (α-SMA), a common
mesenchymal cell marker, and detected α-SMA+ cells
around the ruptured lens envelope of Vps13b�Ex3/�Ex3 eyes
(Figs. 3A, 3B). Mesenchymal cells are known to be derived
from the lens epithelium in response to injuries caused by
cataracts.28 Epithelial–mesenchymal transition (EMT) was
also observed in localized areas of the anterior segment
of cataractous Vps13b�Ex3/�Ex3 lenses (Fig. 3C). Immunos-
taining targeting collagen IV revealed that EMT associated
with fibrosis took place in injured Vps13b�Ex3/�Ex3 lenses
(Figs. 3A–3C).

Hypermature Cataract Associates with Infiltration
of Immune Cells in the Vitreous Humor and the
Retina

We hypothesized that the release of lens material in the
vitreous humor may cause the infiltration of immune cells
to this compartment and subsequently trigger inflammatory
and proliferative responses in retinas of eyes with HC. To
confirm the presence of immune cells in the vitreous, we
stained Vps13b�Ex3/�Ex3 eyes with the lymphocyte marker
CD4 (Figs. 3D–3F) and confirmed leukocyte infiltration in
the vitreous humor of Vps13b�Ex3/�Ex3 eyes with HC.

Although the retinas of wild-type and cataract-free
Vps13b�Ex3/�Ex3 eyes did not present any abnormalities,
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FIGURE 1. Frequency, characteristics, and progression of cataract in Vps13b�Ex3/�Ex3 mice. (A) Ophthalmoscopic images of Vps13b�Ex3/�Ex3

eyes displaying the evolution of cataract from 1 to 5 months of age. Note the loss of pupillary response as cataract progresses. (B) Frequency
of unilateral and bilateral cataracts in 1-, 2-, and 3-month-old knockout mice. Cataracts most frequently appeared between 1 and 2 months
of age either uni- or bilaterally. Most 3-month-old knockout mice suffered from bilateral cataracts. (C) In order to rank cataract severity,
affected eyes were split into two groups depending on whether they showed nuclear opacity only or complete opacity of the lens. Although
the majority of affected eyes had only nuclear opacity at 2 months of age, most affected eyes had complete opacity by the age of 3 months.
(D) Photograph of a dissected lens from a Vps13b�Ex3/�Ex3 eye in which the cataract had become hypermature. The lens nuclear region
was found dissociated from its cortical region. (E) In the hypermature stage of cataract, the lens nuclear fragment was sometimes present
in the anterior chamber (arrow).

Vps13b�Ex3/�Ex3 eyes with HC presented with retinal folds
and edemas (Fig. 4A, right panel). We therefore assessed
the activation of glial cells in retinas by performing GFAP
immunostaining. We found, in the vicinity of fibrotic areas
of the vitreous humor of eyes with HC, large areas with
increased number of GFAP+ cells in the ganglion cell layer
(GCL) (Fig. 4B, right panels), suggesting that astroglial cells
proliferated when the cataract had become hypermature. In
addition, low-intensity staining restricted to retinal folds of
eyes with HC was reminiscent of immunopositive Müller
cells. Immunostaining against the microglial marker Iba1
performed on Vps13b�Ex3/�Ex3 retinas with HC revealed
a higher number of Iba1+ cells than in control retinas
(Fig. 4C, right panels). The presence of these microglial
cells was particularly prominent in the inner and outer plex-
iform layers, especially where folds and edemas formed.
Of note, prior to developing HCs, retinas of 3-month-old
Vps13b�Ex3/�Ex3 mice did not show any glial activation on
examined sections.

Western blot analysis (Figs. 5A–5C) revealed an increase
in the global retinal content of Iba1 and GFAP on
protein extracts from Vps13b�Ex3/�Ex3 retinas of eyes

with HC and to lower extents in some Vps13b�Ex3/�Ex3

retinas of eyes with non-hypermature cataracts and with-
out cataract. In eyes with HC, the increase in glial content
was associated to increased Stat3 expression (Fig. 5D)
combined with increased Stat3 and Erk1/2 phosphoryla-
tion levels (Figs. 5E, 5F). To a lesser degree, some reti-
nas of Vps13b�Ex3/�Ex3 eyes without HC also presented with
increased Stat3 expression but not Erk1/2 phosphorylation
(Figs. 5E, 5F). Overall, these results show that inflamma-
tory events and glial proliferation occur in Vps13b�Ex3/�Ex3

retinas before cataract onset and through mechanisms that
are independent of the cataract. Also, additional inflam-
mation and proliferation occurred upon HC development.
A general observation of 6-month-old mice showed the
presence of eye discharge, suggesting that a global ocular
inflammation was triggered by HC in Vps13b�Ex3/�Ex3

eyes.

Peculiar Cataract Characteristics in CS Patients

In most forms of pigmented retinopathy, cataract is
considered a complication of the retinal degeneration.29,30
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FIGURE 2. Lens histology of Vps13b�Ex3/�Ex3 mice compared to controls. (A) H&E staining of Vps13b�Ex3/�Ex3 paraffin eye sections in
early-stage (middle panels) and late-stage (lower panels) cataracts. (B) Representative images of immunostaining against F-actin showing
lens fiber cell structure after cataract onset in Vps13b�Ex3/�Ex3 eyes (middle and lower panels) compared to unaffected Vps13b�Ex3/�Ex3

eyes (upper panel). When cataract occurred, lens fiber cells lost their elongated structure and became enlarged. LN, lens nucleus; LC, lens
cortex; V, vacuole; EC, epithelial cells; TZ, transitional zone; OCF, outer cortical fiber cells; ICF, inner cortical fiber cells. Scale bars: 10 μm.

Our ophthalmic findings in mice suggest that cataract
development in CS may be independent from retinal degen-
erative processes, as cataract is anterior to most retinopathic
features in Vps13b�Ex3/�Ex3 mice. To assess whether there
are specificities to cataract onset in CS patients that differ
from other forms of RP-related cataracts, we performed a
comprehensive literature analysis of ophthalmic investiga-
tions conducted in CS patients (Supplementary Table S1).
We found that a third of teenage CS patients were affected
with cataract, and the prevalence reached 85% by the age
of 40 (Fig. 6A). In contrast, in RP cases, the prevalence of
cataract reached only 57%31 (Fig. 6B). In a comprehensive
review on cataracts in RP patients,31 Pruett reported that
most cataracts belong to the posterior subcapsular subtype
(80.8%) or a composite form of nuclear sclerosis and poste-
rior subcapsular cataract (12.8%). In contrast, CS patients
are mostly affected with nuclear sclerosis (80%), a form of
cataract that affects only 6.4% of RP patients (Fig. 6C). Alto-
gether, these observations suggest a mechanism for cataract
development that is independent of the pigmented retinopa-
thy in CS.

Complication-Free Cataract Surgery in Two CS
Siblings

Two French CS sisters diagnosed with bilateral cataracts in
their 40s were operated on at the ages of 48 and 50 years.
Postoperative OCT examinations revealed no CME develop-
ment and best-corrected visual acuity remained stable.

Genotype–Phenotype Correlation and Influence of
the Genetic Background on the Onset of Cataract

The high prevalence of nuclear sclerotic cataracts in CS,
as well as our findings in mice, suggest a specific func-
tion of VPS13B in lens homeostasis. Based on this assump-
tion, we wanted to determine whether some domains or
isoforms of VPS13B are more important to lens homeosta-
sis in humans. To date, nothing is known about the func-
tional relevance of the short VPS13B isoforms (NM_181661
and NM_015243), but we suspect that they may carry yet
unknown specific functions in a subset of tissues affected
in CS, including the ocular lens. We performed an exhaus-
tive bibliographic search of cataracts reported in CS patients
with identified disease-causing mutations (Supplementary
Table S1). In the Greek CS cohort, which carried a large
deletion in the N-terminal region present in NM_181661
and NM_015243, all 12 patients who were 13 years of age
and older suffered from cataract. In contrast, in patients
with a French ancestry, only one patient developed cataract
before their 40s. In contrast with the Greek cohort, they all
had in common that they were not affected in a biallelic
manner by variants targeting the short N-terminal VPS13B
isoforms. This first observation pointed toward either a func-
tion of those short N-terminal isoforms in lens homeostasis
or an effect of genetic background on the development
of cataract (Figs. 6D, 6E). However, when studying the
Finnish and Amish cohorts, whose variants did not affect
transcripts NM_181661 and NM_015243, we still found a
high prevalence of cataracts in teenage and young adult
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FIGURE 3. Inflammatory events in cataractous Vps13b�Ex3/�Ex3 eyes. (A–C) Representative images of immunostaining against α-SMA and
Col-IV or F-actin (n = 3), respectively, targeting mesenchymal cells, their fibrotic secretions, and fiber cell boundaries in the posterior (A, B)
and anterior (C) regions of the lens. HC led to EMT and fibrosis at the site of lens envelop rupture and at the anterior pole in Vps13b�Ex3/�Ex3

eyes. (D–F) Images of CD4 immunostaining revealed lymphocyte infiltration in the vitreous humor of Vps13b�Ex3/�Ex3 eyes with
HC (n = 3). INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; LM, lens membrane; VH, vitreous humor. Scale
bars: 10 μm.

patients (Supplementary Table S1; Figs. 6D, 6E). In addition,
there was a low incidence of cataract in patients with vari-
ous VPS13B variants of French and Asian ancestries of the
same age group (Fig. 6D). Therefore, the onset of cataract
in CS seems to depend more on modifier effects coming
from the genetic background than on the disruption of a
lens-specific function present in the short isoforms. In terms
of protein domains, all variants associated with early-onset
cataract have in common a loss of the VPS13_C and ATG_C
domains of the protein; however, those two domains are
almost always deleted in CS patients, even those with no
cataract in late adulthood.

Selective Breeding and Isolation of a Subline Not
Affected with Early-Onset Cataract

Based on the hypothesis that additional genetic factors
modify the onset of cataract associated with Vps13b

variants, we attempted to delineate a cataract-free subline
within the Vps13b�Ex3/�Ex3 mouse line or at least one that
is not affected with an early-onset cataract form (i.e., prior
to 3 months of age). Through selective breeding of cataract-
free 3-month-old Vps13b�Ex3/�Ex3 females with heterozygous
males from litters that showed only cataract-free knock-
out mice at 3 months of age, we successfully produced
a knockout offspring devoid of early-onset cataract. We
thereby delineated a cataract-free subline, named hereafter
Vps13b/NC�Ex3/�Ex3. The genealogy related to this subline is
presented in Figure 7. In the meantime, random breeding of
the general Vps13b�Ex3/�Ex3 line kept producing a knockout
offspring with a high incidence of cataracts (Supplementary
Fig. S2), thereby excluding potential changes in the housing
conditions as being responsible for the absence of cataract
in the Vps13b/NC�Ex3/�Ex3 subline.

Defining whether this subline is affected by a late-
onset form of cataract only or whether the incidence is
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FIGURE 4. Glial activation in retinas of Vps13b�Ex3/�Ex3 eyes with and without cataract. (A–D) Representative images of retinal sections
(n = 3 per group) from Vps13b+/+ eyes (left panels) and Vps13b�Ex3/�Ex3 eyes with hypermature cataract (right panels) at 3 months of age
stained with H&E (A) or antibodies against GFAP (B) or Iba1 (C). Cataractous eyes (HC) showed large and multiple regions with retinal
folds and edemas in which astroglial and microglial proliferations were prominent along with activated Müller cells. The arrow in A (lower
panel) highlights a fibrotic area in the vitreous humor near an edema. VH, vitreous humor; GCL, ganglion cell layer; INL, inner nuclear layer;
ONL, outer nuclear layer; ED, edema. Scale bars: 10 μm.

also reduced will require additional observations. At the
time of writing, three knockout females were kept up
to a year of age. Although two of them were still free
of cataract, one had developed unilateral cataract at the
age of 6 months. At 1 year, the opposite eye remained
unaffected.

DISCUSSION

Patients with CS present with a very early-onset form
of rod-dominant dystrophy associated with macular
changes.18,23,32,33 Retinal dystrophy occurs in the first
years of life and progresses rapidly to a complete loss
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FIGURE 5. Inflammatory and proliferative profiles of Vps13b�Ex3/�Ex3 retinas based on protein expression levels. (A) Western blot analysis
of Iba1 and GFAP expression levels, as well as Stat3 and Erk1/2 phosphorylation levels, on protein extracts from Vps13b+/+, cataract-free
Vps13b�Ex3/�Ex3, and nuclear sclerotic Vps13b�Ex3/�Ex3 eyes, as well as Vps13b�Ex3/�Ex3 eyes with HC, at 2 months of age. GAPDH was
used as loading control. (B–F) Relative protein levels of Iba1, GFAP, Stat3, Phospho-Stat3/Stat3, and Phospho-Erk2/Erk2 from western blot
analysis presented in (A). Protein levels were normalized to GAPDH levels and the average Vps13b+/+ value. The data are presented as a
boxplot showing minimum, maximum, and quartile values for each group (n = 3). Although some Vps13b�Ex3/�Ex3 retinas of eyes without
HC presented with increased Iba1 and GFAP levels representative of glial activation and proliferation, this increase became systematic in
eyes with HC. Iba1 was increased by 11-fold (B) and GFAP by 5-fold (C) compared to controls. In addition, the pro-inflammatory protein
Stat3 was also more prominent in retinas of eyes with HC. Comparison of the Phospho-Stat3/Stat3 ratio (D) and Stat3/GAPDH ratio (E)
shows that increased levels of Phospho-Stat3 in cases of HC were mostly due to the overexpression of Stat3. Interestingly, Vps13b�Ex3/�Ex3

retinas of eyes without HC also displayed a moderately elevated expression of Stat3 that did not translate into increased phosphorylation of
the protein. Last, the key regulator of cell proliferation Erk was only over-activated in eyes with HC (F).

of peripheral and scotopic vision.15,16,34 Teenage and
young-adult CS patients can also be affected by early-
onset cataract.17 Together with myopia, retinal dystrophy
and cataract constitute the major ophthalmic features of
CS. To better describe the events associated with those
symptoms, characterize their molecular pathomechanisms,
and assess potential therapeutic strategies, animal models
are required. A canine model with a frameshift deletion
in VPS13B has been reported.35 Unfortunately, however,
ophthalmic examination of the model was not performed,

and the dog breed is now no longer available. We recently
reported creation of the Vps13b�Ex3/�Ex3 mouse model and
showed that it displays a defective spermiogenesis due
to impaired vesicular transport.26 In the present study,
we showed that Vps13b�Ex3/�Ex3 mice are affected with
cataract prior to retinal changes observed in relation to the
rod-dominant CS dystrophy. This is in contrast with the
chronology of appearance of these features in CS patients.
Together with cataractous characteristics in patients, this
finding suggests that cataract in CS may not be secondary to
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FIGURE 6. Prevalence of cataract in the CS population. (A) Although less than 5% of people in the general population are affected with
cataract before the age of 40, the prevalence of cataract in teenage CS patients is around 25%. The prevalence reaches 40% in the 20 to
29 years age group, 58% in the 30 to 39 years age group, and 85% in the age group above 40 years of age. (B) Comparison of the prevalence
of cataract in CS patients with the data reported by Pruett31 for RP patients. Compared with RP patients, the prevalence was 7% higher in
CS patients from 20 to 39 years of age, and 28% higher in CS patients from 40 to 59 years of age. (C) Comparison of the prevalence of each
type of cataract between CS and RP patients: nuclear sclerosis (NS), cortical (CO), and posterior polar subcapsular (PSC). CS patients are
mostly affected with NS cataracts, whereas RP patients are mostly affected with PSC cataracts. (D) Prevalence of cataract in 13- to 40-year-old
CS patients depending on their ancestry suggests an effect of the genetic background on the onset of cataract. Greek patients in this age
group systematically presented with cataract. Amish and Finnish patients presented with a high prevalence of cataract of about 80% and
50%, respectively. In contrast, the prevalence in patients with French ancestry was lower (13%), and patients with Asian ancestry were never
reported with cataract. (E) Positions of known VPS13B variants associated with cataract in teenage CS patients. As almost systematically
reported in CS patients, those variants result in a truncated protein. Numbers 1, 2, and 4 are homozygous variants. Number 3 is a case
of two heterozygous variants within the vicinity of one another. No specific domain or isoform of VPS13B seems to be associated with
teenage onset of cataract in CS. Other truncating variants with similar effect on the loss of protein domain do not cause early-onset cataract
(Supplementary Table S1). Chorein_N, N-terminal chorein domain (Pfam 12624); SHR-BD, SHR binding domain of vacuolar protein sorting-
associated protein 13 (Pfam 06650); VPS13_C, vacuolar protein sorting-associated protein 13 C-terminal domain (Pfam 16909); ATG_C,
autophagy-related protein C-terminal domain (Pfam 09333).
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FIGURE 7. Selective breeding and isolation of the cataract-free Vps13b/NC�Ex3/�Ex3 subline. In this genealogy, only knockout mice and
heterozygous breeders are presented. In addition, all litters from a same mating are depicted under a single line. Cataract-free knockout
female mice (ID: 1278, 1283) were crossed with a heterozygous male littermate (ID: 1271) and produced cataract-free offspring (ID: 1390,
1379, 1426). Others (ID: 1063, 1279, 1306, 1387) were crossed with heterozygous males from litters in which cataractous knockout mice
were detected (ID: 1041, 1270, 1272) and yielded cataractous knockouts (ID: 1229, 1230, 1400, 1401, 1404, 1476) from males 1041 and 1270
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and cataract-free knockouts (ID: 1387, 1423, 1426, 1440) from male 1272. Therefore, transmission of the cataractous trait appeared to be
associated with some heterozygous males only. To establish the cataract-free Vps13b/NC�Ex3/�Ex3 subline we bred a cataract-free knockout
female (ID: 1511) with a heterozygous male of a litter that did not display any cataracts among knockouts (ID: 2002).

retinal dystrophy but may arise due to specific defects in lens
homeostasis. Expression data from the Affymetrix GeneChip
Mouse Genome 430 2.0 array, available at the lens expres-
sion resource tool iSyTE (https://research.bioinformatics.
udel.edu/iSyTE/ppi/expression.php), also suggests a role
for Vps13b in lens development and/or homeostasis,
as it is highly expressed during embryonic and postna-
tal stages in mice. RNA-seq lens enrichment datasets36

also available at iSyTE shows enrichment of Vps13b at
E14.5 and E16.5, embryonic stages of secondary fiber cell
differentiation.

Cataracts in Vps13b�Ex3/�Ex3 mice appeared in most cases
between 2 and 3 months of age and rapidly evolved toward
a complete dissociation of the cortical and nuclear parts
of the lens. In CS patients, cataracts usually appear one to
several decades after the onset of retinal dystrophy.15,17,37

Differences between mouse and human retinal structures,
as well as in environmental conditions, might explain the
milder effect of Vps13b loss of function on the mouse retina
and delayed onset of RD compared to patients. It could also
be that the lens-related functions of Vps13b are much more
crucial in mice than in humans, explaining the much more
precocious onset of cataract in mice.

Recent studies have pointed toward a role for VPS13B
in endolysosomal trafficking and autophagy.26,38,39 The
autophagy and lysosome systems have been shown to be
essential to maintaining lens transparency in mice.40,41 Lack
of Vps13b has also been associated with protein glycosy-
lation defects,42 and several congenital forms of cataract
are due to variants of genes involved in protein glycosyla-
tion.43–46 In addition, non-enzymatic glycation of crystallins,
key structural proteins of the lens, has been shown to be
associated with senile and diabetic cataracts.47 Future stud-
ies will aim at identifying whether p62 and ubiquitin-positive
aggregates accumulate in lens fiber cells of Vps13b�Ex3/�Ex3

mice and whether glycosylation of crystallins, as well as
structural proteins with numerous or complex glycans, is
affected in this model.

During our study, the creation and behavioral analysis of
another mouse model for CS (Vps13b2–/–) was reported by
Kim et al.48 Interestingly, they reported having found no sign
of retinal dystrophy and did not mention the presence of
cataract in their model, in spite of its being on the C57Bl/6N
background, which is susceptible to both retinal and lens
alterations.27,49 However, no information on the ophthalmic
examinations they performed is provided in the article. A
more thorough report of their investigation would be neces-
sary to comprehend the differences between our models.
Our model was created through Cre/LoxP deletion of the
third coding exon to introduce multiple stop codons through
a frame shift of the coding sequence. Kim et al.48 deleted
the start codon in Vps13b exon 2 using the CRISPR/Cas9
system while preserving its reading frame. Vps13b2–/– mice
still expressed the Vps13b mRNA in the hippocampus, and
we found in the present study that Vps13b expression was
also preserved in the lens of Vps13b�Ex3/�Ex3 mice (Supple-
mentary Fig. S3). A possible explanation for the ophthalmic
differences between our models may be that, in Vps13b2–/–

mice, a subsequent start codon in exon 3 initiates a Vps13b

protein with a shorter N-terminus that is still functional
enough to promote Vps13b-related ophthalmic but not all
cerebral functions.

Through a retrospective literature analysis of CS case
reports and ophthalmic studies, we found that there likely
is no correlation between VPS13B mutation positions and
the onset of cataract, but additional factors in the genetic
background of CS patients may contribute to this onset.
This observation was substantiated by our ability to isolate
the Vps13b/NC�Ex3/�Ex3 mouse line, which presents delayed
cataract onset and/or low cataract incidence on a mixed
C57Bl/6N – C57Bl/6J background.

Vps13b�Ex3/�Ex3 mice show signs of cataract-induced reti-
nal inflammation. Due to this inflammation, Vps13b�Ex3/�Ex3

retinas are affected by changes that do not correspond to
the retinal dystrophy occurring in CS patients. Future stud-
ies will explore whether the Vps13b/NC�Ex3/�Ex3 subline
with late-onset and/or low cataract incidence that we
isolated presents with retinal dystrophy before the devel-
opment of cataract during aging. Nevertheless, identify-
ing the functions of Vps13b in the retina may require
the production of conditional models targeting specifically
retinal cells to prevent unrelated cataract-induced retinal
changes. Considering that additional genetic factors likely
contribute to the development of cataract in our model,
backcross on a different genetic background could also be
considered.

Considering the pace of progression from the initial
lens opacification to severe uveitis in Vps13b�Ex3/�Ex3

mice, CS patients are at high risk of complications if
their cataracts are left untreated. New recommendation
for CS should thus include a yearly slit-lamp examina-
tion to detect cataract formation at an early stage. Cataract
surgery is advised to improve visual acuity by clearing the
central visual field and to protect the retina from poten-
tial cataract-induced uveitis. Cataract surgery on two CS
siblings in their 40s did not induce CME and should encour-
age ophthalmologists to consider cataract surgery in CS
cases.
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