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Invited Commentary
IMPORTANCE Uncovering the genetic basis of inherited retinal diseases (IRDs) can enhance

Supplemental content
both diagnostic accuracy and the development of targeted treatment strategies.

OBJECTIVE To evaluate the association between a homozygous nonsense variant in CREB3
with IRDs.

DESIGN, SETTING, AND PARTICIPANTS Thirteen patients with a clinical diagnosis of retinitis
pigmentosa or cone-rod degeneration were analyzed by whole-genome sequencing (WGS)
and whole-exome sequencing (WES). Clinically, patients presented with 2 main phenotypes,
rod-cone and cone-rod dystrophies, demonstrating variable electrophysiological and
fundoscopic findings. Expression analysis was performed on patient-derived skin fibroblasts
using the reverse transcription-polymerase chain reaction and Western blot analysis, and

by interrogating previously published retinal single-cell RNA sequence data.
Immunohistochemistry staining was performed on wild-type mouse retinal sections using
an anti-CREB3 antibody. Patients with variable phenotypes of IRDs were recruited from

3 medical centers in Israel and Italy. Ophthalmologists clinically diagnosed patients at the
relevant medical centers and referred them for genetic screening. WES and WGS were
performed at different national and international centers, and the findings of the previously
unreported gene were shared between investigators.

EXPOSURES CREB3 and IRDs.

MAIN OUTCOMES AND MEASURES The main outcome was evidence supporting an association
between CREB3 and IRD. Measures included WES, WGS, and immunohistochemistry staining.

RESULTS A founder homozygous nonsense variant in CREB3 (c.881G>A, p.Trp294*) was
identified in 13 patients from 4 unrelated families; 12 descendent from North-African Jewish
origins and 1from Italian origins. All patients manifested retinal degeneration with varying
ages at onset. In patient-derived fibroblasts, the variant mRNA transcript generated

a truncated CREB3 protein. Expression analysis and immunohistochemistry staining revealed
CREB3 RNA and protein expression in various retinal cell types, indicating its vital role

in photoreceptor function.

CONCLUSIONS AND RELEVANCE This study found an association between CREB3 and IRDs.
CREB3 was previously shown to be upregulated following ultraviolet radiation. This might
contribute to the extensive clinical variability observed in this relatively large cohort

of homozygous patients with the same truncated variant.
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nherited retinal diseases (IRDs) constitute a large group of

rare diseases characterized by degeneration of photore-

ceptors and/or the retinal pigment epithelium, resulting in
vision impairment and, often, blindness. IRDs are clinically and
genetically heterogeneous, with disease-associated variants
found in more than 300 genes, with various inheritance pat-
terns (autosomal dominant, autosomal recessive, X-linked,
or mitochondrial, in most cases).!

In terms of clinical presentation, there are more than 50
distinct IRD phenotypes, including rod-dominated diseases,
cone-dominated diseases, generalized retinal degenerations,
and vitreoretinopathies.! Based on an analysis of genomic data
of unaffected individuals, we previously reported that ap-
proximately 5.5 million people are expected to be affected by
autosomal recessive IRDs worldwide.? In addition, we re-
ported carrier frequency of all autosomal recessive IRD-
related variants combined reaches extremely high levels of
approximately 1 in 3 individuals worldwide. The most com-
mon IRD subtype is retinitis pigmentosa (OMIM 268000), with
an average disease prevalence of approximately 1in 4500 in-
dividuals and even higher in regions with a high consanguinity.>

Although alarge number of IRD-associated genes have been
reported thus far, additional previously unreported genes
are being identified mainly due to the development of
next-generation sequencing-based techniques, such as
whole-exome and -genome sequencing (WES and WGS,
respectively).*® Nonetheless, the diagnostic genetic yield of
IRDs following WES and WGS analyses is still limited, with the
genetic etiology being identified in 50% to 70% of studied
cases.”'? The missing heritability of the unsolved proportion
can be identified within less explored regions of known IRD
genes (eg, promoters, enhancers, untranslated region, and in-
trons), as reported for many IRD genes, including CNGB3'® and
ELOVL4," or in genes that were not reported previously to be
associated with IRD.

Homozygosity mapping was first introduced in 1987 by
Lander and Botstein'® as a tool that can be used to trace the
inheritance of a chromosomal region from an ancestor through
consanguineous heterozygous parents to a homozygous pa-
tient. Genomic homozygous regions can be either homozy-
gous by state (ie, the same disease-causing variant was inher-
ited from unrelated parents) or autozygous identical by descent
due to consanguinity or intracommunity marriages. Such
nonrandom matings lead to higher levels of homozygosity,
increasing the prevalence of autosomal recessive diseases. The
combination of homozygosity mapping and next-generation
sequencing enhances the identification of the disease under-
lying variation in consanguineous families,'®'” as well as in
families where no consanguinity was reported but the par-
ents share a common distantly related ancestor.'®

Here we report the identification of a homozygous non-
sense variant (c.881G>A) in CREB3 (cyclic AMP response ele-
ment binding protein-3; OMIM *606443) in 13 affected indi-
viduals from 4 unrelated families with IRD, 3 of which were
of North-African Jewish ancestry and 1 Italian, that led to reti-
nal degeneration. The variant introduces a premature stop
codon (p.Trp294*), leading to a truncated CREB3 protein, af-
fecting its cellular localization. Taken together, our data suggest
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CREB3 Dysfunction and Inherited Retinal Degeneration

Key Points

Question Is CREB3 involved in inherited retinal diseases (IRDs)?

Findings In this cohort study including 13 patients, a homozygous
nonsense variant in CREB3 was associated with variable IRD
phenotypes in 3 families of North-African Jewish descent

and 1 Italian family.

Meaning Whole-genome and whole-exome sequencing enabled
the identification and verification of an association between
CREB3 and IRDs; CREB3 should be included in the genetic analysis
of IRD cases with retinitis pigmentosa with or without macular
involvement.

that CREB3, which has not been previously found to be asso-
ciated with retinal disease, is an IRD-associated gene.

Methods

Patient Recruitment

Patients with IRD and their healthy family members were re-
cruited from the Department of Ophthalmology at Hadassah
Medical Center in Jerusalem, Israel, and the Eye Clinic of the
Multidisciplinary Department of Medical, Surgical and Den-
tal Sciences at the University of Campania Luigi Vanvitelli,
Naples, Italy. The tenets of the Declaration of Helsinki were fol-
lowed; the study was approved by the institutional review
board of the respective institutions, including the Hadassah
University Medical Center, and before the donation of a blood
sample, written informed consent was obtained from all par-
ticipants. Participants did not receive any compensation or in-
centives for their participation. This study was reported ac-
cording to the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) reporting guideline.

Statistical Analysis

Materials and methods are detailed in the eMethods in Supple-
ment 1. Briefly, patient recruitment was conducted per the
tenets of the Declaration of Helsinki. All clinical examina-
tions, including ocular examination and electrophysiological
testing, were performed by ophthalmologists from the col-
laborators’ centers. Genetic analyses were performed on blood
samples extracted from patients to perform WES or WGS.
Homozygosity mapping was performed using Automap and
Franklin platforms. For patient-derived skin fibroblasts, skin
biopsies were collected from patients or control individuals
under sterile and suitable conditions, and when fibroblast
growth was noticed to reach 100% confluency, RNA and
proteins were extracted. For expression analysis, Western
blot analysis on protein extracted from fibroblasts, 30 pg of
protein lysate of wild-type and variant samples were run on a
10% acrylamide gel. Nonsense-mediated mRNA decay for the
mutated or wild-type transcript was performed using reverse
transcription-polymerase chain reaction RT-PCR using suit-
able primers as detailed in eTable 1 in Supplement 1. Immu-
nohistochemical staining was performed using CREB3 anti-
body (MBS9133614) on wild-type mouse retina FFPE tissue.
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Figure 1. Pedigrees of 4 Families Harboring the CREB3 ¢.881G>A Homozygous Pathogenic Variant

[A] MoL0072 TB600
WES WES
2:2
| |
WES  |WES WES  |WES  |WES
Il Il
723 72-4 725 72-6  72-7 72-8 72-9 TB600
R1109
+/+ M/M M/M M/M M/M M/M M/M
TB874 [p] ITA1
| 2:2 |
Solid squares denote affected
individuals, and arrows indicate index
WES L
cases. A double line indicates
I n consanguinity, and numbers refer to
TB874 500-1 TB874 TB874 TB874 TB509 TB874 ITLY its level (eg, 2:2 represents
R2032 R2120 R1514 R2146 R968 first-cousin marriage). WES indicates
M/M M/M M/M M/M M/M M/M M/M whole-exome sequencing;
WGS, whole-genome sequencing.
N BCVA of 0.90 in both eyes and completely normal retinal ex-
Results amination and electrophysiological tests (Table). A clinical re-

Clinical Description of Recruited Patients

Four families with IRDs, including 3 consanguineous North-
African Jewish families (MOLOO72, TB874, and TB600) and a
nonconsanguineous Italian family (ITA1), were recruited for
this study. This cohort consists of a total of 13 affected indi-
viduals (MOLOO72 with 5 patients, TB874 with 6 patients,
TB600 and ITA1 with 1 patient each) (Figure1). As detailed be-
low, all patients were found to be homozygous for the same
nonsense variant, c.881G>A, p.Trp294* in CREB3 (eFigure 1A
in Supplement 1). Detailed case reports are provided in the
eAppendix in Supplement 1. Family MOLOO72 comprised 5
affected individuals with rod-cone dystrophy with ex-
tremely variable age at onset and disease severity. Individu-
als MOLOO72-5, 7, 8, and 9 developed visual disturbances
around their 30s. Clinically, patients presented reduced
visual acuity (mean [SD] best-corrected visual acuity [BCVA],
0.37[0.37] at amean [SD] age of 44 [3.53] years) (Table) along
with diffuse peripheral retinal atrophy combined with bone
spicule-like pigmentations surrounding the fovea (Figure 2A-D;
eFigure 3A-D, G-Hin Supplement 1). Optical coherence tomog-
raphy showed diffuse retinal atrophy with a small preserved
foveal island of the ellipsoid zone (Figure 2E and F; eFig-
ure 3E and F in Supplement 1). Full-field electroretinography
(ffERG) responses were severely reduced and compatible
with rod-cone dystrophy (Table). Visual fields for patients
MOLO0072-7, 8, and 9 were extremely constricted, with a mean
of 20 central degrees at age 36 years. Patient MOLO072-4 was
asymptomatic when examined initially at age 35 years, with a

jamaophthalmology.com

examination 11 years later showed slight visual disturbances,
subtle peripheral retinal atrophic changes, seen as hetero-
genic fundus autofluorescence appearance, and completely
normal retinal layering of the macula as seen on optical co-
herence tomography. Of note, repeated ffERG demonstrated
slightly reduced mixed rod-cone responses, indicating the
appearance of rod-cone dystrophy at age 46 years.

Family TB874 consisted of 6 affected individuals (Figure 1)
with variable age at onset, ranging from 21 to 60 years, and
1 of whom was initially diagnosed with pigmented para-
venous retinochoroidal atrophy. The mean (range) BCVA was
0.28 (0.2-0.40) at a mean (range) age of 51 (30-65) years with
atrophy and peripapillary pigmentary changes, surrounding
also the arcades, as seen in color and fundus autofluores-
cence images (eFigure 3I-L in Supplement 1). ffERG showed
overall diminished rod and cone responses compatible with
cone-rod dystrophy.

Family TB600 had a single affected individual (R1109) who
had visual impairment since age 15 years, with slow deterio-
ration over the years. He was initially examined at age 50 years
with a BCVA of 0.25 in both eyes and a fundus appearance of
maculopathy; however, ffERG testing at age 61 years showed
no photopic and scotopic responses. His BCVA deteriorated to
1/60 by age 67 years.

Family ITA1 was nonconsanguineous, descending from
Italian origins, with a sporadic affected 36-year-old male
individual (ITA1:I1 1) (Figure 1). He was complaining of nycta-
lopia starting at age 27 years and was diagnosed with nonsyn-
dromic retinitis pigmentosa. The mean (SD) BCVA was
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Table. Clinical Features of Patients Who Are Homozygous for CREB3 c.881G>A

Mixed
cone-rod
Age at Mean Cone response, Rod
onset, Age at Snellen flicker, a-wave/ response, Color
Patient No. Phenotype y test, y BCVA pV; msec b-wave, pv uv vision VF of both eyes®
MOL0072-4° RCD 46 35 0.9 76; 31 131; 347 295 Normal Goldmann 130° at age
46 1.0 48;30 92,217 134 Normal 36y; target 4l
MOL0072-5° RCD 12 12 0.50 Normal Moderate-severe NA NA SITA-Fast 30-2 at age
. . . 34 y; diffuse suppression
34 0.65 84; 36 121; 130 Extinct Normal with C-shape scotoma in
48 0.40 NA NA NA NA the temporal hemifield,
both eyes
MOL0072-7° RCD 10 30 0.11 5;43 24; 69 Extinct Tritanopia Goldmann 10° at age
39 0.08 NA NA NA NA 30y; target 4V
MOL0072-8° RCD 8 8 0.21 NA NA NA NA Goldmann 10° at age
36 0.18 Extinct Extinct Extinct Tritanopia PRI
45 0.25 NA NA NA NA
MOL0072-9° RCD 15 16 NA NA NA NA NA Goldmann 30°-40° at
34 0.12 37;38 43;79 Extinct Tritanopia 20 42 i target 4V
42 0.14 NA NA NA NA
TB874 11:2 CRD 55 58 0.40 38/40 130/78 Extinct Tritanopia Goldmann 100° at age
(MOL0500-1)¢ 58 y; target 4V
TB874 11:1 CRD 60 65 0.21 15; 39 30; 17 Extinct NA NA
C
(PR 66 0.10 NA NA NA NA
TB874 11:5 CRD 21 30 0.20 NA NA NA NA NA
C
() 31 0.30 NA NA NA NA
61 0.05 47; 32 246; 384 204 NA
*TB874 11:6 CRD 50 0.55 Extinct Extinct Extinct NA NA
(R2146)
*TB874 11:4 RCD 57 0.50 29/40 32/47 Extinct NA SITA-Standard 24-2:
(R2120) 15 central degrees
atage 57y
TB600 CRD with early 15 50 0.25 NA NA NA NA NA
C
(R1109) .”S@S?Jirment 61 NA Extinct Extinct Extinct NA
67 0.02 NA NA NA NA
ITA-1 RP 27 28 0.7 69; 30 46; 56 Extinct Normal Goldmann 110°; (target
. o
36 0.6 70;35 27;54 Extinct Normal V); 110° (target V)

Abbreviations: BCVA, best-corrected visual acuity; CRD, cone-rod dystrophy;

NA, not available; RCD, rod-cone dystrophy; RP, retinitis pigmentosa;

VF, visual field.

2 Stimulus size is presented on a scale from O to 5, with 5 being the largest;
luminance on a scale from | (dim) to V (bright).

@ Normal ranges: cone flicker 30 Hz (60 pV, 33 msec), mixed cone-rod response

(b-wave: 400 pV).

Normal ranges: light-adapted single electroretinography (ERG) (minimum, 70;
maximum, 32), light-adapted flicker ERG (minimum, 60; maximum, 31),
dark-adapted blue light ERG (minimum, 55), dark-adapted red light ERG
(minimum, 60), dark-adapted bright flash ERG (a-wave minimum, 190;
b-wave minimum, 250); sum oscillatory (minimum, 90).

0.80 (0.14), and fundus examination revealed diffuse retinal
pigment epithelium atrophy, bone spicule-like pigmenta-
tions in the midperiphery, and cystoid macular edema. Fun-
dus autofluorescence demonstrates a hyperautofluorescent
ring encircling the macular region (eFigure 3M-P in Supple-
ment 1). Horizontal optical coherence tomography sections re-
vealed diffuse retinal atrophy with a relatively preserved fo-
veal island of ellipsoid zone, along with mild cystoid macular
edema (eFigure 3Q-R in Supplement 1). ffERG responses were
compatible with rod-cone dystrophy.

WES and WGS Genetic Analyses

Seven affected members belonging to the 4 unrelated fami-
lies were analyzed by WES (6 individuals) or WGS (1 indi-
vidual) (Figure 1). No disease-causing variants were identi-
fied in known IRD genes in this analysis. We identified a single

JAMA Ophthalmology Published online July 17,2025

suspected homozygous pathogenic variant (c.881G>A,
p.Trp294*) in exon 9 of CREB3 (NM_006368.5) encoding the
cyclic AMP-responsive element binding protein 3 (eFigure 1A
in Supplement 1). Segregation analysis revealed a total of 13
affected individuals across these 4 families who were homo-
zygous for this variant (Figure 1). Since 12 of the 13 individu-
als were of North African Jewish descent, we suspected that
this variant is a founder variant. The CREB3 gene is located on
the short arm of chromosome 9, where it spans a region of
4.5Kb (chr9:35,732,317 - 35,737,005; hg19). Homozygosity map-
ping on WES data of 7 individuals who were homozygous for
c.881G>Arevealed that the 6 individuals of North African Jew-
ish descent shared an identical haplotype of approximately
4.6 Mb (chr9:35,107,857 to chr9:39,796,277; hgl9) encompass-
ing CREB3 (eFigure 1B in Supplement 1), while no other shared
haplotypes of more than 0.1 Mb were identified. On the other
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Figure 2. Multimodal Retinal Imaging of Patient MOLO072-5 (Aged 34 Years),

Homozygous for the Disease-Causing Variant c.881G>A in CREB3

E Mosaic color fundus, right eye

Mosaic color fundus, left eye

E Fundus autofluorescence, right eye

E Spectral-domain optical coherence tomography, right eye

E Spectral-domain optical coherence tomography, left eye

@ Fundus autofluorescence image, left eye

A and B, Mosaic color fundus images
show retinal degeneration in the
midperiphery combined with
vascular attenuation.

Cand D, Corresponding fundus
autofluorescence images reveal a
central area of petaloid-shaped
heterogenous autofluorescence,
compatible with cystoid macular
edema, surrounded by a parafoveal
ring of hyperautofluorescence
(arrowheads), indicating the margins
of the encroaching retinal atrophy.
The hypoautofluorescent patches
over the vascular arcades
demonstrate the midperipheral
retinal atrophy. E and F, Horizontal
B-scans of spectral-domain optical
coherence tomography through the
center of the fovea, demonstrating a
small preserved ellipsoid zone island
(red bracket) surrounded by retinal
atrophy. The hyporeflective areas
demonstrate the cystoid macular
edema (asterisk).

hand, the Italian patient (ITA1: I11) was homozygous for a dif-
ferent homozygous haplotype of a size of approximately 13 Mb,
indicating that the c.881G>A variant arose at least twice on 2
different haplotypes.

Expression Analysis of CREB3 ¢.881G>A in Fibroblast Cells

The ¢.881G>A variant introduces a premature stop codon
(p.Trp294*) in the terminal exon (exon 9) of CREB3, a gene that
encodes a protein of 371 amino acids. Although most tran-
scripts harboring premature stop codons are recognized and
degraded by the nonsense-mediated mRNA decay surveil-
lance pathway,'® some premature stop codons, especially those
occurring in terminal exons or in proximity to the end of
the open reading frame, might escape degradation. To study

jamaophthalmology.com

the effect of nonsense-mediated mRNA decay on the CREB3
transcript harboring the c.881G>A variant, we established fi-
broblast cell lines from 2 individuals with homozygous vari-
ants (MOLOO072-4 and MOL0O072-7) and a control individual
and performed RT-PCR analysis with 9 sets of primers cover-
ing the 5’ untranslated region (5' UTR) (part of exon 1), the open
reading frame (exons 1-9), and the 3' UTR (exon 9) of CREB3
(eTable 1in Supplement 1). The analysis showed that in fibro-
blasts, nonsense-mediated mRNA decay does not affect the
expression levels of the transcripts harboring the ¢.881G>A
variant (Figure 3A), and therefore, a truncated protein is likely
to be produced. To examine this hypothesis, we performed
Western blot analysis on protein extracts from fibroblast
samples of the 2 patients and the control using a polyclonal
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Figure 3. Expression Analysis for CREB3 Using Reverse Transcription-Polymerase Chain Reaction (RT-PCR) and Western Blot

[A] RT-PCR analysis

Western blot analysis

MOL0072
4 7

Control

RT-PCR Exons Size, bp
1 5'UTR-EX2 316
2 EX1-EX3 320
3 EX2-EX4 203
4 EX3-EX5 242
5 EX4-EX7 250
6 EX5-EX8 224
7 EX7-EX9 205
8 EX8-EX9 219
9 EX8-3'UTR 465

‘_

37 kDa ——>|

50kDa *»" -
-

t«—— Full-length
CREB3

f«—— Truncated
CREB3

B-Actin

A, RT-PCR analysis of CREB3 in fibroblast cells shows that variant CREB3 evades
nonsense-mediated MRNA decay surveillance pathway. RT-PCR amplification of
9 amplicons (RT-PCR 1to 9) along the CREB3 transcript is shown (primer
sequences are shown in eTable 1in Supplement 1). Each amplicon has been
obtained independently from 3 samples (left to right): MOLO072-4
(homozygous variant), MOLOO072-7 (homozygous variant), and control,
followed by an RT-PCT negative control reaction. L indicates 100-bp ladder

DNA marker. B, Western blot analysis of the CREB3 protein in control and
homozygous variant dermal fibroblast cells. A single major band corresponding
to the full-length protein is detected in the control sample, while a major band
of lower mass is detected in the cells from the 2 homozygous patients
corresponding to the truncated CREB3 protein. 3-Actin was used as an internal
control.

antibody against amino acids 1 through 230 of CREB3. We de-
tected a band corresponding to a protein of approximately
50 KDa in the control sample, while a lower mass protein of
approximately 40 KDa was evident in samples from individu-
als with ¢.881G>A homozygosity (Figure 3B). The bands cor-
responded to mass values that were higher than the expected
molecular weight of the full-length protein (41.4 KDa) and of
the truncated protein (33.1 KDa), probably due to N-linked gly-
cosylation, as previously shown for CREB32° and CREB-H.?!

Expression Analysis of CREB3 in the Retina

To verify the expression of CREB3 in the retina, we examined
single-cell RNaseq data (based on a platform for analysis of
scEiad).?? The results (eFigure 2 in Supplement 1) show that
CREB3 was expressed in all retinal cell types, including rod and
cone photoreceptors, with the highest expression level in ama-
crine, horizontal, and retinal ganglion cells.

JAMA Ophthalmology Published online July 17,2025

We subsequently performed an immunohistological
analysis of CREB3 in the wild-type mouse retina and
observed clear staining of the antibody in all layers of the
mouse retina (Figure 4) indicating CREB3 expression in vari-
ous retinal cell types with the most intense labeling at the
outer plexiform layer, where synapses between photorecep-
tors and horizontal and bipolar cells are formed. The control
slides were negative for CREB3-staining in all retinal
layers.

Assessing the Genetic Prevalence

of Null Variants in CREB3

Aiming to assess the distribution of CREB3 null variants in
various populations, we collected allele frequency data
from gnomAD version 4.1.0 and included in our analysis
only variants that were expected to be null. We identified 86
null variants: 41 frameshift, 23 canonical splice-site, and 22
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Figure 4. Immunohistochemical Staining of CREB3 in the Wild-Type Mouse Retina

[A] Anti-CREB3 antibody

[B] Merged anti-CREB3 and DAPI

GCL
IPL
INL
OPL
ONL
P

Negative control

GCL
INL
ONL

@ Merged DAPI and negative control

Both nuclear staining and membranal
staining (green fluorescence) of the
cell bodies are evident. A robust
CREBS3 staining was observed across
all layers of the mouse retina,
indicating the protein expression in
multiple retinal cell types, with the
strongest signal detected in the outer
plexiform layer (OPL), where synaptic
connections between
photoreceptors, horizontal cells, and
bipolar cells are established. Scale bar
is 100 pm. GCL indicates ganglion cell
layer; INL, inner nuclear layer;

IPL, inner plexiform layer, OPL;

ONL, outer nuclear layer;

P, photoreceptors inner and outer
segment.

nonsense variants. A total of 505 alleles were variated
with a variant allele frequency of 0.0003 and a carrier
frequency value of 1 for every 1596 individuals for all
CREB3 null variants combined. The expected genetic preva-
lence of biallelic CREB3 cases is about 1 in 1 million indi-
viduals, with about 800 biallelic cases worldwide. Since the
disease onset of CREB3 biallelic cases is variable, it is
expected that about half of individuals with biallelic vari-
ants might be affected.

The list of the 10 most common CREB3 null variants is
shown in eTable 2 in Supplement 1. The most common vari-
ant was c.281_282del, identified in 187 alleles, most of
which (181) were of European origin. Its prevalence was
higher than the remaining 9 CREB3 null alleles combined,
and therefore, we predict that once this gene is included in
IRD WES and panel analyses, this variant is likely to be the
most prevalent CREB3 pathogenic variant worldwide. Non-
null variants (mainly missense and in-frame) were not
included in this analysis since there is currently no evidence
for their pathogenicity. The c.881G>A variant reported here
is not included on this list since it was detected on only 3
gnomAD alleles.

jamaophthalmology.com

|
Discussion

Cyclic AMP response element binding protein-3 (CREB3), also
known as LUMAN in humans or LZIP in mice, is an endoplas-
mic reticulum-membrane-bound transcription factor. On
endoplasmic reticulum stress, CREB3 is shuttled to the Golgi
apparatus where it is cleaved by S1P and S2P proteases to
release the active N-terminus, which translocates to the
nucleus and acts as a transcription factor.?? CREB3 family
members regulate the expression of a large variety of genes,
and according to the tissue-specific expression profiles they
play, among others, roles in acute phase response, lipid
metabolism, development, survival, differentiation, organ-
elle autoregulation, and protein secretion. They have been
implicated in the endoplasmic reticulum and Golgi stress
responses as regulators of the cell secretory capacity and cell-
specific cargo.?+2°

In this study, we report on an association of CREB3 with
retinal dystrophies. We identified 13 patients from 4 different
families, 3 of North-African Jewish descent, with homozygos-
ity for a nonsense pathogenic variant, c.881G>A (p.Trp294*)
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predicted to introduce a premature stop codon in the termi-
nal exon, leading to a truncated protein product that is not
degraded by nonsense-mediated mRNA decay, at least in fi-
broblast cells. It is well established that nonsense-mediated
mRNA decay might not degrade premature stop codons situ-
ated in the terminal exon or those that are in close proximity
to the termination codon.?® It should be noted, however, that
our analysis was done in fibroblast cells and therefore the re-
sults may not fully reflect the nonsense-mediated mRNA de-
cay effect in the retina, as nonsense-mediated mRNA decay
function was shown to vary among different tissues.?”

Our expression and functional analyses of CREB3 show that
it is crucial for photoreceptor function. However, due to the
variable disease expression among patients with an identical
CREB3 genotype, we hypothesize that other internal or exter-
nal factors may interfere with CREB3 function. These factors
include (1) background variation in the genome that predis-
poses individuals to disease through disruption of physiologi-
cal pathways or accumulation of polygenic effects or both
combined; (2) the functional redundancy of genes and the
location of the variant (for example, the p.Trp294* variant we
identified introduces a stop codon at position 294, leading to
a truncated protein in fibroblasts in which the 77 down-
stream amino acids are lost); (3) environmental factors, such
as differences in the intensity and duration of exposure of
patients to ultraviolet light, may cause variable retinal injury
patterns given the reported involvement of CREB3 in protect-
ing the retina from ultraviolet damage.?®

CREB3 consists of 3 major functional domains?°: the cy-
toplasmic domain that includes the transcription activation
domain (aa 1-62), which mediates sequence-specific DNA
binding and the leucine zipper domain (aa 162-223); the trans-
membrane domain that allows the association with the endo-
plasmic reticulum (aa 239-259), and the luminal domain (aa
259-379). In response to various signals, including endoplas-
micreticulum stress, CREB3 is transported from the endoplas-
mic reticulum to the Golgi complex, where it is cleaved
sequentially by the SI1P and S2P proteases.?° The cleaved
CREB3 protein is then translocated into the nucleus and acti-
vates the transcription of target genes. The active form of
CREB3 does not contain the transmembrane and luminal do-
mains. The nonsense variant we identified results in a trun-
cated domain (aa 1-294) that includes the cytoplasmic
domain (which contains the regions that are active in the tran-
scription of target genes) but lacks a major part of the luminal
domain. The variant protein is therefore expected to have an
abnormal function of sensing the activating signals, such as
the endoplasmic reticulum stress, resulting in either a nonac-
tivated CREB3 protein or a mutant isoform with malfunction-
ing transactivation properties. Additional experiments are
needed to better characterize the effect of this truncated vari-
ant on CREB3 protein function and its relevance to the retina.

All 13 individuals we report here were homozygous for
c.881G>A (p.Trp294*) and have a nonsyndromic IRD of vari-
able severity, as reflected by the age at onset (ranging from 10
to 60 years) and the retinal phenotype (retinitis pigmentosa vs
cone-rod dystrophy). Such clinical variability is not common in
autosomal recessive IRDs and is usually explained by genotype-
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phenotype correlations.?*? However, clinical variability in
patients carrying the same genotype has been reported in a few
cases. Disease-causing variants in CERKL (eg, the founder
disease-causing variant c.238 + 1G>A in Yemenite Jews) have
been implicated in diverse phenotypic presentations, includ-
ing typical retinitis pigmentosa, cone-rod dystrophy, or retinal
degeneration accompanied by early macular degeneration in
homozygous cases.>* Another excellent example is NR2E3,
which, when variated, can be associated with 4 retinal pheno-
types (retinitis pigmentosa, enhanced S-cone syndrome,
Goldmann-Favre syndrome, and clumped pigmentary retinal
degeneration),3*>* without a clear genotype-phenotype corre-
lation. On the other hand, large clinical variability is evident in
autosomal-dominant IRD genes, such as PRPF31, PRPH2, RHO,
BESTI1, and many others, and in the case of PRPF31, the mecha-
nism for variability is partially understood and stems from vari-
ants in genes that regulate the expression of the wild-type
PRPF3] allele.?®38 In general, both environmental (yet to be
identified) and genetic variants in modifier genes are sus-
pected to contribute to such clinical variability.

The CREB3 c.881G>A variant was identified in 4 families,
3 of whom shared the same ethnicity, North-African Jews, lead-
ing us to hypothesize that c.881G>A is a founder pathogenic
variant in this population. Only a limited number of founder
variants have been reported to contribute to IRDs in this popu-
lation, including variants in RPE65, AIPL1, and GUCY2D>° (as-
sociated with Leber congenital amaurosis) and a variant in
FAMI161A*° (associated with retinitis pigmentosa). Homozy-
gosity mapping analysis on exome sequencing data revealed
relatively large homozygous regions flanking CREB3 with a
shared haplotype, indicating that c.881G>A isindeed a founder
pathogenic variant in the North African Jewish population.

Limitations

This study has several limitations, including the fact that it con-
centrates on a single homozygous nonsense variant, which lim-
its insights into other potential pathogenic variants in CREB3
or its pathway. Also, functional data were obtained from pa-
tient-derived fibroblasts rather than retinal tissue, which may
not fully replicate retinal-specific gene regulation. In addi-
tion, while CREB3 expression has been demonstrated in mouse
retinal sections, no in vivo model shows the pathogenic ef-
fect of the CREB3 variant on retinal degeneration.

. |
Conclusion

To summarize, the findings in this study indicated that CREB3
¢.881G>A escapes nonsense-mediated mRNA decay on tran-
scription, resulting in a shortened C-terminal that affects the
function of the CREB3 protein. As a result, variable pheno-
types of degenerated retina can be seen in patients with con-
ditions ranging from retinitis pigmentosa (with or without
macular involvement to cone-rod dystrophy). We observed this
variable expressivity in 13 patients from 4 different families.
The expression of CREB3 in various human retinal cell types
and the different layers of the mouse retina shows a clear
correlation of genotype-phenotype.
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