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Abstract

Amyotrophic lateral sclerosis (ALS) is a late-onset motor neuron disease with mostly dominant inheritance and a life
expectancy of 2-5 years; however, a quite common occurrence of atypical forms of the disease, due to recessive inheritance,
has become evident with the use of NGS technologies. In this paper, we describe a family with close consanguinity for at
least four generations, suffering from a slowly progressive form of ALS. Spastic walking is observed since teenage years,
while bulbar symptoms start much later, at the fifth or sixth decade of life. Patients usually die because of respiratory failure.
Using whole-exome sequencing, we identified a novel homozygous p.(Val94Ala) (c.281T>C) (NG_052910.1)
(NM_006459) variation in the endoplasmic reticulum lipid raft associated protein 1 (ERLINI) gene, which segregates
with the disease in the family. Here we suggest that ERLIN1 variants, previously shown in juvenile hereditary spastic
paraplegia cases, may also be the cause of a slowly progressive early-onset ALS, starting with upper motor neuron features
and developing into classical ALS with the addition of lower motor neuron dysfunction. We also demonstrate that ATP-
binding cassette subfamily C member 2 (ABCC2) gene, responsible for hyperbilirubinemia, is linked to ERLINI.

Introduction sequencing enabled more detailed and sophisticated

research in understanding the genetic make-up behind these

Motor neuron disorders are complex diseases with diverse
overlapping phenotypes ranging from infantile to adult-
onset or from mild to lethal forms, making clinical diag-
nosis challenging. The heterogeneity of amyotrophic lateral
sclerosis (ALS) within itself is also highlighted by the
growing list of genes linked to both familial and sporadic
forms of the disease [1]. The era of high-throughput
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diseases, especially in cases where the hereditary compo-
nent is strengthened by consanguinity [2—4]. The increased
pleiotropy observed among motor neuron disease genes and
the overlapping phenotypes point to a thin line between
different phenotypes, which is often crossed during the
course of the disease [5—7]. Here, we report the results of
exome sequencing analyses in a large consanguineous
Turkish pedigree with five living affected members dis-
playing slowly progressive teenage-onset motor neuron
dysfunction starting with walking difficulties, and gradually
developing into a severe form of ALS with lower motor
neuron involvement during mid-life.

Subjects and methods

The female index patient (V.12), at the age of 25, was
referred to our center with young-onset ALS and a family
history of ALS in the deceased father (IV.24) as well as in
the paternal aunt (IV.22) and grandfather (II.18) (Fig. 1).
The grandfather was reported to suffer from walking diffi-
culties starting around the age of 35; he then developed
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Fig. 1 Pedigree of the family with ERLIN1 variation. The double lines
between spouses indicate consanguinity. Segregation of the identified
variations E; (ERLIN1 ¢.281T>C, p.(Val94Ala), NM_006459) and E,
(ABCC2 ¢.2714G>T, p.(Arg9051le), NM_000392) are designated.
The individual IDs in the pedigree (e.g., ALS 518) are laboratory

swallowing problems, which led to his death at 54. The
father limped mildly after returning from military service at
the age of 20. He underwent surgery with spinal stenosis
diagnosis; however, his symptoms worsened. The electro-
neuromyography showed fibrillation and fasciculation in
genioglossus, right first dorsal interossei, biceps, quad-
riceps, gastrocnemius, and tibialis anterior muscles. Upon
these findings, he was diagnosed with ALS and succumbed
to the disease at the age of 42. His daughter, our index case,
had complaints of abnormal gait during her late teens and
was referred to the expert neurologist (E.T.), who had also
diagnosed and followed her deceased father. At the time of
her genetic diagnosis, the neurological examination depic-
ted increased deep tendon reflexes in both lower extremities
and atrophy in left interosseous muscles, electro-
physiological evaluation revealed asymmetrical upper and
lower motor neuron signs with fibrillation and fasciculation
in genioglossus, right first interossei, biceps, and both
tibialis anterior muscles, confirming definite ALS according
to El Escorial criteria. On the other hand, her younger, 15-
year-old brother (V.14) only had slowed motor evoked
potential in asymmetrically bilateral lower limbs.
Considering the apparently vertical inheritance pattern in
this family, common ALS genes (C9ORF72, SODI,
TARDBP, FUS, and UBQLN2) were ruled out prior to
whole-exome sequencing. However, upon detailed family
investigation, the recessive inheritance due to high con-
sanguinity in every generation became evident (Fig. 1).
Two additional male individuals in the pedigree also had
mild gait abnormalities (II.31 and IV.11). Neurological
examination of II1.31, 52-year-old, showed hyperreflexia in
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the legs, positive Babinski sign on the right, and unre-
sponsive plantar reflex on the left foot with bilateral clonus.
Patient IV.11 has difficulty in step climbing.

A detailed explanation of the methods is available in the
Supplementary Information. The phenotype and variant
data can be found online (https://databases.lovd.nl/shared/
genes/ERLIN1) (patient IDs 00143683, 00143789,
00143791, and 00143792).

Results and discussion

Whole-exome sequencing was performed in three affected
and three unaffected members (indicated by an asterisk* in
the pedigree) of a large and highly inbred family from the
Black Sea region of Turkey (Fig. 1). After filtration for
autosomal recessive inheritance pattern 21 gene variants
remained, only two of which (in ERLINI and ABCC2) had a
MAF lower than 0.01 (Supplementary Table 1). The novel
homozygous p.(Val94Ala) (c.281T>C) (NM_006459) var-
iation in the endoplasmic reticulum lipid raft associated
protein 1 (ERLINI) gene, co-segregating with the disease in
the family across a genetic distance of at least nine meioses to
attain homozygous state, was suggested to be the more
probable candidate for the phenotype in question. The
homozygous presence of the ERLINI variation was validated
by Sanger sequencing in four affected family members
(IIL31, IV.11, V.12, and V.14). Additional 22 family mem-
bers were shown to be either heterozygous or wild-type for
the variation, are symptom-free at present and not expected to
develop the disease in view of their genotype. Homozygosity
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Fig. 2 The conservation of the H.sapiens 51 YHIMLPFITTFRSVQTTLQTDEVKNVPCGTSGGVMIYIDRIEVVNMLAPY 100
valine residue at position 94 (in P.troglodytes : SGGY 100
bold) of ERLIN1 protein among M.mulatta 100
10 species C.lupus /MIYIDRIEVVNMLAPC 100
B.taurus MIYIDRIEVVNMLAPC 100
M.musculus 51 YHIMLPFITTFR IYIDRIEVVNMLAPY 100
R.norvegicus 51 YHIMLPFITTFRS ITYIDRIEVVNMLAPY 100
G.gallus 51 YHIMLPFITTFKS ) /MIYIDRIEVVNKLAPY 100
D.rerio 49 YHIMLPFITSYRSVQTTLQTDEIKNVPCGTS ’'MIYFDRIEVVNMLIPT 98
X.tropicalis 49 YHIMFPFITYFRSVQTTLQTDEVKNVPCGTSGGVMIYFDRIEVVNMLTPS 98

mapping, performed from the exome data, detected the
ERLINI locus in all affected individuals, but not in the
controls (Supplementary Table 2). The valine to alanine
substitution at position 94 of ERLIN1, located in a highly
conserved region, was predicted to be disease-causing,
deleterious, and possibly damaging by MutationTaster, SIFT,
and PolyPhen2 (Fig. 2). No other gene associated with
autosomal recessive hereditary spastic paraplegia (ARHSP)
or ALS was mutated in the affected individuals.

The other homozygous change remaining after filtration
for mode of inheritance and minor allele frequency lower
than 0.01 was the p.(Arg905Ile) (c.2714G>T)
(NG_011798.1) (NM_000392) variation in the ATP-
binding cassette subfamily C member 2 (ABCC2) gene
reported to be associated with Dubin—Johnson syndrome
and characterized by hyperbilirubinemia (MAF:0.000049)
[8]. The ABCC2 gene resides in the same homozygous
region with ERLINI. Segregation analysis for this variation
showed that the allelic states (genotypes) for ERLINI and
ABCC?2 genes were the same for all tested family members
(Fig. 1). Pair-wise linkage disequilibrium for ERLINI and
ABCC?2 variations was estimated by the squared genotype
correlation coefficient (rz) in our in-house exome database
of 420 individuals. An estimate of /> = 1 indicates that the
two variations are in complete linkage disequilibrium. Also,
according to the HapMap data, ABCC2 and ERLINI reside
in 0.2 cM distance, mapped to 127.3cM and 127.5cM of
chromosome 10, respectively. To the best of our knowl-
edge, ABCC?2 does not seem to be responsible for the motor
neuron phenotype seen in our family, although it segregates
with the disease gene. However, more evidence is needed to
understand the effect of the ABCC?2 variant, as well as many
other modifier variants on the development, manifestation,
and progression of complex neurological phenotypes.

ERLINI encodes for a prohibitin-domain-containing
protein located in the ER membrane that forms a ring-
shaped complex with ERLIN2. ERLIN1/2 complex is
implicated in endoplasmic reticulum-associated degradation
(ERAD) control and is responsible for forming a bridge
between the substrates recognized by the ER lumen and the
E3 ligases located in the ER membrane [9]. ER stress is one
of the major pathogenic events in ALS, as protein products

of ALS-causing genes like optineurin, ubiquilin-2, valosin-
containing protein, and TANK-binding kinase-1 are
involved in several steps of the ERAD pathway, which
includes the recognition of misfolded proteins, ubiquitina-
tion, and transportation of the cargo, and degradation
through proteasome or autophagosome [10, 11].

Three different ERLINI mutations have been previously
identified in seven patients with pure ARHSP from three
independent families all having infantile-onset symptoms,
except one patient with an age of onset of 13 [12]. Two of
these variations, are located in the low complexity domain
of the protein, whereas one is in the prohibitin domain like
our variation.

Mutations in the ERLINI gene, associated with spastic
paraplegia 62 (SPG62), were so far thought to cause a pure
form of HSP that primarily affects the upper motor neurons
[13]. As a novel observation, the ERLINI gene variant in
our index case and her father have led to definitive ALS
according to El Escorial criteria. In the family presented, the
ages of onset and short survival times due to lower motor
neuron involvement later in the disease resemble typical
adult-onset ALS in all patients investigated.

Some forms of HSP are clinically hard to distinguish
from ALS. SPG11-based disease is the best example, where
clinical diagnosis may differ even among sibs as either
ARHSP or autosomal recessive juvenile ALS [14, 15].
There are key clinical features that are present in one case,
but not in others, which draw a line between two clinical
diagnoses, but may change even during the course of the
disease. We therefore strongly suggest that the ERLINI
variation in our family results in a clinical presentation,
which starts as a mild form of HSP and progresses to ALS.

ALS is a late-onset disease and juvenile patients are rare.
However, in Turkey, due to high first-cousin consanguinity,
young (<20 year-old) cases with recessive mutations are
common [16]. Interestingly and commonly, these juvenile
cases with consanguinity in the family present with addi-
tional novel clinical features that are not common in clas-
sical ALS [17]. Making a firm diagnosis in such cases is
difficult for clinicians, since overlapping symptoms blur the
boundaries between related diseases [18]. This study
shows that NGS (Next Generation Sequencing) allows
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complicated cases to be investigated in an unbiased manner
and futher extends the clinical spectrum of ERLINI-based
disease from ARHSP to autosomal recessive juvenile ALS.
The steady increase in the number of novel genetic players
identified in hereditary neurologic diseases will improve our
understanding of the mechanisms underlying these diseases
for future therapeutic approaches.
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