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ARTICLE INFO ABSTRACT
Keywords: Purpose: To illustrate the importance of systemic evaluation in retinal dystrophies through examples of Alstrom
Alstrom syndrome syndrome, Bardet Biedl syndrome, and Refsum disease.

Bardet Biedl syndrome
Refsum disease
Retinal dystrophies
Genetic testing

Genome sequencing
and whole genome sequencing (WGS).

Observations: Detailed eye evaluations, including visual acuity, visual field, slit lamp examination, and indirect
ophthalmoscopy were performed. Retinal imaging included fundus photography and spectral domain optical
coherence tomography (SD-OCT). Functional testing of the retina was done using full field electroretinography
(ffERG). In addition, molecular genetic testing was performed using a ciliopathy panel, a retinal dystrophy panel,

We report three individuals who presented with vision concerns first to ophthalmology, noted to have retinal
dystrophy, and then referred to genomic medicine for genetic testing. Additional evaluation led to suspicion of
specific groups of systemic disorders and guided appropriate genetic testing. The first individual presented with
retinal dystrophy, obesity, and short stature with no reported neurocognitive deficits. Genetic testing included a
ciliopathy panel that was negative followed by WGS that identified biallelic variants in ALMS: a novel frame-shift
pathogenic variant ¢.6525dupT (p.GIn2176Serfs*17) and a rare nonsense pathogenic variant ¢.2035C > T (p.
Arg679Ter) consistent with Alstrom syndrome. The second individual presented with retinal dystrophy, central
obesity, and mild neurocognitive deficits. A ciliopathy genetic testing panel identified a homozygous pathogenic
variant in BBS7: ¢.389_390del (p.Asn130Thrfs*4), confirming the diagnosis of Bardet Biedl syndrome. The third
individual presented with progressive vision loss due to retinitis pigmentosa, anosmia, hearing loss, and short-
ened metatarsals and digits. Genetic testing identified two variants in PHYH: ¢.375_375del (p.Glu126Argfs*2) a
pathogenic variant and ¢.536A > G (p.His179Arg), a variant of uncertain significance (VUS), suggestive of
Refsum disease. Additional biochemical testing revealed markedly elevated phytanic acid with a low concen-
tration of pristanic acid and normal concentrations of very long-chain fatty acids (C22:0, C24:0, C26:0), a pattern

consistent with a diagnosis of Refsum disease.

Conclusions and importance: In individuals who present with retinal dystrophy to ophthalmologists, additional
systemic manifestations such as sensorineural hearing loss, anosmia, or polydactyly, should be sought and a
positive history or examination finding should prompt an immediate referral to a clinical geneticist for additional
evaluation and appropriate genetic testing. This facilitates pre-test genetic counseling and allows for more ac-
curate diagnosis, prognosis, and management of affected individuals along with better recurrence risk estimates
for family members. Identification of an underlying etiology also enhances the understanding of the patho-
physiology of disease and expands the genotypic and phenotypic spectrum. Ultimately, successful recognition of
these diseases facilitates development of targeted therapies and surveillance of affected individuals.

1. Introduction genetic testing, there have been discoveries of multiple retinal disease
genes causing photoreceptor degeneration.” We present three cases in

Inherited retinal degenerations often lead to permanent vision loss whom we identified the underlying genetic etiology for retinal dystro-
due to dysfunction or death of photoreceptor cells." With advances in phies and highlight the importance of evaluating for syndromic
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Fig. 1. Case 1, Color fundus photography demonstrates diffuse pigmentary retinopathy with optic disc drusen and pallor, attenuated retinal vasculature, and bone
spicule pigmentation in both eyes (A, B). A facial photograph reveals round facies and exotropia (C). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)
associations.®

Ciliopathies are a group of genetic disorders leading to syndromic
retinal dystrophies caused by pathogenic variants in genes that create
dysfunctional proteins in primary cilia.* Primary cilia are essential for
cell signaling and tissue homeostasis." These ciliopathies include
Alstrom syndrome (ALMS) and Bardet-Biedl syndrome (BBS). Both
ALMS and BBS are autosomal recessive disorders characterized by
childhood obesity with type 2 diabetes mellitus, chronic hyperglycemia,
neurosensory deficits, and retinal dystrophy.” However, BBS differs
from ALMS by the presence of polydactyly, genitourinary abnormalities,
and cognitive disability.°

ALMS is caused by biallelic nonsense pathogenic variants in ALMSI,
and BBS is caused by biallelic loss-of-function pathogenic variants in at
least 26 genes.””® Many of these genes are expressed in the basal body
and centrosomes of primary cilia. Knockout animal models of these
genes have shown similar features as those reported in patients. BBS7
knockout mice develop retinal degeneration and obesity.” ALMSI
knockout mice develop obesity, hyperinsulinemia, retinal dysfunction,
and late-onset hearing loss.'” Despite being caused by pathogenic vari-
ants in multiple genes, these two disorders may have a common un-
derlying pathophysiologic pathway.'"

Retinal dystrophies can also be a feature of metabolic disorders, such
as lysosomal storage and peroxisomal disorders.'? Refsum disease is one
such example, characterized by retinitis pigmentosa and anosmia. It is
caused by defective oxidation of phytanic acid, which is present in foods

such as dairy and fish.'"> Consequently, phytanic acid can
over-accumulate, which can be incorporated into tissue lipids and cause
impaired myelin function.'® Typically, individuals with Refsum disease
have biallelic pathogenic variants in the PHYH or PEX7 genes. Features
include peripheral neuropathy, early-onset retinitis pigmentosa, cere-
bellar ataxia, sensorineural deafness, anosmia, ichthyosis, and cataracts.
Additionally, an individual may present with congenital skeletal ab-
normalities, such as short metacarpals and metatarsals. Some may even
develop cardiac arrhythmias and cardiomyopathy. The diagnosis is
made based on clinical findings and an elevated plasma phytanic acid
concentration greater than 200 pmol/L on biochemical testing. Confir-
mation of the diagnosis requires either molecular genetic testing to
identify biallelic pathogenic variants in either PHYH (encoding
phytanoyl-CoA hydroxylase), which accounts for more than 90% of
Refsum disease, or PEX7 (encoding the PTS2 receptor), which causes less
than 10% of Refsum disease; or enzyme analysis to identify deficiency of
either phytanoyl-CoA hydroxylase enzyme activity or the
peroxisome-targeting signal type 2 receptor, though genetic testing is
generally more readily available.'>*

2. Findings
2.1. Case 1: Alstrom syndrome

A 26-year-old Hispanic male presented to genomic medicine to
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Fig. 2. Case 2, Photographs of the face, hands, and feet demonstrate rounded facies with small palpebral fissures (A), brachydactyly with a single palmar crease (B,
C), and abnormal toenails (D). Ultra-widefield color fundus imaging demonstrates pale optic nerves, narrowed retinal vasculature, and scattered bone spicule
pigmentation (E, F). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

identify an etiology for his history of retinal dystrophy. He was born full-
term with no reported prenatal, birth, or postnatal complications. His
family history was negative for similar retinal conditions; he had healthy
non-consanguineous parents and seven healthy half-siblings. Early
developmental milestones were normal by report. He was diagnosed
with infantile onset retinal dystrophy with presumptive Leber congen-
ital amaurosis (LCA). He was first evaluated by medical genetic spe-
cialists around 16 years of age and underwent genetic testing panel for
LCA through University of Iowa, John and Carver genetic testing labo-
ratory that was negative for the 14 genes that were on the panel.

He was referred to genomic medicine again around 25 years of age by
his ophthalmologist. On ophthalmic examination, his visual acuity was
20/400 in both eyes. He had nystagmus, posterior subcapsular cataracts,
diffuse pigmentary retinopathy with a pale optic disc, and sparse bone
spicule pigmentation in the retinal periphery (Fig. 1). He was diagnosed
with retinitis pigmentosa. At this visit, he was also noted to have
acanthosis nigricans, adult-onset mild hearing loss, mild obesity,
dysuria, and short stature. Lab findings were notable for hypercholes-
terolemia. A ciliopathy panel through the Invitae clinical laboratory was
recommended due to the constellation of vision problems, hearing dif-
ficulties, and possible genitourinary/renal involvement. However, the
ciliopathies panel at that time (in 2017) did not include ALMS1 and
failed to determine a cause. Subsequently, Whole Genome Sequencing
(WGS) was pursued and identified two pathogenic heterozygous vari-
ants in the ALMS1 gene (NM_015120.4): c.2035C > T (p.Arg679Ter) and
a novel frameshift ¢.6525dupT (p.GIn2176Serfs*17), consistent with
Alstrom syndrome.'® The p.Arg679Ter variant has been previously re-
ported as pathogenic.'” The ¢.6525dupT, p.GIn2176Serfs*17 has not

been reported in the general population (Genome Aggregation Database
(gnomAD)16 or among affected (ClinVar). However, as it results in a
frame shift and premature termination of protein, it is expected to cause
loss of function, a known disease-causing mechanism in ALMS.">'®
Segregation analysis in parents confirmed the ALMS]1 variants to be in
trans. The ALMS diagnosis guided his clinical management, and he was
referred to otolaryngology to manage sensorineural hearing loss; car-
diology to evaluate for cardiomyopathy, atherosclerosis, and hyperten-
sion; and endocrinology to evaluate for diabetes mellitus or insipidus,
hypogonadism, and other endocrine complications.

2.2. Case 2: Bardet Biedl syndrome

A 38-year-old Hmong female presented to genomic medicine to
identify an underlying etiology for retinal dystrophy. She had early
onset low vision and had been diagnosed with optic atrophy and cone-
rod dystrophy. At this visit, a detailed review of systems revealed that
she had a history of mild hearing loss, weight gain, migraines, hepatic
steatosis, and a liver cyst. Her family history was significant for hyper-
tension, heart disease, and stroke, but no similar vision conditions.

On ophthalmic examination, she had a visual acuity of light
perception in both eyes, right exotropia, normal intraocular pressures,
posterior subcapsular cataracts, and nystagmus. Her fundus examination
revealed extensive retinal pigmented epithelial (RPE) degeneration and
optic nerve atrophy bilaterally (Fig. 2). On physical examination, the
patient was noted to have round facies, a short neck, a low posterior
hairline, and brachydactyly (Fig. 2).

Given her constellation of features, ciliopathies, such as BBS, Senior
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Fig. 3. Case 3, Photographs of the hands and feet demonstrate short fifth metacarpals and low placement of pinky digits (A); and short fourth and fifth metacarpals,

brachydactyly, and hammer third toes (B).

Fig. 4. Case 3, Ultra-widefield color fundus imaging demonstrates peripheral pigmentary atrophy, attenuated retinal vasculature, and mild bone spicule pigmen-
tation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Loken Syndrome, and Alstrom syndrome were considered. Subsequent
genetic testing using a next generation sequencing ciliopathy panel
through the Invitae clinical laboratory with Sanger sequencing valida-
tion, revealed a homozygous pathogenic variant in BBS7
(NM_176824.2): c. 389_390del (p.Asn130Thrfs*4). Maternal testing
identified a heterozygous variant in the patient’s mother; paternal
testing was not available. However, her parents are Hmong and are from
the same area in Laos, and this BBS7 variant c¢.389_390del(p.
Asn130Thrfs*4) has been described in homozygous state in multiple
individuals of the Hmong population with BBS (personal correspon-
dence with Robert M Haws, M.D, Marshfield Clinic Research Founda-
tion, October 01, 2020). It has also been reported in the homozygous
state in individuals affected with BBS7-related disease (Invitae clinical
laboratory) and ClinVar contains an entry for this variant (Variation ID:
216,138). This variant is not present in population databases (gno-
mAD).'® Loss-of-function variants in BBS7 are known to be patho-
genic.'” BBS typically presents with obesity, retinal degeneration,
including rod-cone or cone-rod dystrophy, post-axial polydactyly,
renal/genitourinary abnormalities, and developmental delays.®’ The
patient’s symptoms, examination findings, and homozygous variant in
BBS7 were consistent with Bardet-Biedl syndrome. The patient was
referred for cardiac workup, audiology testing, focused diet-
ary/nutritionist support, and neuropsychology evaluation based on this
diagnosis.

2.3. Case 3: Refsum disease

A 48-year-old female presented to genomic medicine seeking a uni-
fying diagnosis given a history of decreased visual acuity, reduced night
vision, peripheral visual field loss beginning in her late forties, mild
hearing loss since she was five years old, and anosmia starting in her late
thirties. Additional findings include congenital shortening of fingers and
toes, obesity, early-onset arthritis, and rapid progression of visual,
auditory, and olfactory symptoms (Fig. 3). Her development was
reportedly within normal limits. Her family history was significant for a
brother with Down syndrome but otherwise unremarkable for retinal or
genetic diseases.

The patient had a visual acuity of 20/25 in both eyes and a normal
slit lamp examination. The fundus examination revealed bone spicule
pigmentation in the retinal periphery and attenuated blood vessels in
both eyes. Her electroretinogram showed severely reduced rod function
with minimal preservation of cone function consistent with a rod-cone
pattern of degeneration such as retinitis pigmentosa (Fig. 4). Her sys-
temic features of hearing loss, anosmia, and short fifth metacarpals and
metatarsals were suggestive of Refsum disease or possibly another
syndromic retinal dystrophy condition.

A retinal dystrophy panel using next generation sequencing platform
which included genes associated with Refsum disease, PHYH and PEX7
was performed through the Invitae clinical laboratory with subsequent
Sanger sequencing validation. It revealed one pathogenic variant in
PHYH (NM_006214.3): ¢.375_375del (p.Glul26Argfs*2), and a variant
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of uncertain significance (VUS) in PHYH ¢.536A > G (p.His179Arg). The
parents were deceased and not available for segregation analysis. The
PHYH, c.375_376del (p.Glul26Argfs*2), heterozygous variant creates a
premature translational stop signal and is expected to result in an absent
or disrupted protein product. This variant has been observed in indi-
vidual(s) with Refsum disease.'® ClinVar also contains an entry for this
variant (Variation ID: 962,882). The second variant, PHYH, c.536A > G
(p-His179Arg), heterozygous is a VUS. The sequence change replaces a
highly conserved histidine with arginine at codon 179 of the PHYH
protein (p.His179Arg) and there is a small physiochemical difference
between histidine and arginine. The variant is not present in population
databases (gnomAD)lh nor has it been reported in the literature in in-
dividuals with PHYH-related conditions.'® Algorithms developed to
predict the effect of missense changes on protein structure and function
(SIFT, PolyPhen-2, Align-GVGD) all suggest that this variant is likely to
be tolerated, but these predictions have not been confirmed by pub-
lished functional studies. In summary, the available evidence is
currently insufficient to determine the role of this variant in disease and
therefore remains a VUS. Given the VUS, additional biochemical testing
for Refsum disease assessing serum levels of very-long-chain fatty acids
(VCFLA), phytanic, and pipecolic acid were performed. These tests
revealed a markedly elevated serum phytanic acid level, a low concen-
tration of pristanic acid, and a normal concentration of VLCFA—all
consistent with Refsum disease.'®'"

Decreasing dietary phytanic acid was recommended. The patient was
referred to a metabolic geneticist and nutritionist, and appropriate
changes in diet were recommended. Cardiology and neurology referrals
were also made to assess potential cardiac arrhythmia, cardiomyopathy,
and neuropathy.

3. Discussion

This case series demonstrates various genetic mechanisms of syn-
dromic retinal dystrophies that initially present to ophthalmology with
visual symptoms. In the setting of retinal dystrophy and systemic fea-
tures, this study also emphasizes the importance of referral to a clinical
geneticist for assistance in workup, evaluation, and appropriate genetic
testing.

The similarity of phenotypes in ciliopathies such as BBS and ALMS
caused by different genes is likely attributed to their shared role in
primary cilia function. The features in the knockout animal models are
consistent with the clinical findings in our cases. Both patients in this
study share the following features: retinal dystrophy, nystagmus, pos-
terior subcapsular cataracts, short stature, and metabolic abnormalities.
However, some variability in clinical presentation is noted. The ALMS
patient in this study lacked some features of classical ALMS, such as type
2 diabetes (80%), dilated cardiomyopathy (50%), renal failure, and
more extensive endocrine abnormalities such as hypogonadism, hyper-
insulinemia, and hypertriglyceridemia, although some of these clinical
features may develop later.'®?° Similarly, some classical features that
the patient with BBS did not exhibit were renal and genitourinary ab-
normalities. The ALMS patient differed from the BBS patient by the
absence of brachydactyly, rounded facies, and liver involvement.

ALMS is caused by pathogenic variants in ALMSI, and there is no
evidence of genetic heterogeneity.”*>! BBS is genetically heterogeneous
and there are at least 26 genes causing BBS.”'?” The BBS genes code for
proteins forming the core BBSome complex, which functions in the
biogenesis and maintenance of the primary cilium.’? The ALMSI gene
localizes to the centrosome and has been implicated in the organization
and structure of primary cilia since the basal body of the primary cilium
is essentially a modified centriole.”® These genes contribute to different
components of the primary cilium. Allelic heterogeneity, for example, as
seen in the individual with ALMS harboring a rare nonsense (c.20235C
> T; p.Arg679Ter) and novel frame-shift (c.6525dupT, p.
Gln2176Serfs*17) pathogenic variant, may explain phenotypic vari-
ability, although this is not well understood.*’

American Journal of Ophthalmology Case Reports 27 (2022) 101613

Table 1
A comparison of typical clinical features of Alstrom syndrome, Bardet-Biedl
syndrome, and Refsum disease.

Clinical Feature/ Alstrom Syndrome Bardet Biedl Refsum Disease

System Syndrome
Vision Cone-rod dystrophy Rod-cone Rod-cone
Decreased visual dystrophy dystrophy
acuity Decreased Decreased visual
Retinitis Pigmentosa visual acuity acuity
Cataract Retinal Retinitis
Nystagmus degeneration pigmentosa
Photosensitivity (similar to Cataract
retinitis Nystagmus
pigmentosa)
Cataracts
Strabismus
Glaucoma
Cardiac Dilated Congenital heart ~ Arrhythmia
cardiomyopathy disease
Renal/ Renal failure Renal anomalies ~ Normal
Genitourinary Genital
abnormalities
Hepatic Liver failure Normal Normal
Respiratory Normal Normal Normal
Endocrine & Obesity Obesity Obesity/Normal
Lymphatic Diabetes/Insulin Diabetes/
resistance Insulin
Hypertriglyceridemia  resistance
Hyperandrogenism Hypogonadism
(females)
Hypogonadism
(males)
Musculoskeletal ~ Short stature Polydactyly Skeletal
Normal extremities Syndactyly dysplasia
(shortening or
deformity of
tubular bones in
the hands and
feet)
Epiphyseal
dysplasia at the
knees, elbows,
shoulders
Neurological/ Hearing loss Hearing loss Hearing loss
Sensory Developmental Learning Anosmia
delays difficulties/ Peripheral
intellectual polyneuropathy
impairment Cerebellar ataxia
Anosmia/
hyposmia
Ataxia/poor
coordination
Speech delay
Developmental
delays

While ciliopathies are relatively common syndromic causes for
retinal dystrophy, it is important to consider others with different bio-
logical mechanisms.”* Refsum disease is due to peroxisome dysfunction
caused by pathogenic variants in PHYH, located on chromosome
10p13.25%6

PHYH pathogenic variants cause defects in phytanoyl-CoA hydrox-
ylase, which catalyzes the a-oxidation of phytanic acid.?* However, not
all patients with Refsum disease symptoms are linked to this gene locus.
A second gene, PEX7, was identified on chromosome 6q22-24, demon-
strating the genetic heterogeneity of Refsum disease.?”**® PEX7 patho-
genic variants cause defects in peroxin 7 receptor protein required for
peroxisomal transport of proteins containing a peroxisomal targeting
signal type 2.?® As a result, phytanic acid accumulates, as it cannot be
degraded, and cause systemic disease. Although this dysfunction is in a
different subcellular organelle, Refsum disease has findings that overlap
with ciliopathies: rod-cone dystrophy, hearing loss, obesity, endocrine
pathology, and orthopedic abnormalities.'**?” The clinical features of
these three conditions are summarized to compare the overlapping and
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variable features, and may be helpful to physicians evaluating patients
presenting with early-onset retinal dystrophy (Table 1).

4. Conclusion

This case series describes three patients with syndromic retinal
degeneration. Although all of them presented to ophthalmology, they
have different constellations of clinical features and underlying genetic
etiology. In patients who present with retinal dystrophy and systemic
manifestations including sensorineural hearing loss, anosmia, hyper-
tension, obesity, renal disease, or digital anomalies such as brachy-
dactyly or polydactyly, ophthalmologists should seek a prompt referral
to a clinical geneticist for assistance in workup, evaluation, and appro-
priate genetic testing.

Many clinical laboratories also offer combined, isolated, and syn-
dromic genetic testing. Before recommending such panels, appropriate
pretest counseling of patients and/or parents is vital. Accurate diagnosis
of syndromic retinal dystrophies allows for appropriate follow-up
testing and subspecialty referrals to prevent potentially life-
threatening complications and improve the quality of life for these
individuals.

Patient consent

The patients provided written consent for publication of personal
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