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Abstract

Congenital autosomal recessive cataract with unknown genetic etiology is one of the most common Mendelian diseases
among the Turkic-speaking Yakut population (Eastern Siberia, Russia). To identify the genetic cause of congenital cataract
spread in this population, we performed whole-exome sequencing (Illumina NextSeq 500) in one Yakut family with three
affected siblings whose parents had preserved vision. We have revealed the novel homozygous c.1621C>T transition leading
to premature stop codon p.(GIn541%*) in exon 8 of the FYCOI gene (NM_024513.4). Subsequent screening of ¢.1621C>T
p.(GIn541%*) revealed this variant in a homozygous state in 25 out of 29 Yakut families with congenital cataract (86%).
Among 424 healthy individuals from seven populations of Eastern Siberia (Russians, Yakuts, Evenks, Evens, Dolgans,
Chukchi, and Yukaghirs), the highest carrier frequency of ¢.1621C>T p.(GIn541%*) was found in the Yakut population
(7.9%). DNA samples of 25 homozygous for c.1621C>T p.(GIn541%*) patients with congenital cataract and 114 unaffected
unrelated individuals without this variant were used for a haplotype analysis based on the genotyping of six STR markers
(D3S3512, D3S3685, D3S3582, D3S3561, D3S1289, and D3S3698). The structure of the identified haplotypes indicates a
common origin for all of the studied mutant chromosomes bearing ¢.1621C>T p.(GIn541%). The age of the ¢.1621C>T
p-(GIn541%*) founder haplotype was estimated to be approximately 260+ 65 years (10 generations). These findings
characterize Eastern Siberia as the region of the world with the most extensive accumulation of the unique variant
c.1621C>T p.(GIn541%) in the FYCOI gene as a result of the founder effect.
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could cause different vision impairments, including vision
loss [1]. Congenital cataract occurs with a frequency of 1-6
cases among 10,000 births [2], and up to 25% of cases are
hereditary [2, 3]. Hereditary forms of cataract are hetero-
geneous, and ~70% of cases are nonsyndromic and only
lead to damaged lenses [2, 4]. Most hereditary non-
syndromic types of congenital cataract are autosomal
dominant and autosomal recessive, and rare cases are
known as X-linked recessive forms [4]. To date, more than
50 different loci for congenital cataract have been identified.
Among them, 32 genetic loci are known for autosomal
recessive forms of cataract and causative variants have been
found in 24 genes: GCNT2 (OMIM 600429), LEMD?2
(OMIM 616312), TDRD7 (OMIM 611258), DNMBP
(OMIM 611282), GJAS (OMIM 600897), PITX3 (OMIM
602629), FOXE3 (OMIM 601094), LIM2 (OMIM 154045),
BFSP1 (OMIM 603307), CRYAA (OMIM 123580), CRYAB
(OMIM 123590), CRYBBI (OMIM 600929), CRYBB3
(OMIM 123630), SYPAIL3 (OMIM 616655), EPHA2
(OMIM 176946), LSS (OMIM 600909), RNLS (OMIM
609360), AKRIE2 (OMIM 617451), AGK (OMIM
610345), MIP (OMIM 154050), GJA3 (OMIM 121015),
HSF4 (OMIM 602438), LONPI (OMIM 605490), and
FYCOI (OMIM 610019) [5-28].

In Russia, the first report about genetic cases of con-
genital cataract was published in 2001, where the hetero-
zygous variant ¢.741T>C p.(Val2471le) in the GJAS gene
was found in one Russian family with autosomal dominant
zonular pulverulent cataract [29]. Later, a more detailed
mutational analysis of congenital cataract was performed in
the Bashkortostan Republic (Volga-Ural region of Russia)
in 40 patients of different ethnic origins including Russians
and indigenous Turkic peoples of Volga-Ural region (Tatars
and Bashkirs) [30-32]. In this cohort of patients, three
different heterozygous variants c.68G>T p.(Arg23Thr),
c.179G>A p.(Gly60Asp), and c.133_142delTGGGGG-
GATG p.(Trp45Serfs*72) in the GJAS gene were found in
three unrelated families [31]; a novel variant ¢.291C>G
p.(His97GlIn) in the CRYAA gene was found in two unre-
lated patients [30]; and a novel variant c.dell126_1139
p-(Asp376GInfs*69) in the GJA3 gene was detected in one
family [32]. All detected variants were found to be cose-
gregated with cataract in these affected families according
to the autosomal dominant type of inheritance. To date, no
autosomal recessive forms of congenital cataract in Russia
have been described [29-32]. However, according to epi-
demiological data, congenital cataract of unknown genetic
etiology is one of the most frequent autosomal recessive
diseases (1:8257) in the indigenous Turkic-speaking popu-
lation of Yakuts in the Sakha Republic located in Eastern
Siberia [33]. The Yakuts (originally named the Sakha) are
the largest indigenous people of Siberia (466492 according
to the Russian Census, 2010), and they are characterized by
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specific anthropological, demographic, linguistic, and his-
torical features indicated by their relationships to nomadic
Turkic tribes of South Siberia and Central Asia. The genetic
data revealed a relatively small size of the Yakut ancestor
population and a strong bottleneck effect in the Yakut
paternal lineages (~80% of Y chromosomes of Yakuts
belong to one haplogroup—N3) [34]. Marriage traditions
and geographical isolation had a significant role in the
genetic and demographic history of the Yakut population.
The high frequency of some Mendelian disorders in the
Yakut population was found to be a result of the founder
effect. Recently, the specific founder variants for some
autosomal recessive disorders in the Yakut population were
identified: missense variant ¢.806C>T p.(Pro269Leu) in the
CYB5R3 gene for methemoglobinemia type 1 (OMIM
250800) [35], GAA-repeat expansion in intron 1 of the
FRDA gene for Friedreich ataxia I (OMIM 229300) [36],
missense variant ¢.5741G>A p.(Arg1914His) in the NBAS
(previously NAG) gene for SOPH syndrome (OMIM
614800) [37], insertion c.4582insT p.(GIn1553%*) in the
CUL7 gene for 3M syndrome (OMIM 273750) [38], and
splice site variant c.-234+1G>A in the GJB2 gene for
autosomal recessive deafness 1A (OMIM 220290) [39].
The aim of this work was to identify the genetic causes of
congenital or early onset cataract found with a high fre-
quency in the Yakut population in Eastern Siberia (Russia).

Materials and methods
Patients

Thirty-two children with congenital cataract from 29 unre-
lated families (three affected siblings in one family and two
affected siblings in another family) were selected from 57
visually impaired and blind students of the special boarding
school for blind children in Yakutsk (the Sakha Republic,
Russia) (Supplementary Table 1). All affected subjects
displayed bilateral symmetrical congenital or early onset
nuclear cataract. Data on the onset of the cataract in
examined patients are presented in Supplementary Table 2.
Some of them were subjected to cataract surgery in their
early years of life before this study; thus, pictures of their
lenses were not available. Twenty-four patients were
Yakuts, one patient was Russian, and four patients had
mixed ethnic origins. Genealogical analyses showed that
congenital cataract was segregated by autosomal recessive
inheritance in at least 7 of 29 examined families, while there
were no affected relatives in the other 22 families.

DNA was extracted from the blood leukocyte fraction
using the phenol—chloroform method. All examination and
testing procedures were conducted after written informed
consent obtained from all participants or the legal
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representatives of minor participants involved in the
study. Informed consent was consistent with the Declaration
of Helsinki. This study was approved by the local Biome-
dical Ethics Committee of Federal State Budgetary Scien-
tific Institution “Yakut Science Centre of Complex
Medical Problems”, Yakutsk, Russia (Protocol No. 16,
April 16, 2015).

Whole-exome sequencing (WES)

We performed WES on an Illumina NextSeq 500 Sequencer
(Ilumina Inc., USA) in one subject with congenital cataract
from the Yakut family with three affected siblings and
healthy parents. The analysis was conducted with the paired-
ending reading method (2 x 151 bp), and the average cover
was not less than 70-100x. For sample preparation, a
method of selective capture of DNA regions belonging to
the coding regions of human genes was applied. The
sequence reads generated from the libraries were filtered for
quality, aligned, and mapped to the hgl9 human reference
genome using the gsNap program. The variant calling pro-
cess for both indels (insertion/deletions) and single nucleo-
tide variants was performed using the Genome Analysis
Tool Kit (GATK, http://www.broadinstitute.org/gatk). The
functional relevance of the substitution was predicted by
SIFT, PolyPhen2-HDIV, PolyPhen2-HVAR, and LRT. We
used the data from the 1000 Genomes, ESP6500 and Exome
Aggregation Consortium projects to evaluate the population
frequencies of identified variants. To assess the clinical
relevance of the identified variants, the OMIM database and
specialized databases of particular diseases were used.

Sanger sequencing and PCR-RFLP analysis

The variant ¢.1621C>T p.(GIn541%) in exon 8 of the FYCO1
gene detected by WES was validated by Sanger sequencing
and PCR-RFLP analysis. Amplification of the fragment of
the FYCOI exon 8 (349 bp) was conducted using primers
(F) 5-TTGGCCTGCCGGAGCTCTT-3’ and (R) 5'-
CTGCTGGACAGCAGGAGGTC-3. The PCR products
were subjected to sequencing using the same primers on an
ABI PRISM 3130XL (Applied Biosystems, USA) in the
Genomics Core Facility of Institute of Chemical Biology
and Fundamental Medicine, Siberian Branch of the
Russian Academy of Sciences, Novosibirsk, Russia. Varia-
tions in DNA sequences were identified through comparison
with the FYCOI (FYVE and coiled-coil domain autophagy
adapter 1 [Homo sapiens (human)]) gene reference sequen-
ces chr3(GRCh37): NG_031955.1, NC_000003.11,
NM_024513.4, NP_078789.2, XP_011532413.1 (NCBI,
Gene ID: 79443).

The screening of the ¢.1621C>T p.(GIn541*) variant was
performed by PCR-RFLP analysis using mismatch primers

(F) 5’-TTGGCCTGCCGGAGCTCTT-3/, (R) 5-AGTGAC
CTGGAGGAGCAGAAGAAGCAGCGCATT-3" (270 bp)
and restriction endonuclease Pstl (Patent RU#2648464 of
26.03.2018, issued by the Federal Service for Intellectual
Property of Russian Federation).

Epidemiological data

The Sakha Republic (Yakutia), which includes 36 admin-
istrative districts, is the largest federal subject of the Russian
Federation located in Eastern Siberia, with a total area of
3103.2 km>% The data on the population and ethnic com-
position of each district and city were obtained from the
Department of the Federal State Statistics Service in the
Sakha Republic (Yakutia). The total population of the
Sakha Republic is 958,528 people (64.1% urban popula-
tion), with a density of 0.31 people per km* The major
ethnic groups are Yakuts (48.6%) and Russians (36.9%).
The minor ethnic groups are Ukrainians (2.1%), Evenks
(2.1%), and Evens (1.5%). Other ethnic groups account for
<1%. The prevalence of congenital cataract caused by the
c.1621C>T p.(GIn541*) variant in the FYCOI! gene in the
Sakha Republic was counted per 10,000 people.

Carrier frequency of ¢c.1621C>T p.(GIn541%)

Screening of the variant c.1621C>T p.(GIn541%) in the
FYCOI gene was performed using the PCR-RFLP method
(Pstl) in 424 DNA samples of unrelated adult individuals
without visual acuity complaints from seven populations of
Eastern Siberia: Russians (n=101), Yakuts (n=126),
Evenks (n =358), Evens (n = 50), Dolgans (n = 35), Yuka-
ghirs (n = 36), and Chukchi (n = 18). These DNA samples
were obtained from the DNA Bank of the Department of
Molecular Genetics of Yakut Science Centre of Complex
Medical Problems (Yakutsk, Russian Federation). The
results of this testing remained completely anonymous.

Genotyping of STR markers

The DNA samples of 25 unrelated patients homozygous for
c.1621C>T p.(GIn541%) and the DNA samples of 114
unrelated individuals without this variant were used for the
haplotype analysis. All patients were Yakuts from various
regions of the Sakha Republic. Six STR markers, D3S3512,
D3S3685, D3S3582, D3S3561, D3S1289, and D3S3698,
were used for the linkage disequilibrium analysis. The total
physical size of the FYCOI gene region flanking the
examined markers was ~28 Mb. All STR markers and pri-
mers were selected using the appropriate databases Ensembl
dated June—July 2016 (http://www.ensembl.org/index.html)
and NCBI dated June—July 2016 (http://www.ncbi.nlm.nih.
gov/unists/). The amplified products were resolved on a
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10% polyacrylamide gel with ethidium bromide staining
under ultraviolet light to verify the size.

Age of variant ¢.1621C>T p.(GIn541%)

The age of the c.1621C>T p.(GIn541%*) variant was esti-
mated using the following equation [40]: g =1log [1 — O/1
— Pn]/log (1 — ), where Q is the observed frequency of the
mutant chromosomes not carrying the progenitor marker
allele; Pn is the observed frequency of the marker allele in
normal chromosomes; ¢ is the number of generations; and 6
is the recombination rate calculated from physical distance
between marker and investigated variant (under the
assumption that 1 cM = 1000 kb).

For estimation of the age of variant c.1621C>T p.
(GIn541%*), the data on the STR marker D3S3561 (~6.3 Mb
from c¢.1621C>T) were used. The generation time was
25 years.

Haplotype and phylogenetic analysis

Linkage disequilibrium between the alleles of the STR
markers was calculated using the formula 6 = (Pd — Pn)/
(1 — Pn), where 6 is a measure of linkage disequilibrium, Pd
is the frequency of the associated allele among mutant
chromosomes with ¢.1621C>T, and Pn is the frequency of
the same allele among normal chromosomes without
c.1621C>T [41].

Statistical evaluation of differences in the allele fre-
quency of studied markers on 50 chromosomes containing
variant ¢.1621C>T and 228 chromosomes without
c.1621C>T was performed using the standard y2 test.

The phylogenetic network of the founder haplotype with
c.1621C>T p.(GIn541*) within the ethno-territorial Yakut
groups (Central, Vilyuy and Northern) was constructed
using the data on three STR markers, D3S3685, D3S3582,
and D3S3561, by Network 5.0 software.

Submission to databases

The novel variant NM_024513.4 (FYCO1): ¢.1621C>T
p-(GIn541*) was submitted to ClinVar under accession
number: VCV000693984.1 and Variation ID 693984
(https://www.ncbi.nlm.nih.gov/clinvar/variation/693984/).

Results

Identification of variant ¢.1621C>T p.(GIn541%) in
Fyco1

To identify the genetic cause of the congenital cataract cases
in the Yakut population, we performed WES (Illumina
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NextSeq 500) in one affected subject from a Yakut family
with three affected siblings and parents with preserved
vision. WES revealed a novel homozygous variant
c.1621C>T p.(GIn541%) in exon 8 of the FYCOI gene
(FYVE and coiled-coil domain containing 1) (chr3
(GRCh37):2.46009205G>A). The FYCOI gene is located
on chromosome 3 (3p21.31) and consists of 18 exons
(NM_024513.4). The presence of c.1621C>T p.(Gln541%)
was tested by Sanger sequencing and PCR-RFLP analysis
in all available members of this Yakut family, and this
variant was found in the homozygous state in other affected
siblings and in the heterozygous state in their nonaffected
parents (Fig. 1).

Screening of variant ¢.1621C>T p.(GIn541%) in
FYCO1 in 29 families with congenital cataract

The screening of variant ¢.1621C>T p.(GIn541%) in all 29
families with congenital cataract was performed by PCR-
RFLP analysis and Sanger sequencing. In total, variant
c.1621C>T p.(GIn541%*) was detected in the homozygous
state in 25 affected individuals (25/29, 86%) and in the
heterozygous state in one affected individual (1/29, 3%),
and it was not found in three families (3/29, 10%) (Fig. 2).
Cosegregation of the FYCO1 genotypes with phenotypes of
affected and nonaffected relatives was observed in the
pedigrees of 10 out of 25 families (Supplementary Fig. 1).

Distribution of congenital cataract caused by
homozygous variant c.1621C>T p.(GIn541%) in the
FYCO1 gene in the Sakha Republic

The distribution of the homozygous variant ¢.1621C>T
p-(GIn541%*) in the FYCOI gene in the Sakha Republic is
shown in Fig. 3. The average rate of congenital cataract
caused by the homozygous variant c.1621C>T p.(GIn541%)
was 0.29 £0.05 per 10,000, with the highest prevalence in
the Churapchinsky (1.96 +0.98), Ust-Aldansky (1.80+
0.90), and Namsky (1.29+0.74) districts of the Sakha
Republic (Fig. 3).

Carrier frequency of variant ¢.1621C>T p.(GIn541%)
in seven populations of Eastern Siberia

We analyzed the -carrier frequency of ¢.1621C>T
p-(GIn541%*) in several indigenous populations of the Sakha
Republic: Turkic-speaking Yakuts and Dolgans, Tungusic-
speaking Evenks, and Evens, Paleo-Asiatic-speaking Chu-
khi and Uralic-speaking Yukaghirs, as well as Slavic-
speaking Russians inhabiting the Sakha Republic (Table 1).
Among 424 individuals with normal vision originating from
seven studied populations, the c.1621C>T p.(GIn541%)
variant was found in a heterozygous state in 12 individuals
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Fig. 1 The ¢.1621C>T p.(GIn541%) variant in the FYCOI gene in
the Yakut family with congenital cataract. A Photograph of affected
proband P1 (II:3), his nonaffected father F1 (I:1), and his nonaffected
mother M (I:2). B Sequencing results: normal subject without
c.1621C>T (upper panel), heterozygous for c.1621C>T (middle
panel), and homozygous for ¢.1621C>T (lower panel); C Detection of
c.1621C>T in 4% agarose gel by PCR-RFLP analysis (Pstl) in
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normal subject (genotype c.[wt];[wt]); F—father of proband I:1
(genotype c.[1621C>T];[wt]); P1, P2 and P3—proband 1 (II:3), pro-
band 2 (II:4) and proband 3 (II:5), respectively (genotype c.
[1621C>TL;[1621C>T]); M—mother of proband (I:2) (genotype c.
[1621C>T];[wt]); C2 (control 2)—normal subject (genotype c.[wt];
[wt]); D Pedigree of the Yakut family.
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Fig. 2 Contribution of the ¢.1621C>T p.(GIn541*) variant in the FYCOI gene to congenital cataract among students of special boarding school for

blind children in the Sakha Republic of Russia.

including Yakuts (10/126, 7.9%), Evenk (1/58, 1.7%) and
Even (1/50, 2.0%) and it was absent in Dolgans (0/35),
Chukchi (0/18), Yukaghirs (0/36), and Russians (0/101)
(Table 1). In addition, the total sample of Yakuts (n = 126)
was divided into Central, Vilyuy, and Northern

subpopulations according to their ethno-territorial groups.
It is noteworthy that the carrier frequency of c.1621C>T
p-(GIn541%*) obtained for the whole Yakut population
(7.9%) varied among the subpopulations of Yakuts, with the
highest value (11.1%) found in the central subpopulation of
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z
Yakutsk c,,%s

Fig. 3 Prevalence of congenital cataract caused by the homozygous
¢.1621C>T p.(GIn541%) variant in the FYCOI gene in the Sakha
Republic of Russia. The territory of the Sakha Republic is shown in
blue (bottom map). The rate of congenital cataract was calculated per

Yakuts (Central Yakuts), a sufficiently lower value (6.4%)
found in Vilyuy Yakuts and an undetected value found in
Northern Yakuts (Table 1).

Founder haplotype and age of variant c.1621C>T p.
(GIn541%)

DNA samples of 25 patients with c.1621C>T p.(GIn541%)
in the homozygous state and 114 nonaffected unrelated
individuals without this variant were used for the haplotype
analysis based on the genotyping of six STR markers
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Prevalence of congenital cataract
caused by homozygous variant
c.1621C>T p.(GIn541%) of FYCO1 gene

B > 1:10000 people
[0 >1:20000 people
B > 1:70000 people

10,000 people, and appropriate data are presented only for the districts
and cities of the Sakha Republic with a population of more than
10,000. Complete data are available in Supplementary Table 3.

(D3S3512, D3S3685, D3S3582, D3S3561, D3S1289, and
D3S3698). Linkage disequilibrium was found between the
specific alleles of five STR markers (D3S3512, D3S3685,
D3S3582, D3S3561, and D3S1289) and variant ¢.1621C>T
p-(GIn541%*), while the most distant marker D3S3698 was
not in linkage disequilibrium with ¢.1621C>T p.(GIn541%)
(Supplementary Table 4). Based on the y* parameter
and linkage disequilibrium values, we proposed that
the ¢.1621C>T p.(GIn541%) founder haplotype included
the STR alleles D3S3512(6)-D3S3685(4)-D3S3582(3)-
D3S3561(4)-D3S1289(3) (Fig. 4). The structure of the
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Table 1 Carrier frequency of the ¢.1621C>T p.(GIn541%*) variant of the FYCOI gene in seven populations of Eastern Siberia.

Population Linguistic affiliation Anthropological Population number in the Number of heterozygotes/ Carrier
(family/group) affiliation Sakha Republic Number of subjects frequency
Russians Indo-European/Slavic ~ Caucasian 390,671 0/101 -
Yakuts Altaic/Turkic Asian 432,290 10/126 7.9%
Dolgans Altaic/Turkic Asian 1272 0/35 -
Evenks Altaic/Tungusic Asian 18,232 1/58 1.7%
Evens Altaic/Tungusic Asian 11,657 1/50 2.0%
Yukaghirs Uralic/Isolated Asian 1097 0/36 -
language
Chukchi Paleo-Asiatic/Isolated ~ Asian <1000 0/18 -
language
Total 12/424 2.8%
Ethno-territorial groups of Yakuts (n =126)
Central 8/72 11.1%
Vilyuy 2/31 6.4%
Northern 0/18 -
Unclassified® 0/5 -

#Yakut subjects born in southern and south-eastern part of the Sakha Republic.

identified haplotypes indicates a common origin of all stu-
died mutant chromosomes. The age of the c.1621C>T
p-(GIn541%*) founder haplotype was estimated at approxi-
mately 260+65 years (10 generations); therefore, the
beginning of expansion of variant ¢.1621C>T p.(GIn541%)
in the Sakha Republic has been dated to approximately the
XVIII century AD.

Phylogenetic analysis of founder haplotype for
¢.1621C>T p.(GIn541%)

The phylogenetic network of the founder haplotype for
c.1621C>T p.(GIn541%*) in the FYCOI gene, which was
designed based on the D3S3685, D3S3582, and D3S3561
data, is presented in Supplementary Fig 2. Phylogenetic
analysis of the mutant haplotype lineages confirmed the
great variety of haplotypes among Central Yakuts. Mutant
haplotypes of Vilyuy and Northern Yakuts are probably
derived from haplotypes found in the central part of the
Sakha Republic.

Discussion

In this study, we present the results of a molecular genetic
analysis of congenital autosomal recessive cataract, which
was registered with high frequency among the Turkic-
speaking Yakut population (Eastern Siberia, Russia) [33].
For this analysis, we selected one Yakut family with con-
genital cataract out of 57 visually impaired and blind stu-
dents from the special boarding school for blind children
(Yakutsk, Russia). This family consisted of three affected

siblings and unaffected parents (Fig. 1). In one of three
affected siblings, WES revealed a homozygous transition
c.1621C>T in exon 8 of the FYCOI gene located in the
CATC2 locus (CTRCTI18, OMIM 610019). Subsequent
target Sanger sequencing of the FYCOI gene fragment
(exon 8) and PCR-RFLP analysis confirmed the ¢.1621C>T
transition in the homozygous state in all three affected
siblings and in the heterozygous state in their healthy par-
ents (Fig. 1).

The ¢.1621C>T transition leads to premature stop codon
p.(GIn541%) (NM_024513.4:c.1621C>T; NP_078789.2:p.
GIn541%). This FYCOI variant has not been previously
reported in the 1000 Genomes, ESP6500, and ExAC data-
bases. The size of the FYCOl (FYVE and coiled-
coil domain-containing protein 1) protein is 167 kDa
(XP_011532413.1). This protein is associated with the
exterior of autophagosomes and mediates microtubule plus-
end-directed vesicle transport. The loss of functional
activity of FYCO1 inhibits the transport of autophagosomes
from the perinuclear region to the periphery of the cell and
leads to the accumulation of numerous vesicles, which leads
to a loss of transparency of the lens [16, 17]. In 2001, the
CATC?2 locus was mapped on chromosome 3 in a study of
three inbred Arab families with congenital cataract,
although genes associated with this form of cataract were
not identified [6]. Later, in 2011, a study of 12 Pakistani and
one Arab-Israeli family with an autosomal recessive con-
genital cataract (most families were inbred) identified dif-
ferent variants in the FYCOI gene located in the critical
homozygous region of the CATC2 locus [17]. Recently,
several novel variants of the FYCOI gene were found in
British, Saudi Arabian, Egyptian, Pakistani, and Chinese
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A
Centromere Telomere
11.4 Mb 3.5 Mb 0|.6Mb FYCO1 6.3Mb 8.4 Mb l7|.1Mb
B I | | ! I
# | Code |D3S3512 [D3S3685| D3S3582 |c.1621C>T |D3S3561|D3S31289| D3S398
1 842 3/3
2 825
3 848
4 844
) 858
6 866
)i 869
8 855
9 860
10 819
11 826
12 827
13 834
14 841
15 843
16 779
17 782
18 867
19 870
20 871 3/4
21 823 6/9 3/3 1/6 2/3
22 837 5/7 2/3 1/4 3/3
23 839 5/7 2/3 2/4 2/3
24 863 6/7 3/4 3/4 2/3
25 849 5/8 3/3 1/3 2/2
Group 1 42.0% 82.0% 98.0% +) 54.0% 38.0% -
Group 2 25.0% 22.7% 73.2% ) 0.9% 21.8% -
) - 0.78 0.92 - 0.47 - -
X2 5.8 64.3 14.5 - 121.0 5.7 -
P <0.05 <0.001 <0.001 - <0.001 <0.05 -
q - 7.4 12:7 - 11.1 - -

Fig. 4 Structure of the STR haplotypes with variant c.1621C>T p.
(GIn541%*) in the FYCOI gene. A Location and physical distance of the
STR markers from variant c.1621C>T p.(GIn541%). B STR genotypes of
25 homozygous patients with ¢.1621C>T p.(GIn541%*). The intended
founder haplotype for c.1621C>T p.(GIn541%) is marked by a gray

families with autosomal recessive congenital cataract
[42-46]. The ¢.1621C>T nucleotide substitution identified
in this study leads to premature stop codon p.(GIn541%) in

SPRINGER NATURE

color. Group 1—patients who were homozygous for variant ¢.1621C>T
p-(GIn541%*) (n = 50 chromosomes); Group 2—Y akut population sample
without ¢.1621C>T p.(GIn541%*) (n =228 chromosomes). (+) and (—)
presence and absence of c.1621C>T, respectively, &: linkage dis-
equilibrium, p: significant differences, g: number of generations.

the functionally significant coiled-coil domain of the
FYCOIL protein (NP_078789.2). The schematic structure of
the FYCOI1 protein and 38 known variants of the FYCO!
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Fig. 5 Schematic structure of the protein FYCO1 and known
variants associated with congenital cataract in the FYCOI gene. A
3D structure of FYCOI1. B Schematic organization of the FYCO1
domains: RUN—RUN domain; Coiled-coil—Coiled-coil domain;
FYVE—FY VE domain; LIR—LC3-interacting region; GOLD—Golgi

gene associated with congenital cataract are presented in
Fig. 5. Our results suggest that ¢.1621C>T p.(GIn541%) is a
previously unknown variant that leads to the premature stop
codon in the coiled-coil domain and truncates the poly-
peptide chain of the FYCO1 protein.

Subsequent Sanger sequencing and PCR-RFLP analysis
in 29 unrelated families with congenital cataract identified
the homozygous variant c.1621C>T p.(GIn541%) in 86%
(25/29) of examined individuals. These results suggest that
the novel homozygous ¢.1621C>T p.(GIn541%) variant in
the FYCOI gene is responsible for autosomal recessive
cataract CTRCT18 (OMIM 610019) in most affected indi-
viduals (86%) in the Yakut population.

Because of the high impact of the novel variant
c.1621C>T p.(GIn541*%) on congenital cataract among
Yakut patients (86%), data on the territorial distribution of
this form of disease are very important for the genetic
epidemiology of cases of congenital blindness and for
estimating the recurrence risks for affected families. We
estimated the distribution of the homozygous variant

|c265C>T p.(Arg89Cys)

C

c4319C>T p.(Thrl440Ile)
cA4271G>A p.(Argl424Gin)
cA4270C>T p.(Argld24*)
c4127T>C p.(Leul376Pro)

¢.3858_3862dup p.(Leul288fs)
¢.3825G>A p.(Pro1275Pro)

€.3755delC p.(Alal252Aspfs*71)
lc.37OSC>.-\ p.(Gly1235Gly)
c3670C>T p.(Argl224¥%)
¢.3587+1G>T (splice site mRNA)
¢.3325_3326CT[1] p.(Cys1110fs)
¢.3322A>G p(Lys1108Glu)
¢.3234C>A p.(Asp1078Ghu)
¢.3196delC p.(His1066Ilefs*10)
c.3151-22A>C p.(Alal051Aspfs*27)
¢.3150+1G>T (splice site mRNA)
¢.3001_3003delinsGAA p.(Asn1001Glu)
c2830C>T p.(Argf44*®)
c.2806G>A p.(Ala936Thr)
c2761C>T p.(Arg921%)
c2718T>C p.(Ala%06Ala)
c.2505del p.(Ala836fs)

c.2345delA p.(GIn782Argfs*31)
¢2206C>T p.(Gin736%)
¢.2006G>A p.(Ser669Asn)
c.1985C>T p.(Ser662Phe)
c.1887C>T p.(Val629Val)
¢.1621C>T p.(GIn541*) <= This study
c.1546C>T p.(Gin516%)

c.1474C>T p.(Argd92Trp)
c.1248G>A p.(Lys416Lys)
c.1142C>T p.(Thr381Met)
c.1045C>T p.(GIn349%)

¢.808C>T p.(GIn270%)

¢.753G>T p.(Glu251Asp)
c.713A>C p(Glu238Ala)
c.647C>T p.(Ser216Phe)

dynamics domain. C Known variants of FYCOI associated with
congenital cataract. The figure was adapted from PDB ID: 5CX3 and
[17]. The clinical significance and other information for variants in the
FYCOI gene associated with congenital cataracts are available in
Supplementary Table 5.

c.1621C>T p.(GIn541%*) in the Sakha Republic (average
rate was found to be 0.29 £0.05 per 10,000). The highest
prevalence of congenital cataract caused by c.1621C>T
p-(GIn541%*) was registered in the central districts of the
Sakha Republic: Churapchinsky (1.96 £0.98), Ust-
Aldansky (1.80 +0.90), and Namsky districts (1.29 +0.74)
(Fig. 3). These results are supported by obtained data on the
c.1621C>T p.(GIn541*) carrier frequency. In other indi-
genous populations of the Sakha Republic, this FYCOI
variant was found among the Tungusic-speaking ethnic
groups with a relatively low carrier frequency (2.0% among
Evens and 1.7% among Evenks) and was not found in
Russians, Yukaghirs, Dolgans, and Chukchi. These results
suggest that the ethnic specificity in the distribution of the
¢.1621C>T p.(GIn541%) variant among the populations of
Eastern Siberia is related to the genetic history of the
Yakut population. We proposed that variant ¢.1621C>T
p-(GIn541%*) in the FYCOI gene, which causes CTRCT18,
could spread in Eastern Siberia as a result of the founder
effect.
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“Age” of pathogenic variant References
(48]

3783 + 1254 years

Pathogenic variant
PABPNI Expansion of GCG-repeats

Type of inheritance Gene

AD

1 Oculopharyngeal Muscular Dystrophy; OPMD (164300)

2 Myotonic Dystrophy 1; DM1 (160900)

Middle Ages (V-XVI centuries AD)

Table 2 Chronology of the founder variants causing Mendelian disorders spread in the Sakha Republic (Eastern Siberia, Russia).

Pottery Neolithic period (Bronze Age 2400-800 BC)

# Mendelian disorders (OMIM)

SPRINGER NATURE

[49]

DMPK  Expansion of CTG-repeats 3179 +704.84 years

AD

[37]
[50]
[39]

944 + 640.25 years
915 + 198 years

c.-23+1G>A (splice site, mRNA) 800 years

c.5741G>A p.(Argl914His)
Expansion of CAG-repeats

NBAS

AR

3 SOPH syndrome (614800)

ATXN1
GJB2

AD
AR

4 Spinocerebellar ataxia 1; SCA1 (164400)

5 Deafness, autosomal recessive 1 A; DFNB1A (220290)

XVII-XVIII centuries AD

[38]

343 +248.25 years
285 + 135 years
260 + 65 years

¢.4582insT p.(GIn1553%)

CUL7
DIAI

AR

7 Methemoglobinemia due to deficiency of methemoglobin reductase (250800) AR

6 Three M syndrome 1; 3M1 (273750)

[35]

¢.806C>T p.(Pro269Leu)
c.1621C>T p.(GIn541%)

This study

FYCOI

AR

8 Cataract 18, Autosomal recessive; CTRCT18(610019)

AD autosomal dominant type of inheritance, AR autosomal recessive type of inheritance.

To test this hypothesis, we performed a haplotype ana-
lysis of six polymorphic STR markers on 50 chromosomes
with ¢.1621C>T p.(GIn541%) and 228 chromosomes with-
out c.1621C>T. Out of six analyzed STR markers, linkage
disequilibrium was found for five markers (D3S3512,
D3S3685, D3S3582, D3S3561, and D3S1289), but not in
the most distant marker D3S3698 (Fig. 4). The structure of
the identified haplotypes indicates the common origin of all
studied mutant chromosomes with ¢.1621C>T p.(Gln541%)
(Fig. 4). Phylogenetic analysis showed that the highest
diversity of haplotypes was found in the central sub-
population of Yakuts (Central Yakuts), indicating that the
expansion of mutant chromosomes in the territory of the
Sakha Republic could start from the Lena-Amga interfluvial
area (central part of the Sakha Republic). Mutant haplotypes
of Vilyuy and Northern Yakuts are probably derived from
haplotypes found in the central part of the Sakha Republic
(Supplementary Fig. 2). These data correspond to known
historical facts about the initial settling of Yakuts in the
central regions and their later expansion to Vilyuy and the
northern part of the Sakha Republic [47].

The age of the founder haplotype with variant
c.1621C>T p.(GIn541*) was estimated to be ~260 + 65
years (10 generations). The beginning of the expansion of
chromosomes with ¢.1621C>T p.(GIn541%*) in the Sakha
Republic has been dated to approximately the XVIII cen-
tury AD. We compared the age obtained for the founder
haplotype with ¢.1621C>T p.(GIn541%*) with relevant data
for other variants causing Mendelian disorders found in the
Sakha Republic (Table 2). Among eight known Mendelian
disorders widely spread in the Sakha Republic, in addition
to autosomal recessive cataract 18 (CTRCTI18, OMIM
610019), the age of two other founder variants which cause
the 3M syndrome 1 (OMIM 273750) and methemoglobi-
nemia due to deficiency of methemoglobin reductase
(OMIM 250800) was consistent with this recent historical
period (XVII-XVIII centuries AD), which may indicate that
some global demographic events occurred at this time, for
example, the beginning of Russian colonization of Eastern
Siberia (early XVII century AD) [47].

Conclusions

The results of our study suggest that the novel ¢.1621C>T
p-(GIn541%*) variant in the FYCOI gene is responsible for
the majority of congenital autosomal recessive cataract
cases (86%) in the Yakut population in the Sakha Republic
(Eastern Siberia, Russia). We found a high carrier frequency
of this FYCOI variant among the Yakut population (7.9%).
The structure of the identified STR haplotypes indicates the
common origin of all studied mutant chromosomes with
¢.1621C>T p.(GIn541%). The beginning of the expansion of
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chromosomes with ¢.1621C>T p.(GIn541%*) in the Sakha
Republic has been dated to approximately the XVIII cen-
tury AD. These findings characterize Eastern Siberia as the
region with highest frequency of the FYCOI -cataract-
associated variant ¢.1621C>T p.(GIn541%*) in the world as a
result of the founder effect. All obtained data provide
important targeted information for genetic counseling of
affected Yakut families with congenital cataract and enrich
current information on autosomal recessive cataract caused
by the FYCOI gene variants. Nevertheless, further detailed
studies of the clinical features of this form of cataract are
required.
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