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Supplemental content
IMPORTANCE Mutations in genes traditionally associated with syndromic retinal disease are
increasingly found to cause nonsyndromic inherited retinal degenerations. Mutations in CLN3
are classically associated with juvenile neuronal ceroid lipofuscinosis, a rare
neurodegenerative disease with early retinal degeneration and progressive neurologic
deterioration, but have recently also been identified in patients with nonsyndromic inherited
retinal degenerations. To our knowledge, detailed clinical characterization of such cases has
yet to be reported.

OBJECTIVE To provide detailed clinical, electrophysiologic, structural, and molecular genetic
findings in nonsyndromic inherited retinal degenerations associated with CLN3 mutations.

DESIGN, SETTING, AND PARTICIPANTS A multi-institutional case series of 10 patients who
presented with isolated nonsyndromic retinal disease and mutations in CLN3. Patient ages
ranged from 16 to 70 years; duration of follow-up ranged from 3 to 29 years.

MAIN OUTCOMES AND MEASURES Longitudinal clinical evaluation, including full ophthalmic
examination, multimodal retinal imaging, perimetry, and electrophysiology. Molecular
analyses were performed using whole-genome sequencing or whole-exome sequencing.
Electron microscopy studies of peripheral lymphocytes and CLN3 transcript analysis with
polymerase chain reaction amplification were performed in a subset of patients.

RESULTS There were 7 females and 3 males in this case series, with a mean (range) age at last
review of 371 (16-70) years. Of the 10 patients, 4 had a progressive late-onset rod-cone
dystrophy, with a mean (range) age at onset of 29.7 (20-40) years, and 6 had an earlier onset
rod-cone dystrophy, with a mean (range) age at onset of 12.1 (7-17) years. Ophthalmoscopic
examination features included macular edema, mild intraretinal pigment migration, and
widespread atrophy in advanced disease. Optical coherence tomography imaging
demonstrated significant photoreceptor loss except in patients with late-onset disease who
had a focal preservation of the ellipsoid zone and outer nuclear layer in the fovea.
Electroretinography revealed a rod-cone pattern of dysfunction in 6 patients and were
completely undetectable in 2 patients. Six novel CLN3 variants were identified in molecular
analyses.

CONCLUSIONS AND RELEVANCE This report describes detailed clinical, imaging, and genetic
features of CLN3-associated nonsyndromic retinal degeneration. The age at onset and natural
progression of retinal disease differs greatly between syndromic and nonsyndromic CLN3
disease, which may be associated with genotypic differences.
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uvenile neuronal ceroid lipofuscinosis (JNCL), or

Batten disease, is one form of a group of progressive

neurodegenerative diseases characterized by lyso-
somal accumulation of ceroid lipopigments.! Patients
with JNCL experience retinal degeneration, seizures, se-
vere motor and cognitive deterioration, and shortened
life expectancy.! Clinically, this group of disorders is classi-
fied by age at disease onset,>* with genetic heterogeneity
with 14 causative genes identified to date (CLNI through
CLN14).

Juvenile neuronal ceroid lipofuscinosis is the most
prevalent form of the NCL disorders, with an incidence of 1
in 25000 births. It is associated with biallelic mutations in
CLN3, with a common founder 1.02-kb deletion mutation
occurring in homozygosity in 76% of patients and com-
pound heterozygosity in an additional 22% of patients.?3>¢
Vision loss is usually the presenting symptom, occurring
between 4 and 8 years of age, with rapid progression to legal
blindness within 2 to 4 years.?:” Ophthalmic findings
include optic nerve pallor, bull’s-eye maculopathy, intrareti-
nal pigmentation, and severely abnormal findings on
electroretinography.®-'° Neurological symptoms subse-
quently occur, beginning with speech disturbances and cog-
nitive decline at 8 to 9 years, seizures at 5 to 18 years, and
extrapyramidal and motor decline at 12 to 20 years, leading
to death in the second decade of life.>!!

With the growing use of next-generation sequencingin in-
herited retinal degenerations (IRDs), mutations in genes pre-
viously associated with syndromic retinal degenerations are
increasingly being identified in patients with nonsyndromic
IRD. Genes previously associated with syndromic diseases,
such as Bardet-Biedl,'>*° Usher,?° Senior-Loken,?"?? Mainzer-
Saldino, and Joubert syndromes,?** mucopolysaccharidosis,?”
and neuronal ceroid lipofuscinosis?®-2® have been re-
ported in patients with isolated retinal disease. Mutations
in CLN3 were recently identified in patients with nonsyn-
dromic IRD in 2 large-scale molecular diagnostic studies,2%2”
but there was a lack of phenotypic information. To our
knowledge, the present report is the first detailed pheno-
typic characterization of CLN3-associated nonsyndromic
retinal disease.

Methods

Participants

The study followed the tenets of the Declaration of Helsinki
and was approved by the Oregon Health & Science Univer-
sity Institutional Review Board, the research management
committee of Moorfields Eye Hospital in London, England,
and the research ethics board of the Hospital for Sick Chil-
dren in Toronto, Canada. Patients with mutations in CLN3
were enrolled from the inherited retinal disease clinics at
Moorfields Eye Hospital (MEH; patients MEH1 to MEH6), the
Hospital for Sick Children (SK; patients SK1 to SK3), and the
Casey Eye Institute of the Oregon Health & Science Univer-
sity (CEI; patient CEIl). Written informed consent was
obtained from all participants prior to study inclusion.
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Key Points

Question What are the clinical and molecular genetic findings of
patients with CLN3-associated isolated retinal degeneration
compared with retinal disease in juvenile neuronal ceroid
lipofuscinosis classically associated with CLN3 mutations?

Findings This case series of 10 patients with CLN3-associated
isolated retinal degeneration identified phenotypic and genotypic
differences compared with retinal disease in classic
CLN3-associated juvenile neuronal ceroid lipofuscinosis.

Meaning The findings of this case series suggest that mutations in
CLN3 can present with an isolated retinal degeneration that has a
later onset than juvenile neuronal ceroid lipofuscinosis, indicating
a potential therapeutic window for these patients.

Retinal Imaging

Each participant underwent full clinical examination. Color
fundus photography was conducted using 35° (Topcon; Carl
Zeiss) or 60° (Canon USA) color fundus photography or ultra-
wide-field confocal scanning laser imaging (Optos). Fundus au-
tofluorescence was performed with 30° (Spectralis), 55° (Spec-
tralis), or ultra-wide-field (Optos) imaging with excitation
wavelength 488 nm (Spectralis) and 532 nm (Optos). Spectral-
domain optical coherence tomography scans (Spectralis; Cir-
rus) and kinetic visual fields (Goldmann or Ocotopus 900 Pe-
rimeter; Haag-Streit) were performed.

Electrophysiology

Full-field electroretinography (ERG) and multifocal ERG were
performed using Burian-Allen (at CEI and SK), DTL (SK), or gold
foil (at MEH) electrodes and pattern ERG with gold foil (at MEH)
recording electrodes under protocols that conformed to the In-
ternational Society for Clinical Electrophysiology of Vision
standards.?3!

Molecular Analysis
Briefly, genomic DNA was isolated from peripheral blood.
Whole-exome sequencing analysis was performed on pa-
tients MEH1 and MEH6 at AROS Applied Biotechnology using
SureSelectXT Human All Exon version 5 exon capture (Agi-
lent Technologies) followed by sequencing on a HiSeq2000
platform (Illumina), as previously described.??:** Whole-
genome sequencing on patients MEH2-MEHS5 was performed
as part of a large collaborative study in the National Institute
for Health Research BioResource: Rare Diseases Project, Spe-
cialist Pathology Evaluating Exomes in Diagnostics using a
HiSeq2500 platform (Illumina).>®* APEX microarray screen-
ing (Asper Biotech) was performed on patient MEH6 using a
genotyping microarray containing more than 700 disease-
causing variants for 28 retinal dystrophy genes, as previously
described.?* Molecular analysis for patients CEI1 and SK1-3 was
performed using a custom-designed next-generation sequenc-
ing panel containing more than 3500 target sequences in 183
genes (rd v4 panel).3*

Variants were annotated using RefSeq gene sequence num-
ber NM_000086.2, Ensembl gene number ENSGO0O000188603,
transcript number ENSTO0000360019, and protein number
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ENSPO0000353116, as appropriate. Novel disease-causing vari-
ants were identified as such when not previously associated
with Batten disease or nonsyndromic IRDs in the literature or
the online Neuronal Ceroid Lipofuscinosis Mutation and Pa-
tient Database (http://www.ucl.ac.uk/ncl/CLN3mutationtable
.htm). The pathogenicity of missense mutations was predicted
by PolyPhen2 and intronic splice variants by the Berkeley
Drosophila Genomic Project (Splice Site Prediction by Neural
Network; http://fruitfly.org). Variants were also noted to be
novel when absent or low in allele frequency in databases from
the Broad Institute (gnomAD browser), the NCBI dbSNP, and
the Exome Aggregation Consortium, with allele frequencies
reported from the Broad Institute. Segregation analysis was
performed in available family members for 6 patients with
results consistent with biallelic mutations (patients MEH3,
MEHS6, CEI1, and SK1-3) (eFigure 1in the Supplement).

Additional Testing

Electron microscopy studies were performed on peripheral
lymphocytes in 3 patients. Briefly, blood samples were cen-
trifuged to obtain the buffy coat and fixed in 1.5% glutaralde-
hyde, 1.5% paraformaldehyde in 0.1M sodium cacodylate buf-
fer pH 7.4 with 0.05M sucrose and 0.25 calcium chloride
overnight. Electron microscopy images were obtained on a
transmission electron microscope interfaced to a camera. Lym-
phoblasts from the patient and controls were cultured, with
RNA extraction, reverse-transcription, and quantitative re-
verse-transcription polymerase chain reaction performed, as
previously described.?> Additionally, immunocytochemistry
measuring autofluorescence levels was performed on the cul-
tured lymphoblasts with DAPI (4',6-diamidino-2-phenylin-
dole) staining.

. |
Results

Ophthalmic evaluations were conducted on 10 patients from
9 families (3 male, 7 female) last seen at ages ranging from 16
to 70 years (mean, 37.1 years), with key clinical features sum-
marized in Table.>2”® Age at symptom onset ranged from the
first to the fourth decade of life (mean age, 23 years). Best-
corrected visual acuity ranged from -0.110gMAR (Snellen acu-
ity, 20/16) to light perception. Four patients showed a late-
onset phenotype, with visual symptoms beginning in the
second to fourth decade of life (MEH1-4) and relatively pre-
served visual acuity of +0.2 logMAR (Snellen acuity, 20/32) or
better at last follow-up. In contrast, 6 patients presented with
early-disease onset before the second decade of life and sig-
nificantly decreased visual acuity within the first decade of dis-
ease onset (CEI1, MEH5-6, and SK1-3).

Ophthalmoscopic findings included macular edema, mild
intraretinal bone spicule migration, and significant macular at-
rophy. Macular edema was present in 4 patients (MEH2-4 and
SK1) (Figure 1and Figure 2). Edema was unresponsive to topi-
cal dorzolamide but partially responsive to brinzolamide in 1
patient (MEH3). Sparse intraretinal bone spicule-like pig-
ment migration was present in 2 patients (CEIl and SK2) and
mild to moderate in 4 patients (MEH4 and SK1-3) (Figure 1and

jamaophthalmology.com
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Figure 2). Macular atrophy with retinal pigment epithelium loss
was evident in the 2 patients with the worst visual acuity
(MEH6 and SK3).

Fundus autofluorescence imaging showed central retinal
hypoautofluorescence beyond the normal macular pigment hy-
poautofluorescence, with a surrounding hyperautofluores-
cent ring in 7 patients (CEIl, MEH1-2, MEH4-5, and SK1-2)
(Figure1and Figure 2). There were also patchy hypoautofluo-
rescence in the midperiphery and along the arcades, ranging
from mild (CEIl and MEH3) or moderate (MEH2 and MEH5) to
dense (MEHI and MEH4). Two patients with significant vi-
sual acuity loss to hand motion and light perception showed
generalized hypoautofluorescence (MEH6 and SK3).

Optical coherence tomography imaging in 4 patients with
preserved visual acuity (MEH1-4) showed a relatively intact el-
lipsoid zone at the fovea, despite presence of macular edema
(MEH2-3). However, outside of the focal foveal sparing, the el-
lipsoid zone was absent and outer nuclear layer significantly
diminished. Additionally, 2 of 4 patients showed an area of hy-
perreflectance above the external limiting membrane at the fo-
vea (MEH1 and MEH?2), suggestive of nonspecific debris. Six
patients with decreased visual acuity showed moderate to com-
plete foveal outer nuclear layer and ellipsoid zone loss (CEIl,
MEH5-6, and SK1-3). Hyperreflective deposits at the level of
the retinal pigment epithelium were present in some patients
with advanced disease (CEIl and MEH5-6).

Electroretinography was performed in 8 of 10 patients
(CEIl, MEHI1, MEH3-5, and SK1-3) with all patients showing a
rod-cone dystrophy. All patients showed markedly abnormal
scotopic responses shortly after disease onset, with variable
abnormalities in photopic ERGs (Figure 3) (Table) (eFigure 2
in the Supplement). Patients with late-onset disease demon-
strated relatively preserved photopic responses (MEH1, MEH3,
and MEH4), although longitudinal ERGs showed progressive
decline (CEIl and MEH4) (Table) (Figure 3). There was marked
paracentral loss of cone function with some central sparing on
multifocal ERG (MEH1, MEH3, and MEH4) (eFigure 3 in the
Supplement). Patients with earlier onset of disease showed se-
vere loss of both rod and cone responses (SK1 and SK2) (Table)
(Figure 3).

None of the 10 patients had signs or symptoms of neuro-
logic involvement. Head imaging was performed in 2
patients (MEH1 and MEH4), with an incidental fascinoma or
capillary telangiectatic lesion observed on brain magnetic
resonance imaging in MEH4. Electron microscopy of periph-
eral lymphocytes was performed in 3 patients (CEIl, MEHI,
and MEH4). Classic findings of prominent fingerprint pro-
files and vacuolation resulting from lipofuscin accumulation
and defective vacuolar homeostasis in JNCL were not
observed, although MEH4 had very intermittent large empty
vacuoles (Figure 4).37:38

Variants in CLN3 were identified in all 10 patients, includ-
ing 2 patients with homozygous and 8 patients with com-
pound heterozygous variants. Six novel CLN3 variants—3 mis-
sense and 3 intronic—were identified (Table) (eTable in the
Supplement). All 3 novel missense variants (1285V, V3301, and
L306H) occurred as compound heterozygous mutations
(Table). Population allele frequencies are very low at 3.96 x 107°
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Table. Clinical Summary of 10 Patients

Patient ID (Institutional Identifier)

MEH1 MEH2 MEH3 MEH4 CEI1 MEH5 MEH6
Characteristic (GC18875) (GC20465) (GC20390) (GC18983) (CEI26198) SK1 SK2 (GC20101) (GC3513) SK3
Age at last visit, 36/F 30/M 54/F 51/M 24/F 21/F 23/F 16/F 49/F 70/M
y/sex
Age at onset, y 30s 20s Late 40s 30s Late teens <10 Early teens  Early teens <10 Early teens
Presenting
symptom
VA loss Absent Absent Absent Absent Mild Mild Mild Mild Mild Mild
Nyctalopia Mild Mild Mild Mild Mild Mild Mild Mild Mild Mild
BCVA snellen 20/16 20/30 20/20 20/32 20/125 20/80 20/125 NA HM LP
Fundus findings
Mac atrophy  Absent Absent Absent Absent Absent Absent Absent Absent Moderate Moderate
Bone spicules Absent Absent Absent Mild Intermittent Moderate Intermittent Absent Absent Moderate
AF
Central Moderate Mild Mild Moderate Moderate Mild Mild Mild Severe Absent
hypoAF
HyperAF ring  Mild Mild Absent Mild Moderate Mild Mild Intermittent Absent Absent
Periph Severe Moderate Mild Severe Intermittent  Mild Moderate Moderate Severe Severe
hypoAF
ocT
Fov
EZ loss Absent Intermittent Mild Mild Severe Moderate Moderate Severe Severe Severe
ONL loss Intermittent Mild Mild Moderate Moderate Moderate Moderate Moderate Severe Severe
PF
EZ loss Severe Severe Moderate Severe Severe Intermittent Mild Severe Severe Severe
ONL loss Severe Severe Severe Moderate Moderate Severe Severe Moderate Severe Severe
Mac edema Absent Moderate Severe Mild Absent Severe Absent Absent Absent Absent
VF (age, y)
Central Absent Absent Mild Absent Mild Absent Absent NA Severe Absent
scotoma
VF To 30°(30) Patchyloss To10°(54) To5°(51) N/I/S(23)  N/I/S(21) To30°(23) NA ND (47) To 10° (61)
constriction (27)
Electrophysi-
ology (age, y)
ffERG:rod,  Rod: ll NA Rod: ND Rod: J44  Rod: 44l Rod:ND Rod: ND Rod: ND NA Rod: ND
cone Cone: | Cone: | Cone: Cone: 11 Cone: Ll  Cone: ND Cone: L4 Cone: ND
function | (30) (51) (37) (23) (10) (12) (16) (41)
Rod: ND
Cone: 1
(42)
PERG (A NA A A NA NA NA SRR NA NA
mfERG: PC: 1 NA PC: PC: Ll NA NA NA NA NA NA
paracentral,  C: Spared C: Spared C: Spared
Central
Genetic analysis
Allele 1 €.1213C>T  1-kb del® 1-kb del® €.1213C>T  1-kb del® c.883G>T  ¢.883G>T  1-kbdel® 1-kb del® 1-kb del®
(R405W)?7 (R405W)27 (E295X)3®  (E295X)3°
Allele 2 €.1213C>T  ¢.988G>A  ¢.837+5G>A «¢.1213C>T ¢.461-3C>G ¢.917T>A  c917T>A  ¢.853A>G  ¢.1213C>T ¢.375-3C>G
(R405W)27  (V330I)? (splice site)®  (R405W)27  (splice site)® (L306H)? (L306H)? (1285V)? (R405W)27  (splice site)?

Abbreviations: AF, autofluorescence; BCVA, best-corrected visual acuity;

C, central; c, cDNA sequence with nucleotide position and change; CEl, Casey
Eye Institute; ERG, electroretinography; EZ, ellipsoid zone; ffERG, full-field
ERG; Fov, foveal; hyperAF, hyper-autofluorescence; hypoAF, hypo-
autofluorescence; LP, light perception; MEH, Moorfields Eye Hospital; mfERG,
multifocal ERG; NA, not applicable; ND, not detectable;

N/I/S. nasal/inferior/superior; OCT, optical coherence tomography; ONL, outer

nuclear layer; mac, macular; PC, paracentral; PERG, pattern ERG; periph,
peripheral; PF, parafoveal; SK, the Hospital for Sick Children; VA, visual acuity;
VF, visual field; 1-kb del, c.461-280_677+382del966
(p.Gly154Alafs*29Val155_Gly264del); |, decreased.

2 Novel mutation.

for 1285V and 3.21 x 107> for V330I; to our knowledge, L306H
has not previously been reported as a population variant (gno-
mAD browser; Broad Institute). Three novel intronic variants
(c.375-3C>G, c.461-3C>G, and c.837+5G>A) were identified, all
occurring as acompound heterozygous variant with the 1.02-kb

JAMA Ophthalmology Published online May 25, 2017

deletion. While resultant altered splice transcripts remain un-
known, all 3 intronic variants fall within predicted splice do-
nor or acceptor sites (Berkeley Drosophila Genome Project)
(eTable in the Supplement) and may therefore lead to altered
transcription. Decreased transcription levels were confirmed
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Figure 1. Composite of Retinal Imaging From the Left Eyes of Patients With Late-Onset CLN3-Associated Rod-Cone Dystrophy

[A] MEH1

MEH2

[c] MEH3

[D] MEH4

Imaging from each patient includes color fundus photograph (first panel), fundus autofluorescence (second and third panels), and en face infrared image (fourth
panel) demarcating the horizontal optical coherence tomography scan line (fifth panel).

with c.461-3C>G (CEI) (eFigure 4 in the Supplement). Popu-
lation variances of intronic variants were very low, with allele
frequency of 4.29 x 107° for ¢.461-3C>G and 6.34 x 107> for
¢.837+5G>A; to our knowledge, c.375-3C>G has never been pre-
viously reported as a population variant.

|
Discussion

Mutations in CLN3 are classically associated with JNCL, a neu-
rodegenerative disease with early retinal degeneration in the
first decade of life followed by progressive neurological dete-
rioration and death in the second to third decade. CLN3 mu-
tations have recently been molecularly identified in cases of
nonsyndromic isolated retinal degeneration, but a descrip-
tion of the clinical phenotype and natural history was
lacking.2%-2”

Patients in this study fell into 2 distinct phenotypic groups:
a late-onset and an early-onset retinal phenotype. Four pa-
tients showed a late-onset phenotype with visual symptoms
beginning in the second to fourth decade of life (MEH1-4). Cen-
tral vision was maintained in the first decade of disease fol-

jamaophthalmology.com

lowed by slowly progressive decline in the second to third de-
cade after disease onset. In contrast, 6 patients presented with
earlier-onset retinal dysfunction before the second decade of
life (CEIl, MEH5-6, and SK1-3); onset of visual loss in these pa-
tients was still later than in patients with JNCL, which has a
mean onset of 4 to 5.4 years.?’

All patients demonstrated rod-cone dystrophy with
marked diminished rod function and significant but variable
cone system dysfunction. Both dark-adapted and light-
adapted ERG responses were minimal in patients with early-
onset disease, even at the youngest age (SK1-2). Patients with
late-onset disease demonstrated residual dark-adapted re-
sponses with a reduced b-wave to a-wave ratio and a pro-
foundly subnormal a-wave amplitude, likely reflecting re-
sponses arising from dark-adapted cones in the absence of rod
function (MEH1, MEH4, and CEIl) (Figure 3) (eFigures 2 and 5
in the Supplement).3°-4° Light-adapted ERG responses were
present but decreased and continued to progressively
decrease in MEH4. Therefore, the delayed and progressive
decline in cone function may benefit from therapeutic inter-
vention, such as AAV-mediated CLN3 gene replacement, which
was recently demonstrated in the rodent retina.*!

JAMA Ophthalmology Published online May 25, 2017

© 2017 American Medical Association. All rights reserved.

Downloaded From: http://jamanetwor k.com/pdfaccess.ashx?url=/data/jour nalsophth/0/ by a UCSF LIBRARY User on 06/12/2017

E5


http://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaophthalmol.2017.1401&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaophthalmol.2017.1401
http://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaophthalmol.2017.1401&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaophthalmol.2017.1401
http://www.jamaophthalmology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaophthalmol.2017.1401

E6

Research Original Investigation

Phenotype and Genetic Findings in CLN3-Associated Isolated Retinal Degeneration

Figure 2. Composite of Retinal Imaging From the Left Eyes of Patients With Early-Onset CLN3-Associated Rod-Cone Dystrophy

[A] CcEIL

sK1

sk2

[D] MEHS

[E] MEH6

[F] sk3

Imaging from each patient includes color fundus photograph (first panel), fundus autofluorescence (second and third panels), and en face infrared image (fourth
panel) demarcating the horizontal optical coherence tomography scan line (fifth panel). No color fundus photograph was able to be obtained for patient MEH5 (first
panel).

CLN3-associated isolated retinal degeneration shows
greater macular involvement than the rod-cone degenera-
tion of retinitis pigmentosa.**> While there was significant
macular disease, focal preservation of foveal cone structure
and function was observed on optical coherence tomogra-
phy, multifocal ERG, and visual fields in 4 patients (MEH1-4).
Additionally, 4 of 10 patients demonstrated cystoid macular

JAMA Ophthalmology Published online May 25, 2017

edema, occurring more prevalently than in retinitis pigmen-
tosa and not commonly found in CLN3-associated JNCL. Three
of these 4 patients had late-onset disease, suggesting cystoid
macular edema as an early clinical feature that progress to
macular atrophy. A central hypoautofluorescence with a hy-
perautofluorescent ring and patchy midperipheral hypofluo-
rescence in a mottled pattern was observed in the majority of

jamaophthalmology.com

© 2017 American Medical Association. All rights reserved.

Downloaded From: http://jamanetwor k.com/pdfaccess.ashx?url=/data/jour nalsophth/0/ by a UCSF LIBRARY User on 06/12/2017


http://www.jamaophthalmology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamaophthalmol.2017.1401

Phenotype and Genetic Findings in CLN3-Associated Isolated Retinal Degeneration

Original Investigation Research

Figure 3. Full-Field Electroretinograms
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Figure 4. Electron Microscopy (EM) of Peripheral Lymphocytes

[A] Patient with CLN3-associated JNCL

[c] Patient CEI1

A, A patient with CLN3-associated juvenile neuronal ceroid lipofuscinosis
(JNCL). Left and middle panels, Classic EM findings in a patient with
CLN3-associated JNCL with foamy vacuoles (yellow arrowheads) and lysosomal
storage material forming fingerprint profile structures (blue arrowheads). Right
panel, Fingerprint profiles in sagittal (blue arrowheads) and coronal cuts (yellow
arrowheads), observed at a high magnification. B, Patient MEH4. The classic EM

findings associated with CLN3-associated JNCL were not observed in patient
MEH4, who had unremarkable lymphocytes except for the occasional large
empty vacuoles (arrowheads). C, Patient CEI1. Classic JNCL findings were also
absent in patient CEI1, who had unremarkable-appearing lysosomes (yellow
arrowheads) and occasional vacuoles (blue arrowheads) without accumulation
of storage material.

the late-onset patients.** This paracentral ring lesion is com-
mon in retinitis pigmentosa and may reflect accumulation of
lipofuscin at the transition zone between unhealthy paracen-
tral and healthy central cones encircling areas of preserved
photopic function.**4® Patients with advanced disease dem-
onstrated diffuse hypoautofluorescence (MEH6 and SK3), re-
flecting severe retinal pigment epithelium and retinal atro-
phy. Even in advanced disease, characteristic retinitis
pigmentosa intraretinal pigment migration was not a promi-
nent finding in our patients.

JAMA Ophthalmology Published online May 25, 2017

The spectrum of CLN3-associated disease ranges from JNCL,
protracted JNCL with classic early retinal degeneration with de-
layed neurologic onset, and nonsyndromic retinal degeneration
without neurologic involvement. Although a protracted JNCL
variant has been described,*”->° patients in this cohort remained
without neurological symptoms well beyond this age. The impor-
tance of CLN3 inretinal cell function is clear by its association with
isolated retinal degeneration, invariably early visual dysfunction
in classic and protracted JNCL, and subclinical visual changes in
carriers of the CLN3 1.02-kb deletion mutation.>!
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Figure 5. CLN3 Mutations Associated With Isolated Retinal Degeneration

@ CLN3 mutations in isolated retinal degeneration
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Lysosomal
targeting (MXgG)

A, CLN3 mutations observed in isolated retinal degeneration in the current
series of 10 patients (above) and in the literature (below).?%” Intronic
mutations are indicated in green, missense mutations in blue, and truncation
mutations in red. Mutations associated with isolated retinal degeneration
observed in this series. B, CLN3 mutations associated with isolated retinal
degeneration (left panel) compared with juvenile neuronal ceroid lipofuscinosis
(JNCL; right panel). Multiple mutations associated with isolated retinal

degenerations (left) are in the fifth transmembrane domain compared with
more mutations associated with JNCL (right) in the luminal loops. Adapted with
permission from Cotman et al*® (Taylor & Francis Ltd; www.tandfonline.com).

2 Mutations also associated with patients with CLN3-associated JNCL with
neurological symptoms.

While its exact cellular function remains unknown, CLN3
belongs to the major facilitator superfamily of membrane trans-
porters and has been implicated in the transport of protons,
amino acids, neurotransmitters, and proteins in lysosomes,>?>”
at the Golgi,>® and across synapses.>%:°° Electron microscopy
studies localizes CLN3 in the retina to photoreceptor inner seg-
ments, inner retinal cells, and Muller glia.®! Mouse and in vitro
studies have implicated CLN3 in trafficking and stability of the
inner-segment protein Na*/K*-ATPase.®%% Neuronal ceroid li-
pofuscinosis proteins may also regulate palmitoylation,®4-6¢
an important posttranslational lipid modification for protein
trafficking into outer segments. Lastly, disruption of essen-
tial outer segment phagocytosis with defective phagosome-
lysosomal fusion has been observed.®7:%®

CLN3 is a 438-amino acid, 13-exon, transmembrane pro-
tein that contains 6 transmembrane domains, an amphipa-
thichelical domain, and 2 lysosomal targeting motifs (EEEXgLI
and MX,G) that traffic glycosylated CLN3 from the Golgi to lyso-
somes (Figure 5).38:6° A 1.02-kb deletion in CLN3 is a com-
mon founder mutation present in 96% of patients with JCNL;
74% are homozygous and 22% are heterozygous for this

jamaophthalmology.com

mutation.>*” The major predicted protein product from this
deletion consists of the first 153 amino acids from exons 1to 6
plus an additional 28 novel amino acids.”® Although this mu-
tation results in decreased mRNA transcript levels (eFigure 4
in the Supplement),”! it remains controversial whether alter-
natively spliced products are expressed or degraded. De-
tailed in silico analysis predicts nonsense-mediated decay lead-
ing to loss of function with homozygous 1.02-kb deletions.>*>”!
However, in vitro functional assays in cultured fibroblasts and
fission yeast suggest that, if expressed, the resulting protein
product partially rescues abnormal enlargement of lyso-
somes occurring with complete loss of CLN3.7°

Although less prevalent, evaluation of compound hetero-
zygous mutations occurring with the 1.02-kb deletion may pro-
vide insights on genotype-phenotype correlations. The 1.02-kb
deletion mutation leads to complete loss of exons 7 and 8 that
form the second luminal loop of CLN3. Interestingly, com-
pound mutations associated with JNCL are also clustered at
this site (ie, S161X, S162X, A158P, L170P, G187R, and G189A),
suggesting the presence of critical substrate binding sites there
(Figure 5).38 Rare cases of homozygous mutations in the sec-
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ond luminal loop show a less severe neurologic phenotype than
the 1.02-kb deletion. For example, G189A is associated with
JNCL when paired with the 1.02-kb deletion, but homozy-
gous G189R mutations are associated with isolated retinal
degeneration.?” Homozygous mutations in Y199X (eTable in
the Supplement) associated with isolated retinal degenera-
tion and protracted JNCL>° may show lower neurologic sever-
ity owing to the additional 46 amino acids from exons 7 and 8
and lower likelihood of nonsense-mediated decay compared
with homozygous 1.02-kb deletions.

We observed that compound heterozygous mutations as-
sociated with isolated retinal degeneration or protracted JNCL
were clustered in or near the fifth transmembrane domain, with
4 missense variants in this region, 3 novel to this study (1285V,
V290L, and L306H) (Figure 5). A specific missense R405W mu-
tation, located in a conserved region upstream of the C-
terminal lysosomal targeting domain (MX,G),>® has been solely
associated with nonsyndromic retinal degeneration.® It was
previously identified in 2 autosomal recessive retinitis pig-
mentosa probands as a homozygous mutation and as a com-
pound heterozygous mutation with an intronic variant (eTable
in the Supplement).?” In the present series, it occurs as a ho-
mozygous mutation (MEH1 and MEH4) and compound het-
erozygous mutation with the 1.02-kb deletion (MEH6) (Table)
(Figure 5) (eTable in the Supplement). Patients with homozy-
gous R405W mutations show late-onset compared with the
early-onset phenotype of MEHS6, further suggesting that the
R405W mutation is less deleterious than the 1.02-kb dele-
tion. Evaluation of the 1.02-kb deletion compound heterozy-
gous mutations associated with nonsyndromic retinal degen-
eration suggests that the R405W (MEH6) and 1285V (MEH5)
mutations cause a more severe retinal phenotype than the
V3301 (MEH2) mutation.

Altogether, the data confirm that the common founder
1.02-kb deletion mutation likely leads to the loss of an impor-

Phenotype and Genetic Findings in CLN3-Associated Isolated Retinal Degeneration

tant CLN3 function affecting both the central nervous system
and retinal neurons owing to loss of exons 7 and 8 that make
up the second luminal loop; this deleterious effect is also ob-
served in compound heterozygous mutations in the luminal
loops. Mutations affecting the fifth transmembrane and the C-
terminal lysosomal targeting domain appear to be associated
with milder retinal dysfunction and decreased or absent neu-
rologic involvement. Newly identified variants and proposed
genotype-phenotype observations will continue to be con-
firmed and refined with further identification of CLN3 muta-
tions in patients with isolated retinal degeneration.

Limitations

Our study had limitations. Owing to the retrospective nature
of the case series, clinical studies may have been unavailable
for some patients. Parental DNA samples were unavailable for
segregation analysis for some of the families described in this
study. Electroretinography was unavailable in 3 patients, and
specialized studies, such as electron microscopy and mag-
netic resonance imaging, were available for only several pa-
tients.

. |
Conclusions

To our knowledge, this series of patients is the largest to date
with isolated retinal dysfunction associated with mutationsin
CLN3, a gene typically associated with generalized neurologi-
cal dysfunction. The mechanisms underlying the differences
in neurological involvement are yet to be established and un-
derscore the importance of genotype-phenotype studies be-
tween classic JNCL, protracted JNCL, and isolated nonsyn-
dromicretinal degeneration. Further detailed clinical studies
are also required to evaluate potential genotype-phenotype cor-
relations in the disease spectrum observed in this study.
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