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GUCA1A mutation causes maculopathy in a five-generation
family with a wide spectrum of severity
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Purpose: The aim of this study was to investigate the genetic basis
and pathogenic mechanism of variable maculopathies, ranging from
mild photoreceptor degeneration to central areolar choroidal dystro-
phy, in a five-generation family.

Methods: Clinical characterizations, whole-exome sequencing, and
genome-wide linkage analysis were carried out on the family. Zebraf-
ish models were used to investigate the pathogenesis of GUCAIA
mutations.

Results: A novel mutation, GUCAIA p.R120L, was identified in the
family and predicted to alter the tertiary structure of guanylyl cyclase-
activating protein 1, a photoreceptor-expressed protein encoded by
the GUCAIA gene. The mutation was shown in zebrafish to cause
significant disruptions in photoreceptors and retinal pigment epithe-
lium, together with atrophies of retinal vessels and choriocapillaris.

INTRODUCTION
Inherited retinal degenerations (IRDs) include a group of
diverse retinal degenerative diseases presenting both genetic
and clinical heterogeneities. To date, according to RetNet
(https://sph.uth.edu/retnet/), 293 loci (including 256 identified
genes) have been associated with IRDs. Among the 256 identi-
fied genes, the guanylate cyclase activator 1A gene (GUCAIA;
MIM 600364) has been implicated in dominant cone dystro-
phy, cone-rod dystrophy, and macular dystrophy.'” GUCAIA,
located in 6p21.1, encodes the guanylyl cyclase-activating pro-
tein 1 (GCAP1), a photoreceptor-specific protein with more
expression in the inner segment/outer segment (OS) layer of
cones than rods in mammals.* GCAP1 is a critical component
in the phototransduction cascade, which acts as a calcium sen-
sor in the recovery of photoreceptors from photon capture by

Those phenotypes could not be fully rescued by exogenous wild-
type GUCAIA, suggesting a likely gain-of-function mechanism for
p-R120L. GUCA1A p.D100E, another mutation previously implicated
in cone dystrophy, also impaired the retinal pigment epithelium and
photoreceptors in zebrafish, but probably via a dominant negative
effect.

Conclusion: We conclude that GUCA 1A mutations could cause sig-
nificant variability in maculopathies, including central areolar cho-
roidal dystrophy, which represents a severe pattern of maculopathy.
The diverse pathogenic modes of GUCAIA mutations may explain
the phenotypic diversities.
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regulating the retinal guanylate cyclase 1 (retGC1) —medicated
cyclic guanosine monophosphate production in a calcium-
sensing manner.>® RetGCl is encoded by the guanylate cyclase
2D gene (GUCY2D; MIM 600179). The important roles of
GCAPI and retGCl in regulating hemostasis of calcium and
cyclic guanosine monophosphate in photoreceptors have been
well addressed.

In this study we found a novel GUCAIA mutation to be dis-
ease causative in a five-generation family affected with variable
maculopathies ranging from mild photoreceptor degeneration
to central areolar choroidal dystrophy (CACD). CACD is a spe-
cial form of IRD that mainly affects the maculae and is char-
acterized by a well-defined atrophic region of retinal pigment
epithelium (RPE) and choriocapillaris at the latest stage.””’
Before our study, mutations in two other genes, peripherin-2
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(PRPH2; MIM 179605) and GUCY2D, were implicated in
CACD etiology.*""'> We also found that diverse pathogenic
mechanisms of GUCAIA mutations might correlate with the
phenotypic diversity of IRDs.

MATERIALS AND METHODS

Participants and clinical assessments

Our study conformed to the Declaration of Helsinki and
was prospectively reviewed and approved by the ethics com-
mittee of Ningxia Eye Hospital. Written informed consent
was obtained from all participants before their enrollment.
Eighteen patients and 18 unaffected family members from
family DC were included in the study (Figure 1). Medical
records from each participant were reviewed. Routine oph-
thalmic examination was conducted for all participants, and
all patients received comprehensive ophthalmic examinations,
including best-corrected visual acuity, slit-lamp examination,
visual field test, funduscopic evaluations, and electroretino-
grams. Fundus autofluorescence, fundus fluorescein angiog-
raphy, optical coherence tomography, and electroretinography
were performed when possible. Another 423 unrelated Chinese
controls free of maculopathy and other major ocular diseases
were also recruited. Samples of peripheral venous blood (5 ml)
were collected from each participant for genomic DNA extrac-
tion using a QIAmp DNA Mini Blood Kit (Qiagen, Hilden,
Germany).

Linkage analysis

Thirteen patients from family DC (II:11, II:13, IIL7, III:14,
IIIL:16, 111:18, I11:20, 111:31, IV:3, IV:6, IV:9, IV:13, and V:3) and
four unaffected members from the same family (III:23, III:35,
IV:12, and IV:18) were carefully examined and genotyped.
Genome-wide linkage analysis was conducted in collaboration
with Genesky Biotech (Shanghai, China) using a total of 366
microsatellite markers spaced at about 10 cM (Weber set 6.0)
and distributed throughout all autosomes; these markers were
amplified by polymerase chain reaction (PCR) using primers
labeled by FAM.">'* PCR products were appropriately pooled
according to allele size and labeling, mixed with GeneScan-500
TAMRA standard (Applied Biosystems, Foster City, CA), dena-
tured, loaded onto 6% standard denaturing polyacrylamide gels,
and run in an ABI 3130xl sequencer (Applied Biosystems) for
fluorescent detection. Genotype calling was performed using
the GeneMapper 4.1 software package (Applied Biosystems).
The pedigree showed male-to-male transmission of the dis-
ease and an approximately 1:1 ratio between affected males and
females, indicating an autosomal-dominant mode of inheri-
tance. Therefore, the multipoint log odds score was calculated
using an autosomal-dominant inheritance mode with a risk
allele frequency of 0.0001 and a penetrance of 99% (LINKAGE
software package of MERLIN 1.1.2). Family and haplotype data
were generated using Cyrillic software (version 2.1) and con-
firmed by inspection.
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Exome sequencing and bioinformatics analysis

Two patients, DC-IV:3 and DC-IV:13, were selected for whole-
exome sequencing using the SureSelect Human All Exon
50Mb Kit (Agilent Technologies, Santa Clara, CA) and the
HiSeq 2000 platform (Illumina, San Diego, CA)."” Illumina
base-calling software v1.7 was then applied to turn raw image
files into 90-base-paired-end reads. Bioinformatics were sub-
sequently analyzed, and mutations validated.'®'” Briefly, all
detected variants were initially filtered against six single-nucle-
otide polymorphism databases, including dbSNP144 (http://
hgdownload.cse.ucsc.edu/goldenPath/hg19/database/snp144.
txt.gz), the HapMap project (ftp://ftp.ncbinlm.nih.gov/hap-
map), the 1000 Genomes Project (ftp://ftp.1000genomes.ebi.
ac.uk/voll/ftp), the YanHuang database (http://yh.genomics.
org.cn/), the Exome Variant Server (http://evs.gs.washington.
edu/EVS/), and the Exome Aggregation Consortium database
(http://exac.broadinstitute.org/). Noncoding variants were dis-
carded, and only variants located within an annotated exon
or within 10 base pairs on either side were analyzed further.
Intrafamilial cosegregation analysis and prevalence testing in
the 423 unrelated controls were then conducted with the prim-
ers detailed in Supplementary Table S1 online.

In silico analyses

Evolutionary conservation of the mutated residues was analyzed
with Vector NTI Advance 2011 (Invitrogen, Carlsbad, CA) by
aligning the protein sequence of human GCAP1 (NP_000400.2)
with sequences of the following orthologous proteins: Pan
troglodytes (ENSPTRP00000031039), Canis lupus familia-
ris (ENSCAFP00000002385), Bos taurus (NP_776971.1), Sus
scrofa (ENSSSCP00000001774), Mus musculus (NP_032215.2),
Gallus gallus (NP_989651), and Danio rerio (NP_571945.1).
Crystal structural models of the wild-type (WT) and mutant
GCAP1 were constructed using the SWISS-MODEL online
server. Predicted structures were displayed by PyMol software
(version 1.5).

Plasmids construction and messenger RNA synthesis

The open reading frame sequence of WT human GUCAIA
(NM_000409.3) was synthesized and inserted into the pXT7
plasmids (a gift from Anming Meng, Tsinghua University) to
get the linearized AcpXT7-GUCAIAY" plasmid for in vivo
transcription.” Missense GUCAIA mutations, p.R120L and
p.D100E, were introduced into the generated WT plasmid
using a QuikChange Lightning Site-Directed Mutagenesis
Kit (Agilent Technologies) to obtain recombinant plasmids
AcpxT7-GUCAIARM™ and  AcpxT7-GUCAIAP' The
inserted sequences of all produced plasmids were validated via
Sanger sequencing in both directions. Capped and tailed mes-
senger RNAs (mRNAs) of human GUCAIAY, GUCA 1APR2L,
and GUCAIAPP'™ were then generated using a mMESSAGE
mMACHINE T7 Ultra Kit (Ambion, Austin, TX), and purified
with a RNeasy Kit (Qiagen)."®
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Figure 1 Pedigree of family DC and haplotype reconstruction for the mapped region on chromosome 6 in family DC. Filled and open symbols
represent affected and unaffected members, respectively. The proband is indicated by the black arrow. Haplotypes for tested short tandem repeat (STR) markers
in the mapped region and those flanking it, and genotypes for GUCATA ¢.359_360, are given for all participants. Black bars represent the ancestral haplotype
associated with the disease. *Individuals from whom blood samples were collected. The mapped region flanked by markers D6S276 and D6S460 was shared

by all patients and was absent in all unaffected members.

Zebrafish manipulations

Zebrafish (Tubingen strain) experiments were performed
in accordance with the Institutional Animal Care and Use
Committee—approved protocol in the Model Animal Research
Center, Nanjing University, China. One- to 2-cell zebrafish
embryos (0 days postfertilization (dpf)) were randomly divided
into three groups and microinjected with 1 nl of solution con-
taining 150 pg purified designate mRNA. Embryos with sys-
temic deformities were discarded. Only embryos with a normal
systemic appearance were included for further investigations.
The investigator was blinded to the group allocation during the
experiment and when assessing the outcome.

Reverse transcriptase PCR and real-time PCR

Total RNA was isolated using Trizol (Invitrogen), followed by
reverse transcription PCR for complementary DNA synthesis
with a reverse transcription kit (Invitrogen). Real-time PCR
was conducted using FastStart Universal SYBR Green Master
(ROX; Roche, Basel, Switzerland) with the StepOne Plus Real-
time PCR System (Applied Biosystems). Primer information is
listed in Supplementary Table S1 online.

Transmission electron microscopy and immunofluorescent
staining

Morphological changes of the zebrafish eyes from the differ-
ent injected groups at 4 dpf were visualized with a Leica DM-IL
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microscope (Leica, Wetzlar, Germany). Transmission electron
microscopy (JEOL, Tokyo, Japan) was applied for ultrastructural
analysis of the eye in larvae 11 dpf."”® Retinal sections of zebraf-
ish at 4 dpf were obtained for immunofluorescent staining to
visualize RPE, rod, and cone photoreceptors.’* RPE was immu-
nostained with the RPE-specific antibody Zpr-2. As for the
immunofluorescent staining of photoreceptors, we labeled cone
photoreceptor OS//inner segment with peanut agglutinin lectin,
and cone cell body with an antibody against Zpr-1, a marker for
red/green cones.”” Rod photoreceptors were visualized by stain-
ing of rhodopsin. Information about antibodies is detailed in
Supplementary Table S2 online. The terminal deoxyribonucle-
otidyl transferase-mediated 2’-deoxyuridine 5’-triphosphate-
digoxigenin nick end labeling (TUNEL) assay was applied for
detection of DNA fragmentation and investigation of active
cell death (apoptosis). We used a transgenic zebrafish (flkI:
enhanced green fluorescent protein (EGFP)) to visualize the sys-
temic vessels, including ocular vessels.”**' Truncal vasculature of
living zebrafish was visualized with inverted fluorescent micros-
copy (Leica DM IL), while the ocular vessels in living zebrafish
were visualized using a Leica TCS SP5 confocal system.

Statistics

GraphPad Prism (version 4.0; GraphPad Software, San Diego,
CA) was used for statistical analysis. We applied one-way
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analysis of variance or the Student’s t-test for comparisons
between different groups. Data were presented as mean + SEM,
and P < 0.05 was considered statistically significant.

RESULTS

Clinical presentations

Family DC is a large, five-generation Chinese family recruited
from Ningxia Eye Hospital. A total of 18 patients with maculopa-
thy and 18 unaffected family members participated in our study
(Figure 1). All patients received detailed ophthalmic examina-
tions; the results are summarized in Supplementary Table S3
online. All affected eyes of the 18 patients were graded as I to
IV based on the severity of maculopathy as revealed by their
fundus presentations. Briefly, grade I is characterized by subtle
photoreceptor degeneration. In grade II, moderate photorecep-
tor degeneration with RPE attenuation is observed. Grade III
is marked by one or more patches of RPE and choriocapillary

CHEN etal | GUCATA mutation causes variable maculopathy

atrophy, making choroidal vessels visible. Significant atrophy
of the outer nuclear layer, RPE, and choriocapillaries in a well-
defined region surrounding the fovea is characteristic of grade
IV, leading to a remarkable decrease in visual acuity. Among
the 36 eyes analyzed, 8 were defined as grade I, 6 as grade II, 15
as grade III, and 7 as grade IV. The eyes with grade III and IV
maculopathy present the typical features of CACD, which rep-
resents a unique and severe pattern of maculopathy. Thus, those
eyes are clinically diagnosed as CACD. Fundus photography,
fundus autofluorescence, fundus fluorescein angiography, opti-
cal coherence tomography, and electroretinography for patients
with differentgrades of maculopathyare summarizedin Figure2,
Supplementary Figure S1 online, and Supplementary Table
S$4 online.

Sixteen of the 18 included patients experienced color anom-
aly, whereas no patient showed photophobia or nyctalopia. The
initial symptom for most patients in this family was vision loss,
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Figure 2 Fundus photography, fundus autofluorescence (FAF), fundus fluorescein angiography (FFA), and optical coherence tomography (OCT)
presentations for patients with different grades of maculopathy. (a-d) Patient DC-IV:6 with grade | maculopathy showed slight parafoveal hypopigmentation
(a) with discrete increased FAF (b) and hyperfluorescent parafoveal changes on FFA (c). OCT revealed that the outer nuclear layer (ONL) and inner segment/outer
segment (IS/OS) layer are slightly reduced in the fovea. The retinal pigment epithelium (RPE) layer was relatively normal (d). (e-h) Patient DC-IIl: 16 with grade I
maculopathy showed pigmental disturbance in the fundus (e) and speckled changes of increased fluorescence in the maculae, with a round area of hypofluorescence
seen on FAF and FFA (f, g). OCT showed that the ONL and IS/OS layer were almost vanished in the fovea and its surrounding maculae, with no remarkable changes
detected in the peripheral retina. Macular RPE was slightly changed (h). (i-l) In patient DC-IIl: 14 with grade Ill maculopathy, a patch of circumscribed chorioretinal
atrophy outside the central fovea is indicated on a fundus photograph. Slight hypopigmentation is found within this lesion (i). This area shows severely decreased
to absent FAF (j), with choroidal vessels visible on FFA (k). OCT demonstrated that the ONL and IS/OS layer in the fovea had vanished. Macular RPE was moderately
changed (I). (m-p) In patient DC-III: 18 with grade IV maculopathy, the fundus photograph presents a well-demarcated area of chorioretinal atrophy involving the
fovea (m), corresponding to an area of absent FAF (n). FFA shows a well-defined area of chorioretinal atrophy with a few large choroidal vessels visible (o). OCT shows
avanished ONL and IS/OS layer in the fovea. Macular RPE degeneration was the severest of all (p). OD =right eye; OS = left eye.
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whereas for patients DC-IV:9 and DC-V:3, their disease sta-
tus was revealed upon ophthalmic examination. Most patients
in this family claimed vision loss started in their 20s or 30s.
DC-IV:19 reported poor vision since early childhood. It was
thus difficult to determine his exact age at onset of vision loss.
Age at onset of vision loss in patient DC-II1:14 was 40 years old,
which was the latest within this family. Disease progression for
patients in this family varied. Patients DC-IV:3 and DC-IV:5
progressed rapidly after their initial symptom, while the disease
course for patients DC-I111:20 and DC-III:14 was relatively slow.

Linkage analysis

To determine the genetic lesion of maculopathy in this family,
we carried out a genome-wide linkage analysis on 13 patients
and 4 unaffected members by using 366 microsatellite markers
distributed throughout the whole genome (Figure 1). Linkage
analysis revealed a candidate region cosegregating with the
disease on chromosome 6. The critical interval was flanked by
markers D6S276 and D65460, with a maximum log odds score
of 4.54 at D6S1610 (Supplementary Table S5 online).

Exome sequencing

Whole-exome sequencing was subsequently performed on two
patients, DC-IV:3 and DC-IV:13, to determine the disease-caus-
ative mutation in this family. The mean depths of targeted regions

a
Chromosome 6 (6p21.1) Forward strand
24.61 kb
1 2 3 456
Il g
l U i} .

v L E—
¢.300T>A ¢.359_360delinsTT;
p.D100E p.R120L

L3 L)

H_ T

I Initiator methionine ’ Deamidated asparagine N-myristoyl glycine

Calcium binding site EF-hand
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were 81-fold and 103.8-fold for patients DC-IV:3 and DC-1V:13,
respectively. A total of 127,904 variants were detected by whole-
exome sequencing, and these were subjected to bioinformatics
analysis, filtering, and validation by Sanger sequencing using
the primers detailed in Supplementary Table S1 online. Among
all variants, only one heterozygous variant, ¢.359_360delinsTT
in the GUCAIA gene (MIM 600364), was deemed to be likely
pathogenic (Figure 3c). The variant ¢.359_360delinsTT coseg-
regated with the disease phenotype in the family (Figure 1) and
was absent in 423 additional ethnically matched, unrelated con-
trols and five single-nucleotide polymorphism databases. This
variant was located in exon 3 of the GUCAIA gene and is pre-
dicted to result in an amino acid substitution from arginine to
leucine at residue 120 (p.R120L) of GCAPI, the protein encoded
by the GUCAIA gene (Figure 3a). More important, our whole-
exome sequencing results were consistent with the linkage data
because the GUCA 1A gene was located within the critical inter-
val on chromosome 6 (Figure 1).

Pathogenic analysis

The mutation GUCAIA p.R120L was conserved among all spe-
cies aligned except for S. scrofa (Figure 3b), and was located
in third EF-hand domain, which is involved in calcium bind-
ing (Figure 3a). To predict the pathogenic effect caused by this
mutation, we performed crystal structural modeling for the

b
p.D100E p.R120L
¥
H. sapiens 093 RWYFKLY| D |VDGNGCIDRDELLTIIQAI| R |AIN---P 124
P troglodytes 092 RWYFKLY| D [VDGNGCIDRDELLTIIQAT|R |AIN---P 123
C. lupus 093 RWYFKLY| D |VDGNGCIDRDELLTIIRAI | R |AIN---P 124
B. taurus 093 RWYFKLY| D [VDGNGCIDRDELLTIIRAI | R |AIN---P 124
S. scrofa 103 RWYFKLY| D [VDGNGCIDRDELLTIIRES| P |GI----~ 133
M. musculus 093 RWYFKLY| D |VDGNGCIDRDELLTIIRAI | R |[TIN---P 124
G. gallus 092 RWYFKLY| D |VDGNGCIDRGELLNIIKAI| R AINRCN- 126
D. rerio 092 RWYFKLY| D |[VDGSGCIDREELLLIVKAI| R IAINGVE- 126
C AT T CGNCETGEC C K P Y-k G B G B
i \ I
v . f A f
\ /A / [\ I\ [\ a
AVAVAYR'AIR ; VYV

GUCA1A ¢.359_360delinsTT

Wide type

Figure 3 GUCA1A mutations investigated in this study. (a) Schematic representations of the relative linear locations of GUCATA p.D100E and p.R120L
mutations in the context of the genome structure (top) and protein structure (bottom) are shown. Domains of the guanylyl cyclase-activating protein 1 (GCAP1)
are also annotated. (b) Orthologous protein sequence alignment of GCAP1 from multiple species. Conserved residues are shaded. Mutated residues D100 and
R120 are boxed. (c) Sequencing chromatogram of the identified GUCATA ¢.359_360delinsTT mutation (top). Wild-type sequences are shown at the bottom.
(d,e) Crystal structures of wild-type (d) and mutant human GCAP1 carrying p.R120L (e). The mutational spot and its generated hydrogen bonds are highlighted
yellow. Amino acids interacted with residue 120, including Ser51, Ile116, GIn117, Arg123, and Arg182, are indicated. The hydrogen bond between residue
120 and Ser51 is eliminated upon the change from wild-type arginine to mutant leucine. (f,g) Crystal structures of wild-type (f) and mutant GCAP1 carrying
p.D100E (g). The mutated residue is indicated in blue. Its generated hydrogen bonds and interacted proteins are annotated. Two hydrogen bonds between
residue 100 and Gly105/Asn104 are generated as a result of the mutation.
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mutant GCAPI1 using SWISS-MODEL based on a preexisting
structure of WT GCAP1 (Protein Data Bank identifier: 2R2I).
Using this assay, we found that a hydrogen bond between resi-
dues Ser51 and Argl20 in the WT protein was eliminated in the
mutated protein as a result of the replacement of arginine by
leucine (Figure 3d,e). This hydrogen bond seems to be impor-
tant for the tertiary structure of the protein because it connects
o-helices of the second and the third EF-hand domains. Thus,
itis very likely that the mutation p.R120L affects the folding and
relevant biological properties of GCAPI.

To better determine the pathogenesis of GUCAIA p.R120L
and to explain the phenotypic diversity caused by GUCAIA
mutations, we introduced another previously reported muta-
tion, p.D100E, which was reported to be correlated with cone
dystrophy.?>* This mutation, situated in the calcium-binding
loop of the third EF hand, was conserved among all tested
species (Figure 3a,b). A possible molecular structure of this
mutant protein was also constructed based on the GCAPI tem-
plate, which indicated that this mutation would generate two
novel hydrogen bonds between residue 100 and Asn104 and
Gly105, respectively (Figure 3f,g).

GUCA1A p.R120L causes photoreceptor impairments

We first measured whether GUCAIA p.R120L could cause
photoreceptor degeneration. Previous studies have revealed the
dominant nature of GUCA 1A mutations.** Consistent with this,
no remarkable change was found in the eyes of mice homozy-
gous for a null allele of Gucala.” To test the hypothesis that
p-R120L causes disease through a gain-of-function mecha-
nism, we overexpressed WT (hereafter termed GUCAIAY") or

a GUCA1AWT

GUCA1AWT
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mutated human GUCAIA mRNA (GUCAI1APR2Y) in zebraf-
ish to characterize their relevant pathology. We also injected
both GUCAIA"Y" and GUCA1APR into a group of zebrafish
(GUCA1AWT»RIZL) to assess whether the pathogenic impact of
GUCAIAPR could be partly or fully rescued by WT mRNA.
In this way, we sought to determine whether GUCA1APR>"
functions in a toxic gain-of-function or a dominant negative
manner.

Overexpression of exogenous proteins often causes systemic
developmental defects as a result of toxicity; therefore, we only
included zebrafish without systemic deformities for further
analysis. Light microscopy revealed no evident morphological
changes in the eyes of zebrafish injected with either GUCA1AY",
GUCAIAPRL or GUCAIAPPIF at 4 dpf (Figure 4a). We con-
ducted ultrastructural analysis of zebrafish at 11 dpf using
transmission electron microscopy. According to transmission
electron microscopy, the OSs and inner segments of photore-
ceptors in the GUCA 1APR* -injected zebrafish were irregular,
with a shrinking and twisty appearance (Figure 4d,e).

Retinal sections of zebrafish larvae at 4 dpf were obtained
for immunofluorescent staining. Consistent with ultrastruc-
tural changes, the cone inner segment/OS, indicated by peanut
agglutinin lectin staining, were significantly reduced or even
vanished in larvae injected with GUCAIAPR™™ (Figure 5a,b).
The red/green cone cell bodies were also affected by the muta-
tion: a reduction of 73% of fluorescent intensity of Zpr-1 stain-
ing was revealed in the GUCA 1AP®**--injected larvae compared
with the GUCA1A""-injected group (Figure 5¢,d). Rhodopsin
staining was nearly undetectable in fish injected with GUCA 1A
RIZ0Lsuggesting that the mutation causes similar defects in rods

Figure 4 Morphological changes caused by GUCA1A p.R120L. (a) Light microscopy indicates no evident morphological changes in eyes of zebrafish
injected with GUCATAWT, or GUCATAPRI20L or GUCA TAW™PR120L 4 days postfertilization (dpf). (b—e) Transmission electron microscopy of the retina of zebrafish
11 dpf injected with GUCATAYT or GUCATAPRI2%L Photoreceptors are regularly lined and shaped in the GUCA 1A -injected group (b, d). Thickness of the
RPE; shrinking, twisty, and caducous photoreceptor outer segments; and choriocapillary disruptions are found in the GUCA 1APR120L-injected group (c, e). A

represents the RPE nucleus. Scale bar =1 pym.
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Figure 5 Impairments in photoreceptors, the retinal pigment epithelium (RPE), and ocular vasculature induced by GUCA1A p.R120L in zebrafish.
(a=d) Immunofluorescent staining of rhodopsin (RHO) (red; a,b), peanut agglutinin (PNA) lectin (green; a,b), and Zpr-1 (red; ¢,d). RHO and PNA expressions
were significantly reduced in zebrafish overexpressing GUCA1APRI2L (a,b). Zpr-1 expression was only slightly reduced in the GUCA1APR120-injected group (d)
when compared with GUCATAY'-injected zebrafish (c). (e—g) Relative messenger RNA (mRNA) levels of photoreceptor-, cone-, and rod-specific transcripts in
GUCATAPRI20L and GUCATAWT+R1I20Linjected zebrafish compared with the GUCA 1AV -injected group. (h—j) Robust Zpr-2 expression was detected in retinal
frozen sections of 4-dpf larvae injected with GUCATAYT (h), whereas Zpr-2 expression was diminished in the GUCATAPR2%injected (i) and GUCATAWT+p-R120L
injected (j) groups. (k) Relative mRNA levels of RPE characteristic transcripts in the GUCATAPR120- and GUCA 1AWT+PR120injected groups were decreased when
compared with the GUCATA"-injected zebrafish. (I) No truncal vascular anomaly is revealed in transgenic (flk7: enhanced green fluorescent protein (EGFP))
zebrafish injected with GUCATAPR20t (m) Axial projections of confocal images from the two injected groups. Fluorescent intensity of EGFP is significantly
reduced in the GUCA1APR20-injected group. (n) The fluorescent intensity of EGFP calculated by ImageJ in the two groups. Results were obtained from technical
triplicates. Error bars represent the SE. Error bars represent the SD. NS, not significant. *P < 0.05; **P < 0.01; ***P < 0.001. Scale bar = 20 mm.
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(Figure 5a,b). In addition, mRNA levels of photoreceptor-
specific genes were also found to be decreased in GUCAIAP
RI20L_jnjected embryos and could not be rescued (Figure 5e).
Subgroup analysis further suggested that both cones (Figure 5f)
and rods (Figure 5g) were affected. Thus, our findings revealed
that photoreceptors are impaired by GUCAIA p.R120L in a
toxic gain-of-function way.

GUCA1A p.R120L induces RPE degeneration in zebrafish
We next measured whether RPE cells were affected by this
mutation. When compared with the GUCAIA“'-injected
group, we found RPE cells in both GUCAIAPR*'- and
GUCAIAWTPR2_jnjected zebrafish were remarkably thinned
with altered nuclei, suggesting atrophic changes (Figure 4b-g).
Retinal sections of zebrafish larvae at 4 dpf were obtained for
immunofluorescent staining. Despite dramatic morphological
changes, we did not find any apoptotic cells in the RPE layer
as determined by TUNEL staining (data not shown). However,
we found that the reactivity of Zpr-2, an RPE characteris-
tic antibody, was diminished in the RPE of larvae expressing
GUCAIAPR and GUCAIAVT#R2L (Figure 5h-j). mRNA
levels of several RPE characteristic markers were reduced in
GUCAIAPRL. and GUCAIAVT*PR0L jnjected groups when
compared with the GUCAIAY"-injected group (Figure 5k).
No statistical difference was detected between the GUCA1AP
RI0L_and GUCA1AWTPRI2L_injected groups. Thus, our findings
suggest that the GUCAIA p.R120L mutation could cause RPE
degeneration in a toxic gain-of-function manner.

GUCA1A p.R120L leads to aberrant ocular vasculature

We next determined whether this mutation could cause atro-
phy of the choriocapillaris. Ocular vasculature in zebrafish is
distinct from that in mammals. Choriocapillaris in zebrafish is
not generally distinguishable. We therefore used a transgenic
zebrafish (flk1: EGFP) model in which the expression of EGFP
is driven by the promoter of the flkI gene, which corresponds
to the KDR gene in humans and is expressed in vascular endo-
thelial cells.”** This model allowed us to visualize the systemic
vessels, including ocular vessels, in living zebrafish. The trans-
genic (flk1: EGFP) zebrafish were divided into two groups and
injected with GUCAIAY" or GUCAIAP®ML At 4 dpf, living
embryos with no remarkable systemic changes were selected
for fluorescent microscopy of ocular vessels. A number of con-
secutive fluorescent confocal images on the z axis spanning
entire eyeball were automatically taken and three-dimensional
reconstructions of these images were subsequently generated
(Figure 5m). The relative fluorescent intensity of EGFP in
reconstructed images, presumably derived from the retinal ves-
sels and the choriocapillaris underneath, was calculated using
Image] software (National Institutes of Health, Bethesda, MD).
Using this approach, we found that the EGFP signal in the
GUCAIAPRinjected group (n = 5) was significantly reduced
(by 71%) when compared with the GUCAIA" " -injected group
(n = 5) (Figure 5n), suggesting atrophy of ocular vascula-
ture caused by overexpression of GUCAIAPR*™, The truncal
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vasculature of the living zebrafish was also obtained. Notably,
no appreciable phenotypic differences were found between the
truncal vasculatures of the two injected groups (Figure 5I),
suggesting that the changes in vascular architecture are retina
specific.

GUCA1A p.D100E impairs photoreceptor and RPE functions
in a likely dominant-negative manner

GUCAIA p.DI00E was previously reported to be correlated
with cone dystrophy; therefore, we next tried to determine
whether the pathogenesis of p.D100E differed from that of
p-R120L. Immunofluorescent staining revealed that staining
of rhodopsin vanished in zebrafish injected with GUCA1A"
DIk (Supplementary Figure S2A online), but returned in
the GUCAIAVT*PIE jnjected group (Supplementary Figure
S2B online), which was consistent with the mRNA find-
ings (Supplementary Figure S2C online). Similarly, stain-
ing of Zpr-2 was eliminated in GUCA1APP'**-injected group
(Supplementary Figure S2D online), but could be rescued
by co-injection of GUCAIAY" (Supplementary Figure S2E
online). In addition, mRNA expression studies revealed that
the deleterious effects on RPE cells caused by p.D100E could
be rescued by the WT mRNA (Supplementary Figure S2F
online). Thus, our findings suggest that GUCAIA p.D100E
impairs photoreceptor and RPE functions in a dominant-neg-
ative manner.

DISCUSSION

GUCAIA mutations are implicated in a wide panel of retinal
dystrophies and are shown to result in constitutive activation
of retGC1, which in turn leads to calcium overload, causing
photoreceptor death, predominantly in cones.”®* In this study
we reveal a novel GUCAIA mutation, p.R120L, in a family
with variable maculopathies ranging from mild photoreceptor
degeneration to CACD. Functional analyses further support
its pathogenic effects: p.R120L was shown in zebrafish to cause
atrophy of photoreceptors, RPE, retinal vessels, and choriocap-
illaris, probably in a gain-of-function manner. Another muta-
tion, p.D100E, previously reported to cause cone dystrophy,
was also investigated. This mutation was also found to impair
photoreceptors and RPE in zebrafish but, unlike p. R120L, in
a dominant-negative way. In fact, diverse molecular properties
of GUCAIA mutations have been reported. Two mutations,
p.L84F and p.I107T, presenting wide phenotypic spectra, were
found to cause similar abnormal regulation of retGC via dispa-
rate mechanisms.?® GUCA1A p.I107T significantly reduced the
affinity for calcium binding, whereas p.L84F altered the tertiary
structure of GCAPI1 and aberrantly increased its affinity for
magnesium. The diverse pathogenesis of GUCAIA mutations
may contribute to their variable phenotypic spectrums.

Intrafamilial phenotypic variability has also been reported
for GUCA 1A mutations, which suggests that, apart from muta-
tion properties, other genetic or environmental factors may
also contribute to their etiology’ A potential explanation is
the existence of genetics modifiers. Increased expression of the
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mutated allele and/or decreased expression of the WT allele
may aggravate retinal phenotypes. Another hypothesis is that
the phenotypic severity may partly be modified by other pro-
teins that closely interact with GCAPI or are simply involved
in the phototransduction pathway, like GCAP2, retGCl, and
retGC2.? In addition, a previous study also indicated that the
differential photoreceptor subtype sensitivity correlated with
GUCAIA mutations, which corresponds to its relevant dis-
tinct clinical phenotypes, may be tied to the different structural
organization of rod and cone photoreceptors, the RPE, and the
choriocapillaris.” However, overexpression of exogenous pro-
tein in zebrafish embryos may result in unexpected phenotypes.
Thus, in this study we cannot completely rule out the possibil-
ity that phenotypes observed in the RPE and ocular vessels are
caused by ectopic overexpression of GCAP1. More investiga-
tions into the phenotypic diversity of GUCAIA mutations with
a more suitable model would be worth pursuing.

CACD usually presents as an autosomal-dominant trait.”
Only two genes, PRPH2 and GUCY2D, have been reported to
cause CACD, both of which are expressed exclusively in pho-
toreceptors, just like GUCAIA.®®"* In addition, significant
thinning to complete loss of the outer nuclear layer of photo-
receptors has also been observed in the CACD process.*** We
therefore raise the hypothesis that CACD represents a severe
pattern of maculopathy. Though the clinical recognition of
CACD is mainly focused on RPE and choriocapillaris defects,
these changes are probably secondary to photoreceptor dystro-
phies, given that all genes associated with CACD to date are
photoreceptor-specific. However, no authoritative clarifica-
tion has been made regarding this. In this study, by modeling
GUCAIA p.R120L in zebrafish, we revealed that overexpression
of this mutation resulted in a significant degeneration of both
rods and cones, further supporting that photoreceptor dys-
trophy is presumably the initial defect for CACD. The greater
involvement of rods observed in this study could be specific to
an allele specific and/or to the species. Indeed, GCAP1 expres-
sion patterns differ among species,” and GCAP1 is localized to
rod cells and short single cones in zebrafish retina.*

However, how photoreceptor degeneration would affect the
RPE and choriocapillaris is not yet clear. It is very likely that the
overaccumulation of OS debris or other abnormal substances
derived from those dying photoreceptors are toxic to the RPE,
leading to its degeneration and atrophy. Intact RPE functions
are crucial for photoreceptor survival.*® An impaired RPE will
in turn aggravate photoreceptor degeneration. The choriocapil-
laris also collapses following RPE degeneration as a result of a
lack of growth factors secreted by the RPE, which are essential
for choroidal vasculature homeostasis. One of those crucial fac-
tors is the vascular endothelial growth factor secreted by the
RPE. Targeted deletion of Vegfa in adult mice has been shown to
induce significant retinal degeneration,* further supporting its
important role in maintaining homeostasis of choriocapillaries
and photoreceptors. Vascular insufficiency accelerates accumu-
lation of toxin in the Bruch’s membrane, thereby aggravating
photoreceptor and RPE loss and resulting in dystrophy of the
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entire photoreceptor-RPE-Bruch’s membrane-choriocapil-
laris complex. This model implies the tight biological interplay
among photoreceptors, RPE, and choriocapillaris. One example
supporting our theory is that mutations in the photoreceptor-
specific gene ABCA4 impair the visual cycle and cause accu-
mulation of abnormal toxic retinoid in the RPE, which in turn
leads to Stargardt’s macular dystrophy.” Similar to our cases,
primary defects of photoreceptors leading to secondary RPE/
choriocapillaris impairments were also revealed in mice over-
expressing mutated PRPH2 p.R172W, another photoreceptor-
specific gene associated with CACD.” This PRPH2 mutation
led to dominant defects in cones followed by loss of integrity
of the RPE and choriocapillaris. Nevertheless, in-depth assess-
ments of how photoreceptor degeneration impairs the RPE/
choriocapillaris in variable conditions are still needed.

In summary, based on genetic findings and functional analy-
ses, we conclude that GUCAIA mutations could cause signifi-
cant variability of maculopathies. We also raise a theory that
although clinical recognition focuses mainly on impairments of
the RPE and choriocapillaris, the primary insult for CACD is in
photoreceptors. CACD represents a severe pattern of maculop-
athy. Pathogenesis for GUCA 1A mutations varies, which might
help to explain their phenotypic diversity. Understanding
the pathological process and mechanism of GUCAIA muta-
tions would direct relevant clinical evaluation, treatment, and
prognosis.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper
at http:/Awww.nature.com/gim
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