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Purpose: Familial exudative vitreoretinopathy (FEVR) is a
blindness-causing retinal vascular disease characterized by incom-
plete vascularization of the peripheral retina and by the absence or
abnormality of the second/tertiary capillary layers in the deep
retina. Variants in known FEVR disease genes can only explain
about 50% of FEVR-affected cases. We aim to identify additional
disease genes in patients with FEVR.

Methods: We applied exome sequencing analysis in a cohort of 49
FEVR families without pathogenic variants in known FEVR genes.
Functions of the affected proteins were evaluated by reporter assay.
Knockout mouse models were generated by endothelial-specific
Cre line.

Results: Three novel rare heterozygous variants in Notch ligand
JAG1 were identified in FEVR families—c.413C>T p. (A138V),
c.1415G>A p. (R472H), and c.2884A>G p. (T962A)—and verified

by Sanger sequencing analysis. Notch reporter assay revealed that
mutant JAG1 proteins JAG1-A138V and JAG1-T962A lost almost
all of their activities, and JAG1-R472H lost approximately 50% of
its activity. Deletion of Jag1 in mouse endothelial cells resulted in
reduced tip cells at the angiogenic front and retarded vessel growth,
reproducing FEVR-like phenotypes.

Conclusion: Our data suggest that JAG1 is a novel candidate gene
for FEVR and pinpoints a potential target for therapeutic
intervention.
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INTRODUCTION
Notch signaling is an evolutionarily conserved regulatory system
that plays key roles in angiogenesis.1–3 Genetic removal of Notch
components in mice results in disorganized vessels and
embryonic lethality.4,5 The Notch signaling pathway plays an
essential role in angiogenesis development, regulating the
delicate balance of tip cell and stalk cell specification.6 In mouse
models, the Notch ligands Delta like 4 (DLL4, OMIM 605185)
and Jagged 1 (JAG1, OMIM 601920) have distinct opposite roles
during angiogenesis, with DLL4 serving as an inhibiting protein
and JAG1 as a proangiogenic factor.7,8 Consistent with these
roles, Dll4 and Jag1 also exhibit distinct spatial expression
patterns in the retinal vasculature, with Dll4 highly expressed in
tip cells and present at the edge of the growing plexus, while Jag1
expression is low/absent in tips cells but higher in adjacent stalk
cells.7 JAG1 is a member of the Jagged/Serrate family and plays
important roles in various signaling processes. Pathogenic

variants in JAG1 cause Alagille syndrome.9 Additionally, in
genetic studies using mouse models, loss of Jag1 in endothelial
cells led to reduced sprouting at the angiogenic fronts.7 However,
the role of JAG1 in human vascular diseases remains elusive.
Familial exudative vitreoretinopathy (FEVR) is an angio-

genesis disease characterized by the incomplete vasculariza-
tion of the peripheral retina and by the absence or
abnormality of the second/tertiary capillary layers in the deep
retina (MIM 133780).10 FEVR can lead to neovascularization,
vitreous hemorrhaging, traction from the vitreous mem-
branes, and retinal folding and detachment.11 FEVR is a
heterogeneous disease, and the presentation of FEVR can be
highly variable. Clinical phenotypes of patients harboring the
same pathogenic variant might range from no noticeable
phenotypes to complete blindness during childhood.12

Unfortunately, no effective intervention is currently available
for this disorder.
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FEVR can be inherited as an autosomal dominant, recessive,
or X-linked disease.13 Variants in nine genes have been
associated with FEVR, and another locus has been mapped
but remains to be identified; these genes are as follows: NDP
(MIM 300658),13 FZD4 (MIM 604579),14–16 LRP5 (MIM
603506),17–19 TSPAN12 (MIM 613138),20,21 ATOH7 (MIM
609875),22 ZNF408 (MIM 616454),11 KIF11 (MIM 148760),23

RCBTB1 (MIM 607867),24 CTNNB1 (MIM 116806),25 and
EVR3 on chromosome 11p12-13 (MIM 605750).26 Variants in
these genes can explain only ∼50% of FEVR-affected
families.18 In addition, variants in four core components of
the Norrin-β-catenin signaling pathway, NDP, FZD4, LRP5,
and TSPAN12, account for most FEVR cases. Understanding
the genetic causes of the remaining cases might provide
insights into the disease mechanisms. Therefore, in this study,
we aimed to uncover additional disease genes using exome
sequencing (ES), coupled with functional studies. In recent
years ES has emerged as a powerful method for identifying
retinal disease genes.24,25,27–33

MATERIALS AND METHODS
Patients and clinical evaluation
This study adhered to the tenets of the Declaration of Helsinki
and was approved by the Institutional Research Committee of
Sichuan Provincial People’s Hospital and Xinhua Hospital.
Written informed consent was obtained from all subjects
participating and from guardians for minors. Participants
were evaluated by a clinical ophthalmologist based on fundus
photographic and angiographic changes by fluorescein
angiograph (FFA). Angiographic examinations were assessed
by intravenous injection of fluorescein dye. All cases with
premature birth, history of oxygen inhalation, and drug abuse
were excluded.

Genomic DNA preparation
Peripheral blood from FEVR families and control individuals
was collected into EDTA anticoagulant tubes, and genomic
DNA was extracted using a blood DNA extraction kit
according to the manufacturer’s protocol (Qiagen, German-
town, MD, USA).

Exome sequencing and bioinformatic analysis
To identify additional genes for FEVR, we applied ES to
search for potential genetic variants in 49 FEVR families
without pathologic variants in known FEVR genes. ES was
performed on the proband from each family. Detailed library
construction, sequencing, and data filtering methods are
included in the online supplementary methods. Briefly,
genomic DNA was fragmented, and exonic regions were
captured by SureSelect All Eco V5 Capture Kits (Agilent
Technologies, Santa Clara, CA, USA). The libraries were
sequenced on a HiSeq2500 sequencer (Illumina, San Diego,
CA, USA). Raw reads were aligned to GRCH37 and processed
by the Genome Analysis Toolkit (GATK). Variants that
presented frequencies greater than 0.1% in the dbSNP
database, 1000 Genomes (http://www.internationalgenome.

org/), National Heart, Lung, and Blood Institute (NHLBI)
Exome Sequencing Project (ESP), ExAC Browser (Beta, http://
exac.broadinstitute.org/), and Genome Aggregation Database
(gnomAD, http://gnomad.broadinstitute.org/) database were
excluded. The remaining variants were annotated with
ANNOVAR software (version 2014).

Variants validation
Sanger sequencing was performed to confirm the variants
identified by ES. Primers were designed to amplify genomic
DNA fragments containing candidate variants (Supplemen-
tary table S1). DNA samples from the three FEVR families
and 2500 control individuals were subjected to Sanger
sequencing.

Site-directed mutagenesis
C-terminal Flag-tagged JAG1 expression vectors were pur-
chased from Origene Inc. (Rockville, MD, USA). Three
missense variants were introduced into wild-type (WT) JAG1
complementary DNA (cDNA) by site-directed mutagenesis
using a QuikChange® Lightning Site-Directed Mutagenesis
Kit (Agilent Technologies, Santa Clara, CA, USA). Mutant
recombinant plasmids containing JAG1-Flag fusion con-
structs were verified by DNA sequencing.

Western blotting (WB)
NIH-3T3 cells were seeded onto a 6-well plate (Corning, NY,
USA) and transfected with 3000 ng WT plasmid, mutant
JAG1 plasmids or empty vectors using Lipofectamine 3000
(Invitrogen, CA, USA) when cell confluence reached
approximately 70%. After 48 hours, cells were lysed in sodium
dodecyl sulfate (SDS) lysis buffer (2% SDS and 62.5 mM Tris-
HCl, pH 6.8, containing protease inhibitor cocktail tablets
ordered from Roche Inc.) and sonicated three times for 5
seconds. Equal amounts of protein (20 μg) were loaded onto a
10% polyacrylamide gel and analyzed by immunoblotting.
The antibodies used for WB were FLAG (Cat# F1804, Sigma,
St. Louis, MO, USA, 1:3000 dilution), JAG1 (Cat# 70109S,
Cell Signalling Technology, Danvers, MA, USA, 1:2000
dilution) and GAPDH (Cat# 60004-1-Ig, Proteintech, Wuhan,
China, 1:3000 dilution). HRP-conjugated goat antirabbit
secondary antibody (Cat# 7074, Cell Signaling Technology,
1:5000 dilution) and goat antimouse secondary antibody
(Cat# 7076, Cell Signaling Technology, 1:5000 dilution) were
used for immunoblotting.

JAG1 protein activity analysis by luciferase assays
NIH-3T3 cells maintained in Dulbecco's Modified Eagle
Medium (DMEM) with 10% fetal bovine serum (FBS) were
seeded onto a 6-cm dish and a 6-well plate respectively. Cells
in the 6-cm dish were transfected with 5 μg plasmid DNA
named 4× wt CBF1 Luc134 (the Notch-dependent reporter)
using Lipofectamine 3000 (Invitrogen) when they reached
70–80% confluence. NIH-3T3 cells in the 6-well plate were
transfected with WT JAG1, JAG1-A138V, JAG1-R472H,
JAG1-T962A, and negative control plasmid respectively. After
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24 hours, the cells containing 4× wt CBF1 Luc1 plasmid were
seeded onto the 6-well plate mentioned above. Luciferase
activities were quantified after the cells were cocultured for 36
hours. Briefly, the cells were lysed in 500 μl lysis buffer per
well for 10 minutes at room temperature after the plate was
washed twice using phosphate buffered saline (PBS). After the
cell lysate was centrifuged at 4 °C and 12,000× g for 5 minutes,
the supernatant was aspirated into a new tube. Luciferase
activity was determined using a Trans Detect Double-
Luciferase Reporter Assay Kit (Transgene, Beijing, China).
All assays were repeated three times.

Mouse models and genotyping
All animal protocols were approved by the Institutional
Animal Care and Use Committee of Sichuan Provincial
People’s Hospital. All experimental procedures were per-
formed in accordance with the approved study protocols and
relevant regulations. Mice were raised in cyclic lighting
conditions with a 12-hour light and 12-hour dark cycle.
Floxed Jag1 mice were obtained from The Jackson

Laboratory35(Jag1tm2Grid, https://www.jax.org/strain/031272,
named Jag1flox/+). Jag1flox/+ mice were mated to Pdgfb-
iCreER transgenic mice36 to generate Jag1flox/flox, Pdgfb-
iCreER (hereafter named Jag1 iECKO) mice to inactivate
Jag1 in endothelial cells after tamoxifen induction. Tamoxifen
stock solution was prepared by dissolving 100 mg tamoxifen
salt (Sigma, St. Louis, MO, USA) in 10 ml ethanol. On the day
of injection, a 1 mg/ml working solution was prepared by
mixing the 10 mg/ml stock solution with corn oil (Sigma).
Jag1 iECKO mice and littermate controls of both genders
were intraperitoneally injected with a daily dose of 25 mg/kg
body weight of the 1 mg/ml tamoxifen solution on postnatal
days 1–3.37 Genomic DNA extracted from mouse tails were
amplified by polymerase chain reaction (PCR). PCR primer
pairs were used to genotype the animals.

Immunostaining of retinal endothelial cells
Retinal dissection was carried out as previously described,37

and whole-mounted retinas were preserved in 0.4% paraf-
ormaldehyde (PFA) (Sigma). Enucleated eyes were fixed with
4% PFA and embedded in Tissue-Tek optimal cutting
temperature compound (Sakura Finetek, Torrance, CA,
USA). Before immunostaining, whole-mounted retinas and
cryosections (12 μm, Leica CM1950) were rinsed in PBS
(Sigma, St. Louis, MO, USA) three times (5 min/time) and
blocked in PBS containing 5% FBS (Invitrogen, Waltham,
MA, USA) and 0.2% Triton X-100 for 30 minutes at room
temperature, followed by incubation with primary antibodies
at 4 °C overnight. The following primary antibodies were
diluted in blocking buffer: Isolectin GS-IB4 (1:100; Invitrogen,
Waltham, MA; I21411). Then, the sections were washed three
times with PBS and labeled for 1–4 hours with Alexa Fluor™-
488- or Alexa Fluor™-594-labeled goat antirat or antirabbit
IgG or donkey antigoat IgG secondary antibody (1:500;
Invitrogen). Images were captured on a LSM 800 confocal
scanning microscope (Zeiss, Thornwood, NY, USA). The

person who was assigned to cell counting was blind to the
genotypes of the samples. No animals were excluded from
this study.

Statistical analysis
Statistical significance was determined using Student’s t test or
one-way analysis of variance (ANOVA) and was assumed at
P < 0.05. Quantitative data are presented as the means ± sem,
as indicated in the figure legends. Statistical analyses were
performed using GraphPad Prism 6 software. No sample
calculation was performed. No randomization was performed
for animal studies.

RESULTS
ES unveiled three variants in JAG1 likely to be pathogenic
in three FEVR families
ES was performed to identify pathological variants in 49
FEVR families without pathologic variants in known FEVR
genes. Three novel heterozygous variants in Notch ligand
JAG1 were identified in three FEVR families: NM_000214.3:
c.413C>T p. (A138V), c.1415G>A p. (R472H), and
c.2884A>G p. (T962A). Segregation of the three variants
was verified by Sanger sequencing analysis in the correspond-
ing families (Fig. 1a–f). The JAG1 gene encodes a 1219 amino
acid protein and acts as a ligand in Notch signaling. Previous
study reported that variants in JAG1 cause Alagille syn-
drome.9 The three variants identified in this study have not
been reported to cause Alagille syndrome. These variants are
unique in our in-house database of 2805 geographically
matched individuals analyzed by ES and were not observed in
2500 ethnic-matched control individuals analyzed by Sanger
sequencing. For the proband of family 1, subject II:1, 85,685
single-nucleotide polymorphisms (SNPs) and 7410 indels
were identified (Supplementary Table S2). For the proband of
family 2, subject II:1, 87,186 SNPs and 8309 indels were
identified (Supplementary Table S2). For the proband of
family 3, subject II:1, 88,320 SNPs and 8368 indels were
identified (Supplementary Table S2).
In gnomAD (http://gnomad.broadinstitute.org/), the fre-

quency of the p.A138V variant is zero. The frequency of p.
R472H is 0.000081 (20/246,230), while the frequency of p.
T962A is 0.000085 (21/246,190). FEVR can exhibit incom-
plete penetrance and variable expressivity. Kashani et al.
reported that 58% of the asymptomatic family members
demonstrated early stage FEVR and 21% demonstrated
clinical or angiographic findings consistent with late stage
FEVR, revealed by angiographic screening.12 This can explain
the relative high frequency of p.R472H and p.T962A in those
presumably unaffected individuals in gnomAD. Those
individuals carrying JAG1 p.R472H and p.T962A variants
might be asymptomatic. Furthermore, the amino acids
affected by these three variants are highly evolutionarily
conserved from H. sapiens to D. melanogaster (Fig. 1g),
implicating the importance of these amino acid residues.
In family 1 (Fig. 1a), proband II:1 was a 21-year-old girl

who developed retinal detachment in her right eye. Fundus
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photography and fundus fluorescein angiography (FFA)
examination of her left eye showed FEVR phenotypes,
including temporal tortuous retinal vessels and peripheral
ischemia leading to neovascularization and telangiectasis
(Fig. 2a, b). Ophthalmic examination of her mother revealed
no abnormalities, while for her father, both eyes showed
phenotypes similar to those of the proband. Specifically, the
peripheral retinal was not fully vascularized with adjacent
brush-shaped peripheral retinal vessels and staining of
peripheral chorioretinal atrophy (Fig. 2c–f). In family 2
(Fig. 1c), proband II:1 has suffered severe ocular problems
since birth, and fundus examination showed partial retinal
detachment, falciform folds, and cataracts due to retinal
fibrovascular proliferation (Fig. 2g, h). Ocular examination of
his mother also showed peripheral avascular retina and
dilated peripheral retinal vessels with fluorescein leakage
at the late stage of FFA, which are typical FEVR phenotypes
(Fig. 2i–l). In family 3 (Fig. 1e), the proband II:1 and
his mother were also diagnosed as FEVR by an
ophthalmologist.

Three variants identified by ES negatively affect the
function of JAG1 protein
The JAG1 gene reportedly plays critical roles in vascular
development as a Notch signaling ligand.7 To assess the

impacts of these three variants on JAG1 protein, we
introduced these variants into the JAG1 coding sequence by
site-directed mutagenesis. Western blotting (WB) experi-
ments showed a unique band at approximately the 170 kDa
position when probing with JAG1 or FLAG antibodies
(Fig. 3a). The expression levels of mutant JAG1 proteins
were comparable with those of wild-type JAG1 protein
(Fig. 3a). Immunostaining studies on COS7 cells transfected
with wild-type or mutant JAG1 expression plasmids showed
that both wild-type and mutant JAG1 proteins were localized
to the cytoplasm and cell membrane (Fig. S1). The above
experiments demonstrated that these three variants identified
in patients with FEVR did not impact the expression and
localization of JAG1 proteins. To evaluate the effect of these
variants on the biological activities of JAG1 protein, we
performed a Notch reporter assay in which NIH-3T3 cells
containing a Notch-sensitive luciferase construct were
cocultured with cells expressing either WT JAG1 or mutant
JAG1 proteins, according to a previously reported method.34

NIH-3T3 cells were transfected with a luciferase reporter
construct containing four upstream binding sites of wild-type
CBF1-binding elements (4× wtCBF1Luc).34 Luciferase assays
revealed that the mutant JAG1 proteins JAG1-A138V and
JAG1-T962A almost lost all of their activities, and JAG1-
R472H lost approximately 50% of its activity (Fig. 3b). These
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Fig. 1 Variants in the JAG1 gene identified in three families with familial exudative vitreoretinopathy (FEVR). (a–f) Three families diagnosed with
FEVR and corresponding Sanger sequencing results indicating the genotypes of the family members. Three variants in the JAG1 gene, c.413C>T (p.A138V),
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data demonstrate that these three variants negatively affect
JAG1 protein activity and are likely pathogenic.

Deletion of Jag1 in mouse endothelial cells led to FEVR-like
phenotypes
To validate the roles of JAG1 in angiogenesis, we generated an
endothelial-specific knockout mouse model of Jag1 by
crossing the conditional Jag1 allele with an inducible
endothelial Cre line carrying Pdgfb-CreER. These Cre
transgene mice express a tamoxifen-inducible form of Cre
recombinase in endothelial cells under the control of the
Pdgfb promoter (Fig. S2). Jag1flox/flox, Pdgfb-iCre-ER (hereafter
named Jag1 iECKO), and Jag1flox/flox or Pdgfb-iCre-ER
littermate controls were induced by daily intraperitoneal
(IP) injections of tamoxifen starting at postnatal day 2 (P2)
for three days. Deletion of Jag1 led to delayed angiogenesis
(Fig. 4). Flat-mounted retinas obtained from Jag1 iECKO and
control mice were stained with Isolectin B4 (IB4) to visualize
blood vessel cells. At P7, the horizontal growth of blood
vessels was slower in Jag1 iECKO mice than in WT control
mice (Fig. 4b, left panel of Fig. 4d). To exclude the potential
adverse effects of the Cre transgene in angiogenesis, we also
used Pdgfb-iCre-ER mice as controls. Flat mount staining of
Pdgfb-iCre-ER and Pdgfb-iCre-ER retinas revealed no
abnormalities in blood vessel development. Close examination
of retinal wholemounts revealed a sparse blood vessel network
in the iECKO retina (Fig. 4c, right panel of Fig. 4d). The
vessel density in the iECKO retina was reduced to
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approximately 50% of that in the control retina. In addition,
the removal of Jag1 in ECs led to a reduction in the number of
tips and filopodia at the angiogenic front. Immunostaining of
retinal frozen sections revealed profound defects in vertical
vascular growth into the deeper retinal layers in Jag1 iECKO/
iECKO retina, compared with control retinas (Fig. 4e). No
secondary and tertiary vessels were observed and the vascular
plexus became hyperplasia in Jag1 iECKO/iECKO retinas
(Fig. 4e). Therefore, loss of Jag1 in mouse retinal vascular cells
leads to angiogenesis defects and certain clinical features seen
in FEVR patients, supporting a role of Jag1 in angiogenesis.

DISCUSSION
In this study, we reported three heterozygous pathological
variants in JAG1 in nonsyndromic FEVR patients and
demonstrated that deletion of Jag1 in mice led to angiogenesis
defects in the retina. Most previously reported FEVR cases are

caused by pathogenic variants in the four core components of
the Norrin/β-catenin signaling pathway, NDP, FZD4, LRP5,
and TSPAN12. Our study shows that JAG1, an important
ligand for the Notch signaling pathway, is a novel FEVR
candidate gene and conceptually expands our knowledge
regarding pathogenesis of FEVR disease. To the best of our
knowledge, this is the first report of possible involvement of
Notch ligand JAG1 in the blinding disease FEVR, supported
by genetic data, cell biology assays, and animal models.
Identification of additional cases of presumably pathologic
variants in JAG1 on individuals with FEVR in the future will
provide additional evidence for the role of JAG1 in FEVR.
Our data also provide potential targets for therapeutic

intervention. Previous studies showed that JAG1 is relevant to
proangiogenic activity during angiogenesis. Zeng et al.
showed that overexpression of JAG1 in cancer cells promoted
neovascularization and the growth of grafted tumors in
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mice.38 Inhibition of JAG1 in disease conditions might allow
the suppression of blood vessel growth, which is important in
the treatment of tumor and neovascularization conditions
such as age-related macular degeneration or diabetic retino-
pathy. Moreover, investigating the relationship of Norrin/β-
catenin and Jag1/Notch signaling in FEVR pathogenesis is
valuable to understand the mechanisms underlying retinal
angiogenesis.
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