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ABSTRACT

Hereditary retinal degenerations (HRDs) are Mendelian diseases caused by ultra-rare
mutations and leading to progressive blindness. Following the genomic screening of 331
unrelated Japanese patients, we identified an Alu insertion and a nonsense variant
(p.Arg1933*) in the ciliary gene RP1. Surprisingly, none of these changes were rare alleles
in Japan. p.Argl933* was almost polymorphic (frequency = 0.6%, amongst 12,000
individuals), did not cause disease in homozygosis or heterozygosis, and yet was
considerably enriched in patients vs. controls (frequency = 2.1%, i.e. a 3.5-fold enrichment;
p-value = 1.29x10%). Family and population analyses showed that p.Arg1933*could act as a
Mendelian mutation, in trans with the Alu insertion and other pathogenic variants, but also
cause disease in conjunction with rare alleles in ciliary genes elsewhere in the genome,
according to an oligogenic pattern of heredity. Our results suggest that rare conditions such
as HRDs can be paradoxically determined by relatively common variants, following a quasi-

Mendelian model linking monogenic and complex inheritance.
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MAIN TEXT

Together with intellectual disabilities, hereditary retinal degenerations (HRDs,
comprising retinitis pigmentosa and allied diseases) represent a group of conditions for which
both genetic and allelic heterogeneity is the highest in humans'2. To date, almost 300 genes
and thousands of mutations have been identified as causative of HRD, and the detection of
novel disease genes and variants continues at a steady pace?. Considering that the overall
prevalence of HRDs does not exceed 1 in 2,000 individuals, the average contribution of any
given HRD gene to the disease is incredibly small. Similarly, apart from two DNA variants that
appear to be relatively frequent in the general population and determine a specific form of
the disease*>, the largest majority of mutations are so rare that are seldom detected in more
than one pedigree, worldwide. In addition, although HRDs affect people from the five
continents, their specific allelic assortment seems to be population-specific®’. For instance,
similar to other islanders or groups of people that have experienced relative historical
isolation, Japanese carry certain alleles, including pathogenic ones, which are not found
elsewhere in the world®. Furthermore, lack of significant reduction in fitness before the
reproductive age, associated with such an elevated heterogeneity, have led to the
consequence that the number of recessive mutations that are detected heterozygously in the
general, unaffected population is remarkably high and may affect up to one person in two®.

Despite such an extraordinary variability and abundance of mutations, HRD is almost
invariantly inherited as a monogenic, Mendelian trait, for which the presence of only one
(dominant) or two (recessive) mutations in the same gene, genome-wide, is at the same time
a necessary and sufficient condition for pathogenicity!®. At the other end of the spectrum of

ocular conditions having a genetic component lies age-related macular degeneration (AMD),
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another retinal disease affecting people aged 50 and over. AMD is a bona fide complex disease
with a relatively high prevalence (1 in 13 individuals), favored by the presence of polymorphic
SNPs, highly-penetrant rare variants, and environmental factors!l. Between these two pillars
of inheritance, there is an intermediate zone, consisting in a few examples for which
extremely rare mutations in more than one gene are associated with Bardet-Biedl syndrome,
a retinal ciliopathy displaying sometimes digenic triallelic inheritance?4.

RP1 is one of the several HRD genes identified to date, and one of the few causing
disease by more than one Mendelian pattern of inheritance. Originally described as linked to
autosomal dominant retinitis pigmentosa (adRP)*>''7, a subtype of HRD, it was later shown to
be associated with a recessive form of the same disease (arRP)®. To date, at least 60
mutations have been reported in RP1, most of which cluster within its last exon (exon 4),
cumulatively accounting approximately for 5.5% and up to 4.5% of all adRP and arRP cases,
respectively’®?°. However, some DNA variants in the far 3’ end of the gene, including
nonsense variants, appear not to cause disease, at least not according to a dominant or
recessive pattern of inheritance??2. RP1 encodes a multi-modular protein of 2156 amino
acids, which is a member of the doublecortin family and it is present in the ciliary axoneme of
both rods and cones, the light-sensing neurons of the retina?®?*. Mutations in RP1 thus
determine visual loss as a consequence of a ciliopathic phenotype affecting these specialized
cell types.

In the framework of a Whole-Genome Sequencing screening effort of Japanese
patients, we identified a novel, unusual mutation consisting in the insertion of a mobile Alu
element in exon 4 of the RP1 gene in a male individual. This insertion caused the disruption
of the reading frame by introducing 328 additional nucleotides and a premature termination

codon in the canonical RP1 coding sequence. Heterozygous parents of this proband were not
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affected, in support of the notion that the ¢.4052_4053ins328/p.Tyr1352Alafs*9 (RP1:
NM _006269.1) is indeed a recessive allele (Fig. 1a). Subsequently, targeted screening for the
Alu element insertion (c.4052_4053ins328/p.Tyr1352Alafs*9) in additional 220 and 330
European and Japanese patients, respectively, as well as in 524 Japanese controls, allowed
identifying 15 other affected Japanese individuals and one heterozygous Japanese control
carrying this insertion. In total, six patients were homozygous for the mutation (12 alleles),
which co-segregated with the disease as a classical Mendelian, recessive allele (not shown),
while 10 carried it heterozygously. Altogether, these findings indicate that this Alu insertion
is not only clearly pathogenic [p-value = 1.66x108, by Chi-square (1,047:1 vs. 640:22; wt alleles
in controls:mutations in controls vs. wt alleles in patients:mutations in patients, all Japanese)],
but it is also a rather prevalent cause of retinal degeneration within the Japanese islands,
possibly second only to the most frequent mutation so far identified in this country, i.e.
c.4957dupA in EYS?>?7,

Remarkably, 6 of the 10 individuals who carried the Alu insertion heterozygously were
in fact compound heterozygotes for either of two other changes in RP1: a novel frameshift
mutation (c.4196delG/p.Cys1399LeufsX5, two individuals) and a nonsense variant
€.5797C>T/p.Arg1933* (four individuals) that was previously identified in the general
population and is present in dbSNP as entry # rs118031911. Again, both variants co-
segregated with the disease within their respective families, according to an autosomal
recessive pattern of inheritance (Fig. 1bcd).

Frameshift c.4196delG/p.Cys1399Leufs*5 was absent from 3,480 Japanese control
chromosomes and was reported in the ExAC database to have an allele frequency of
8.29x10°, indicating that this DNA variant is a very rare allele, as it is the case of most HRD

mutations.
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In contrast, the rs118031911/T allele, despite being virtually absent in many world
populations, was found to be relatively frequent in East Asians (Fig. 2). In particular, our direct
screening of 12,379 Japanese individuals with no retinal degeneration showed the presence
of rs118031911/T in 145 subjects, 142 heterozygotes and 3 homozygotes (148 alleles),
validating the notion that this DNA variant is in fact almost polymorphic in Japan (allele
frequency = 0.6%). We evaluated clinically one of the three homozygotes (the only one who
could be re-assessed, in agreement with our Institutional Review Boards protocol) by a very
thorough ophthalmological examination. At age 28 y.o., she had no visual symptoms and
displayed no ocular abnormalities: she had normal visual acuity (20/20 in both eyes), intact
visual field (Goldmann perimetry), and no evidence of retinal degeneration through slit lamp
examination and fundoscopy. Furthermore, optical coherence tomography imaging used to
assess detailed retinal structures showed no sign of retinal thinning and electroretinogram, a
test allowing objective detection of minimal retinal dysfunction even in the absence of
subjective symptoms, showed normal responses. In addition, absence of late-onset HRD, who
could have escaped detection in a 28 y.o. individual, was confirmed by fundus imaging of the
other two rs118031911/T homozygotes, who displayed no signs of retinal degeneration at
ages of 78 and 79 years, respectively. Altogether, both population based-data and direct
clinical assessments confirm that rs118031911/T does not cause per se HRD, in heterozygosis
or in homozygosis.

However, specific screening for the rs118031911/T allele in the same cohort of 331
HRD patients mentioned above led to the identification of 10 additional heterozygotes (14
alleles in total) showing that its frequency in HRD patients was 2.1% (14 alleles out of 662)
(Fig. 2). The 3.5-fold enrichment of rs118031911/T in patients vs. controls (148 alleles out of

24,758 = 0.6%) was highly significant [p-value = 1.29x10°°, by Chi-square (24,610:148 vs.
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648:14)], indicating that this relatively common variant has in fact an effect on retinal health.
Considering that rs118031911/T introduces a nonsense codon in the RP1 open reading frame
and was found in trans with respect to the Alu insertion in some patients, it is not unlikely
that it could represent a hypomorphic variant contributing to the mutational load of genes
involved in retinal homeostasis. In other words, despite being benign when considered as a
Mendelian allele (monoallelically or biallelically), rs118031911/T could exert a pathogenic
function in conjunction with DNA changes in other genes, according to an oligogenic pattern
of inheritance that was previously modeled for hereditary ciliopathies?®-3°,

We tested this hypothesis by assessing the mutational load of 64 genes involved in
retinal ciliopathy, selected as the intersection between the SYSCILIA3! and the RetNet3
databases (Supplementary Methods, Supplementary Tables 1 and 2). Specifically, we
performed Whole-Exome Sequencing (WES) in the 10 patients carrying rs118031911/T
heterozygously (test group) and no other recognized mutation in RP1. We then compared
their genotypes with those from 144 unrelated Japanese individuals with HRD, sequenced by
the same procedures and analyzed by the same bioinformatic pipeline (control group) as the
10 individuals mentioned above. To ensure biological and statistical consistency, we analyzed
only DNA variants having an allele frequency compatible with that of HRD variants, as
observed up to now (i.e. between 0 and 1% in the Japanese population) and considered only
subjects from the control group who had at least one of such variants (141 people out of 144),
to counterbalance the presence of rs118031911/T in all individuals from the test group.
Comparison of the two groups by a standard burden test showed an increased load of rare
variants in ciliary genes in carriers of rs118031911/T vs. other HRD patients (5.78 vs. 3.67
variants per individual, respectively, or a 1.6-fold enrichment) with a significant associated p-

value (1.49x1072, by permutation test, on 100,000 random simulations). To confirm that the
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increased mutational burden was specific to retinal ciliary genes, we scored the differential
mutational load in the test vs. the control group in 100,000 sets of 64 genes, randomly chosen.
This analysis showed indeed a statistically significant bias for genes involved in retinal
ciliopathies over the rest of the genome (p-value = 2.26x1073).

The same burden analysis was then repeated by using a replication control cohort
composed of additional 75 Japanese individuals with HRD, who were randomly chosen from
another group of patients. The genotypes from these subjects, as well as from the 10 cases
carrying rs118031911/T, were ascertained by a different methodology, based on the targeted
sequencing of target genes (Supplementary Methods). Again, enrichment of rare variants
within the 26 retinal ciliary genes that were present in this different sequencing panel was
significant in the test group vs. the control group and was very similar to the one detected in
the WES cohorts (3.00 vs. 1.63 variants per individual, respectively, or 1.84-fold enrichment;
p-value = 2.06x102 by permutation test, on 100,000 random simulations).

Altogether, these results indicate that the rs118031911/T nonsense likely acts in
concert with other hypomorphic DNA ciliary changes to determine a pathological phenotype,
and that such changes represent a higher load of rare variants with respect to that carried by
HRD patients, who generally inherit the disease as a Mendelian trait. These additional DNA
changes seemed to touch preferentially a sub-set of ciliary genes (27 out of 64), encoding for
structural proteins and often associated with syndromic ciliopathies, such as for instance
C8orf37%?, MKS133, TCC8**, etc. (Supplementary Fig. 1). The reasons for this specific pattern
of variations does not seem to be immediately clear, at least at the moment, and may be due
to the fact that the role of most of these proteins is still largely unknown.

The extreme genetic heterogeneity of retinal degenerations, together with the

elevated number of pathogenic and hypomorphic changes in HRD genes that are detected in
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the unaffected population, have evoked the theoretical possibility that quasi-Mendelian
inheritance could be responsible for these conditions!®. Digenic heredity has been clearly
demonstrated for specific combinations of mutations3>37 in particular pedigrees or in
individual cases, including digenic triallelic transmission of Bardet-Bied| syndrome 1238, For
these patients, the presence of two (diallelic) or three (triallelic) mutations at two different
loci (digenism) causes disease, presumably by compromising the overall function of gene
products that belong to the same complex or are part of the same biochemical pathway. This
model seems to be particularly true for genes encoding for proteins that form or play a role
within the cell primary cilium, according to the paradigm of “mutational load” put forward by
N. Katsanis and coworkers®. In these instances, accumulation of rare variants (which
individually may have a little effect) in multiple ciliary genes can produce a pathological
phenotype that is connected to ciliary function and result in a “ciliopathy”, including retinal
ciliopathies*9-42,

In this work we show that two specific RP1 alleles are responsible for a relatively large
number of HRD cases in Japan. Interestingly, none of these two changes is a rare allele at all,
compared to the average frequencies of classical HRD mutations. The first, the
c.4052_4053ins328/p.Tyr1352Alafs*9 Alu element insertion in RP1, seems to be the second
most common HRD recessive mutation described so far in Japan, and its frequency may even
be underestimated, since insertional events of mobile elements are difficult to detect by
conventional screening techniques. The second variant, ¢.5797C>T/p.Arg1933* or
rs118031911/T, is even more frequent, and by far more interesting. Despite introducing a
premature stop codon in the RP1 open reading frame, this DNA change is almost polymorphic
in East Asia and does not cause disease either in heterozygous or homozygous carriers.

However, this same change may act as pathogenic allele in conjunction with rare variants in
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other HRD genes, according to a non-Mendelian, oligogenic pattern of inheritance. Although
we currently ignore the molecular mechanisms leading to this unusual model of
pathogenicity, it is probably the consequence of an increased global mutational load with
threshold effect, determined by the accumulation of variants with different pathogenic
potential. The presence of one or of two rs118031911/T alleles likely produces a load that is
below this pathological threshold, while the co-occurrence of extra variants could result in
the crossing of such a limit for normal retinal homeostasis. This hypothesis is supported by
the evidence that rs118031911/T may be pathogenic in conjunction with just one very severe
mutation, such as for instance the insertion of the Alu element in RP1 mentioned above,
which completely ablates the open reading frame of the gene.

In conclusion, it seems that, at least for RP1-associated HRD, disorders displaying a
Mendelian pattern of inheritance may also genetically behave like multigenic conditions, for
which both polymorphic (having a low effect) and rare (having a rather high effect) variants
can determine pathogenesis (Fig. 3). Furthermore, our findings suggest that oligogenic
heredity of human diseases (and perhaps of other characters) may not be limited to a low
number of cases with hyper-rare conditions, as shown up to now***°, but could extend to
more frequent phenotypes and represent a bridge between monogenic and complex

inheritance.
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LEGENDS TO FIGURES

Figure 1 Pedigrees of representative families segregating different RP1 mutations.

Figure 2 Frequency of the rs118031911/T allele across different world populations. ACB,
African Caribbeans in Barbados; ASW, Americans of African Ancestry in South West USA; BEB,
Bengali from Bangladesh; CDX, Chinese Dai in Xishuangbanna, China; CEU, Utah Residents
(CEPH) with Northern and Western European Ancestry; CHB, Han Chinese in Bejing, China;
CHS, Southern Han Chinese; CLM, Colombians from Medellin, Colombia; ESN, Esan in Nigeria;
FIN, Finnish in Finland; GBR, British in England and Scotland; GIH, Gujarati Indian from
Houston, Texas; GWD, Gambian in Western Divisions in the Gambia; IBS, Iberian Population
in Spain; JPT, Japanese in Tokyo, Japan; JP-PTS, Japanese HRD patients from our set; LWK,
Luhya in Webuye, Kenya; MSL, Mende in Sierra Leone; MXL, Mexican Ancestry from Los
Angeles USA; PEL, Peruvians from Lima, Peru; PJL, Punjabi from Lahore, Pakistan; PUR, Puerto
Ricans from Puerto Rico; STU, Sri Lankan Tamil from the UK; TSI, Tuscans in Italy; YRI, Yoruba

in Ibadan, Nigeria.

Figure 3 Schematic representation of the inheritance pattern of the identified mutations in
RP1, highlighting the concept of rs118031911/T-mediated quasi-Mendelian inheritance of
HRDs. (a) Any combination of the RP1 Alu element insertion (m1, or
c.4052_4053ins328/p.Tyr1352Alafs*9), in a homozygous state or in a compound
heterozygous combination with rs118031911/T (m2, or c.5797C>T/p.Arg1933*) or m3
(c.4196delG/p.Cys1399LeufsX5) results in autosomal recessive inheritance of the disease. (b)

Combinations of the hypomorphic m2 allele with additional hypomorphs and/or
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heterozygous recessive alleles in other ciliary genes (ciliary mutational load) results in disease
following a quasi-Mendelian pattern, whereas (c) homozygosis for m2 has no pathological
consequences. (d) Structure of RP1: exons are represented by boxes, connected by solid lines

(introns). The relative positions of m1, m2, and m3 are also indicated.
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Figure 1. Pedigrees of representative families segregating different RP7 mutations.
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Figure 2. Frequency of the rs118031911/T allele across different world populations. ACB, African Caribbeans in Barbados; ASW, Americans of African Ancestry in South West USA; BEB,
Bengali from Bangladesh; CDX, Chinese Dai in Xishuangbanna, China; CEU, Utah Residents (CEPH) with Northern and Western European Ancestry; CHB, Han Chinese in Bejing, China;
CHS, Southern Han Chinese; CLM, Colombians from Medellin, Colombia; ESN, Esan in Nigeria; FIN, Finnish in Finland; GBR, British in England and Scotland; GIH, Guijarati Indian from
Houston, Texas; GWD, Gambian in Western Divisions in the Gambia; IBS, Iberian Population in Spain; JPT, Japanese in Tokyo, Japan; JPT-PTN, Japanese HRD patients from our set; LWK,

Luhya in Webuye, Kenya; MSL, Mende in Sierra Leone; MXL, Mexican Ancestry from Los Angeles USA; PEL, Peruvians from Lima, Peru; PJL, Punjabi from Lahore, Pakistan; PUR, Puerto
Ricans from Puerto Rico; STU, Sri Lankan Tamil from the UK; TSI, Toscani in Italia; YRI, Yoruba in Ibadan, Nigeria;

JPT-PTN
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Figure 3. Schematic representation of the inheritance pattern of the identified mutations in RP7, highlighting the concept of rs118031911/T-mediated
quasi-Mendelian inheritance of HRDs. (a) Any combination of the RP71 Alu element insertion (m1, or ¢.4052_4053ins328/p.Tyr1352Alafs*9), in a homozygous state
or in a compound heterozygous combination with rs118031911/T (m2, or ¢.5797C>T/p.Arg1933*) or m3 (c.4196delG/p.Cys1399LeufsX5) results in autosomal
recessive inheritance of the disease. (b) Combinations of the hypomorphic m2 allele with additional hypomorphs and/or heterozygous recessive alleles in other ciliary
genes (ciliary mutational load) results in disease following a quasi-Mendelian pattern, whereas (c) homozygosis for m2 has no pathological consequences. (d) Structure of
RP1: exons are represented by boxes, connected by solid lines (introns). The relative positions of m1, m2, and m3 are also indicated.
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